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v

Imaging is at the core of diagnostic procedures in cardiology. The idea of creating The European 
Society of Cardiology Textbook of Cardiovascular Imaging has, therefore, been in the air for 
quite a long time. We recognized the rapid development of cardiovascular imaging and the 
growth of the clinical use of cardiac imaging. Although there have been excellent books and 
reviews on the matter, the society experienced the need of a book representing the accumulated 
expertise of European cardiovascular imagers.

Our goal was to produce a clinically orientated book, which explained the utility of different 
imaging modalities in the diagnosis of all relevant major cardiovascular disorders. We invited 
the best specialists in the fi eld to contribute with their expertise as authors.

The book is divided in sections that deal with specifi c themes involving theory and practice 
of cardiac imaging and its clinical use in all major cardiovascular diseases from coronary heart 
disease to cardiomyopathies.

We hope this book will become an ideal companion to all cardiologists, trainees, and cardio-
vascular imagers. There has been a lot of effort and hard work to develop this project. We are 
confi dent that this book will help to spread the expertise and knowledge available on cardiovas-
cular imaging.

We thank all the authors who contributed long hours to develop the content of this book. 
Without their expertise and commitment, this book could not have been possible.

Madrid, Spain José Luis Zamorano
Leiden, The Netherlands Jeroen J. Bax
Leuven, Belgium Frank E. Rademakers
Turku, Finland Juhani Knuuti

Preface
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Foreword

Images are a central part of our lives. Of the fi ve senses, the eyes and vision have indeed 
triumphed over the others. We live, think, and dream through images.

Television captures our imagination and sends messages to us through images to the extent 
that there are now news reports in total silence. Television sound is often just a background 
noise. Newspapers, even the daily ones, communicate to us through catchy and colourful 
images. Often leaders and politicians care more about their image than their mission.

It is, therefore, not surprising that image has also invaded medicine and cardiology in 
particular. When I was a student, I thought that to be a good cardiologist one should have very 
good hearing to capture all of the abnormal heart sounds. This is no longer the case. The image 
of the echocardiogram has surpassed the stethoscope; the eyes have surpassed the ears. Today, 
technology is providing heart doctors with more and more sophisticated and fascinating 
images. So, to be a good cardiologist, you have to read this book!

I mean it. As it always happens in life, interaction is important. This is also true for cardio-
vascular images that need to be integrated within themselves and particularly with the patients. 
Without such interaction and integration even the most sophisticated image will be dull.

Interaction is what this book is about. Several European leaders explain to the reader, in a 
simple and comprehensive manner, the value and the benefi t of different imaging modalities in 
the diagnosis of the most relevant cardiovascular diseases.

This book does something more as well. It describes a new subspecialty that we will all 
soon need: the imaging doctor, who will be able to interact with clinicians and help them 
resolve diagnostic dilemmas by choosing the right technique and by interpreting images in a 
patient-based manner.

As the president of the ESC, I thank the ECHO Association, the working groups, and the 
councils who are responsible for The European Society of Cardiology Textbook of Cardiovascular 
Imaging.

As a cardiologist, I thank all the authors and editors for contributing to develop the educa-
tion of all cardiologists (myself included) through this book.

President Roberto Ferrari
European Society of Cardiology
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4 Chapter 1 Echocardiography: Basic Principles

 Introduction

Echocardiography is a useful technique for the examination 
of the heart of patients of all ages. Good-quality images are 
required and transducer positions must be adapted to each 
patient.

A variety of transducers are available with different 
widths, ultrasound emission frequencies, and focal charac-
teristics. Transducer width is based on ultrasound emission 
frequency, and it is important to consider the relationship 
between resolution and penetration in order to choose fre-
quencies appropriate for a given examination. Resolution is 
the ability to distinguish between adjacent structures, while 
ultrasound penetration measures the ability of the ultrasound 
beam to pass through different cardiac structures. An increase 
in ultrasound emission frequency leads to an increase in 
image resolution. If attenuation also increases, however, 
there is a reduction in ultrasound penetration.

Echocardiographic examination usually requires a fre-
quency of at least 2.0 MHz, but it can change depending on 
the patient’s chest characteristics. In a child or thin adult, a 
3–5 MHz transducer can be used with good resolution and 
penetration. A 7–7.5 MHz transducer produces better-quality 
images in a newborn, while a 2–2.5 MHz transducer is opti-
mal for an obese adult.

Second harmonic imaging is an echocardiographic tool 
used to improve technically difficult images. For example, a 
transducer with second harmonic echocardiography trans-
mits ultrasound at 1.8 MHz (plus penetration) and receives a 
3.6 MHz signal with improvement in image quality. 
Moreover, it is essential to set ultrasound emission frequency 
low when using Doppler technique, as lower frequencies are 
required to register high-velocity flows. Following the selec-
tion of an appropriate transducer, gray scale gains and depths 
are manually controlled to an adequate delineation of struc-
tures to be visualized.

Echocardiographic examination is usually performed 
with the patient in left lateral decubitus position and with 30° 
flexion of the chest in order to situate the heart nearer to the 
anterior chest wall. The patient’s left arm is placed under the 
head so as to widen intercostal spaces. A different transducer 
position may be used during a conventional echocardiogra-
hic exam (Fig. 1.1).1,  2 The examination begins by placing 
the transducer on the third or fourth intercostal space of the 
left parasternal line (left parasternal window) and subse-
quently on the apex (apical window). Such images are 
obtained with the patient in left lateral position (Fig. 1.2).

Sub-costal and supra-sternal windows may be obtained 
with the patient in supine position. A sub-costal approach is 
useful for visualizing inferior vena cava, hepatic veins, and 
congenital abnormalities, as well as in patients with low 
diaphragm or bad acoustic window due to respiratory 

Fig. 1.2 Anatomic structures and transthoracic transducer positions 
for obtaining parasternal views (position 2), apical views (position 3), 
supra-sternal views (position 1), and subxiphoid views (position 4)

Fig. 1.1 Transthoracic transducer standard positions for obtaining 
different planes. Parasternal (position 1) and apical planes (position 2) 
are obtained with the patients in left lateral position. Supra-sternal 
(position 3) and subxiphoid planes are usually obtained with the 
patient in supine position (position 4)

1

2

3

4
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diseases.3, 4 The supra-sternal approach places the patient’s 
head in retroflexion and permits an observation of the base 
of the heart and great vessels.5 Finally, the right parasternal 
window is useful for visualizing the aorta and inter-atrial 
septum and is obtained by placing the patient in right lateral 
position.6, 7

M-Mode echocardiography

M-mode echocardiography was described at the end of the 
1950s8 and introduced into clinical practice at the beginning 
of the 1960s. M-mode was the only technique used during 
echocardiographic study for 20 years, but current echocar-
diographic study includes different techniques such as 2D, 
Doppler, and colour-flow Doppler imaging. M-mode, how-
ever, remains a very useful part of ultrasound examination. 
M-mode echocardiography is able to evaluate rapid motion 
of cardiac structures because sampling rate is higher than in 
2D echo, and it can show movement in thin structures such 
as the cardiac valves. The method is based on transmission 
of echo in a single line. Returning echoes are displayed on a 
graph in which structural depth and movement in time are 
reliably represented.

The routine cardiac examination with M-mode shows 
images of four cardiac chambers and cardiac valves. A bet-
ter evaluation is obtained with the probe guided by 2D 
echo image in parasternal view, perpendicular to cardiac 
structure. It is sometimes necessary to move the probe tip 
from a different intercostal space in order to determine the 
best position with perpendicular incident echoes through 
cardiac structures.

Aortic Valve

Aortic valve, left atrium, and aortic root are well evaluated 
when the cursor is perpendicular to the aortic root. An 
M-mode recording through the aortic root at the level of 
valve leaflets shows aortic walls in parallel moving anteri-
orly in systole and posteriorly in diastole. Aortic valve leaf-
let coaptation in M-mode is seen as a thin single line in 
diastole and a double line in systole that separate rapidly and 
completely, forming a box-like appearance (Fig. 1.3). It is 
possible to evaluate the pre-ejection time (from EKG q wave 
to beginning of aortic valve opening) and ejection time 
(period in which the aortic leaflets are opened). The left 
atrium is posterior to the aortic root and shows filling during 
atrial diastole (ventricular systole) and emptying in atrial 
systole (ventricular diastole). Anterior displacement of the 
aortic root is due to left atrial filling. This anterior move-
ment is increased when there is increased filling (mitral 
regurgitation) or decreased in case of decreased cardiac 
output.

Mitral Valve

The mitral valve can be studied in parasternal view by plac-
ing the cursor perpendicular to the septum and mitral leaf-
lets. The ultrasonic beam transverses the anterior thorax, 
right ventricle, inter-ventricular septum, anterior mitral leaf-
let, posterior mitral leaflet, posterior wall of left ventricle, 
and the pericardium (Fig. 1.4).

The leaflets of mitral valve separate widely with maxi-
mum early-diastolic motion of the anterior leaflet, termed E 
point. The leaflets move together in the centre of the left ven-
tricle and then separate again after atrial systole (A wave).

Aortic Anterior Wall

Aortic Poserior Wall

a b

Fig. 1.3 (a) Diagram of aortic valve and left atrium. Cursor transects 
anterior aortic wall, aortic valve, posterior aortic wall, left atrium, and 
posterior wall of left atrium. (b) Aortic valve plane in M-mode. It is 

possible to show aortic leaflets as a box in systole and thin line in 
diastole. AO aorta; LA left atrium
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E

A

a b

Fig. 1.4 (a) Diagram of mitral valve. (b) Mitral valve in M-mode, 
opening in diastole in the centre of left ventricle. The leaflets of mitral 
valve separate widely with maximum early-diastolic motion of ante-
rior leaflet called E point. The leaflets move together in the centre of 

left ventricle and then separate again after atrial systole (A wave). RV 
right ventricle; E early mitral diastolic wave; A late diastolic mitral 
valve wave; LV left ventricle
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Fig. 1.5 Diagram of mitral valve opening in normal patient and in 
patients with ventricular dysfunction. In normal patients, the leaflets 
of mitral valve separate widely with maximum early-diastolic motion 
of anterior leaflet (E point). Distance between E point and septum is 
usually short. Leaflets move together in the centre of left ventricle 
and then separate again after atrial systole (A wave). The slope from 
A point to mitral closure (C point) is linear. In patients with left ven-
tricular dysfunction and high left ventricular end-diastolic pressure, 

the slope from A to C presents a B bump or shoulder. M-mode (b) of 
a patient with left ventricular dysfunction and high end-diastolic 
pressure with characteristic shoulder on A-C line (B point). The dis-
tance between E wave and septum is greater. D opening point of 
mitral valve; E point is the maximum early-diastolic motion of ante-
rior leaflet; A point is the late diastolic motion of anterior leaflet of 
mitral valve; C point is the closure of mitral valve; B point is the shoul-
der of A-C slope

The slope from A point to mitral closure (C point) is linear 
unless left ventricular end-diastolic pressure is elevated. In 
this case, a B bump or an A-C shoulder can be seen (Fig. 1.5). 
In systole, the leaflets of the mitral valve are seen as a thin 
line that moves slightly forward during systole.

Left Ventricle

Measurements of the left ventricular cavity dimensions, 
thickness of septum and posterior wall, volumes, and mass 
can be readily derived from M-mode recordings. These mea-
surements are limited because they represent a single line 
evaluation through the septum and, in case of abnormal 
regional contraction, can be misleading.

For better reproducibility of M-mode evaluation, mor-
phologic and temporal criteria have been established: (1) 
cursor perpendicular to septum and left ventricle, (2) dia-
stolic measures at the beginning of QRS, and (3) systolic 
measures at highest excursion of posterior wall endocardium. 
The ventricular border of septum (as anterior line) and the 
ventricular border of posterior wall (as posterior line) can be 
used to evaluate left ventricular diameters. It is important to 
distinguish between mitral chordae and anterior border of 
the posterior wall (Fig. 1.6). The cavity dimensions can be 
used to calculate ejection fraction, but this measure involves 
assumptions that do not always hold (Tables 1.1–1.4). With 
the transducer placed along the left sternal border and in the 
third or fourth intercostal space, we can sweep the ultrasonic 
beam in a sector between the base of the heart and the apex 
(Fig. 1.7).
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b

Fig. 1.6 (a) Diagram of left 
ventricle. The arrows show 
measures of end-systolic and 
end-diastolic diameters of left 
ventricle and thickness of 
septum and posterior wall. For 
evaluation of left ventricular 
diameters, the ventricular 
border of septum and ventricu-
lar border of posterior wall are 
used as anterior line and 
posterior lines, respectively.  
(b) Left ventricle measures in 
M-mode. Diastolic measures are 
taken at the beginning of QRS 
and systolic measures are taken 
where higher excursion of 
posterior wall endocardium can 
be seen. The long and short lines 
show left ventricle end-diastolic 
diameter and left ventricle 
end-systolic diameter, 
respectively

£30 years >70 years M F

N = 288 N = 524

LVID (mm)    48 ± 5.6 45.3 ± 5.6 50.8 ± 3.6 46.1 ± 3

LVSS (mm)    30 ± 5.8 28.4 ± 5.8 32.9 ± 3.4 28.9 ± 2.8

IVS thickness (mm)  9.8 ± 1.7 11.8 ± 1.7  9.5 ± 3.5  8.5 ± 3

PW s (mm) 10.1 ± 1.4 11.8 ± 1.4  9.5 ± 2.5  8.5 ± 3.5

Aorta 27.4 ± 5.7 33.5 ± 5.7    32 ± 3    28 ± 3

Left atrium 34.3 ± 7 39.7 ± 7 37.5 ± 3.6 33.1 ± 3.2

table 1.1. Normal M-mode values9, 10

LVID left ventricular internal dimension, end diastole; LVSS left ventricular internal dimension, end systole; IVS inter-ventricular septum; PW 
posterior wall; M male; F female
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Right Ventricle

Diastolic diameter can be measured along the same lines as 
for left ventricular diastolic measures. The anterior border of 
right ventricle is not clearly visible in many cases and the 
position of right ventricle is sometimes oblique. The differ-
ent alignment between the cursor and the right ventricle 
yields high measurement variability (Fig. 1.6).

tricuspid Valve

The tricuspid valve can be recorded from the initial position 
and by angulating the transducer inferomedially. The tricus-
pid valve’s M-mode image is similar to that of the mitral 
valve and uses the same nomenclature (Fig. 1.8).

Pulmonary Valve

The posterior leaflet of the pulmonary valve can be seen 
with the transducer in the initial position and by tilting 
slightly superiorly and laterally. The leaflet moves to a pos-
terior position in systole and to an anterior position in dias-
tole. A wave is the expression of atrial contraction and is 
signed after EKG p wave. Point b occurs at the beginning of 
systole. Point c marks maximal excursion. Point d occurs at 
the end of systole and posterior closure is labelled Point e. 
During diastole and just before atrial contraction, the leaflet 
moves posteriorly with maximum excursion and is denoted 
as Point f. As stated previously, slight displacement of the 
leaflet in diastole is referred to as a wave. This wave is 
increased when pulmonary stenosis is present, and decreased 

1.4–1.6 m2 1.61–1.8 m2 1.81–2.0 m2

Long axis (mm) Diastole
Systole

34–49
23–39

36–51
24–41

39–53
25–44

Short axis (mm) Diastole
Systole

35–55
23–39

38–58
24–40

41–61
26–41

Four chamber (mm) Diastole
Systole

59–83
45–69

63–87
46–74

66–90
46–79

table 1.4. Left ventricular dimension and body surface (m2)11

n g/m2 g/m SIV (mm) PP (mm) LVID (mm)

Man

Total 47  99 ± 15(129) 108 ± 17 10.2 ± 1.2  9.9 ± 1 51 ± 3

<50a 27  97 ± 14(124) 107 ± 15 10.1 ± 0.9  9.6 ± 0.8 52 ± 3

³50a 20 102 ± 17(135) 111 ± 20 10.4 ± 1.5 10.2 ± 1.1 51 ± 3

Woman

Total 64  88 ± 15(129)  89 ± 17  9.2 ± 1.2  8.9 ± 0.9 47 ± 4

<50a 34  82 ± 13(108)  83 ± 14  8.6 ± 0.7  8.6 ± 0.7 47 ± 3

³50a 30  93 ± 16(124)  96 ± 18  9.8 ± 0.9  9.2 ± 0.9 47 ± 4

table 1.2. Ventricular mass and myocardial dimension33

LVID left ventricular internal dimension, end diastole; LVSS left ventricular internal dimension, end systole; IVS inter-ventricular septum; PW 
posterior wall

End-diastolic End-systolic

Apical 4-chamber (cc)

Man 112 ± 27 35 ± 16

Woman  89 ± 20 33 ± 12

Apical 2-chamber (cc)

Man 130 ± 27 40 ± 14

Woman  92 ± 19 31 ± 11

Biplane (Simpson)

Man 110 ± 22 34 ± 12

Woman  80 ± 12 29 ± 10

table 1.3. Left ventricular volumes15
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when pulmonary hypertension is present. In the latter case, 
midsystolic closure of the pulmonary valve is seen. Finally, 
it is possible to evaluate pre-ejection period from EKG q 
wave to Point b, and ejection period can be measured from 
Point b to Point e (Fig. 1.9).

two-Dimensional echocardiography

Two-dimensional echocardiography offers the possibility of 
real-time high resolution imaging of cardiac structure and 

function. It is the basis of the study of cardiac imaging with 
ultrasound, as it is the reference for analysis of cardiac flow 
with pulsed-wave Doppler (PWD), continuous-wave Doppler 
(CWD), and colour-flow Doppler.

Preference of image orientation in 2D echocardiography 
varies from one echo laboratory to another one. Recommen-
dations for echocardiographic image orientation which were 
established by the American Society of Echocardiography12 
will be herein adhered to in the description of different 
echocardiograhic imaging planes. There are three basic 
imaging slices utilized for obtaining such images13, 14: long 
axis (from the aorta to the apex), short axis, and 4-chamber 
(Fig. 1.10).

1

1
2

Anterior Mitral
leaflet

Posterior
Mitral Leaflet

Left Atrium

Aorta
Ao

2

a b

Fig. 1.7 Standard sweep from left ventricle and mitral valve to aorta 
and aortic valve. (a) Diagram of moving cursor line from left ventricle 
(line 1) to aorta (line 2). It is possible to measure all important diame-
ters of the left and right ventricle, aorta, and left atrium. (b) M-mode 
of moving cursor line from left ventricle to mitral valve and aorta. The 
mitral valve appears in the centre of the left ventricle and aortic valve 
appears in the centre of the aorta. Line of continuity between AML 

and posterior aortic wall is evident. Large arrow in the diagram shows 
probe movement from mitral valve to aortic valve; thin arrow in 
M-mode shows continuity between anterior leaflet of mitral valve 
and posterior aortic wall. AO aortic valve; LA left atrium; LV left ven-
tricle; RV right ventricle; AML anterior mitral valve leaflet; PML poste-
rior mitral valve leaflet

Fig. 1.8 Tricuspid valve 
M-mode image is similar to 
mitral valve image and uses the 
same nomenclature. E point is 
the maximum early-diastolic 
motion of tricuspid valve. 
A-point is the late diastolic 
motion of tricuspid valve
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Parasternal Long-Axis View

In this view (Fig. 1.11), the ultrasound scan plane inter-
sects an imaginary line drawn from the right shoulder to 
the left hip and represents a long-axis section of the left 
ventricle. A large number of cardiac structures that do not 
lie precisely in the scan plane can be visualized at this level. 
Due to variations in patient anatomy, slight re-positioning of 
the transducer must be performed for image optimization.

The right ventricle is located in the region closest to the 
transducer. The left atrium can be seen in the far right region 
of the image. In some cases, it is possible to visualize a round 
structure representing the left inferior pulmonary vein imme-
diately posterior to left atrium. The aortic valve and ascend-
ing thoracic aorta can be viewed between left atrium and 
right ventricle. The aortic valve can be visualized during sys-
tole as two linear echocardiographic images parallel to the 
walls of the ascending thoracic aorta. The right coronary cusp 
and non-coronary cusp can be viewed in the regions closest to 
and farthest from the transducer, respectively. A linear echo-
dense image can be observed at level of cusp closure during 
diastole. The anterior and posterior leaflets of the mitral valve 
can also be identified in this imaging plane, as well as the 
tendinous chords and their fusion with papillary muscle. The 
left ventricular outflow tract is situated between the inter-
ventricular septum and anterior mitral leaflet, which are 
observed in the anterior and posterior positions of the image, 
respectively. The left ventricle is found in the left area of the 
image when the inter-ventricular septum and posterolateral 
wall are placed proximal and distal to the transducer, respec-
tively. The pericardium appears at the lower edge of the image 

Fig. 1.9 The pulmonary valve is observed in short-axis parasternal 
view under the guide of 2D images. It is possible to follow the ante-
rior and posterior excursions of the posterior leaflet in systole and 
diastole, respectively. A wave is atrial contraction (after EKG p 
wave); b point is at the beginning of systole; point d is the end of 
systole; f point is in diastole before atrial contraction and is maximum 
posterior displacement of the valve

Fig. 1.10 Tomographic image planes used in a 2D echocardiographic 
study. A long axis; B short axis; C 4-chamber

Fig. 1.11 (a) Schematic anatomic section of a parasternal long-axis 
view. (b) Corresponding still-frame of a 2D echocardiography of the 
parasternal long-axis view. AO aortic valve; RV right ventricle; LA left 
atrium; MV mitral valve; LV left ventricle

a

b

AO

LA

LV
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where the descending thoracic aorta is also sometimes visible. 
The coronary sinus can be visualized as an echo-free struc-
ture at atrio-ventricular groove level and follows the motion 
of the atrio-ventricular ring.

Long-axis views of the right ventricle and right atrium are 
obtained upon slight inferomedial rotation of the transducer. 
In this view, the right atrium is observed in the right posterior 
region of the image, while the right ventricle apex appears in 
the extreme upper left-hand corner. It is also possible to 
detect the orifice of the inferior vena cava and Eustachian 
valve in the posterior wall of the right atrium. This image 
plane permits the assessment of inferior and anterior right 
ventricle walls and inflow tract, as well as of anterior and 
posterior leaflets of the tricuspid valve (Fig. 1.12).

Parasternal short-Axis View

The parasternal short-axis view is obtained upon 90º clock-
wise rotation of the transducer from its initial position. The 
ultrasound scan plane now intersects an imaginary line drawn 
from the left shoulder to the right hip. Four different imaging 
planes are made possible by slightly tilting the transducer.

The base of the heart can be visualized by tilting the trans-
ducer towards the right shoulder within what is termed 
parasternal short-axis plane at level of aorta (Fig. 1.13). 
The aortic valve, located anterior to left atrium and posterior 
to right ventricle, is observed in the central region of the 
image along with its three leaflets (in a Y-shape configura-
tion): right coronary at the lower left, coronary in the upper 
region, and non-coronary in the left region of the image. This 
imaging plane permits the measurement of aortic root size, 
detection of morphological alterations of Valsalva sinus 
(aneurysms, etc.), and diagnosis of proximal aortic dissec-
tion. Congenital anomalies of the aortic valve and valve leaf-
let abnormalities can also be assessed.

The tricuspid valve is observed to the left of the aortic 
valve. Coursing leftward and anterior to the aortic root is the 
right ventricular outflow tract. Rightward and anterior to the 
aortic valve, a portion of the pulmonary valve can be seen. 
The main pulmonary artery curves around the aorta and its 
two principal branches (right and left pulmonary arteries, 
respectively) can be observed. The left atrium is seen poste-
rior to the aortic valve and separated from the right atrium by 
the atrial septum. In spite of the fact that the parasternal 
short-axis imaging plane was originally indicated for the 
assessment of septal defects (atrial septal defect, patent 

Fig. 1.12 Long-axis view of the right ventricle and right atrium. RA 
right atrium; RV right ventricle; TV tricuspid valve

Fig. 1.13 (a) Schematic anatomic section of a parasternal short axis 
plane through the base of the heart. (b) Corresponding still-frame of 
a 2D echocardiography of parasternal short-axis plane at the base of 

the heart. AO aortic valve; RA right atrium; RV right ventricle; LA left 
atrium; TV tricuspid valve; PV pulmonary valve; RVOT right ventricular 
outflow tract

a b

TV

RA

LA

AO

PV



12 Chapter 1 Echocardiography: Basic Principles

foramen ovale), these are analyzed more adequately with 
apical 4-chamber and sub-costal imaging.

An inferior and rightward tilting of transducer results in a 
parasternal short-axis view at the level of the mitral valve 
(Fig. 1.14). The mitral valve is observed with the septal leaflet 
in anterior position and posterior leaflet in the lower portion of 
the image (whose form has been commonly likened to a fish 
mouth). Tilting the transducer more parallel to the direction of 
blood flow, it is possible to identify the left ventricle as well as 
antero-lateral and postero-medial papillary muscles located 
inside the ventricular cavity at the 3 and 8 o′clock positions, 
respectively (Fig. 1.15). The right ventricle (anterior, lateral, 
and posterior segments) can be identified in the left anterior 
portion of the image and is separated from the left ventricle by 

the inter-ventricular septum. Figure 1.16 shows the different 
segments of the left ventricle, which can be observed in the 
short-axis view at mitral, papillary muscle, and apical levels.

Apical Views

The apical imaging plane is obtained with the patient in left 
lateral decubitus position. The ultrasound scan plane inter-
sects an imaginary line that runs superiorly and medially 
from the left median axillary line to the right scapula of the 
patient. The transducer is placed tangentially in the fifth inter-
costal space along the median axillary line at apical level. It 
is useful in some patients to locate the cardiac apex and place 
the transducer nearest to the point of maximum apical 
impulse. Another way of locating the apex (in cases where 
palpitation is inadequate) consists of progressively sliding 
the transducer from parasternal short-axis plane position. 

a

b

Fig. 1.15 (a) Schematic anatomic section of a paraesternal short-
axis plane through papillary muscle level. (b) Corresponding still-
frame of a 2D echocardiography of the parastenal short-axis plane at 
the papillary level. IVS inter-ventricular septum; apm anterior papil-
lary muscle; ppm posterior papillary muscleFig. 1.14 (a) Schematic anatomic section of a parasternal short-axis 

plane through the mitral valve. (b) Corresponding still-frame of a 2D 
echocardiography of parasternal short-axis plane at the mitral valve 
level. RV right ventricle; AMV anterior mitral valve leaflets; PMV poste-
rior mitral valve leaflets

a

b
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Subsequent clockwise rotation of the transducer about its 
own axis and with a slight lateral tilt results in 4-, 5-, 2-, and 
3-chamber views. Images obtained with the transducer in 
very high or very medial intercostal spaces should be avoided 
as they result in truncated ventricular cavity images in which 
it is not possible to evaluate the ventricular apex.

Apical 4-Chamber View

The apical 4-chamber view (Fig. 1.17) displays all four cardiac 
chambers, inter-ventricular and inter-atrial septums, mitral and 
tricuspid valves, and the crux of the heart. The apex and atri-
ums are observed in the image’s upper and lower regions, 
respectively. The right and left cavities of the heart along with 
their respective atrio-ventricular valves are found in the left 
and right regions of the image, respectively. In some patients it 
is possible to observe a transverse cross section of the descend-
ing thoracic aorta in the right bottom region of the image.

The mitral valve is usually at a position slightly higher 
than the tricuspid valve. The anterior mitral leaflet inserts 
into the left atrio-ventricular groove near the cephalic edge of 
the membranous septum, while insertion of the septal leaflet 

of the tricuspid valve occurs 5–10 mm below that of the ante-
rior mitral leaflet. Such anatomical information is useful in 
identifying ventricular chambers. The entire atrial septum 
can be observed with a slight anterior re-positioning of the 
ultrasound beam; this must be done with care because any 
slight posterior deviation can truncate the image and prevent 
adequate visualization of the middle segment (region of the 
fossa ovalis). The pulmonary veins can be seen leading to 
the left atrium in the most posterior region of the image. The 
image makes possible an optimum analysis of the segmen-
tary contractility of both ventricles through assessments of 
the lateral wall (in the right region of the image), septum, 
left ventricular apex, and lateral wall of the right ventricle 
(Fig. 1.17, Tables 1.3 and 1.4).

Fig. 1.16 Schematic diagram of the 16 segment model for regional 
wall motion analysis. The myocardium is divided into different levels: 
basal, mid-, or papillary muscle, and apical. The different segments 
can be analyzed from multiple tomographic planes

Fig. 1.17 (a) Schematic anatomic section of an apical 4-chamber 
view. (b) Corresponding still-frame of a 2D echocardiography apical 
4-chamber view. RV right ventricle; LV left ventricle; MV mitral valve; 
TV tricuspid valve

a

b

RV LV

LA
RA
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Apical 5-Chamber View

A slight counterclockwise tilt of the transducer makes possible 
an image of the left ventricular outflow tract, aortic valve, and 
proximal segment of the ascending thoracic aorta. This section 
corresponds to the 5-chamber view (Fig. 1.18). The aorta now 
lies in the position previously occupied by the crux cordis.

Apical 2- and 3-Chamber Views

A 90º counterclockwise rotation of the transducer results in 
an apical 2-chamber view (Fig. 1.19), in which it is now pos-
sible to make an assessment of the left atrium, mitral valve, 
and left ventricle (anterior and inferior walls in the right and 
left regions of the image, respectively). Both the apical  
2- and 4- chamber views are fundamental in being able to 
assess segmentary wall motion and left ventricular ejection 
fraction using Simpson’s method. Finally, an apical 3-cham-
ber view can be obtained, in which the aortic valve and aortic 
root appear in the right portion of the image. This view is 
similar to the right anterior oblique angiographic projection 
and has also been called right anterior oblique equivalent.

sub-costal Views

The sub-costal views make possible an assessment of the 
right and left sides of the heart, which is impossible to obtain 

with parasternal planes. To facilitate the sub-costal imag-
ings, the patient is moved into supine position. Such images 
are particularly important in patients with chronic obstruc-
tive lung disease and emphysema. Figure 1.20 shows the 
different views obtained from this position: the sub-costal 
4-chamber view (Fig. 1.20a) is achieved by placing the 
transducer at the centre of the epigastrium and tilting down-
ward along an imaginary line drawn from the supra-sternal 
notch to the patient’s left shoulder. The image is similar to 
that of the apical 4-chamber. The plane is especially useful 
for evaluating defects at the level of atrial septum. The liver 
is found in the upper region of the image, while below is the 
right ventricle with its apex directed towards the right. 
Contractility of the inferior and lateral walls and apex of the 
right ventricle, as well as the presence of pericardial effu-
sion, can be analyzed.

The tricuspid valve and right atrium can be found to the 
left of the right ventricle. Wall motion can now be assessed 
at the septum and left ventricular inferoposterior level. A 
slight tilting of the transducer results in a 5-chamber view, 
which makes it possible to observe the left ventricular out-
flow tract and aortic valve. In the sub-costal view, it is also 
possible to obtain a section of the abdominal aorta.

An image showing the liver, suprahepatic veins, and trans-
verse cross section of the inferior vena cava can be obtained 
if the transducer is pointed towards the patient’s right side. In 
order to obtain a long-axis view, it is necessary to point the 
transducer to the patient’s right flank (Fig. 1.20b). In some 
patients, a very prominent Eustachian valve can be seen in 
the junction of the inferior vena cava and right atrium.

The short-axis sub-costal view is similar to that of the 
parasternal. However, it is usually more favourable in the 
analysis of the right heart (Figs. 1.20c, d).

Fig. 1.18 Still-frame of 5-chamber view. We can detect the left ven-
tricular outflow tract, aortic valve, and proximal segment of the 
ascending thoracic aorta. MV mitral valve; AO aortic valve; L left 
atrium; LV left ventricle

Fig. 1.19 Apical 2-chamber view. LA left atrium; LV left ventricle; MV 
mitral valve
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supra-sternal View

Two different images of the aorta can be obtained if the trans-
ducer is placed over the supra-sternal notch (Fig. 1.21). 
Orientation of the transducer’s long axis parallel to the tra-
chea results in the supra-sternal long-axis view. The ascend-
ing aorta and aortic arch (with the brachiocephalic vessels) 
can be seen in the left region of the image, and descending 

thoracic aorta is found in the right region. The right pulmo-
nary artery and left atrium are seen beneath the aortic arch. A 
90º counterclockwise rotation of the transducer allows us a 
study of the aortic arc. The transverse cross section of the aor-
tic arch is located in the upper region of the image with visu-
alization of the right pulmonary artery in its long-axis format 
and located inferiorly. A section of the left atrium at the level 
of its posterior wall as well as the outflow orifice of the right 

a b

dc

Fig. 1.20 2D echocardiographic 
images of the different 
sub-costal views. (a) Long-axis 
view allows a better definition 
of the atrial septum.  
(b) Entrance to the inferior vena 
cava to the right atrium.  
(c) Short axis at the basal level 
in which we can analyze 
simultaneously the right atrium 
and the inflow and outflow 
areas of the right ventricle and 
pulmonary valve and pulmo-
nary trunk.  
(d) Sub-costal short-axis plane 
of the left ventricle. RA right 
atrium; RV right ventricle; LA left 
atrium; TV tricuspid valve; PV 
pulmonary valve; LV left 
ventricle; MV mitral valve

a b

Fig. 1.21 The transducer 
position in the supraesternal 
notch allows the visualization 
of the ascending aorta, aortic 
arch, brachiocephalic vessel, 
and descending aorta.  
(a) Long-axis plane through the 
aorta from the supra- sternal 
position. (b) Short-axis view of 
the aortic arch. SVC superior 
vena cava; RPA right pulmonary 
artery; DA descending thoracic 
aorta; AO aorta
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pulmonary veins can be observed in the extreme lower region 
of the image. Clockwise rotation of the transducer permits 
visualization of the superior vena cava appearing along the 
right side of the aorta.

other Imaging Planes

It is sometimes necessary to employ unorthodox echocardio-
graphic windows in order to assess certain physiological struc-
tures. A right parasternal window may be useful in some patients 
to permit an assessment of the aorta and inter-atrial septum.16 A 
right apical window with the patient placed in the right lateral 
decubitus position may be useful in cases of dextrocardia.

Doppler Imaging

General Principles

Sound consists of waves. A wave represents the propagation 
of energy produced by the motion of some specified entity. 
Sound requires a particle medium, while light does not. Sound 
(just as any waveform) is defined by several parameters. 
Wavelength is defined as the distance between corresponding 
points on two consecutive waveforms (Fig. 1.22).17, 18 The 
number of waves within a specified unit of time is called the 
frequency and is measured in hertz (Hz or cycles per second). 
Frequency is inversely proportional to wavelength, i.e. a wave-
length of 1 mm would correspond to a frequency of 2 MHz.

The velocity and attenuation of a sound wave depend on 
both the nature of the medium through which it is propagated 
and the inherent characteristics of the wave (amplitude and 
frequency). Transmission of sound in air requires waves of 
relatively larger amplitude than transmission in a liquid.

In his work of 1842, On the Coloured Light of the Binary 
Stars and Some Other Stars of the Heavens, Johann Christian 

Doppler described the changes that are produced in the recep-
tion of sound when objects emitting the sound waves are in 
motion with respect to the listener (Fig. 1.23). A sound’s fre-
quency increases and decreases as its source moves towards 
and away from the observer, respectively. Doppler’s theory 
was initially poorly received. Buys Ballot, a contemporary of 
Doppler, published a thesis in which he tried to refute 
Doppler’s concept. However, the experiments that he relied 
upon to do so only further confirmed Doppler’s theory.

Doppler cardiac imaging utilizes the Doppler effect as a 
basis for measuring blood flow velocity in the heart and great 
vessels. Sound is transmitted through the human body at an 
almost constant speed. When an ultrasound beam of known 
frequency (f0) is transmitted to the heart, a certain percentage 
of sound is reflected by red blood cells back to the transducer. 
The reflected wave (fr) is then analytically compared to the 
wave originally transmitted. The Doppler Effect predicts that 
both frequencies will be identical if the red blood cells reflect-
ing the wave are not in motion. The frequency of reflected 
waves proportionally increases and decreases when red blood 
cells are moving towards and away from the ultrasound source, 
respectively. The difference between transmitted and reflected 
frequencies, known as Doppler shift (Df), is positive when 

Fig. 1.22 Diagram illustrates the characteristic of sound waves. The 
frequency and amplitude of particle displacement are expressed as a 
sine wave

Fig. 1.23 Doppler Effect. A decrease in pitch is perceived as the 
source moves away from the listener. This is analogous to a reduction 
in frequency received by the ultrasonic transducer when blood is 
flowing away from it. An increase in pitch is perceived as the source 
moves towards the listener. This effect is analogous to an increase in 
frequency noted when blood moves at a given velocity towards the 
ultrasonic transducer
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blood flow is towards the transducer and negative when it is 
away from the transducer. Doppler frequency shift depends on 
the frequency of ultrasound emission, blood flow velocity, and 
angle between ultrasound beam and blood flow (Fig. 1.24).

02 cos /f f v cD = ´ ´ q

v = red blood cell velocity, c = speed of sound in blood = 
1.560 m/s, f0 = frequency of transmitted wave, Df = Doppler 
shift, q = angle between ultrasound beam and blood flow. 
If q is 0º (i.e. ultrasound beam parallel to blood flow), the 
cosine value is 1 and maximum blood flow velocity is 
recorded. Maximum blood flow velocity is progressively 
under-estimated as q increases due to corresponding cosine 
values becoming progressively less than 1. This necessarily 
results in the under-estimation of Doppler shift, and conse-
quently of peak velocity flow.

Pulsed-Wave Doppler

The two most common forms of Doppler imaging applied to 
cardiac study are PWD and CWD. In PWD, a single ultra-
sound crystal emits a short pulse of ultrasound and awaits its 
return. The pulse is emitted at a specific frequency known as 
the pulse repetition frequency (PRF) (Fig. 1.25). Although the 
emission is actually omni-directional in nature, the transducer 
produces a beam directed and focussed within a determined 
tri-dimensional area. PWD is accomplished electronically by 
range gating, which entails transmission of a tone burst at a 
certain PRF, with selection (gating) for in-line analysis of only 
those frequencies returning from a discrete portion (sample 
volume) of a cardiac chamber. Blood flow velocity may be 
determined in different regions by altering the position and 
size of the sample volume. Relatively larger sample volumes 
make it easier to detect regions of blood flow, but measure-
ments are relatively non-specific. On the other hand, smaller 
sample volumes permit more precise spatial analysis of blood 

flow. The great advantage of PWD is its ability to analyze 
blood flow at any specific point in the heart cavities, while its 
chief disadvantage is the limited range of velocities that it can 
measure. The maximum frequency shift (velocity) that can be 
exactly measured using a certain PRF is determined by the 
Nyquist frequency limit, which corresponds to PRF/2. If fre-
quency shift is higher than the Nyquist frequency, aliasing is 
said to occur (Fig. 1.26). The Doppler spectrum gets cut off at 
the Nyquist frequency limit, and the remaining portion of the 
signal is recorded on the opposite side of the baseline.

Continuous-Wave Doppler

CWD imaging utilizes a transducer containing two ultra-
sound crystals–one that continually emits ultrasound pulses 
and another that continually receives backscattered wave-
form (Fig. 1.27). Maximum recordable Doppler shift is, in 
this way, not limited by PRF. The recording can be done with 
the guidance of 2D echocardiogram or using a small non-
imaging transducer (pencil probe). Unlike PWD, CWD mea-
sures all frequency shifts present along its beam path. The 
principal goal of CWD is the complete definition of maximal 
velocity. However, this advantage is conferred with one 
important trade-off. Because the wave forms are received and 
transmitted continuously, no time is allowed for the instru-
ment to discriminate between reception and transmission of a 

Fig. 1.24 Schematic representation of the Doppler equation

Fig. 1.25 With the pulsed-wave Doppler (PWD), a single ultrasound 
crystal emits a short pulse of ultrasound and awaits its return before 
the following pulse is transmitted
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given portion of the signal. That means that the use of CWD 
does not allow localization of specific flow velocity informa-
tion. Rather, it provides a composite of blood flow velocity 
information from all sites along the ultrasonic beam.

Most blood flow velocities in the normal heart are less 
than 1.5 m/s and can be measured with precision using PWD. 
In certain pathological conditions such as valvular stenosis, 
however, high velocity blood flow jets are common. In this 
case, it is mandatory to use CWD.

Colour-Flow Doppler

Both pulsed-Doppler and CWD are techniques in which 
ultrasound pulses are transmitted in a single line. In colour-
flow Doppler, however, the ultrasound beam moves through 
an arc with Doppler shifts being recorded across the entire 
sector. At every point within the sector, frequency shifts 
between waves emitted by the transducer and those reflected 
by red blood cells are assigned certain colour. Colour-flow 
maps (based on combinations of red, blue, and green) utiliz-
ing bidimensional or M-mode images are then constructed in 
which blood flow velocities are colour coded in function of 
blood flow turbulence and direction (Fig. 1.28).19,  20 Blood 
flow towards the transducer (positive Doppler shift) is repre-
sented in red, while blood flow away from the transducer is 
observed in blue. Maximum blood flow velocities measur-
able within the Nyquist limit are assigned maximum colour-
intensity values. Velocities exceeding the limit produce 
aliasing and abrupt opposite colourations are observed. 
Abnormal flows marked by velocity changes and varying 
degrees of turbulence are represented as mixtures of colours.

Colour-flow Doppler is an important element in the study 
of cardiac haemodynamics. It not only permits the semi- 
quantitative estimation of degrees of valvular regurgitation 
and intra-cardiac shunt, but is also essential in calculations 
such as that of isovelocity surface area in the quantification of 
valvular regurgitation. Colour Doppler M-mode is useful in 
offering a display of abnormal blood flow locations over time.

normal Colour-Flow Doppler Patterns

Two-dimensional imaging complemented by M-mode is ini-
tially assessed. Colour-coded flow imaging is then used for 
the analysis of intra-cardiac flow.19–22

Left Parasternal Long-Axis View

In this imaging plane, the ultrasound beam passes almost 
perpendicularly through the ventricular wall and aortic and 
mitral valves. As such, there is little possibility of obtaining 
good alignment with left ventricular inflow and outflow. The 
Doppler signal obtained is weak, and data acquired using 
this imaging plane are limited because colour-flow imaging 
systems are relatively insensitive to low-velocity blood flows 
and are consequently more dependent on insonation angles.

Fig. 1.26 Aliasing effect. Maximal velocity flow of the mitral valve is 
depicted above 0 baseline, but because of the presence of aliasing, 
the complexes appear blunted at the top and remaining frequencies 
are subtracted and plotted at the bottom of the tracing (arrows)

Fig. 1.27 Continuous-wave Doppler imaging utilizes a transducer 
containing two ultrasound crystals–one that continually emits ultra-
sound pulses and another that continually receives backscattered 
waveform
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Ventricular and atrial flow is recorded in red during dias-
tole (Fig. 1.29). In the initial phase of ventricular filling, 
blood flow velocity may be sufficient to cause aliasing and 
correspond to peak E-wave velocity in M-mode recording of 
the mitral valve. Retrograde blood flow directed towards the 
left atrium can be found during mid-diastole and contributes 
to valve closure. Aliasing disappears during this phase, but 
reappears following atrial contraction (A-wave). Analysis of 
this phenomenon over time is more precise upon M-mode 
rather than 2D images. During systole, a blue-coded column 
of blood flow can be observed from the left ventricle directed 
towards the aortic valve within which small aliasing regions 
can sometimes be detected.

Left Parasternal Short-axis View at Baseline

Left parasternal short-axis view at baseline is one of the most 
appropriate views for the blood flow analysis of the right 
cardiac cavities (Fig. 1.30). Blood flow in the right atrium 
appears in the image as a red-coded column directed towards 
the tricuspid valve. In the case of tricuspid insufficiency, a 
blue-coded column of systolic blood flow is observed and 
directed away from the valve. Right ventricular inflow dur-
ing diastole is coded in red upon opening of the tricuspid 
valve and is better analyzed (as in the case of mitral blood 
flow) using colour M-mode. Blood flow in the right ventricu-
lar outflow tract is coded in blue and fills the main pulmo-
nary artery (Fig. 1.31). During diastolic time, it is possible, 
in normal patients, to observe a small red-coded flow mov-
ing towards the right ventricle, which corresponds to a pul-
monary insufficiency.

Apical Views

The apical views are fundamental (as are those of 2D 
echocardiography) to the Doppler analysis of intra-cardiac 
blood flow. A good ultrasound beam alignment with the val-
vular planes is essential for optimal analysis of Doppler 
blood flow data at levels of mitral and tricuspid valves, left 
ventricular outflow tract, and aortic valve.

Blood flow corresponding to atrial filling is observed in 
red throughout the entire cycle (Fig. 1.32). The blood flow 
column passes through the atrio-ventricular valvular planes at 
the onset of diastole and fills the ventricular cavities. Aliasing 
has been observed at this point in 63% of healthy patients. 
Colour M-mode inflow analysis permits an evaluation of the 
relationship between protodiastolic filling (E-wave) and late 
filling due to atrial contraction (A-wave). In the left ventricle, 
the blood flow column is directed first towards the lateral ven-
tricular wall and afterwards towards the apex, inter-ventricu-
lar septum, and outflow tract. A small region of turbulent flow 
in contact with the atrial side of the mitral valve can be 

a b

Fig. 1.29 2D echocardiography 
of the parestenal long-axis view 
with colour-flow Doppler during 
(a) diastolic frame and (b) systolic 
frame. Red flow indicates 
movement towards the 
transducer (diastolic filling), and 
blue flow indicates movement 
away from the transducer 
(systolic ejection). AO aortic valve; 
RV right ventricle; LA left atrium; 
MV mitral valve; LV left ventricle

Fig. 1.28 Colour-flow maps (based on combinations of red, blue, and 
green) are then constructed in which blood flow velocities are colour-
coded in function of blood flow turbulence and direction. Blood flow 
towards the transducer (positive Doppler shift) is represented in red, 
while blood flow away from the transducer is observed in blue
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observed at the onset of the isovolumetric period.12 When 
blood flow moves towards the outflow tract, the direction of 
motion is away from the transducer, and the column becomes 
blue-coded. The flow also shows a small region of aliasing 
near the aortic valve, especially in early systole.

normal Patterns in Conventional Doppler

Once colour-flow Doppler study has been performed, 
pulsed-Doppler or occasionally continuous-flow Doppler 
must be used to study the characteristics of blood flow 

across the atrio-ventricular valves, great vessels, and heart 
chambers.

Mitral Valve Flow

Diastolic flow velocity through the mitral valve corresponds 
with mitral valve morphology as recorded in M-mode 
echocardiography (Fig. 1.33). There is an initial peak mitral 
inflow corresponding to passive rapid filling (E-wave) fol-
lowed by another smaller telediastolic wave due to atrial 

Fig. 1.30 Short-axis view of the aortic valve. The flow can be seen to 
emerge from the vena cava to the tricuspid valve into the right ven-
tricle. AO aortic valve; RV right ventricle; LA left atrium; MV mitral 
valve; RVOT right ventricular outflow tract Fig. 1.31 Short-axis view of the aortic valve showing pulmonary 

outflow tract flow in systole as it fills the pulmonary artery to the 
bifurcation. AO aortic valve; PA pulmonary artery; RVOT right ventric-
ular outflow tract

a b c

Fig. 1.32 2D echocardiography of the parestenal long-axis view with 
colour-flow Doppler during (a) protodiastole, (b) mesodiastole, and 
(c) systole. Red flow indicates movement towards the transducer (dia-

stolic filling), and blue flow indicates movement away from the trans-
ducer (systolic ejection). AO aortic valve; RV right ventricle; LA left 
atrium; MV mitral valve; LV left ventricle; TV tricuspid valve
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contraction (A-wave), which disappears during atrial fibril-
lation. Mitral inflow patterns do not always present the char-
acteristic M-shape in normal patients. An added signal can 
be observed between E-wave and A-wave, especially in 
young patients or those with bradycardia (Table 1.5).

Tricuspid Valve Inflow

Flow velocities across the tricuspid valve are best detected 
using 4-chamber views. The morphological characteristics 
of right atrio-ventricular inflow are similar to those of mitral 
valve inflow, i.e. initial peak inflow corresponding to rapid 
filling (E- wave) and a lower-velocity second inflow pro-
duced by atrial contraction (A-wave) (Fig. 1.34).

The basic characteristic difference to mitral inflow is the 
important physiological change produced by respiration – 
maximum inflow velocity is substantially increased during 

Fig. 1.33 PWD transmitral flow detected from apical approach char-
acterized by early and late diastolic components of flow (E and A 
waves). LV left ventricle; MV mitral valve; LA left atrium

Mitral Tricuspid

E wave (m/s) 0.86 (0.44–1.10) 0.64 (0.42–0.86)

A wave (m/s) 0.56 (0.28–0.60) 0.33 (0.19–0.47)

E/A 1.62 (1.31–1.93) 1.52 (1.25–1.79)

Desaceleration time 179 (150–240) 188 (150–210)

(DT) (ms)

Isovolumic relaxation 
time

76 (60–110) 76 (60–440)

Integral(IVT) (cm) (10–13)

table 1.5. Mitral and tricuspid valve flow23

Fig. 1.34 Flow velocities across the tricuspid valve are best detected 
using apical 4-chamber view or paraesternal short axis. Flow velocity 
is recorded above 0 baseline with an early and much smaller late dia-
stolic component. In some cases, a third signal also directed towards 
the transducer appears during mesosystole and is probably pro-
duced by displacement of the tricuspid plane towards the apex of the 
right ventricle. AO aortic valve; TV tricuspid valve; P pulmonary valve
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inspiration. In some cases, a third signal also directed towards 
the transducer appears during mesosystole. It coincides with 
motion towards the tricuspid valve plane and is probably 

produced by displacement of the tricuspid plane towards the 
apex of the right ventricle.

Table 1.5 shows normal values for young adults. Such val-
ues were calculated using the parasternal view. Calculations 
of inflow velocity using the apical view have been observed to 
be slightly lower with PWD and superimposable with CWD.

Left Ventricular Outflow Tract

In this view, left ventricular flow is recorded as a negative sys-
tolic wave with characteristics very similar to those of aortic 
blood flow but with a slightly lower velocity (Fig.  1.35). 
Table 1.6 shows quantitative data for blood flow in this region.

Ascending Aortic Blood Flow

If recorded from the supra-sternal or right parasternal positions, 
the ascending aortic blood flow is observed as a rapidly rising 
positive deflection corresponding to flow directed towards the 

LVOT RVOT

Maximal velocity 0.88 
(0.47–1.29)

0.72 
036–1.08

Ejection time (m/s) 286 
(240–332)

281
212–350

Acceleration time(m/s) 84
(48–10)

118 
70–166

Acceleration (m/s2) 11 (5–17)
(5–17)

6.1 (3–9)
(3–9)

Flow integral 20–25

table 1.6. Outflow tract velocities23

Ascending aortic blood  
flow

Descending aortic  
flow

Pulmonary artery  
flow

Maximal velocity 1.17 1.07 0.84

(m/s) (0–1.75) (0.50–1.79) (0.56–1.33)

Ejection time 263 261 300

(TE) (m7s) (216–310) (202–302) (197–403)

Acceleration time 79 91 122

(TA) (m/s) (61–97) (70–122) (63–181)

Acceleration time 15 12 7.2

(m/s2) (7–23) (5–19) (4–10)

AT /ET 0.3 0.35 0.310

(0.57–0.36) (0.22–0.5) (0.21–0.41)

(Integral cm) 18–22

table 1.7. Aortic flow and pulmonary flow: normal values23

Fig. 1.35 Flow velocities of the aortic flow. The ejection flow is 
recorded as a negative systolic wave. LV left ventricle; LA left atrium
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transducer. The descending portion of the signal, which corre-
sponds to blood flow deceleration, shows spectral widening 
caused by a broader range of blood flow velocities. The veloc-
ity curve is an identical mirror image when the recording is 
made from the apical position. Table 1.7 shows values for nor-
mal adults obtained from the supra-sternal position.

Descending Aortic Flow

A blood flow signal with characteristics similar to those of 
the ascending aorta except for direction (directed away from 
rather than towards the transducer) is produced if recorded 
from a supra-sternal position. Average blood flow velocity is 
the same in the ascending and descending aortas. This implies 
that any loss of volume mostly to supra-aortic trunks is 
exactly compensated by lessening of vessel caliber. Normal 
values are shown in Table 1.7.

Right Ventricular Outflow Tract

Recordings from the parasternal position show a negative 
systolic blood flow (Fig. 1.36). Maximum velocity through 
the region is slightly less than that obtained when blood flow 
has already passed through the pulmonary valve. Table 1.6 
shows normal values for young adults. It is not uncommon 
(13%) to detect a holodiastolic flow due to a small pulmo-
nary regurgitation.

Pulmonary Blood Flow

Pulmonary blood flow is morphologically similar to pulmo-
nary outflow tract, but is of higher velocity. Spectral widen-
ing occurs at peak velocity and during deceleration phase, 
which follows an initial negative deflection corresponding to 
acceleration phase.

While maximum velocities are slightly inferior to those of 
the ascending aorta and average velocities are superimpos-
able, blood flow acceleration in comparative terms is approx-
imately twice that of the pulmonary artery.

Vena Cava Blood Flow

The recording of blood flow through the superior vena cava 
from the supra-sternal or supra-ventricular notch shows typical 
morphology of two waves directed away from the transducer. 
The first of these is larger in normal patients and appears during 
systole (S-wave) and the second (D-wave) appears during 
mesodiastole (Fig. 1.37). The velocity of these waves is affected 

Fig. 1.37 PWD from the hepatic vein. Systolic forward flow (S) is 
greater than diastolic (D) forward flow

Fig. 1.36 Short-axis view represents the best approach for the analy-
sis of the ejection flow of the right ventricle. TV tricuspid valve; AO 
aorta, RVOT right ventricular outflow tract
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by respiratory cycle changes typically produced by venous 
return. Table 1.8 shows normal values for young adults.

Blood Flow in the Pulmonary Veins

The characteristics of blood flow in the pulmonary veins can 
be studied either with an apical 4-chamber view or from the 
trans-oesophageal position with placement of the Doppler 
sample volume in its interior. Normal flow is characterized 
by two waves, systolic (S) and diastolic (D) inflow with a 
smaller atrial reversal signal (A) (Fig. 1.42, Table 1.9).

Coronary Arterial Blood Flow

The sample volume of the PWD beam is placed in the central 
region of the left main trunk, which is where the recording 
is obtained in most patients. Coronary flow is measured 
as a double-peaked Doppler wave with higher velocity 
 during diastole. Such coronary flow characteristics are 

compatible with patterns obtained using invasive methods 
(see Fig. 1.42b).

trans-oesophageal echocardiography

In the last years, clinical use of TOE has increased and 
replaced other imaging techniques. TOE gives simultaneous 
anatomic, functional and haemodynamic information with 
great quality images. TOE can be used in different clinical 
situations such us outpatients care, critical care and for intra-
operative evaluation.24

In 1976, Franzin described for the first time his experi-
ence with a coaxial cable connected to one crystal trans-
ducer.16 In the 1980s, technology development permitted the 
creation of flexible probes with phased array transducers. 
With the first monoplane, TOE plane images were obtained 
using a single transverse plane ultrasound emission. The 
development of 2D probes with perpendicular and transver-
sal crystals succession has permitted the evaluation of verti-
cal structures as superior cava, inter-atrial septum, and left 
ventricle long axis. Further development of TOE has been 
associated with the introduction of 180° routable transducers 
that have allowed the acquisition of endless number of sec-
tions from transversal to longitudinal images. Finally, a 3D 
fully sampled matrix array TOE transducer was recently 
developed to allow real-time acquisition and online display 
of 3D images.25 Most frequent clinical indications for TOE 
examination are listed in Table 1.10.

toe examination

TOE examination is considered a mini-invasive technique 
and requires some precautions. Four hours of fasting is 

<50 years >50 years

Pulmonary venous flow 
(m/s)

S wave 0.48 ± 0.09 0.71 ± 0.09

D wave 0.50 ± 0.10 0.38 ± 0.09

0.19 ± 0.04 0.23 ± 0.14

Superior vena cava flow

S wave 0.41 ± 0.09 0.42 ± 0.12

D wave 0.22 ± 0.05 0.22 ± 0.05

Auricular wave 0.13 ± 0.03 0.16 ± 0.03

table 1.8. Vena cava and pulmonary venous flow23

PVF – TOE Media ± ED

Systolic Wave S (m/s)  0.59 ± 0.15

ITV S wave (cm)  14.7 ± 3.4

Diastolic wave D (m/s)  0.44 ± 0.13

TIV D (cm)   7.9 ± 2.7

S wave/ D wave  1.35 ± 0.24

TIV S/ TIV D  2.01 ± 0.62

A wave Ar (m/s)  0.23 ± 0.06

ITV ar   1.8 ± 0.67

desaceleration timeDT (ms) 168.6 ± 64

table 1.9. Normal values of pulmonary venous flow by TOE23

Suspicion of endocarditis

Endocarditis evaluation

Native valvular disease

Prosthetic valve study

Cardiac sources of embolism

Left ventricle function

Critical patient evaluation

Precardioversion evaluation

Aorta study

Inter-atrial defect

table 1.10. Most frequent indications for TOE examination
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necessary for all patients unless an urgent evaluation is 
required (i.e. diagnosed aortic dissection). Patients with 
pharmacological therapy should not discontinue it, espe-
cially on angina therapy.17 During the examination, physical 
monitoring of patient is important, and for high-risk patients 
(COPD, heart failure), pulse oximetry is useful to identify 
hypoxia onset. In all TOE examination rooms, a complete kit 
for cardiopulmonary resuscitation with an aspiration pump 
should be present (Table 1.11).

The best position for TOE is left lateral unless the patient is 
intubated. Usually TOE is not performed with anaesthesia. For 
this reason, it is really important to communicate with the 
patient to explain the exam and ask for their collaboration.

In most TOE laboratories, almost all TOE are done with-
out patient sedation. If necessary, a mild sedation can be 
obtained with mydazolam, a medium half-life benzodiaz-
epine (2–3 mg IV). Although mydazolam can be rapidly 
antagonized with flumazenil (0.2 mg IV), this antagonist can 
cause hypertension and tachycardia. Lidocaine spray is 

sometimes used to anaesthetize the pharynx. Prophylaxis for 
endocarditis is not strictly necessary even in high-risk 
patients (i.e. previous endocarditis). Actually, bacteraemia is 
not considered common after TOE.26,  27

Before introducing the probe, the patient is asked to 
remove any partial dentures and is given plastic dental rings 
in order to avoid probe damage. Oesophagus intubation starts 
by placing the probe tip on the tongue and gently accompa-
nying it with the left index finger. When it has passed over 
the tongue, the patient is instructed to swallow the probe and 
it is subsequently introduced approximately 30 cm from the 
incisors. It is better to use an endoscopic evaluation if the 
probe cannot be easily introduced. This usually occurs due to 
lack of patient collaboration or operator inexperience. If the 
patient is intubated, the probe can be introduced with the 
help of a second operator, who moves the jaw anteriorly.

It is important to record images during the TOE examina-
tion, as TOE cannot be easily repeated. The probe is disinfected 
in glutaraldehyde solution for at least 10 min after every TOE.

Precautions before the examination

Patient fasting for 4–6 h before TOE examination (except for extreme emergency)

Check all the necessary materials (drugs, physiological saline solutions, echocontrast agents, probe lubricant, plastic dental ring, O2, pulse 
oximeter, aspiration pump and emergency kit)

Medical history of patient in order to determine any contraindications (dysphagia, oesophageal varices, allergy)

Detailed explanation of TOE examination and patient reassurance

Informed consent

Basal physical evaluation of patient, with EKG and continuous oxygen saturation monitoring if high-risk patient

Peripheral intravenous access

Removal of patient’s partial denture or any other prosthesis

Patient in left lateral position with semi-flexion of head

Lubrication of probe

Optional: patient’s sedation with mydazolam (2–3 mg IV to start)

Optional: saline solution

Examination

Introduction of plastic dental ring in order to protect the probe

Intubation of the oesophagus

Restraint from introducing the probe in a forced manner (should there be any resistance)

Introduction of the probe to approximately 30 cm from incisors

Physical evaluation and patient reassurance

End of the examination

Removal of peripheral IV line

Control of patient function if sedation had occurred; instructions for patient not to operate a motor vehicle during the next 12 h

Probe disinfection

table 1.11. TOE examination protocol
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Complications and Contraindication

TOE is a semi-invasive technique with low risk of complica-
tion (<1%).28 While most of these are minor, greater compli-
cations, such as patient death, may occur (<0.01% in major 
European centres). A careful scrutiny of the patient’s medical 
history can avoid most complications. Complications in TOE 
can be classified on the basis of their underlying mechanism.

Mechanical Damage

The most common form is the persistence of pharynx irrita-
tion after TOE examination. Major complications are less 
common. Among 10,219 TOE examinations, studies in major 
European centre have found just one case of death for an 
oesophageal perforation. This patient had pulmonary cancer 
with oesophagus infiltration.

Near Organs’ Compression

During prolonged intra-operative TOE examinations, vocal 
cord palsy can occur. It is due to recurrent laryngeal nerve 
compression between endotracheal tube and TOE probe.

Visceral Reflexes Induction

The introduction of the probe into the oesophagus can lead to 
sympathetic or parasympathetic nervous system reflexes due 
to nervous irritation. Sympathetic system activation can trig-
ger sinus tachycardia, supra-ventricular tachycardia or ven-
tricular tachycardia, while parasympathetic system activation 
can lead to sinus bradycardia, atrio-ventricular block, laryn-
geal or bronchial spasm and vomiting.

Other

Other worsening of aortic dissection and aneurysm rupture 
probably due to hypertensive response or mechanical com-
pression of aorta has been described.

There are few absolute contraindications for TOE exami-
nation. It is usually performed in critically ill patients, and 
complications are infrequent. The only real contraindication 
is the presence of oesophageal disease that is resistant to 
probe transit.

Contraindications for TOE examination are the following:

Oesophageal disease: oesophageal diverticula, oesopha-•	
geal cancer and other causes of oesophageal stenosis
Perforated bowel•	
Previous chest radiotherapy•	
Atlanto-occipital and atlanto-axial joints’ disease with •	
impossibility or reduced neck flexion

sections in Multi-plane study

Modified gastroscopic probes are currently used for TOE in 
adults (Fig. 1.38). Those probes have a 10–14 mm tip and 
allow good spatial resolution with high frequency transduc-
ers (3–7, 5 MHz). For paedriatic patients, smaller probes can 
be used (4–7 mm tip). Currently used TOE probes (mono, 
2D and multi-plane) are flexible and enable easier progres-
sion through the oesophagus and complete rotation both 
clockwise and counterclockwise. Moreover, the presence of 
two wheels makes it possible for the operator to choose ante-
rior and posterior flexion and lateral movement of the tip. 
The use of 180° rotatable transducers permits the acquisition 
of an infinite number of sections without transition from 
transversal to longitudinal images.

a b

Fig. 1.38 (a) Trans-oesophageal 
multi-plane probe. The presence 
of two wheels allows the 
operator to decide the anterior 
and posterior flexion and lateral 
movement of the tip. Push 
bottom rotation allows both 
clockwise and counterclockwise 
rotation. (b) Multi-plane 
technique permits the 
acquisition of endless number 
of sections without transition 
from transversal to longitudinal 
images mainly due to 180° 
rotatable transducers. Three 
oesophageal positions are 
showed: high oesophageal 
position, middle oesophageal 
position and transgastric view
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Next, we will describe the different views we can obtain 
with multi-plane probes in TOE. These planes include sec-
tions obtained with monoplane and biplane probes (transver-
sal or longitudinal and oblique by moving of the tip).

Three different positions can be described: high oesopha-
geal level, middle oesophageal position and transgrastric 
view (Fig. 1.38).

High Oesophageal Position

These sections are obtained with transversal planes. The 
probe is advanced to 28–30 cm from the incisors into the 
proximal oesophagus; the transducer is rotated from 0 to 
135° with some flexion of the probe (Fig. 1.39).

High oesophageal Position: Plane of Aortic Valve, Left 
Atrial Appendage, and Left Upper Pulmonary Vein

Transversal plane (0°): A short-axis view with an oblique 
view of basal heart structures and a short oblique view of 
aortic valve. This section allows the correct visualization of 
the left atrial appendage and left upper and lower pulmonary 
vein (Fig. 1.40).

Left atrial appendage: The complete echocardiographic 
study of the left appendage includes analysis of volume (or 
size) and function. While it can be measured with planime-
try, variability is relatively high because of the anatomic 

complexity of the atrium. When the sample volume is placed 
in the left atrial appendage, three different flow patterns can 
be detected:31

Type I flow is characterized by a biphasic flow of clearly •	
defined waves of filling and emptying (Fig. 1.41).
Type II is a saw-tooth model corresponding to fast and •	
well-defined filling and emptying waves described in 
patients with fibrillation or flutter.
Type III is marked by the absence of identifiable waves, •	
most frequently (though not exclusively) in atrial fibrilla-
tion, which reflects the presence of atrial contractile 
dysfunction.

Fig. 1.39 High oesophageal position. This view is obtained advancing 
the probe to 28–30 cm from the incisors into the proximal oesophagus 
and rotating the transducer from 0 to 135°

Fig. 1.40 High oesophageal position: plane of aortic valve and left 
atrial appendage. The section is obtained advancing the probe to 
28–30 cm from the incisors into the proximal oesophagus and rotat-
ing transductor (0º). Schematic anatomical section (a) and 2D image 
(b). In this plane, aorta is in the centre of the image and the three 
leaflets are visualized. Non-coronary leaflet is in upper left position, 
left leaflet in upper right position, and right leaflet in anteroinferior 
position. Around aortic valve, we can find right atrium, tricuspid 
valve, and right ventricle. AO aortic valve; LA left atrium; LAA left atrial 
appendage; LV left ventricle; RV right ventricle; RA right atrium

a

b
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Pulmonary veins: The upper pulmonary veins are easier 
to detect than the lower veins. Colour-Doppler is helpful in 
appropriately positioning the sample for spectral Doppler 
(Fig. 1.42).

Left pulmonary veins: These can be visualized at 0°. The 
upper left vein is located near the left atrium. In order to 
visualize the lower left vein, the probe must be slightly 
advanced. It can be observed extending into the left atrium 
(Y-morphology). For this reason, the ideal viewpoint of the 
transducer is 110° together with a global counterclockwise 
rotation of the probe. This position provides good Doppler 
alignment.

Right pulmonary veins: The upper right pulmonary vein 
is usually seen in the transverse plane by positioning the 
probe at the same level as the upper left vein. It arrives at 
the left atrium with a horizontal orientation above the supe-
rior vena cava and adjacent to the inter-atrial septum. The 
image of the upper right vein can be seen in the transverse 
plane for up to approximately 110° rotation; it becomes 
more vertical so that alignment with spectral Doppler can 
improve. The lower right vein can be seen with small ante-
rior-flexion of the probe or by advancing it slightly. In order 
to simultaneously detect right pulmonary venous outflow, 
the ideal angulation is that of the aortic valve short axis 

Fig. 1.41 High oesophageal position. Plane of aortic root and left 
atrial appendage flow and left upper pulmonary vein. (A) Schematic 
drawing of atrial appendage flow characterized by four waves. After 
P-wave, atrial contraction (a), atrial relaxation (b), systolic reflexion 
(c), and diastolic wave (d). (B) Doppler trace of left atrial appendage 

showing a wave depending on atrial contraction (a) after P-wave of 
EKG and the second of atrial relaxation, (b) one of systolic reflexion, 
and (c) diastolic wave is not evident. The normal velocity peak is 
about 40 cm/s. In the upper part of this 2D image of left appendage, 
the arrow shows left appendage position of the sample volume

a b

Fig. 1.42 High oesophageal position. Plane of aortic root and left 
atrial appendage and left upper pulmonary vein flow. (a) Flow from 
left upper pulmonary vein in left atrium; (b) Pulsed-Doppler record-
ing of normal flow in left upper pulmonary vein characterized by sys-

tolic (S) and diastolic (D) inflow with a smaller atrial reversal signal (A). 
This pattern can be obtained also by middle oesophageal position 
2-chamber view with sample volume positioned in left upper pulmo-
nary vein 1 cm from the junction with body of left atrium

a

b
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(approximately 45–50°) followed by a clockwise rotation 
of the probe.

The pulmonary venous flow in the left upper pulmonary 
vein (systolic and diastolic flow followed by reversal peak of 
atrial contraction) can be studied. The pulmonary veins are 
located close to the transducer in TOE (which is not the case 
in TTE). This proximity helps obtain a high quality flow 
image. The pulmonary vein flow towards the left atrium 
occurs predominantly during systole through a suction effect 
caused by atrial relaxation. The diastolic flow is produced by 
the pressure relationship between left atrium and left ventri-
cle and by the active relaxation of the latter. It is smaller than 
the systolic flow except in very young individuals.

High Oesophageal Position: Plane of Aortic Root  
and Coronary Arteries

Transversal plane (0°) Section of Coronary Arteries: The 
origin of coronary arteries can be identified by scanning up 
from the leaflet of aortic valve to their orifices at level of 
sino-tubular ring. The left coronary artery is located in the 
middle of left Valsalva sinus. It is possible to visualize the 
bifurcation of main left coronary artery in circumflex and 
anterior descending artery. The first can be seen laterally for 
several centimeters between left ventricle and left atrial 
appendage until it turns posteriorly. The proximal portion of 
left anterior descending coronary artery can also be visual-
ized with a more oblique plane to permit its alignment with 
pulsed Doppler (Fig. 1.43).

High Oesophageal Position: Plane of Aorta and Main  
Pulmonary Artery

Transversal Plane (0–20°) for Main Pulmonary Artery and 
Its Bifurcation: Obtained with a slight further anteflexion of 
the probe. It is now possible to detect the pulmonary trunk 
long axis and right pulmonary arteries, short axis of superior 
vena cava situated anterior to right pulmonary artery and the 
proximal ascending aorta situated anteriorly and in the centre 
of image. The distal segment of the right upper pulmonary 
vein and its connection with the left atrium can be visualized 
at level of the superior vena cava–right atrium junction; the 
location of the oesophagus behind the right pulmonary artery 
makes it sometimes possible to see the bifurcation of this 
artery with its upper and lower branches. The initial portion 
of the left pulmonary artery (LPA) can be clearly observed 
due to the interposition of the left bronchus. These structures 
are visualized at 0° by removing the probe from the trans-
verse plane of the left atrium. A counterclockwise rotation of 
the probe can improve the initial image of LPA, while a clock-
wise rotation reveals the long axis of the LPA (Fig. 1.44).

High Oesophageal Position: Plane of Aortic Valve

Short-axis View of the Aortic Valve (35–45°) with Slight 
Advancement of Probe: Such yields a perpendicular plane of the 
aortic cusps (similar to parasternal short-axis view). It is impor-
tant to find a circular section of the valve in order to properly 

Fig. 1.43 High oesophageal position, plane of aortic root, and coro-
nary arteries. The origin of left coronary artery can be identified by 
scanning up from the leaflet of aortic valve to its orifice at the level of 
sinutubular junction. The left coronary artery is located in the middle 
of the left Valsalva sinus. Left main coronary artery can be visualized 
(arrow). AO aortic valve; LA left atrium; LAA left atrial appendage; 
RVOT right ventricle outflow tract

Fig. 1.44 High oesophageal position, plane of aorta and main pul-
monary artery. This plane is obtained in the same position as the last 
plane with further anterior flexion of the probe. The section shows 
aorta and main pulmonary artery. SVC superior vena cava; AO aorta; 
MPA main pulmonary artery; RPA right pulmonary artery; LPA left pul-
monary artery
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observe the three leaflets: non-coronary leaflet in upper left 
position, left leaflet in upper right position, and right leaflet in 
anteroinferior position. All around the aortic valve we can find 
right atrium, tricuspid valve, and right ventricle (Fig. 1.45).

High Oesophageal Position: Longitudinal Plane of Right 
Ventricular Out Flow Tract

Longitudinal Plane of Right Ventricular Out Flow Tract 
(75°). This plane intersects the right atrium, the tricuspid 
valve, right ventricle, and right ventricular out flow tract, 
until pulmonary valve and pulmonary trunk with bifurcation 
in right pulmonary artery and beginning of LPA (Fig. 1.46).

High Oesophageal Position: Oblique Images of Heart

Longitudinal Plane (90°): Oblique images of heart long axis 
and main axis of aortic root.

High Oesophageal Position: Longitudinal Plane of Left 
Atrium and Left Ventricle Outflow Tract (135°)

Longitudinal Plane (135°) of the Left Atrium and Left 
Ventricle Outflow Tract: Similar to parasternal long-axis 
view. The image is optimal for clearly visualizing the aor-
tic root with a symmetrical view of both aortic leaflets 

a b

Fig. 1.45 High oesophageal position, plane of aortic valve. Schematic 
anatomical section (a) and 2D imaging (b). Short-axis view of aortic 
valve (35–45°) with little advancement of probe: perpendicular plane 
of aortic cusps (similar to parasternal short-axis view). A circular sec-
tion of the valve allows the detection of three leaflets: non-coronary 

leaflet in upper left position, left leaflet in upper right position, and 
right leaflet in anteroinferior position. AO aortic valve; LA left atrium; 
LAA left atrial appendage; LV left ventricle; RV right ventricle; RA right 
atrium; NC non-coronary aortic cusp; R right aortic coronary cusp; L 
left aortic coronary cusp; RVOT right ventricular outflow tract

a b

Fig. 1.46 High oesophageal position, longitudinal plane of right ven-
tricular out flow tract (75°). Schematic anatomical section (a) and 2D 
imaging (b). This section intersect the right atrium, tricuspid valve, 
right ventricle, and right ventricular out flow tract until pulmonary 

valve and pulmonary trunk with its bifurcation in right and left pulmo-
nary arteries. LA left atrium; RA right atrium; NC non-coronary aortic 
cusp; R right aortic coronary cusp; L left aortic coronary cusp; RV right 
ventricle; RVOT right ventricular outflow tract; PV pulmonary valve
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 (non-coronary and right leaflets in the upper and lower 
regions of the image, respectively) (Fig. 1.47).

Middle Oesophageal Position

From this position we obtain transversal and longitudinal 
planes from 0 to 135°. The probe is placed at 30–35 cm from 
the incisors (Fig. 1.48).

Middle Oesophageal Position: Transverse Plane, 4-Chamber 
View

With the transducer in 0° position, a 4-chamber view can 
be obtained by gently introducing the probe to 30–35 cm 
from the incisors and with slight retroflexion of the tip. 
Visualization of both atrium and left and right ventricles is 
obtained. The 4-chamber views are displayed with the 
apex oriented downward. The left and right atriums are at 
the top of the image; the left ventricle is in the right por-
tion of the image, and right ventricle is in the left portion 
(Fig. 1.49).

The crux cordis is well visualized with septal leaflet of 
tricuspid valve lower than septal leaflet of mitral valve. The 
atrio-ventricular septum is between them.

A 5-chamber view can be obtained from the 4-chamber 
view with a mere anteflexion of the tip (Fig. 1.50). Slight 
advance ment and extreme retroflexion of the tip from 4-cham-
ber view will display the right ventricle inflow tract and long 
axis of the coronary sinus opening in the right atrium.

With the multi-plane probe, a complete study of the entire 
mitral valve can be made. The anterior mitral leaflets can be 
divided into three parts (A1, A2, A3) and the posterior in 
other three parts or levels (P1 or anterior-lateral, P2, P3 or 
middle-posterior).

In the middle oesophagus, starting from the transverse 
plane where A2 and P1 can be visualized, by rotating the 

a b

Fig. 1.47 High oesophageal position. Longitudinal plane of left 
atrium and left ventricle outflow the aortic root with a symmetric 
view of the two aortic leaflets (non-coronary leaflet in the upper part 
and right leaflet in the inferior part of echographic image). LA left 

atrium; MV mitral valve; LVOT left ventricular outflow tract; NC non- 
coronary aortic cusp; R right aortic coronary cusp; RVOT right  
ventricular outflow tract; PV pulmonary valve

Fig. 1.48 Middle oesophageal position. Four main planes can be 
obtained from this position with rotation of the probe from 0° to 135 °. 
4-chamber view can be obtained to 0°, 2-chamber view of left ven-
tricle to 90°, and 3-chamber view of left ventricle with its outflow 
tract and aorta to 135°. Otherwise, from 2-chamber view to 90° when 
the probe is turned towards the patient’s right (clockwise), we obtain 
a long-axis view of right atrium and inferior vena cava and superior 
vena cava. In some individuals, a Eustachian valve at inferior caval 
atrial junction can be seen. IVC inferior vena cava; SVC superior vena 
cava; RA right atrium; LA left atrium; RV right ventricle; LV left ventri-
cle; AO aorta; R rotation to patient’s right
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transducer at 35°, we can observe the levels P1, A2, and P3. 
At 90° we can see the anterior valve cut along the long axis 
(A1, A2, and A3) and P3, as well as the central levels (A2 
and P2) as 135°.

Middle Oesophageal Position: Longitudinal Planes of  
Superior Vena Cava and Inferior Vena Cava

Longitudinal planes can be obtained with probe tip at 30–35 
cm from incisors and with 90° rotation of transducer. If the 
probe is rotated clockwise, the entrance of the two caval 
veins in right atrium can be visualized (two caval veins and 
inter-atrial septum plane) (Fig. 1.51). This plane allows the 
study of inter-atrial septum. The septum thickness in the 

a bFig. 1.49 Middle oesophageal 
position, 4-chamber view (0°). 
Schematic drawing (a) and 2D 
image of the 4-chamber views 
(b): the apex is displayed 
downward, the left and right 
atriums are at the top of the 
image, left ventricle, and the 
right ventricle at the bottom of 
the image. The crux cordis is 
well visualized with septal 
leaflet of tricuspid valve lower 
than septal leaflet of mitral 
valve. R right atrium; LA left 
atrium; RV right ventricle; 
LV  left ventricle

Fig. 1.50 Middle oesophageal position 5-chamber view. From 4-cham-
ber view we can obtain a 5-chamber view with an anteroflexion of the 
tip of the probe. RA right atrium; LA left atrium; RV right ventricle; LV 
left ventricle; AO aorta; LVOT left ventricular outflow tract

Fig. 1.51 Middle oesophageal position, long-axis view of right atrium 
and inferior and superior caval veins. Schematic section (a) and 2D 
imaging (b). This plane can be obtained from 2-chamber view 90° for 
rotation of probe to patient’s right; the entrance of the superior caval 
vein and inferior caval vein in right atrium can be visualized. Also the 
right pulmonary artery in short-axis view can be shown in upper and 
right of image near the superior vena cava. IVC inferior vena cava; SVC 
superior vena cava; RA right atrium; RAA right atrial appendage; RPA 
right pulmonary artery; LA left atrium

a

b
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periphery is almost constant and, in general, decreases rap-
idly in the region of the fossa ovalis (Fig. 1.52).

Middle Oesophageal Position: Longitudinal Planes, Right 
Ventricle, Right Ventricular Outflow Tract, and Main  
Pulmonary Artery

Right Ventricle Long Axis (35–55°): This plane intersects the 
right atrium, tricuspid valve, right ventricle, and right ven-
tricular outflow tract until the pulmonary valve and pulmo-
nary trunk (with its bifurcation into right pulmonary artery 
and initial portion of LPA); the aorta is seen in the centre of 
the image. This plane is similar to that of high oesophageal 
position for right ventricle and pulmonary artery as described 
in Fig. 1.46.

Middle Oesophageal Position: Longitudinal Planes, Left 
Ventricle 2-Chamber View

Left Ventricle 2-chamber View (90°): Visualization of left 
ventricle anterior and inferior walls, left atrial appendage, 
and left upper pulmonary vein. It is necessary to apply a 
slight retroflexion of the probe tip in order to see the left 
ventricle apex (Fig. 1.53).

The combination of middle oesophagus planes (at 0 and 
90°) and long-axis plane (at 135°) permits an evaluation of 
the global and segmental contractile function of the left ven-
tricle in such a way that the classification of ASE into 16 
segments (originally conceived for TTE) can be applied. 
Contractility of the lower septum and lateral side can be 
evaluated in the 4-chamber plane; both anterior and inferior 
sides can be evaluated in the 2-chamber plane and contractil-
ity of the anterior septum and posterior part can be evaluated 
in the 3-chamber plane.

Middle Oesophageal Position: Longitudinal Planes Left  
Ventricle Outflow Tract and Aorta

Three-chamber View (135°): Plane that allows a perfect 
alignment of ultrasound with the left ventricle outflow tract 
and aorta; a long tract of ascending aorta can be seen. Two 
aortic valve leaflets are shown: non-coronary leaflet in the 
upper portion of the image and right leaflet in the lower por-
tion (Fig. 1.54).

Middle and High Oesophageal Position: Thoracic Aorta

The thoracic aorta can be visualized in different planes. The 
aortic arch can be observed by slowly withdrawing the probe 
to approximately 18–20 cm. The aortic arch lies slightly 
anterior to the oesophagus, so that the operator should rotate 
the probe slightly clockwise or to the patient’s right side 

Fig. 1.52 Middle oesophageal position, long-axis view of right atrium 
and inferior and superior caval veins. The area of foramen ovale can 
be seen in the middle of the septum. IVC inferior vena cava; SVC supe-
rior vena cava; RA right atrium; RAA right atrial appendage; RPA right 
pulmonary artery; LA left atrium

a bFig. 1.53 Middle oesophageal 
position, 2-chamber view, 
long-axis view to 90°. Schematic 
drawing of the plane (a) 2D 
visualization (b). This plane 
shows visualization of left 
ventricle’s anterior and inferior 
walls and left atrial appendage, 
with left upper pulmonary vein. 
The pulmonary venous flow can 
be studied from left upper 
pulmonary vein. LA left atrium; 
LV left ventricle; LAA left atrial 
appendage; LUPV left upper 
pulmonary vein
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while withdrawing it. The transverse plane shows a long 
view of the arch. The left common carotid and proximal 
portion of the left subclavian artery may also be displayed 
in short axis. The right innominate artery cannot be seen 
because of the air-filled trachea. The thoracic aorta is pos-
terior to the oesophagus. The thoracic aorta can be better 
seen in transverse plane (0°). The aorta appears as a circle 
upon withdrawing the probe from the stomach after a coun-
terclockwise rotation. The probe is gradually withdrawn in 
5 cm increments. In short-axis view, the anterior wall is dis-
played at the top of the screen and posterior wall at the bot-
tom (Fig. 1.55).

Transgastric View

Transgastric planes can be obtained by introducing the probe 
tip to stomach fundus (40–45 cm from incisors) (Fig. 1.56). 
Rotation of the multi-plane transducer from 0 to 135° results 
in the following planes:

Transgastric View: Short Axis of Left  
and Right Ventricles

Transversal Plane (0°): Short axis of left and right ventricles. 
Anteflexion of the tip yields a more basal view of structures, 
whereas retroflexion of the tip produces images that tend to 
be apical. The left ventricle is displayed in the right portion 
of the image and the right ventricle in the left portion. 
Posterior structures are seen at the top of the video screen and 
anterior structures at the bottom. When the papillary muscles 
can be detected, antero-lateral and posterior medial muscles 
are distinguishable in the image at the 5 and 8 o′clock posi-
tions, respectively. The postero-inferior segments are closer 
to the transducer (Fig. 1.57).

Transgastric View: 2-Chamber View of Left Atrium  
and Left Ventricle

Longitudinal Plane (90°): A 2-chamber view of the left atrium 
and left ventricle. The left ventricle inferior wall is located 

a b

Fig. 1.54 Middle oesophageal position, 3-chamber view (135°). Sche-
matic drawing (a) and 2D visualization image (b). This plane allows a 
perfect alignment of ultrasounds with left ventricle outflow tract and 
aorta with left ventricle; a long tract of ascending aorta can be seen. 

Two aortic valve leaflets can be shown: non-coronary leaflet in the 
upper part and right leaflet in the inferior part of echographic image. 
LA left atrium; AO aorta; LV left ventricle; RV right ventricle; NC non- 
coronary aortic cusp; R right aortic coronary cusp

a

b

Fig. 1.55 Thoracic aorta can be displayed in short-axis view with-
drawing the probe from stomach after count clockwise rotation. The 
aorta in transverse plane (0°) appears as a circle (a), the aorta in 90° 
appears as a double line in long-axis view (b). AO Aorta
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Fig. 1.56 Transgastric view. 
Schematic drawing of different 
view obtained with rotation by 
0° to 135°. 0º: Short-axis view of 
left and right ventricle. 90º: 
2-chamber view. 135°: Outflow 
tract of left ventricle and aortic 
valve. LA left atrium, LAA left 
atrial appendage; AO aorta; LV 
left ventricle; RV Right ventricle; 
PM posterior papillary muscle; 
AM anterior papillary muscle

a b

Fig. 1.57 Transgastric view. Transverse plane (0°). Schematic draw-
ing and 2D visualization. The left ventricle is displayed to the viewer’s 
right and the right ventricle to the viewer’s left. Posterior structures 
are seen at the top of the video screen and anterior structures at  

bottom. The short-axis view of left ventricle at level of papillary mus-
cles is showed. LV left ventricle; RV right ventricle; PM posterior 
papillary muscle; AM anterior papillary muscle

near the transducer and the anterior wall is directly opposite 
and at the bottom of the screen. The left atrium, medial scal-
lop of the posterior mitral leaflet, and lateral segment of the 
anterior mitral leaflet can be observed. Two papillary muscles 

are visualized: postero-medial and antero-lateral. The left 
atrial appendage cannot usually be seen well. This view is 
very useful for obtaining a long-axis view of papillary mus-
cles and mitral chordae (Fig. 1.58).
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Transgastric View: Left Ventricular Outflow Tract and 
Aortic Root

Longitudinal View (110–135°): Transgastric planes of left 
ventricular outflow tract (135°). This view allows us to see 
left ventricular outflow tract and aortic root. However, a 
deeper transgastric long axis or 5-chamber view can be use-
ful in cases where the ascendant aorta cannot be observed 
adequately or accurate Doppler alignment is not possible. 
This plane is obtained by inserting the probe more deeply 
into the gastric fundus with maximum anteflexion of the tip 
and rotating the transducer (60–90°). Such movement of the 
probe tip will lead to a view similar to transthoracic apical 
5-chamber view.

Other Transgastric Views

A short-axis view of the mitral valve can be obtained from the 
transversal plane by withdrawing the probe slightly. This is 
useful for the assessment of mitral valve prolapse. Rotating 
the probe and the transducer yields a right ventricle view (short 
axis of tricuspid valve at 30°, 2-chamber view of right atrium 
and right ventricle at 90°, and right ventricular outflow tract).
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Contrast echo

Mark Monaghan and Amit Bhan

Introduction

The use of contrast agents is widespread in most medical 
imaging modalities for enhancing image quality. In echocar-
diography, ultrasound contrast agents have found widespread 
applications for the opacification of the left ventricular cav-
ity to enhance the endocardial border, improve cardiac 
Doppler signals, and provide an evaluation of myocardial 
blood flow. This section discusses the methodology and util-
ity of contrast echocardiography.

Contrast echo technology

Ultrasound backscatter is created when sound waves are 
reflected from an interface between two media with very dif-
ferent acoustic densities. Consequently, fresh thrombus sit-
ting in a cardiac cavity surrounded by blood with a similar 
density creates a weak backscattered signal (echo), whereas a 
calcified or even prosthetic valve in the same cavity creates a 
strong signal. Gas filled bubbles have a significantly different 
acoustic density to blood; hence, they are also strong acoustic 
reflectors. Consequently, it has been appreciated for a long 
time that venous injection of hand-agitated saline plus a small 
quantity of air can create very small or micro-bubbles, which 
act as tracers of blood flow through the right heart, and these 
can be readily visualized on both 2D and M-mode echocar-
diography as shown in Fig. 2.1. Since these bubbles have no 
shell and air is highly soluble in blood, these small bubbles 
only last a few seconds in the circulation and do not normally 
survive the pulmonary circulation. Appearance of bubbles in 
the left heart, very shortly after arrival in the right heart, can 
be used as a simple test for right to left shunting through a 
patient foramen ovale, atrial septal defect, or even a ventricu-
lar septal defect.

In order to opacify the left heart, micro-bubbles have to 
survive transpulmonary passage. This means that they need 
to be small enough to behave physiologically in the circula-
tion and not obstruct flow, at even a capillary level. They also 
have to be robust enough to ensure that the encapsulated gas 
does not escape and/or diffuse into the circulation. As illus-
trated in Fig. 2.2, commercially manufactured ultrasonic 
contrast agents have adopted two main approaches to achieve 
this. They have either created a contrast micro-bubble using 

a thick, impermeable shell such as a lipid, or else the micro-
bubble has been filled with a high molecular weight gas such 
as sulfur hexafluoride or a perflurocarbon.

Figure 2.3 lists the currently available or developing 
ultrasound contrast agents, their shell type, and contained 
gas.

In an ideal world, we would wish the intensity of back-
scattered (reflected) ultrasound from contrast micro-bubbles 
to be as large as possible. The ratio of incident (transmitted) 
to backscattered ultrasound intensity is dependent upon a 
number of factors, the most important being the fourth power 

Fig. 2.1 M-mode echocardiogram of a hand-agitated bubble con-
trast study in a patient with a large ventricular septal defect. Bubbles 
can be seen (arrowed) crossing from the right ventricle to the left sec-
ondary to bidirectional shunting

Diffusible, Soluble Gas (air, N2)

Thick, Impermeable Shell

Thin, Permeable Shell

Non-diffusible, Insoluble Gas
High molecular weight
(perflurocarbon, SF6)

Fig. 2.2 Diagrammatic illustration of the different approaches taken 
with commercial contrast agents to enhance micro-bubble stability 
within the circulation. Micro-bubbles are covered with a relatively 
impermeable shell and/or filled with a non-soluble high molecular 
weight gas
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of the micro-bubble diameter. So from that point of view, we 
would want the bubbles to be as large as possible. However, 
as previously mentioned, contrast agent micro-bubbles have 
to be small enough to behave physiologically in the circula-
tion, which means that they need to be of similar size to red 
blood cells. In practice, this means that the mean size of 
commercial contrast micro-bubbles is around 4 µ. While this 
means that the backscatter from contrast is many times that 
from red blood cells, there are other confounding factors, the 
most important being that contrast micro-bubbles are fragile 
and are almost instantly destroyed by ultrasound delivered at 
diagnostic intensities. If the intensity of ultrasound is reduced 
to minimize destruction, the backscatter intensity can dimin-
ish to below the detection threshold of a standard 2D imag-
ing system. Furthermore, it is desirable to have the ultrasound 
system working in a way that suppresses the tissue signal 
and enhances the contrast signal so that the contrast-enhanced 
blood pool in the ventricular cavities and myocardium can be 
easily seen.

Fortuitously, because contrast micro-bubbles are gas-filled 
and surrounded by a relatively soft and elastic shell, they 
have the ability to resonate and oscillate in a non-linear man-
ner in a sound field. The frequency at which they resonate is 
dependent on the size of the micro-bubble. A large wine glass 
will “ring” when tapped at a lower frequency than a small 
wine glass. Micro-bubbles with a diameter of approximately 
4 µ have a resonant frequency of approximately 2 MHz, 
which is within the frequency bandwidth of ultrasound used 
in echocardiography, and this is a very fortunate coincidence. 
The fact that contrast micro-bubbles exhibit non-linear oscil-
lation in an echo ultrasound field and that they therefore have 
very different acoustic properties to tissue means that it is 
possible to process the backscattered signals in such a way as 
to suppress tissue and enhance the contrast signal.1–3 Had this 
coincidence with respect to the resonant frequency of con-
trast micro-bubbles not existed, contrast echocardiography 
may not have existed!

Contrast-specific imaging technologies conveniently sep-
arate themselves into methods that rely on or cause micro-
bubble destruction and those techniques that aim to preserve 
the micro-bubbles–non-destructive imaging. Some of the 

currently available contrast specific imaging techniques are 
listed in Table 2.1.

At higher MIs, the non-linear oscillation of contrast 
micro-bubbles within the ultrasound field results in the gen-
eration of harmonic signals and then destruction of the 
micro-bubble. Typically these harmonics will occur at mul-
tiples of the transmitted (fundamental) frequency, with the 
strongest response occurring at the second harmonic.

Although there is also a tissue signal at the second har-
monic frequency, it is lower in amplitude than the contrast 
signal. So, if the received frequency filters on the scanner are 
set to only receive the second harmonic frequency (twice the 
transmitted fundamental frequency), the contrast signal 
amplitude will be greater than that of the tissue. Therefore, 
the all-important contrast to tissue signal ratio is increased. 
At even higher harmonics, the tissue signal will be negligi-
ble, but there will still be a contrast signal. These techniques 
are called ultraharmonics and essentially rely upon receiving 
selected higher frequencies. However, the received contrast 
signal amplitude is still very small at these higher harmonics, 

AGENT MANUFACTURER SHELL TYPE ENCAPSULATED GAS

Levovist

Luminity

Imagify

Optison

Sonovue

Schering

Lantheus

Acusphere

GE Medical Systems

Bracco

GalactosePalmitic Acid

Lipid Micro-bubble

Phospho-lipid

Albumin Micro-sphere

Lyophilisate

Air

Perfluoropropane

Perfluorocarbon

Octafluoropentane

SF6 & Air

Fig. 2.3 A list of commercially 
available contrast agents with 
their contained gas and shell 
types

Destructive Contrast Imaging Techniques

Second harmonic imaging

Ultraharmonics

Pulse inversion

Harmonic power Doppler (angio)

Non-destructive Contrast Imaging Techniques

 Low MI real-time methods

 Power modulation

 Power pulse inversion

 Cadence contrast imaging

 Contrast pulse sequencing

table 2.1. Destructive and non-destructive contrast-specific imaging 
modalities. As a general rule, destructive imaging techniques use an 
MI (output power) > 1.0, whereas non-destructive techniques need 
to use an MI < 0.3 in order to limit contrast destruction, as previously 
mentioned
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making them susceptible to noise and artifacts. In addition, 
specially constructed broad-bandwidth transducers have to 
be utilized to detect these higher harmonics.

In summary, these high MI destructive techniques cause 
high amplitude resonance of the micro-bubbles, generation of 
harmonics, and, of course, bubble destruction. Although these 
techniques are sensitive for micro-bubble detection, they have 
to be used in an intermittent imaging mode.4 This is to allow 
time for contrast micro-bubbles to replenish the myocardium 
following each destructive frame. In practice, this means that 
a frame is acquired every 1, 2, 3, or up to 10 cardiac cycles. 
Intermittent imaging is more difficult to use, and many con-
sider this a significant disadvantage. Consequently, it is not 
currently a widely used contrast-specific imaging technique 
and is not discussed further in this chapter.

non-Destructive Contrast Imaging techniques

As previously mentioned, intermittent imaging does make 
destructive imaging techniques more difficult to use. Also 
the absence of any wall motion information is considered by 
many to be an important disadvantage. In order to provide 
wall motion information, the frame rate needs to be increased 
from 1 frame every few cardiac cycles to a minimum of 20 
frames a second. If the frame rate is to be increased without 
causing bubble destruction, the MI needs to be decreased 
significantly and usually needs to be <0.3.

A low MI will minimize micro-bubble destruction, but, as 
previously mentioned, will generate only a very weak back-
scattered signal. Therefore, more sensitive contrast detection 
methods have to be used, which at the same time will sup-
press the tissue signal. These low MI methods are called 
real-time because the higher frame rates allow evaluation of 
wall motion and myocardial blood flow simultaneously.

All the non-destructive contrast-specific imaging tech-
niques work on similar principles. They send multiple, low-
amplitude pulses down each scan line. Each pulse varies from 
the preceding one in amplitude, phase, or a combination of 
both. Different manufacturers use one or more of these meth-
ods for their low MI real-time methods, and some of the pro-
prietary names for these techniques are listed in Table 2.1.

Power modulation is one of the typical low MI real-time 
methods. With this methodology, alterations in signal ampli-
tude are used. Multiple pulses are transmitted down each 
scan line; however, each alternate pulse is of 50% amplitude. 
The ultrasound scanner receives circuitry, doubles the 
received signals from the 50% amplitude pulses, and then 
subtracts that from the received signal from the 100% ampli-
tude pulses. This means that, in theory, backscattered signals 
from a linear reflector, such as myocardial tissue, should can-
cel each other out, thereby suppressing the myocardial 

signal. Contrast micro-bubbles are non-linear reflectors, so 
the doubled backscatter signal from the 50% amplitude pulse 
does not cancel the signal created by the 100% amplitude 
pulse. The remaining signal indicates the presence of con-
trast within the scan plane.

Usually, the only image signals seen when utilizing low 
MI non-destructive real-time imaging are those derived from 
contrast micro-bubbles, and tissue signals are completely 
suppressed. At low contrast micro-bubble concentrations, 
there may be insufficient contrast within the myocardium to 
cause any enhancement, and the only contrast that can be 
seen is within the left ventricle (LV) cavity. Since the myo-
cardium will be black and the cavity bright, this results in 
excellent endocardial definition. Frame rates of >30 Hz can be 
achieved, and this is satisfactory for use during stress echocar-
diography. Furthermore, the absence of contrast destruction 
allows much better visualization of the left ventricular apex 
than when conventional high MI second harmonic imaging is 
used with contrast. High MI second harmonic imaging also 
creates a significant tissue signal and this can make it more 
difficult to determine the endocardial boundary. If second har-
monic imaging is to be used with contrast for left ventricular 
opacification, it is sensible to reduce the MI < 0.4 to limit the 
tissue signal and contrast destruction.

Figure 2.4 illustrates a pre-contrast and post-contrast (using 
power modulation) apical image where the right ventricle 
(RV) and the septal aspect of the LV can be clearly delineated. 
In the pre-contrast image, it is impossible to see either ventri-
cle well. A video clip (Video 2.4) of this is available.

European and American guidelines on the use of ultra-
sound contrast agents have recommended their use for left 
ventricular opacification when two or more myocardial seg-
ments are not adequately visualized, or when delineation of 
left ventricular morphology and detection of thrombi are 
required. Contrast for left ventricular opacification is partic-
ularly useful during stress echocardiography where image 
quality is of prime importance. Obtaining high-quality 
images, especially at peak stress, can be extremely difficult 
in many patients, and contrast-enhanced imaging is required 
in at least 75% of patients during stress echo. Plana et al5 
have shown that the use of contrast agents during dobutamine 
stress echocardiography in patients with more than two myo-
cardial segments not visualized significantly increases the 
accuracy of the technique when coronary angiography is 
used as the gold standard.

As the contrast micro-bubble concentration is increased 
in the blood, either by increasing the bolus volume or infu-
sion rate, sufficient micro-bubbles will appear within the 
myocardium to cause myocardial enhancement. The myo-
cardial contrast signal intensity is directly proportional to the 
number of micro-bubbles within a unit volume of myocar-
dium, and this equates to the myocardial blood volume. As 
previously mentioned, the great advantage of this type of 
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Fig. 2.4 Apical 4-chamber 
view obtained using a 
contrast-specific imaging 
modality before (left) and after 
(right) intravenous administra-
tion of contrast. Enhancement 
of the right and left ventricular 
endocardial borders are clearly 
seen

contrast imaging technique is that it potentially permits eval-
uation of both left ventricular wall motion with excellent 
endocardial definition and myocardial blood flow through 
evaluation of myocardial blood volume.

Evaluation of myocardial blood flow is achieved by firing 
a few frames of high MI ultrasound to destroy the contrast in 
the myocardium, where it is at much lower concentration 
than in the LV cavity. Once the contrast is destroyed within 
the scan plane, it will replenish over the next few cardiac 
cycles.6, 7 The rate at which it replenishes is dependent upon 
the capillary myocardial blood flow velocity. At rest, it will 
normally take about four cardiac cycles following complete 
destruction to plateau at the baseline level. During peak phar-
macological (vasodilator or inotrope) stress, replenishment 
will occur in 1–2 cardiac cycles because blood flow velocity 
will normally increase by a factor of 4. As previously men-
tioned, the plateau level of backscattered contrast intensity is 
directly proportional to the concentration of contrast micro-
bubbles within a unit volume of myocardium, which is a 
 surrogate for myocardial blood volume. As illustrated in 
Fig. 2.5a, if a region of interest (ROI) is placed over a myo-
cardial segment and we measure the contrast signal inten-
sity from that region before, during, and after contrast 
destruction, we can construct a replenishment curve. The 
slope of the curve is proportional to blood flow velocity and 
the plateau to blood volume. The product of these two param-
eters will provide, in theory, a value equivalent to myocardial 
blood flow per unit volume of myocardium.

Figure 2.5b illustrates a real contrast replenishment curve 
created using commercially available software for the analy-
sis of contrast images. While construction of such curves 
provides the potential for absolute quantification of blood 
flow at rest and stress, and therefore evaluation of blood flow 
reserve, it is currently a time-consuming process. From a 
routine clinical perspective, it is often sufficient to visually 
analyze contrast images following destruction and look at 
the timing of replenishment in terms of number of cardiac 
cycles post-destruction. As previously mentioned, at rest, 
replenishment will take about four cardiac cycles, and dur-
ing stress, 1–2 cardiac cycles. Myocardial segments with 
reduced flow reserve, implying reversible ischaemia, will 
exhibit delayed replenishment post-destruction, and the myo-
cardium will remain dark for a prolonged period. In less 
severe reversible ischaemia, this delayed replenishment may 
be confined to the subendocardial region, whereas in more 
severe cases, it may be trans-mural and the plateau contrast 
intensity may also be reduced.

An example of severe reversible ischaemia relating to the 
left circumflex territory is shown in Figs. 2.6 and 2.7 (Videos 
2.6 and 2.7). This patient had a 95% proximal circumflex 
lesion with atypical symptoms. He had normal resting wall 
motion and thickening. Peak dobutamine stress demonstrated 
a minor wall motion abnormality in the posterior and lateral 
walls that was appreciated using the left ventricular opacifi-
cation provided by contrast. The myocardial contrast echo 
demonstrated a clear trans-mural reduction in myocardial 
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blood flow within the entire circumflex territory, which 
remained dark for several cardiac cycles post-destruction 
and exhibited delayed replenishment. This confirmed the 
presence of reversible ischaemia in the left circumflex terri-
tory. In this example, contrast has provided enhanced assess-
ment of wall motion during stress and also facilitated 
evaluation of myocardial blood flow, thereby increasing the 
accuracy of the test.

safety of Ultrasound Contrast Agents

The European (EMEA) and North American (FDA) drug 
licensing agencies have previously raised concerns about the 
potential harmful side effects of ultrasound contrast agents. 
However, extensive post-marketing surveillance of more than 
1 million contrast studies and detailed evaluation of adverse 

events have concluded that the risk of significant allergic 
reactions to most agents is less than 1:1,000. The conclusion 
of most experts in the field has been that they are safe and 
that the risk/benefit profile of ultrasound contrast agents is 
strongly in favour of their use in stable patients.8–11 Patient 
care is more likely to be disadvantaged and additional inves-
tigations required if contrast agents are not used when appro-
priate, than if they are.

Contrast echocardiography: Future Directions

At the time of writing this chapter, none of the commer-
cially available contrast agents have a license for myocar-
dial perfusion imaging. Although, as has been discussed, 
they can all provide acceptable myocardial contrast images. 
Consequently, some agents are now undergoing phase three 

Fig. 2.5 (a) A region of interest (ROI) is placed over a myocardial seg-
ment, the contrast signal intensity is measured from that region before, 
during, and after contrast destruction, and a replenishment curve is 
constructed. The slope of the curve is proportional to blood flow veloc-
ity and the plateau to blood volume. The product of these two param-
eters will provide, in theory, a value equivalent to myocardial blood 

flow per unit volume of myocardium. (b) An example of a contrast 
destruction replenishment curve obtained using commercially avail-
able contrast evaluation software. The ROI is placed in the midseptum 
and the post-destruction replenishment curve is seen. The software 
can automatically calculate the slope, plateau, and derived myocardial 
blood flow parameters from the curve

Fig. 2.6 Contrast-enhanced apical 4-chamber view at peak dobu-
tamine stress in a patient with a 95% left cirmcumflex lesion. The still 
image is taken at two cardiac cycles post-destruction. The septum has 
fully replenished, whereas the lateral wall has not, indicating revers-
ible ischaemia in this territory. The video clip shows a stress induced 
wall motion abnormality seen (with contrast enhancement) in the lat-
eral wall together with a persisting perfusion defect post-destruction

Fig. 2.7 Contrast-enhanced apical 3-chamber view at peak dobu-
tamine stress in a patient with a 95% left cirmcumflex lesion. The still 
image is taken at two cardiac cycles post-destruction. The anterior 
septum has fully replenished, whereas the posterior wall has not, 
indicating reversible ischaemia in this territory. The video clip shows 
a stress induced wall motion abnormality seen (with contrast 
enhancement) in the posterior wall together with a persisting perfu-
sion defect post-destruction.
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studies and/or seeking regulatory approval as perfusion 
agents. These will be used in combination with vasodilator 
stress, and reversible ischaemia will be evident as a reduc-
tion in myocardial blood flow, with any stress induced wall 
motion abnormalities being a minor effect. A vasodilator 
stress echo is likely to be much quicker than one performed 
using an inotrope, and this will have obvious advantages. In 
addition, studies performed so far suggest at least equal 
accuracy to SPECT perfusion imaging for the detection of 
reversible ischaemia.12, 13

Contrast-specific imaging modalities have now been 
incorporated into the latest 3D imaging systems so that it is 
possible to use contrast to both enhance left ventricular endo-
cardial border detection14 and the myocardial blood volume 
to obtain an assessment of perfusion.15 Since contrast-specific 
imaging modalities, such as power modulation, are multi-
pulse techniques, the effect on frame rate is even more 
marked with 3D as compared to 2D imaging. This may limit 
its applicability to use during 3D dobutamine or exercise 
stress echo where peak heart rates are high. However, 3D 
contrast perfusion imaging may be very useful during vaso-
dilator stress, where heart rate does not increase and reduc-
tion in myocardial blood volume (perfusion defect) may be 
more evident. Figure 2.8 (Video 2.8) clip demonstrates a still 
image and rotating video clip of a patient with an acute 

antero-apical infarct. Contrast enhancement of the left ven-
tricular cavity and normal myocardium is seen clearly, with a 
defect (hole) in the myocardial contrast enhancement seen at 
the apex, which represents the infarct zone. 3D contrast tech-
niques such as this have the potential to facilitate measure-
ment of perfusion defect volume rather than just area, which 
is all that can be appreciated from 2D contrast imaging.

The potential role of contrast micro-bubbles in therapy, 
rather than diagnostics, is now being actively explored. 
Ultrasound mediated contrast micro-bubble drug or gene 
delivery has been shown to be feasible. Contrast micro- 
bubbles can be loaded with the required drugs or genes and 
the micro-bubble provided with ligands, which can attach to 
specific receptors on cells allowing target delivery. This can 
be used in combination with spatially focussed high power 
ultrasound, which causes the bubbles to burst within the tar-
get zone. The rapid alteration in pressure caused by the bub-
bles bursting has been shown to increase transfection of 
drugs or genes across cell membranes and increase the 
amount of drug or gene delivery significantly. This is an 
exciting area of research that will take contrast echocardiog-
raphy into an entirely new zone of applications. Unfortunately, 
it is out of the scope of this chapter to discuss this therapeutic 
application further.

Over the past few years, ultrasound contrast agents have 
become as important for the enhancement of echocardiogra-
phy images as other types of contrast have become essential 
for the enhancement of X-Ray, CT, MRI, or nuclear imaging. 
Ultrasound has a major advantage of being portable and non-
invasive, and when combined with contrast, it further 
strengthens the technique as a highly cost-effective and accu-
rate imaging technique.16

3D echocardiography

Amit Bhan and Mark Monaghan

Introduction

The concept of and, indeed the ability to perform three-dimen-
sional echocardiography (3DE), has been around for some 
time now. It was back in 1974 that investigators first reported 
the acquisition of 3D ultrasound images of the heart,17 but it 
has not been until the last decade that 3DE has started to enter 
clinical practice. The early attempts at this form of imaging 
were based around computerized reconstruction from multi-
ple 2D slices achieved by carefully tracking a transducer 

Fig. 2.8 Cropped 3D power modulation imaging during contrast 
infusion in a patient with an acute antero-apical infarct. The image is 
displayed in still and rotating formats. The rotating image demon-
strates the 3D perspective of the image, which shows contrast opaci-
fication of the left ventricular cavity and also the myocardium. A 
contrast “defect” is seen in the antero-apical segment, which corre-
sponds to the infarct zone. The volume of the defect can be appreci-
ated and potentially quantified
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through a number of 2D acquisitions. Over subsequent years, 
this technique was gradually refined and improved; ECG gat-
ing was introduced, and free hand scanning gave way to 
motorized rotary transducers, whose location in space was 
continually tracked. This approach appeared to produce accu-
rate volumes18 and impressive images; however, the time 
involved for reconstruction and the labor intensive analysis, 
not to mention the requisite computing capabilities, meant 
that it was the preserve of dedicated research departments.

The advent of a sparse matrix array transducer in the early 
1990s19 represented a marked improvement in transducer 
capabilities and heralded a new era for 3DE. It was made up 

of 256 elements, arranged in a grid-like fashion (Fig. 2.9), 
and was capable of parallel processing, allowing the rapid 
acquisition of pyramidal datasets with a sector angle of up to 
60 by 60°. It was now possible to obtain direct volumetric 
data at frame rates high enough to demonstrate cardiac 
motion. Images were presented as 2D orthogonal planes and 
both spatial and temporal resolution were low; nevertheless, 
it was used very effectively to investigate mitral valve dis-
ease, as well as left ventricular (LV) function and mass.

Since then, transducer technology has continued to 
advance, and fully sampled matrix array technology, with 
more than 2,000 and now more than 3,000 elements, has 
facilitated the integration of 3DE into clinical practice. These 
transducers (Fig. 2.10) allow rapid ECG gated image acqui-
sition with temporal and spatial resolution sufficient for clin-
ical applications.

Matrix Array technology

The current generation of widely available matrix phased 
array transducers allows five main types of image acquisi-
tion, each differing in spatial and temporal resolution pro-
files, as well as the number of cardiac cycles required for 
image capture. Furthermore, the exact capabilities and avail-
ability of each mode differ slightly from vendor to vendor. 
These modes are (Fig. 2.11a–e, Video 2.11):

Multi-plane (biplane and tri-plane)•	
Live 3D•	
3D zoom•	
Full volume•	
3D colour Doppler•	

Although all these techniques are termed real-time, this is 
only strictly true for the multi-plane, live 3D, and 3D zoom. 
The other modes require capture of a number of ECG gated 
subvolumes, which are then rapidly reconstructed before 
viewing is possible.

Multi-plane imaging allows the simultaneous presenta-
tion of multiple 2D slices, be it two or three that can be cap-
tured in a single cardiac cycle. The exact angle of these slices 
can be adjusted, within certain limits, depending on the 
structures being imaged.

Live 3D allows a truly real-time beat-by-beat 3D image, 
which can be manipulated live. In order to enable this kind of 
imaging, the field sector is narrow and something in the order 
of 50 by 30°.

3D zoom mode provides a magnified dataset of a specific 
ROI, generally also allowing a sector angle of around 50 by 
30°. This can be widened to around 90 × 90°, but at the 
expense of frame rates. Both live 3D and 3D zoom are ideal 
for imaging smaller structures, in particular valves.

Fig. 2.9 A magnified photo of the grid-like arrangement of a matrix 
array transducer. A human hair is shown for size comparison

Fig. 2.10 Two examples of current 3D transthoracic (left) and 2D 
transducers. Although the main body of the 3D transducer is signifi-
cantly larger, in order to allow for preprocessing, the actual footprints 
are not that dissimilar in size
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 However, for chamber visualization and quantifi cation, a 
full volume is required. This mode allows a dataset of around 
90 × 90°, although reducing the line density can widen this a 
little. Acquisition is performed over at least 4–7 cardiac 
cycles gated to the R-wave and with suspended respiration. 
Images can then be displayed in a number of ways in order to 
facilitate viewing and analysis (Fig.  2.12 ).  

 3D colour Doppler allows a small sector (around 50 by 50°) 
and takes at least seven cardiac cycles to complete an acquisi-
tion. It combines gray scale imaging with colour Doppler in 
3D and is ideal for assessing valvular regurgitation. 

 One of the main limitations of the full volume and colour 
Doppler modes is the potential for thin “lines” to appear 
between the subvolumes after reconstruction. These lines, 
known as stitching artifacts, can be caused by an irregular 
R-R interval or any movement of the heart relative to the 
transducer during image acquisition. Stitching artifacts not 
only impair image quality, but also hinder analysis and make 

it challenging to image those with an arrhythmia. This is a 
problem that has been overcome by the latest generation of 
transducers, which have recently been released. Acquisition 
times have now been reduced to such an extent that they are 
capable of high frame rate and full volume 90 by 90° acqui-
sitions, including 3D colour Doppler, all in one cardiac cycle 
(Fig.  2.13 , Video 2.13). This abolishes the potential for 
stitching artifacts, making it easier to accurately image those 
with arrhythmias.  

 In 2007, the fi rst fully sampled matrix array trans- 
oesophageal transducer (X72t, Philips Medical Systems, 
Andover, MA) with similar modes to those described above 
was introduced. This development was possible due to 
remarkable advancements in electronics and miniaturization 
of beam-forming technology. Not only is the transducer only 
marginally larger than a standard 2D probe, it is also capable 
of high-resolution 2D imaging and standard Doppler capa-
bilities, unlike its transthoracic counterparts.  

  Fig. 2.11      ( a – e )  Examples of the possible modes available using 3DE. 
 ( a )  Triplane view showing three apical views (4 chamber, 2 chamber, 
and 3 chamber),  ( b )  parasternal long axis using live 3D mode.  ( c )  3D 
zoom showing the left ventricular aspect of the mitral valve ( arrows  = 
chords). A ruptured chord can also be seen attached to the anterior 

leafl et in the video clip.  ( d )  3D colour Doppler demonstrating signifi -
cant tricuspid regurgitation.  ( e  ,   f  )  A full volume dataset in uncropped 
format  ( e )  and then cropped to reveal a 4-chamber view of the left 
ventricle  ( f ) .  LA  left atrium;  LV  left ventricle;  RA  right atrium;  RV  right 
ventricle       
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Clinical Applications of three-Dimensional 
echocardiography

The main areas of clinical research in 3DE have unsurpris-
ingly concentrated on chamber quantification, specifically 
that of the left ventricle, and also more recently on the RV, 
left atrium (LA), and valvular assessment. Direct volumetric 
acquisition allows for correction of the two most important 
sources of error from 2D and M-mode measurements: image 
foreshortening and the geometric assumptions that are 
needed for volume calculations.

Left Ventricle

One of the most important and widely researched current 
clinical applications of 3DE is LV quantification. The main 
forms of analysis that can be performed are LV mass, global 
function (volumes and ejection fraction), and regional 
function, for which a number of offline software packages 
are available. In addition, most vendors have some form of 
on-cart quantification package available.

3D LV mass analysis can be done from a full volume by 
using an anatomically corrected biplane technique and 

Fig. 2.12 In addition to the crop box display for full volumes (11 E + F), datasets can be presented as 2D apical planes (left) or a series of short-
axis slices (right), in order to facilitate viewing and analysis

Fig. 2.13 An example of a 
single beat full volume 
acquisition from one of the 
new generation 3D transducers
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 semi-automated border detection (Fig. 2.14). Not only is this 
technique relatively quick and easy, but has also been proven 
to be more accurate than 2D or M-mode calculations when 
compared to cardiac magnetic resonance imaging (CMR),20, 21 
which is the current gold standard for mass and volumes.

In order to obtain global LV function, semi-automated 
border tracking software can be used to create a mathemati-
cal cast of the LV throughout the cardiac cycle from which 
volumes and ejection fraction are extracted, completely dis-
pelling the need for geometric assumptions.

In this context, multiple research publications have proven 
the superiority of this technique over 2D and M-mode mea-
surements when compared to CMR. Correlation has persis-
tently been very good with the gold standard technique, albeit 
with a tendency for echocardiography to slightly under- 
estimate volumes, probably because of the difference in 
endocardial border visualization.22 Furthermore, 3DE has bet-
ter inter-observer, intra-observer, and test–retest variability23 
than 2D and has elegantly been shown to have significant 
clinical impact when assessing patients for interventions.24

The mathematical cast described above can also be used 
to provide regional information. It can be divided into the 
American Society of Echocardiography 16- or 17-segment 
models, and for each segment, a regional ejection fraction 

can be obtained as well as a time to minimum volume 
(Fig. 2.15, Video 2.15). From this data, a systolic dyssyn-
chrony index can be calculated,25 which is the standard devia-
tion of the time to minimum volume of all the segments 
corrected for the R-R interval. This technique gives a measure 
of the intra-ventricular mechanical dyssynchrony, and there is 
a growing body of evidence supporting its use in the selection 
of patients for cardiac resynchronization therapy (CRT).

Further subdivision of this model into more than 800 seg-
ments can be performed with the time to peak contraction of 
each one colour coded. This information can be merged to 
give a dynamic parametric image known as a contraction 
front map. This technique offers an intuitive display of 
mechanical contraction with an ability to rapidly demonstrate 
significant areas of myocardial delay (Fig. 2.16, Video 2.16).

Another important aspect of LV assessment is stress imag-
ing, and this can now also be performed with 3DE, both with 
and without contrast enhancement. Analysis can be per-
formed by manually cropping datasets to assess wall motion 
or by using parametric imaging such as contraction front 
mapping. While a single acquisition at each stage of stress 
seems appealing, it is currently not without its limitations. 
Frame rates are significantly reduced at peak heart rates, and 
the lack of high-resolution 2D imaging on 3D transducers 

Fig. 2.14 A 3D-derived LV mass calculation
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Fig. 2.15 Semi-automated 
border tracking software is used 
to create a mathematical cast of 
the left ventricle. This can then 
be segmented for regional 
analysis. Regional time volume 
curves are seen in the bottom 
right

Fig. 2.16 Contraction front mapping in a patient with ischaemic LV dysfunction. The activation pattern is very heterogeneous with significant 
areas of delay (red areas demonstrate delay) and very abnormal time volume curves (right side)
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means they have to be interchanged during an exam for any 
required 2D images. Furthermore, there is a lack of dedi-
cated software packages allowing adequate visualization and 
anatomic orientation for analysis.

However, the latest generation of transducers, mentioned 
above, promises to help overcome some of these difficulties. 
Improved frame rates with single beat acquisitions are excit-
ing, and new dedicated 3D stress viewers are now becoming 
available (Fig. 2.17). These developments may help 3D 
stress echo become more clinically attractive. Finally, 3D 
myocardial perfusion imaging is also clinically possible, 
although still very experimental.15

Right Ventricle

The complicated geometrical structure of the RV, both in 
health and disease, has significantly limited 2D quantifica-
tion of size and function. As such, a volumetric ultrasound 
acquisition has long been desired and is now available. 

Newer offline 3D software packages allow a mathematical 
cast to be created with a global time-volume curve 
(Fig. 2.18, Video 2.18) similar to what can be done for the 
LV. Again, global volumes can be obtained, and ejection 
fraction calculated. This technique has been validated 
in vitro26 and is accurate when compared to MRI.27 Much 
work is ongoing to find its specific clinical benefits, but it 
is likely to involve surveillance of patients with pulmonary 
hypertension and those with congenital heart disease.

Left Atrium

Left atrial volumes can now also be calculated in a similar 
fashion (Fig. 2.19). It has been found that the difference 
between calculated volume from 2D and direct measurement 
using 3DE is minimal,28 suggesting that this technique may 
be surplus to requirements. However, the 3D technique has 
better test–retest variability, indicating that it may be better 
for long-term follow up. It has also been suggested that it 

Fig. 2.17 An example of a dedicated 3D stress viewer. Baseline and low dose apical views are seen on the left, while short-axis slices are pre-
sented on the right. The video clip demonstrates manipulation of a dataset to ensure it is being viewed along its true long axis
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may be more accurate in more dilated atria when geometrical 
assumptions become a larger source of error.

Valves

Most work into valvular assessment has been on the mitral 
valve. Its position in the chest lends itself well to 3DE. Gray 
scale images offer true anatomical data, and multi-plane 
reconstruction can be used to perform a segmental analysis 
of each of the scallops, or to line up an anatomically correct 
orifice area, while colour Doppler can give concomitant 
functional data. Work has suggested that good 3D transtho-
racic echo can abolish the need for 2D TOE in conditions 
such as mitral valve prolapse.29

Mitral valve quantification is also now available from a 
number of vendors, offering a multitude of measurements, 
such as annular areas, leaflet tenting volumes, and mitral aor-
tic offset angle. Although very interesting, the clinical role of 
these measurements is yet to be established.

3D transthoracic assessment of aortic and tricuspid valves 
is considerably more challenging, primarily because of their 

locations and the thinness of the leaflets. Clinical roles have 
been researched, but they are much less well delineated.

Fig. 2.18 A 3D right ventricu-
lar analysis. The mesh model 
represents the end-diastolic 
volume. Global time volume 
curve is seen on the bottom 
left and numerical volumes on 
the bottom right

Fig. 2.19 A left atrial 3D analysis. Volumes and ejection fraction are 
given on the right hand side
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  Fig. 2.20     A selection of 3D trans-oesophageal echo pictures.  Top left:  
Clip during a percutaneous atrial septal defect closure. A catheter 
with a guide wire poking from the end is passed through the defect 
from right atrium (RA) to left atrium (LA).  Top right:  A view of the left 
atrial disc of an Amplatzer ASD occluder just before detachment. The 
delivery catheter is seen in the RA ( arrow ).  Middle row:  A patient with 
endocarditis of a mitral bioprosthesis. The large mobile vegetation 
( arrows ) is seen from the left atrial side in systole (left and video clip) 
and the left ventricular side in diastole ( right ) AV- aortic valve.  Bottom 

left (+video clip):  A patient with signifi cant mitral regurgitation post-
mitral valve repair. The ring is clearly visualized from the left atrial 
side with a local area of dehiscence seen posteriorly ( arrow ).  Bottom 
right (+video clip):  3D TOE guidance of a transfemoral transcatheter 
aortic valve implantation. A catheter is seen crossing the aortic valve 
with a wire curled up in the left ventricle. Note the ECG tracing. Rapid 
ventricular pacing is required during balloon infl ation to avoid dis-
lodgement of the prosthesis       
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Trans-oesophageal Imaging

The currently available matrix array trans-oesophageal probe 
offers unprecedented images of cardiac morphology, particu-
larly that of the mitral valve. Although its clinical role is not 
yet fully established, it is likely to become the gold standard 
for imaging mitral valve pathology and invaluable in assess-
ing prosthetic valve anatomy, structural heart disease, and 
guidance and planning of contemporary interventional pro-
cedures (Fig. 2.20).

Future Directions

The future will no doubt offer complete integration of 3DE 
with standard techniques. Single beat transducers are now 
available, but integration of high quality traditional 2D ultra-
sound techniques will mean only a single transducer will be 
necessary for a complete study.

Continued improvements in frame rates and resolution 
will improve image quality, and intelligent software prom-
ises fully automated analyses, potentially further reducing 
subjectivity.

The advent of dedicated stress viewing packages will facil-
itate the application of clinical 3D stress echo, and 3D perfu-
sion offers the hope of volumetric quantification of perfusion 
defects. 3D speckle tracking has now also been developed and 
promises to give us true 3D myocardial deformation.

Direct volumetric acquisitions also allow the possibility 
of fusion imaging, for example, with CMR and computed 
tomography, which may offer superior assessment of struc-
ture and function.

It is important to remember that to encourage full integra-
tion of 3DE we must pay heed to the practical aspects. We 
are in need of systems for careful raw data storage that allow 
image manipulation, and guidelines/imaging protocols are 
helpful for those attempting to begin to incorporate 3D.30

Conclusion

3DE is a remarkable development in contemporary echocar-
diography that has required combined developments in ultra-
sound, electronics, and computer technology. The combina tion 
of real-time volumetric scanning in the context of cheap and 
safe ultrasound imaging is a powerful one. Investigation has 
not only proved the use of 3DE in a research base, but is also 
now proving its clinical benefits. Its accuracy for quantifica-
tion of LV volumes and ejection fraction is beyond doubt, 
and evidence for its ability to assess more advanced regional 
function is strong and growing. There is also promising work 
in the quantification of other chambers, and it can be invalu-
able in valvular assessment.

Myocardial Deformation Imaging: From 
tissue Doppler to 2D speckle tracking

Denisa Muraru and Luigi P. Badano

Non-invasive quantification of global and segmental left ven-
tricular (LV) function plays a central role in clinical cardiol-
ogy, but, in certain cases, it may be challenging on its own. 
Visual evaluation of wall motion is known to be highly sub-
jective, at times insensitive, and requires significant training 
and mostly assesses only radial deformation component of 
the myocardium. However, the heart has a very complex 
motion pattern, and regional myocardial deformation occurs 
in three major directions: longitudinally, circumferentially, 
and radially (Fig. 2.21).

The novel technologies of myocardial deformation imaging 
both from tissue velocity imaging (TVI) and from 2D speckle 
tracking have been reported to be promising in quantifying 
regional and global cardiac function and to be able to provide 
new, detailed information about cardiac mechanics that are not 
easily obtainable using other imaging modalities.31–33

TVI, also known as tissue Doppler imaging, is currently 
accepted as a sensitive and accurate echocardiographic tool 
for quantitative assessment of cardiac function.34 TVI pro-
vides information on the velocity of the myocardial motion 
in the direction parallel to the ultrasound beam. In contrast 
with blood-pool data, myocardium is characterized by 
high-intensity, low-velocity signals that can be distin-
guished from the blood by the implementation of appropri-
ate thresholding and clutter filters.35 The velocities can be 
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Fig. 2.21 Schematic representation of the main directions of myo-
cardial deformation: longitudinal (e

L
, along the direction of cham-

ber’s long axis), radial (e
R
, towards the centre of the cavity), and 

circumferential (e
C
, along the chamber circumference)
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measured and displayed online as a spectral profile (PW-TVI, 
Fig. 2.22) or as a colour-coded image (colour TVI, Fig. 2.23) 
in which each pixel represents the velocity relative to the 
transducer.

Of note, pulsed Doppler records peak myocardial veloci-
ties constantly higher (up to 20%) than colour Doppler imag-
ing that yields mean velocities for the same segment 
(Fig. 2.24). This difference in amplitude is due to the fact that 
spectral Doppler is computed by Fast Fourier Transformation 
(FFT), while colour Doppler imaging uses the autocorrelation 
method.36 A major advantage of colour Doppler TVI is that it 
allows a simultaneous, time-saving assessment of motion 
and deformation of all segments within that view (Figs. 2.25 
and 2.6), avoiding the potential bias of comparing event tim-
ings on cardiac cycles with different R-R duration, as it may 
occur using PW-TVI wall-by-wall sampling. In contrast, the 
resolution of early diastolic or isovolumic events requires 

Fig. 2.22 Typical pulsed Doppler tissue velocity waveform from 
basal septum in a young normal subject. IVCT isovolumic contrac-
tion time; IVRT isovolumic relaxation time; S peak systolic myocardial 
velocity; E’ early diastolic myocardial velocity; A’ regional myocardial 
motion due to atrial contraction

Fig. 2.23 Example of a colour 
tissue Doppler velocity profile 
from the basal part of the 
interventricular septum of a 
young normal subject. IVCT 
isovolumic contraction time; 
IVRT isovolumic relaxation 
time; S peak systolic myocardial 
velocity; E’ early diastolic 
myocardial velocity; A’ regional 
myocardial motion due to atrial 
contraction

Fig. 2.24 Basal septal Doppler tracings from a normal subject recorded using pulsed-wave TVI (left panel) and colour Doppler TVI (right panel). 
Pulsed Doppler peak systolic myocardial velocities (S) are about 20% higher than mean velocities recorded by colour Doppler
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high frame rates (more than 200 and 400 FPS, respectively), 
in which case the superior temporal resolution of PW-TVI 
may be of use (Fig. 2.22). Assessment of regional myocar-
dial function by TVI has two major drawbacks: angle depen-
dency and influence of overall heart motion (rotation and 
contraction of adjacent myocardial segments) on regional 
velocity estimates. In order to overcome some of these limi-
tations, ultrasonic deformation imaging has been developed 
by estimating spatial gradients in myocardial velocities.

Tissue-tracking (TT) is a new echo modality based on 
TVI that allows rapid visual assessment of the systolic 

basal-apical displacement in apical views for each LV seg-
ment by a graded colour display (Figs. 2.27 and 2.28). 
TT-derived mitral annular displacement correlates closely 
with mitral annular displacement determined by M-mode 
and with left ventricular ejection fraction measured by 2D 
echocardiography.37 Therefore, the unique feature of TT is 
the rapid parametric display of LV systolic function from a 
single image, even in the setting of poor 2D image quality.

Tissue synchronization imaging (TSI) is a parametric 
imaging tool derived from tissue Doppler images that auto-
matically calculates and colour codes the time from the 

Fig. 2.25 Simultaneous display 
of regional velocities using 
colour Doppler TVI in basal 
septal and lateral LV wall on the 
same cardiac cycle. The 
synchronicity of systolic and 
diastolic peak waves in this 
healthy volunteer is evident

Fig. 2.26 Colour TVI velocity recordings at different levels of inter-
ventricular septum in a normal subject (left panel). The basal veloci-
ties are significantly higher than more apical ones. In a patient with 

hypertrophic cardiomyopathy (right panel), the velocities are signifi-
cantly lower, but the basal-apical gradient still persists. This regional 
velocity gradient is used to derive strain rate
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beginning of the QRS complex to peak systolic velocity 
(Fig. 2.29). This method has been proposed to detect intra-
ventricular dyssynchrony and predict the acute response to 
CRT38–40 (Fig. 2.30).

Myocardial deformation (strain and strain rate) can be 
calculated non-invasively for both left and right ventricular 
or atrial myocardium, providing meaningful information on 
regional function in a variety of clinical settings. From a 
physical point of view, strain is a dimensionless parameter 
defined as the relative change in length of a material related 
to its original length (Fig. 2.31), whereas strain rate describes 
the temporal change in strain (rate of shortening or 
 lengthening) and it is expressed as a percent (Fig. 2.32). 
While strain is a measurement of deformation relative to a 
reference state, strain rate is an instantaneous measurement. 
Strain rate seems to be a correlate of rate of change in LV 
pressure (dP/dt), a parameter that reflects contractility, 
whereas strain is an analogue of regional ejection fraction.41 
As ejection fraction, strain is a load-dependent parameter. In 

Fig. 2.28 (a) Tissue tracking image in a patient with critical aortic 
stenosis. Severely impaired longitudinal function marked as a shift of 
colour spectrum to lower values in contrast to the normal subject 
showed in Fig. 2.7 and to right ventricular free wall of the same 
patient. (b) The corresponding PW tissue velocity recording in basal 
septum, showing significantly reduced values of both S (systolic) and 
E’ (early diastolic) waves

Fig. 2.29 Tissue synchronization imaging (TSI) colour map superim-
posed on apical 4-chamber view in a normal subject. In the upper left 
corner, the time-to-peak colour scale is showed. The time delay is 
coded into different colours according to the severity of the delay in 
the sequence green, yellow, orange, and red. The homogeneous green 
and yellowish colours in this patient show a synchronous mechanical 
activation in both ventricles

Fig. 2.27 (a) Example of a tissue tracking image in a normal subject, 
showing the colour-coded map of myocardial end-systolic displace-
ment. Note the corresponding colour scale for displacement length, 
ranging from purple (12 mm) to red (no displacement) on the upper 
left corner. (b) The corresponding PW tissue velocity recording in 
basal septum, showing normal values
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contrast, strain rate is thought to be less dependent on load-
ing conditions of the LV.

Among the main advantages of TVI and strain imaging, 
there are the quantitative assessment of wall motion with no 
more need of accurate endocardial border detection, high 
temporal resolution (> 200 fps) that allows to detail the com-
plex motion (with multiple troughs and peaks) of the heart 
(Fig. 2.22), and the possibility to measure velocity and accel-
eration as better descriptors of cardiac motion than classical 
wall thickening. For example, short-lived events (such as 
isovolumic events) can be detected only by high temporal 
resolution techniques such as TVI, or detection of post- 
systolic shortening or thickening (a highly specific marker of 
dyssynchrony and/or viability) is feasible only by the high 
temporal resolution and quantitative nature of TVI-based 
techniques.

On the other end, TVI assessment of myocardial defor-
mation, although based on great body of evidence, has sev-
eral drawbacks. The amplitude of the TVI-derived strain rate 
or strain curves may be influenced by the insonation angle, 
yet in clinical practice, the influence of this angle depen-
dency on the timing of events or on the curve profiles is 
probably less important. Angle dependency may adversely 
affect the inter-observer and interstudy reproducibility of the 

measurements. Since only axial strain component can be 
quantified using TVI, not all strain components (radial, lon-
gitudinal, and circumferential) can be measured for all myo-
cardial segments. Tissue velocity and strain imaging are also 
affected by noise components, such as random thermal noise 
and reverberations, which may degrade the quality of the 
velocity and strain rate measurements. Despite all limitations 
listed, this technique has been validated with  sonomicrometry 
and with magnetic resonance imaging.42, 43

Speckle-tracking echocardiography (STE) is a newer 
non-Doppler (based on gray-scale images) echocardio-
graphic technique in which ultrasound speckles within the 
image are tracked and strain is measured from the displace-
ment of speckles in relation to each other, thereby provid-
ing an angle-independent parameter of myocardial function 
(Fig. 2.33). The acoustic markers, or speckles, are the result 
of backscattered ultrasound from neighbouring structures 
within the myocardial wall, which generate a unique pat-
tern (acoustic fingerprint or “kernel”) that can be tracked 
frame by frame.44 Using a sufficiently high frame rate, it 
can be assumed that particular speckle patterns are pre-
served between subsequent image frames.45 The geometric 
shift of each speckle represents local tissue movement. 
Tracking the relative motion of the various speckles during 

Fig. 2.30 TSI in a patient with dilated cardiomyopathy and signifi-
cant intra-ventricular dyssynchrony. Delayed time-to-peak regional 
velocity is colour coded red in the Inferior and inferior septum seg-

ments. The bull’s eye map displays regional time delays, and several 
indices of dyssynchrony are automatically calculated
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Fig. 2.31 TVI-derived 
longitudinal strain recorded in 
a normal subject. Strain 
colour-coded image (upper left 
panel) and the derived strain 
traces (right panel). The sample 
region for the traces (ROI) are 
shown in the basal septum and 
left ventricular lateral wall. In 
normal segments, longitudinal 
strain is negative during 
systole (segmental shortening) 
and reverses back to the 0 
point during diastole

Fig. 2.32 TVI-derived 
longitudinal strain-rate in a 
normal subject. Strain rate 
colour-coded image (upper 
left panel) and the derived 
strain rate trace (right panel). 
The strain rate tracing mirrors 
the myocardial velocity 
profile, with a negative 
systolic wave and positive 
early and late diastolic waves

the cardiac cycle allows the generation of a 2D map of 
myocardial motion and deformation. From 2D strain, tissue 
velocity, displacement, and strain rate can be calculated 
(Fig. 2.34). In addition, the angle independent nature of 
STE allows the software to measure rotation and rotation 
rate at different left ventricular levels (Figs. 2.35 and 2.36; 

Videos 2.35A-D). The accuracy of STE has been vali-
dated against sonomicrometry and magnetic resonance 
tagging.46

The values of strain and strain rate obtained by TVI and 
STE are well correlated, yet the gray-scale approach of STE 
is more rapid and reproducible.47–49
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The STE is also a practical tool for estimating LV torsion, 
which is defined as the difference in opposite rotation of the 
apical vs. the basal short-axis LV planes (Figs. 2.37 and 2.38). 
Torsion represents an important component of LV ejection 
and a pathophysiologic link between systole and diastole. 
Elastic energy is stored during systole, then abruptly released 
with sudden untwisting during isovolumic relaxation, gener-
ating intra-ventricular pressure gradients and allowing filling 
to proceed at low filling pressure.50

The advantages of STI over TVI method are numerous: 
use of routine gray-scale 2D images (provided they are 
acquired at an adequate frame rate, i.e. between 50 and 90 
fps), angle-independency implying the possibility to assess 
all LV segments and to measure the different components of 
myocardial deformation in any desired view (Fig. 2.39, 
Videos 2.39; Fig. 2.40, Video 2.40), better spatial resolution, 
less time-consuming, and lower sensitivity to noise. There 
are, however, several shortcomings to the current STE 
approach. The software is inherently dependent on high-res-
olution 2D image quality with adequate endocardial border 
definition and use of second harmonic imaging. It requires 
manual tracing of the myocardium, which may be a tedious 

and time-consuming task, but automated function imaging 
(AFI) modality has been developed to compensate for this 
aspect.

Although STE provides the assessment of tissue defor-
mation in two directions, the cardiac motion is, in fact, 
3D, and the through-plane motion may adversely affect 
the accuracy of tracking, particularly at the basal level. 
The measurement reproducibility is also influenced by 
endocardial tracing manner, width, and placement of the 
ROI. For the assessment of rotation and torsion, one 
major issue is the lack of precise standardization of the 
LV short-axis levels, especially for the apex, which is the 
main contributor to LV torsional deformation. The future 
implementation of 3D speckle-tracking will obviate all 
these limitations.

Clinical Applications

The clinical utility of TVI, strain, and strain rate has been 
demonstrated in numerous experimental, animal, and 

Fig. 2.33 Illustration of 
speckle-tracking principle. 
Stable random myocardial 
speckles from routine 
gray-scale 2D image create a 
unique acoustic “fingerprint” 
for each segment (kernel), 
allowing frame-by-frame 
tracking of individual kernels 
during cardiac cycle and 
measurement of their relative 
distance
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Fig. 2.34 Schematic representation of the calculations needed to obtain the different myocardial function parameters using deformation 
imaging techniques

Fig. 2.35 Examples of rotation 
and rotation velocity curves at 
basal and apical left ventricular 
levels in a normal subject
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clinical studies. However, the role of these techniques to 
address management of patients remains to be clarified.

LV myocardial velocities measured by TVI may serve 
for non-invasive estimation of LV filling pressures. When 
the ratio between mitral inflow velocity (E) and the early 
diastolic mitral annular velocity (E′) is below eight, LV 
filling pressure is normal, while when the E/E′ ratio is 
greater than 15, LV filling pressure is increased.51 The 
ratio E/E′ is a key part of the proposed algorithm for diag-
nosing heart failure with preserved ejection fraction.52 
E/E′ ratio has been validated for LV filling pressure assess-
ment in the presence of preserved or poor LV systolic 
function,51 sinus tachycardia,3 atrial fibrillation,54 heart 
transplant,55 and hypertrophic cardiomyopathy,56 and may 
serve as a prognostic marker of survival in hypertensive 
patients57 or after myocardial infarction.58 In addition, E′ 
velocity can distinguish patients with constrictive peri-
carditis from those with a restrictive cardiomyopathy59 or 

may discriminate between physiologic and pathologic 
hypertrophy (Fig. 2.41).60

Multiple TVI-based indexes have been proposed for 
quantitation of intra-ventricular dyssynchrony, from simpler 
time-delay between opposite LV walls (e.g. septal-lateral 
delay) to a more comprehensive 12 segments (6 basal and 6 
mid LV) approach.61, 62 STE may have a future application to 
quantify dyssynchrony in patients with heart failure and pre-
dict immediate and long-term response to CRT (Fig. 2.42, 
Video 2.42).44 However, although the echocardiographic 
techniques discussed above (and several others, such as 3D 
echo) have been reported to be superior to ECG QRS width 
to assess dyssynchrony and predict response to CRT, evi-
dence from the PROSPECT trial63 and current practice 
guidelines64 suggest that patients who meet accepted criteria 
for CRT should not have therapy withheld because of results 
of an echocardiography Doppler dyssynchrony study as rec-
ommended by the American Society of Echocardiography.65

Fig. 2.36 Mean basal rotation 
vs. time plot in 24-year-old and 
73-year-old normal subjects. 
Note the higher basal rotation 
angle and the smaller initial 
counter-clockwise rotation 
angle (arrow) in the old with 
respect to the young subject, 
possibly due to age-related 
subendocardial dysfunction
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Fig. 2.37 Normal aspect of 
basal (a) and apical (b) 
rotation curves. Segmental 
rotation is colour-coded; 
dotted line represents average 
segmental rotation for each 
level. (c) Displays torsion vs. 
time plot (white curve), 
automatically computed by 
the software as the net 
difference between apical 
(green curve) and basal (pink 
curve) rotation for each time 
point of the cardiac cycle



  Myocardial Deformation Imaging: From Tissue Doppler to 2D Speckle Tracking 65

Fig. 2.38 Basal (a) and apical 
(b) rotation curves in a 
non-ischaemic dilated 
cardiomyopathy patient with 
severely dilated left ventricle, 
depicting “solid body” 
rotational profile (reversed 
rotation of the apex and 
normally oriented basal 
rotation) with markedly 
reduced amplitude in both 
levels. The “torsion” (c) is due to 
the small relative difference in 
the basal and apical same-
directed rotational amplitude
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Other emerging clinical settings in which these echocar-
diographic techniques are under clinical investigation are 
regional function assessment in coronary artery disease and 
during stress echocardiography (Fig. 2.43, Videos 2.43) to 
detect acute ischaemia (Fig. 2.44, Videos 2.44), or myocardial 
viability. However, more evidence is needed for these new 

echocardiographic technologies to be implemented in rou-
tine daily practice for these purposes. Thus, STE technique is 
likely to be superior to TVI for a more subtle analysis of 
myocardial mechanics and function66, 67 or for the detection 
of infarct trans-murality, with possible implications for the 
reperfusion treatment.38 Strain and strain rate measurements 

Fig. 2.39 Speckle tracking echocardiography allows the assessment 
of strain in various directions independently on the angle of 
insonation. From apical views, both longitudinal (a) and transversal 

(b) strain can be measured. From short-axis views both radial (c) and 
circumferential (d) strain can be measured

Fig. 2.40 The angle-of-insonation independency of speckle tracking 
assessment of strain allows to measure strain in severely dilated (left 
panel) and in abnormally shaped (right panel) ventricles in which cor-

rect alignment of the Doppler beam required by TVI would be 
difficult
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by STE were found to be highly sensitive and specific for the 
diagnosis of MI and bull’s eye map (Fig. 2.45) closely cor-
related with the specific coronary lesions demonstrated by 
coronary angiography.68

Detailed assessment of heart mechanics may provide a 
superior pathophysiological insight into the mechanism of 
cardiac dysfunction. Myocardial diseases, as well as ischaemia 
or LV hypertrophy in aortic stenosis (Fig. 2.46, Video 2.46), 
usually produce an early impairment of subendocardial 

function marked by a reduction in longitudinal LV function. 
In patients with hypertrophic cardiomyopathy, despite an 
apparently normal left ventricular systolic function based on 
conventional echocardiography, strain imaging may reveal 
an abnormal LV function (Fig. 2.47, Videos 2.47).69, 70 Strain 
imaging may also reveal early signs of infiltrative cardiac 
disease in familial amyloidotic polyneuropathy.71 Systolic 
longitudinal strain and strain rate are also accurate for detect-
ing subtle LV dysfunction in patients with systemic 

Fig. 2.41 Tissue Doppler 
recording in basal septum 
serves to discriminate 
pathologic and physiologic 
hypertrophy. The panel 
demonstrates various Doppler 
patterns in a normal and an 
athletic heart with normal 
systolic function, in contrast 
with reduced systolic velocity 
in a hypertensive heart disease 
or mytochondrial cardiomyo-
pathy, despite normal left 
ventricular ejection fraction

Fig. 2.42 Left panel: Quad view of 2D speckle-tracking radial strain in 
a normal subject showing normal strain values and simultaneous 
occurrence of peak radial strain values in all left ventricular segments. 
Right panel: Quad view of 2D speckle-tracking radial strain in a patient 

with dilated cardiomyopathy, showing significantly reduced strain 
values and wide dispersion of the time to peak radial strain due to 
intra-ventricular dyssynchrony (dotted yellow lines show the delay 
between the first and the latest activated segments)
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Fig. 2.43 Bull’s eye map of 
longitudinal strain at rest, 
showing normal strain pattern 
across entire left ventricular 
myocardium

Fig. 2.44 Bull’s eye map 
demonstrating inducible 
ischaemia at peak stress. Areas 
of decreased peak systolic 
strain are clearly demon-
strated by different colour 
codes especially in the 
postero-inferior wall  
and all LV basal segments

amyloidosis and normal standard examination, possibly 
before the occurrence of diastolic dysfunction.72

In summary, TVI and strain imaging confer a more accu-
rate quantification of cardiac function in different clinical 

settings that may supplement the diagnosis and prognosis in 
patient care routine, although the clinical applications and 
implications still need to be confirmed by future large-scale 
studies before implementing them in everyday practice.
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Fig. 2.45 Longitudinal strain 
rate assessed by speckle 
tracking echocardiography 
shows a close relationship 
with the coronary supply 
territory in patients with 
previous myocardial infarction 
or during induced ischaemia 
at stress echo

Fig. 2.46 Recording of pulsed 
tissue Doppler from septal 
mitral annulus in a patient with 
severe aortic stenosis. S wave 
velocity is significantly reduced 
signifying an impaired 
longitudinal function, despite a 
preserved global left ventricu-
lar ejection fraction
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Introduction

Radionuclide imaging of the heart is well established for the 
clinical diagnostic and prognostic workup of coronary artery 
disease (CAD). Myocardial perfusion single photon emis-
sion computed tomography (SPECT) has been the mainstay 
of cardiovascular radionuclide applications for decades, and 
its usefulness is supported by a very large body of evidence.1 
Positron emission tomography (PET) is an advanced radio-
nuclide technique that has also been available for decades. In 
contrast to SPECT, PET has long been considered mainly a 
research tool because of its methodological complexity. 
However, owing to several recent developments, cardiac 
PET is now increasingly penetrating the clinical arena.2

Nuclear cardiology techniques are considered robust, 
accurate, and reliable for clinical imaging of heart disease. 
They will thus continue to play a key role in the assessment 
of myocardial perfusion, function, and viability. At the same 
time, nuclear imaging technology is progressing towards 
higher sensitivity and resolution, and novel, highly specific 
radiotracers are being introduced.3 These developments are 
indicators of a steady evolution of nuclear cardiology towards 
characterization of molecular events at the tissue level. In 
the competitive environment of cardiovascular imaging, it is 
therefore expected that radionuclide imaging will take a cen-
tral role in the implementation of molecular imaging tech-
niques for more specific, personalized, preventive, and 
therapeutic decision-making.

This chapter will outline the basic aspects of SPECT and 
PET as the two key nuclear cardiology techniques. The tech-
nical aspects of image acquisition will be discussed first. A 
brief overview on the current application of radionuclide 
imaging procedures will then be given, and the chapter will 
be concluded with an outlook on future developments of 
camera and tracer methodology.

technical Aspects: Physics and Data Analysis

sPeCt

Myocardial SPECT imaging is typically performed using a 
multi-detector gamma camera system, which rotates around 
the chest to obtain tomographic images of single emitted 
photons (Fig. 3.1). Collimators are used to balance detection 
sensitivity and optimize spatial resolution. For imaging, the 
patient is typically positioned supine on the table, although 
prone positioning has been shown to be useful for reducing 
attenuation artefacts.4

During acquisition, the system creates “raw” data that 
consist of multiple planar projection images at different 
angles. As for any other tomographic acquisition, the raw 
data must be transformed into tomographic images for subse-
quent analysis and interpretation. This process, known as 
reconstruction, produces an image that reflects, as closely as 
possible, the tracer’s distribution in the organ/tissue of inter-
est at the time of acquisition. This is achieved using either the 
standard filtered back-projection (FBP) or novel iterative 
reconstruction algorithms. The process of reconstruction is 
then followed by filtering to reduce image noise. The result-
ing tomographic data sets are reorientated along the left 
ventricular (LV) short and long axes to facilitate review of 
myocardial tracer distribution and comparison of rest and 
stress studies (Fig. 3.2a). Software tools have been developed 
which employ contour detection algorithms and circumferen-
tial profiles to create polar maps from the tomographic 
images.5–8 These polar maps are a two-dimensional display of 
the three-dimensional (3D) tracer distribution throughout the 
myocardium which facilitate comparison of patient data with 
normal databases as well as semi-quantitative analysis of 
defect sizes (Fig. 3.2b).

Electrocardiographic (ECG) Gating

ECG-gated acquisition of perfusion SPECT studies has 
become a standard procedure, which has two major advan-
tages over non-gated acquisition: First, ECG-gating allows 
quantitative measurement of LV ejection fraction (EF) and 
volumes, as well as regional evaluation of LV wall motion.9 
Second, ECG-gating may improve the diagnostic accuracy 
of perfusion imaging in the event of attenuation artefacts.10 

Fig. 3.1 Configuration of a single photon emission computed tomog-
raphy (SPECT) system. Two gamma camera detector heads, equipped 
with collimators, rotate in a semi-circular fashion around the chest and 
create images in multiple positions (“step-and-shoot”)
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Such artefacts may appear as apparently irreversible perfu-
sion defects, but normal regional wall motion prevents a 
wrong interpretation, such as scar tissue.

It should be noted that functional gated SPECT acquired 
after stress shows the LV at rest, although sometimes, tran-
sient wall motion abnormality and possibly dilated LV and 
reduced EF (myocardial stunning) may persist and be 
observed during the acquisition phase, up to 90 min or even 
later after the resolution of ischaemia.11

For ECG-gating, the patient should have a fairly regular 
heart rhythm. The cardiac cycle is usually divided into 8, 
and sometimes into 12 or 16 gates (time bins). Based on the 
relative timing after the R-wave, counts in each projection 
image are then accumulated for each of the gates. For repro-
ducible functional analysis, software products are available 

which semi-automatically generate 3D myocardial contours 
throughout the cardiac cycle. Volumetric data from the con-
tours can then be used for 3D display and calculation of 
quantitative global parameters (Fig. 3.2c).

Attenuation Correction

Attenuation of radiation in the body can lead to a non-uniform 
reduction in the apparent activity in the myocardium and to 
the introduction of artefacts in the images. Additionally, 
scatter of radiation both within the body and in the detector 
degrades the image contrast and potentially affects the accu-
rate quantification of activity and relative distribution of per-
fusion. Finally, resolution decreases with distance from the 

Fig. 3.2 State-of-the-art myocardial SPECT imaging. (a) Display of 
matched stress (rows 1, 3, 5, 7) and rest (rows 2, 4, 6, 8) tomographic 
images, reangulated along the short and long axes of the left ventri-
cle for visual analysis. (b) Creation of two- (middle column) and three-
dimensional (3D) polar maps (right column) using software-assisted 
detection of myocardial contours (left column), for semi-quantitative 

analysis of perfusion defects. (c) Three-dimensional display of endo-
cardial contours throughout the cardiac cylce from gated SPECT 
acuisition, for visual and quantitative analysis of left ventricular (LV) 
function. (d) Creation of density maps from transmission images, for 
attenuation correction of SPECT data
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Fig. 3.3 Schematics of the annihilation process

collimator face, which can alter the apparent distribution of 
activity in the myocardium.

Among those factors, attenuation is considered to have 
the most significant effect. The amount of attenuation in a 
clinical study depends on the type of tissue (soft tissue, bone, 
or lung), the energy of the radiation, and the thickness of 
the body. Hence, compensation for soft-tissue attenuation 
requires exact knowledge of the attenuation characteristics 
for each patient. While many schemes for the generation of 
the attenuation characteristics have been reported,12 nowa-
days the attenuation map of a patient is usually generated by 
transmission imaging, using either an external radiation 
source or the X-ray CT in hybrid systems (Fig. 3.2d). 
Software and hardware methods used in these systems vary 
significantly from one vendor to another, but it has been doc-
umented for several systems that attenuation correction 
improves image quality and image interpretation.13–15

Importantly, failure to incorporate effects of scatter into 
the attenuation compensation technique will result in intro-
duction of artefacts so that a combination of attenuation and 
scatter correction is necessary. Additional corrections for 
depth-dependent resolution changes are being developed, 
but not yet broadly implemented.

Systematic Data Analysis

For adequate interpretation of myocardial perfusion images, 
a systematic visual review of raw data and reconstructed 
images on a computer screen is warranted.16 The system of 
reviewing comprises several reviewing levels. First, raw 
projection data are reviewed to identify motion artefacts and 
assess tracer distribution in organs other than the heart. Next, 
reorientated tomographic images are reviewed without and, 
if available, with attenuation/scatter compensation and gated 
cine data. Then, software-derived semi-quantitative data are 
reviewed and used to strengthen the visual impression of 
tomographic image readout. Finally, the impression of the 
image readout is integrated with stress performance and with 
clinical data and should be reported in a standardized format.

Pet

There are multiple methodological differences between con-
ventional SPECT and PET. Most importantly, PET scanners 
have a different geometry and a different detection principle. 
Multiple corrective algorithms are routinely applied to yield 
images of absolutely quantitative tracer distribution within the 
body. In addition, much shorter-lived positron emitting radio-
isotopes are being utilized which increase the flexibility of 
imaging protocols and biologic targets, but at the same time 
increase complexity and limit availability of the methodology.

Acquisition

The goal of PET scanning is to produce a 3D image volume, 
which is an accurate map of the distribution of tracer in the 
body. To allow absolute quantification, a series of such vol-
umes is normally generated over time to describe the time–
activity curves (TAC) and investigate the kinetics of tracer 
uptake and release from different tissues and blood.

Cyclotrons accelerate protons or deuterons, which inter-
act with target atoms to produce “proton-rich” radioisotopes. 
During decay, a proton gets converted to a neutron and a 
positron is emitted. Under the influence of surrounding 
atomic electrons, the positron is slowed down until interac-
tion with an electron results in the annihilation of both par-
ticles, and two photons are emitted (each with energy of  
511 keV) in practically opposite directions (Fig. 3.3). 
Compared with radionuclides emitting single gamma-ray 
photons, the emission of pairs of 511 keV annihilation pho-
tons gives PET imaging higher detection efficiency, better 
uniformity of spatial resolution, and easier correction for 
attenuation (scattering) of photons in the tissue (Fig. 3.4).

Attenuation

In PET, the probability to detect a coincidence along a line, 
indicating that none of the two photons forming the coinci-
dence have interacted with the matter, is independent of the 
position of annihilation along the detected line-of-response 
(LOR). This property is different from SPECT and is utilized 
to correct for photon attenuation in a robust manner.

Coincidence Detection

If photons interact with the detectors ring within a specified 
time period, known as the coincidence window, then an event 
is recorded and is termed a prompt coincidence. True coinci-
dences, formed by the two photons detected within the coin-
cidence window without having undergone any interaction 
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with matter, need to be separated from scattered and random 
coincidences (Fig. 3.5).

3D Imaging

Figure 3.6 shows an axial section through a multi-ring PET 
tomograph. The 3D mode makes maximum use of the detec-
tors available within all rings, as well as the same ring, allow-
ing the use of lower doses of radioactivity. This seems the 
obvious solution, but registration of scattered and random 
coincidences complicates the situation and often leads to a 
retreat from 3D acquisition to a more conservative 2D mode. 
In the latter, tungsten annuli called Septa are placed between 
the detector rings.

Data Correction

To exploit the potential of PET to provide quantitative data a 
number of corrections need to be carried out.

Normalization

The geometry of a PET system introduces variation in the 
detection sensitivity. Normalization corrects this by measur-
ing the count rate for each LOR using a source with pre-
defined radioactivity.

Dead Time

The response time of a detector system is finite. Dead time is 
the period when a detector is unable to record an event.17, 18 

Fig. 3.4 Representation of the detection of the two emitted pho-
tons. Two photons arise from annihilation at point A and impinge on 
detectors D1 and D2. A circular ring of individual detectors is shown 
here, but the same principles apply for other position-sensitive sys-
tems such as rings of planar detectors or rotating gamma cameras. 
Imposing a coincidence condition on the detection process, such 
that an event is only recorded when signals are produced from both 
detectors simultaneously, effects an automatic electronic collimation 
and enables the annihilation to be localized to the line D1–D2, con-
ventionally termed a line-of-response (LOR). The width of the LOR is 
the intrinsic spatial resolution of the detectors. It can also readily be 
seen that the resolution will be quite constant along the LOR

Fig. 3.5 Representation of the different types of coincidences. True coincidence (left), random coincidence (middle), scattered coincidence 
(right)
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This might be because the electronics remains in a “busy” 
phase or when more than one photon strikes a detector within 
its resolving time and is rejected.

Attenuation

Traditionally, an external positron emitting source has been 
used to measure the attenuating factor before the administra-
tion of radioactivity.19–21 This process results in an image rep-
resenting the distribution of the density of the patient’s 
organs. With the advent of hybrid PET-CT, a CT scan pro-
vides a substitute for the conventional PET transmission 
scan.22 The duration of the CT scan is much less than the 
PET transmission scan, but a problem to overcome is the 
movement of the patient (cardiac, respiratory, and other vol-
untary and involuntary), resulting in misalignment of CT and 
PET.

Scattered Coincidences

Some correction methods employ mathematical modelling 
(e.g. using data from point sources in scattering media) to 
deconvolve scattered events from the total signal.23 In the 
chest, however, scatter distribution is complex owing to the 
range of tissue densities. An alternative, but more challeng-
ing, approach is that of calculation of scattered photon distri-
bution from raw image data, a process that can be repeated 
iteratively until satisfactory accuracy is achieved.24 It should 
not be assumed that scatter correction methods are perfect 
and developments and improvements are still being actively 
pursued.

Random Coincidences

In cardiac scanning, the correction for and treatment of ran-
dom coincidence events is very important. The most com-
monly used method estimates randoms using a delayed 
coincidence circuit,25 which is employed with a temporal 
delay so that no true coincidences will be registered. Randoms 
are then estimated and can be subtracted online from the 
prompt events or stored separately for later processing.

Motion

A very important consequence of the high-timing resolution 
made possible by the data acquisition in list mode is that it 
makes effective motion correction possible. ECG-gating is a 
standard procedure for use with PET, and studies have also 
been carried out on respiratory gating, making feasible the 
monitoring of and the correction for both cardiac and respi-
ratory movements of the patient.26, 27

Partial Volume

Despite the technological developments in PET, basic physi-
cal characteristics mean that its spatial resolution is limited 
and the signal in a particular region will be “diluted” due to 
the presence of surrounding tissues – there will be a “spill-
over” of radioactivity between adjacent structures. The same 
is true for SPECT, which usually has an approximately two-
fold lower spatial resolution compared with PET. Combination 
of transmission and emission data has been used to correct 
for this effect in the myocardium and PET, and CT or MRI 
images have been combined to enable corrections.28

Scanner
axis

3D Mode2D Mode

Oblique
plans

Crossed
plans

Directs
plans

Septa

Fig. 3.6 Comparison of the two 
acquisition modes permitted 
by some positron emission 
tomography (PET) systems. In 
2D mode, because of the use 
of lead septa reducing the 
transaxial acceptance angle, 
the device only detects photons 
in the direct or crossed plans, 
whereas in 3D mode, all the 
planes, direct or oblique, can 
be recorded
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Current Imaging Procedures 
and Applications

sPeCt

SPECT is widely used for the clinical workup of suspected or 
known CAD. Its diagnostic and prognostic usefulness is sup-
ported by a large body of evidence.1 Most importantly, SPECT-
derived information is utilized as a gatekeeper to invasive 
procedures and as a guide for further clinical decision-mak-
ing. Assessment of myocardial perfusion and function are 
the two major clinical applications.16, 29

Myocardial Perfusion

For perfusion imaging, thallium-201 (201Tl)- and two techne-
tium-99m (99mTc)-labelled radiopharmaceuticals (sestamibi 
and tetrofosmin) are commercially available.

201Tl decays by electron capture to mercury-201, emitting 
65–80 keV X-rays (88% abundance) and gamma photons of 
135 and 167 keV (12% abundance). Following intravenous 
injection, first-pass extraction by the myocardium is 88% 
and uptake mostly occurs via the sodium–potassium ATPase. 
The uptake proportionally increases with perfusion over a 
relatively large range.30 After initial uptake, prolonged 
retention depends on the sarcolemma integrity and hence on 
tissue viability. 201Tl redistributes over several hours, thus 
allowing delayed images to be acquired that are indepen-
dent of perfusion and reflect viability. 201Tl has been used 
clinically for more than two decades, but does have certain 
limitations such as the long half-life associated with high 
radiation burden, low photon energy resulting frequently in 
attenuation artefacts, and low injected activity contributing 
to a low signal-to-noise ratio.

After an i.v. injection of 201Tl at stress, the radiotracer 
is distributed in the myocardium according to myocardial 
perfusion, and SPECT images are obtained early after injec-
tion. Subsequently, redistribution images are acquired 2–4 h 
later which reflect the baseline perfusion and viability.16 
Comparison of stress and redistribution images allows for 
the identification of relative regional stress-induced isch-
aemia, while a fixed defect may indicate myocardial necrosis 
(Fig. 3.7). It has been observed that redistribution may be 
incomplete at 4 h and a second injection of 201Tl or delayed 
imaging can be performed for a more accurate assessment of 
myocardial viability.31

Two 99mTc-labelled perfusion tracers, sestamibi and tetro-
fosmin, are commercially available. The higher energy of 
99mTc- generally leads to better quality images (because of 

less attenuation and scatter) compared with 201Tl. Moreover, 
the short half-life permits much higher activities to be admin-
istered, giving better counting statistics (Fig. 3.8) and results 
in lower radioactivity doses compared with 201Tl. Furthermore, 
the use of 99mTc-labelled perfusion tracers allows LV ECG-
gating or first-pass imaging, which provide additional func-
tional information. However, tracer kinetic properties are 
somewhat inferior when compared with 201Tl.32 Uptake of 

Fig. 3.7 Mid-ventricular short-axis myocardial perfusion SPECT images 
using 201T1 in a patient with history of inferior wall myocardial infarc-
tion. Note the perfusion defect with lack of redistribution on delayed 
images in inferior wall, indicating absence of myocardial viability

Fig. 3.8 Non-corrected (NC) and attenuation corrected (AC) mid- 
ventricular short axis myocardial perfusion SPECT images using 99mTc-
sestamibi in an individual with suspected coronary artery disease 
(CAD). Note the inferior wall defect in NC images (arrows) which 
resolves after AC, indicating the presence of artefact rather than 
disease
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both 99mTc-labelled tracers as a function of myocardial perfu-
sion is less avid, and defects may be less profound.

99mTc-sestamibi is a cationic complex, which diffuses pas-
sively through the capillary and cell membrane, although 
less readily than 201Tl, resulting in lower immediate extrac-
tion. Within the cell, it is trapped in the mitochondria. 
Retention is based on intact mitochondria, reflecting viable 
myocytes.33, 34 Tetrofosmin is also cleared rapidly from the 
blood and its myocardial uptake is similar to that of sesta-
mibi. Hepatic clearance is slightly more rapid than in the 
case of sestamibi.35, 36 However, for both 99mTc -labelled trac-
ers, splanchnic uptake and excretion are markedly higher 
than for 201Tl, which may occasionally complicate assess-
ment of the inferior LV wall. Importantly, the tracer mole-
cules remain within cardiac myocytes and do not redistribute 
so that two injections are necessary to obtain stress and rest 
images. Two-day, same-day stress–rest or same-day rest–
stress imaging protocols have been established.37, 38

SPECT imaging usually begins 30–60 min after injection 
to allow for hepatobiliary clearance. Longer delays are required 
for resting images and for stress with vasodilators alone, 
because of the risk of higher subdiaphragmatic activity. For 
improved assessment of myocardial viability, resting injec-
tions can be given following nitrate administration to avoid 
under-estimation in areas with reduced resting perfusion.39

Finally, a dual-isotope protocol, consisting of rest 201Tl 
injection, followed immediately by stress and a 99mTc-com-
pound injection, has been employed.40 This shortens the 
duration of a full stress rest or stress redistribution protocol, 
and takes advantage of the superior ability of 201Tl to assess 
myocardial viability at the same time as using technetium to 
provide functional information from ECG-gated imaging. 
Disadvantages are the high radiation burden of the two trac-
ers, and the fact that changes between stress and rest mean 
that images of different tracers with different technical char-
acteristics are compared.

Ventricular Function

Assessment of LV function and volumes is not only important 
for the assessment of prognosis in CAD. Addition of gating 

has also been shown to improve diagnostic and prognostic 
accuracy of myocardial perfusion SPECT.10, 41 Additionally, 
assessment of the function of the right ventricle (RV) is recog-
nized to be important in some diseases such as arrhyhmogenic 
RV and pulmonary hypertension. Finally, determination with 
equilibrium radionuclide ventriculography of LV-EF is rec-
ognized as one of the methods-of-choice for monitoring of 
cardiotoxicity of cytotoxic anti-cancer drugs.42

Functional radionuclide cardiac studies include several 
techniques, and ECG-gating with R-wave triggering is a key 
point in these methods.

First-pass radionuclide ventriculography comprises a short 
sequence of cardiac cycles acquired during the transit of a 
bolus of any radionuclide through the heart. It can be per-
formed at rest and during stress,43 provides high target to 
background ratio with temporal separation of the RV and LV, 
but imaging is possible in only one projection, and tomo-
graphic SPECT images cannot be obtained.29

Equilibrium radionuclide ventriculography is performed 
after 99mTc-labelling of red blood cells using different tech-
niques.29 It provides high-quality planar images and may 
even be performed as a SPECT study (Fig. 3.9) for accurate 
separation of RV and LV, and for accurate assessment of 
regional wall motion.44

Finally, as mentioned earlier, SPECT (and PET) perfu-
sion studies can be acquired in ECG-gated mode in order to 
obtain parameters of LV function on top of myocardial per-
fusion.45 This technique usually employs a smaller number 
of time bins than equilibrium radionuclide ventriculography, 
and is less well established for the assessment of diastolic 
function, but multiple studies have documented the useful-
ness to improve diagnostic accuracy or obtain incremental 
prognostic information.

Pet

In contrast to SPECT, which is the clinical mainstay for the 
diagnostic workup of CAD by nuclear imaging techniques, 
PET offers deeper insights into myocardial pathophysiology 
and pathobiology. Although PET has the potential to probe a 
number of complex functions (including genes), the current 

Fig. 3.9 Gated myocardial 
perfusion SPECT. Automated 
contour detection (left) is 
employed for creation of 3D 
displays (right) to review wall 
motion, volumes, and ejection 
fraction (EF). ED enddiastolic 
frame, ES endsystolic frame
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clinical applications of PET imaging in cardiology can be 
divided into three main categories: studies of regional myo-
cardial blood flow, metabolism, and pharmacology.

Myocardial Blood Flow (MBF)

Mainly three tracers are used for the measurement of MBF 
using PET: 15O-labelled water (H2

15O),46, 47 13N-labelled 
ammonia (13NH3),

48–51 and the cationic potassium analogue, 
82Rubidium (82Rb).52

Although kinetic models53, 54 have been proposed for 
quantification of MBF using 82Rb,49 these are limited by the 
dependence of the myocardial extraction of this tracer on the 
prevailing flow rate and myocardial metabolic state.55 
Furthermore, the high positron energy of 82Rb results in rela-
tively poor image quality and reduced spatial resolution due 
to its long positron track.

For H2
15O and 13NH3 tracer kinetic models have been suc-

cessfully validated in animals against the radiolabelled micro-
sphere method over a wide flow range[46, 47, 51, 56]. The values of 
MBF determined in normal human volunteers using both 
tracers either at rest or during pharmacologically induced 
coronary vasodilatation are similar.46, 51 Recent advances in 
image processing57 have enhanced the quality of myocardial 
H2

15O images (Fig. 3.10) to match the quality of 13NH3 
images. Both tracers have short physical half-lives (2 and 10 
min, respectively), which allow repeated measurements of 
MBF in the same session.58

The major regulatory site of tissue perfusion is at the level 
of arterioles of less than 300 mm diameter (i.e. the micro-
circulation). Information on this section of the coronary 

circulation in man in vivo can only be obtained indirectly by 
measuring parameters such as MBF and coronary flow 
reserve (CFR), i.e. the ratio of maximal MBF following 
pharmacologically induced coronary vasodilatation to rest-
ing MBF (Figs. 3.11 and 3.12).

The use of PET has highlighted the effects of age,46, 51, 59, 60 
gender,61 and sympathetic tone62 on MBF. The accuracy of 
PET has been used to detect impairments of MBF in asymp-
tomatic subjects with cardiovascular risk factors,63, 64 in the 
relatives of patients with CAD, in whom coronary arteriogra-
phy is not justifiable on the basis of family history alone,65 and 
in diabetic patients without symptoms of cardiac disease.66

In patients with CAD, the measurement of CFR is useful 
for the assessment of the functional significance of coronary 
stenoses.67 In addition, PET is particularly effective in those 
circumstances where the CFR is diffusely (and not region-
ally) blunted, e.g. in patients with hypertrophic or dilated 
cardiomyopathy. The improved spatial resolution of the lat-
est generation of 3D PET cameras has allowed the quantifi-
cation of the trans-mural distribution of myocardial blood 
flow in patients with LV hypertrophy secondary to aortic 
stenosis, demonstrating a more significant reduction of sub-
endocardial CFR which is directly related to the reduction of 
the aortic valve area.68

Myocardial Metabolism

In the post-absorptive state, the heart relies mainly on the 
oxidation of free fatty acid (FFA) as its main source of high-
energy phosphates while glucose uptake and oxidation are 
low. In the fed state, glucose uptake is high and accounts for 

Fig. 3.10 Short-axis images obtained from one representative study 
showing the blood pool (a) measured with C15O, which labels the 
erythrocytes through the formation of carboxyhaemoglobin, and the 

distribution of H
2

15O separated in a blood (b) and myocardial tissue 
(c) component. (b) and (c) are both calculated by means of factor 
analysis. From.57RV right ventricle; LV left ventricle
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virtually all the concurrent oxygen uptake.69 The factors that 
regulate myocardial substrate utilization are complex and 
depend, in addition to substrate concentration, on the action 
of different hormones. Insulin that stimulates myocardial 
glucose uptake and utilization also inhibits adipose tissue 
lipolysis, so that during hyperinsulinemia, the circulating 
levels of FFA are low.69 On the other hand, catecholamines 
decrease rather than increase glycolysis in the heart, together 
with a greatly increased uptake and oxidation of FFA.69 

Myocardial utilization of carbohydrates is also affected by 
cardiac workload, with oxidation of carbohydrates account-
ing for more than 50% of energy produced during conditions 
of maximal stress.70 Finally, glucose utilization is increased 
during conditions of reduced oxygen supply; under these cir-
cumstances, exogenous glucose uptake and glycogen break-
down are increased, glycolysis is stimulated, and ATP can be 
produced from the anaerobic catabolism of glucose with the 
concomitant formation of lactate.69
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15O at rest and during adenosine stress in a patient with significant disease of the left anterior 
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Fig. 3.11 (a) Blood (arterial and venous) and (b) tissue time–activity 
curves (TAC) measured from the dynamic scan sequence obtained 
after injection of H

2
15O. The arterial and venous TAC were obtained 

from regions of interest (ROI) drawn in the right and left ventricle, 

while the tissue TAC was obtained from an ROI placed in LV myocar-
dium. These data are then used to compute myocardial blood flow 
(MBF) in mL/min/g
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To measure the flow through this pathway during nor-
moxic and ischaemic conditions, PET imaging has been per-
formed after i.v. administration of the natural FFA palmitate 
labelled with 11C (11C-palmitate).71 Furthermore, 11C-labelled 
acetate has been advocated as a tracer of tricarboxylic acid 
cycle activity72 and used as an indirect marker of myocardial 
oxygen consumption (MVO2) by PET in both experimental 
animals73, 74 and humans.75–77

The utilization of exogenous glucose by the myocardium 
can be assessed using PET with 18F-2-fluoro-2-deoxyglucose 
(FDG).78 FDG is transported into the myocyte by the same 
trans-sarcolemmal carrier, as glucose and is then phosphory-
lated to FDG-6-phosphate by hexokinase. This is essentially 
a unidirectional reaction, as no glucose-6-phosphatase (the 
enzyme that hydrolyzes FDG-6-phosphate back to free FDG 
and free phosphate) has yet been identified in cardiac mus-
cle.78 Thus, measurement of the myocardial uptake of FDG is 
proportional to the overall rate of trans-sarcolemmal transport 
and hexokinase-phosphorylation of exogenous (circulating) 
glucose by heart muscle, but it does not provide information 
about the further intracellular disposal of glucose.

A number of kinetic modelling approaches have been 
used for the quantification of glucose utilization rates using 
FDG.79 The major limitation of these approaches is that 
quantification of glucose metabolism requires the knowledge 
of the lumped constant (LC), a factor which relates the 
kinetic behavior of FDG to naturally occurring glucose in 
terms of the relative affinity of each molecule for the trans-
sarcolemmal transporter and hexokinase. Unfortunately, the 
value of the LC in humans under different physiologic and 
pathophysiologic conditions is not known, thus making true 
in vivo quantification of myocardial metabolic rates of glu-
cose very difficult.80 Still, the quantification of the uptake of 
FDG (particularly if obtained under standardized dietary 
conditions such as during insulin clamp81) allows compari-
son of absolute values from different individuals and may 
help to establish the absolute rates of glucose utilization (in 
FDG units) in normal and pathologic myocardium.

Myocardial Pharmacology

Different tracers have been used to study the pre-synaptic 
sympathetic terminals: 18F-labelled fluorometaraminol,82, 83 
11C-labelled hydroxyephedrine (11C-HED),84 and 11C-labelled 
epinephrine,85 which compete with endogenous noradrena-
line for the transport into the pre-synaptic nerve terminal.

Several beta-blocker drugs have been labelled with 11C to 
act as radioligands for the study of post-synaptic b-adreno-
ceptor.86 11C-(S)-CGP 12177 is a non-selective b-adrenoceptor 
antagonist, which is particularly suited for PET studies owing 
to its high affinity and low lipophilicity, thus enabling the 
functional receptor pool on the cell surface to be studied.87 

Studies in patients have demonstrated diffuse downregula-
tion of b-adrenoceptor density in hypertrophic cardiomyopa-
thy88, 89 and in congestive heart failure.90–92

In addition to studies of the sympathetic nervous system, 
the density and affinity constants of myocardial muscarinic 
receptors can be evaluated non-invasively with 11C-MQNB 
(methylquinuclidinyl benzilate), a specific hydrophilic antag-
onist, in both experimental animals93 and in man.94, 95 In 
patients with congestive heart failure, mean receptor concen-
tration (Bmax) was significantly higher compared with nor-
mal subjects,94 a clear indication that congestive heart failure 
is associated with an upregulation of myocardial muscarinic 
receptors paralleling the downregulation of b-adrenoceptors.

Future Developments

Fast Acquisition

Present clinical, scientific, and financial needs require fur-
ther improvements in hardware and software to continue the 
success of myocardial perfusion imaging (MPI) SPECT. It is 
difficult to realize improvements with the imaging hardware 
and software used in most nuclear imaging laboratories 
today. The basic SPECT camera design has been introduced 
decades ago.96 Recently, the notion that SPECT acquisition 
can be optimized for more rapid cardiac acquisition, higher 
patient throughput, and potentially improved image quality 
has led to several advancements in imaging hardware and 
software.97 The Anger Camera general-purpose design has 
been replaced by some manufacturers with systems with 
multiple detectors focussed on the heart yielding 5–10 times 
the sensitivity of conventional SPECT. Some novel designs 
also use advanced electronic detectors with superior energy 
resolution. Furthermore, there are significant innovations in 
reconstruction software incorporated into these newly 
designed systems that take into account the true physics of 
the SPECT reconstruction geometry to gain at least a factor 
of 2 in sensitivity. Some of these new systems are well suited 
for dynamic applications that may facilitate measurements 
of CFR. It is expected that SPECT nuclear cardiology proce-
dures with these novel techniques will be faster and more 
accurate, while radiotracer dose and thus radiation exposure 
can be reduced.

Hybrid Imaging

Hybrid imaging is the merging of nuclear imaging systems 
with an X-ray CT. Based on its success in oncology, the 
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hybrid PET-CT technique is now the standard for all PET 
imaging systems. Likewise, SPECT is increasingly becom-
ing SPECT-CT. Hybrid systems are increasingly equipped 
with fast, multi-slice CT components, opening up their appli-
cation to multimodality, single-camera cardiac imaging. One 
advantage of these hybrid imaging systems is the feasibility 
to correct soft-tissue attenuation artefact with a brief CT scan 
before or after emission imaging.98, 99 More importantly, the 
hybrid multi-slice CT system can provide comprehensive 
assessment of cardiac and coronary morphology in addition 
to the nuclear study.100 The benefits and prospects of this new 
generation of scanners will be discussed in separate chapters 
of this textbook.

Molecular Imaging

The tracer principle – the attachment of a radioisotope to a 
biomolecule in order to follow its distribution throughout the 
body – is attractive not only for the imaging of physiologic 
mechanisms such as perfusion or contractile function. It is 
especially suitable for non-invasive detection of biologic 
processes at the level of tissue and cells.3, 101–103 Myocardial 
metabolism and sympathetic innervation have emerged as 
the first applications of clinical biologic/molecular cardiac 
radionuclide imaging. While those are increasingly entering 
the clinical stage, a broad spectrum of other tracers for spe-
cific biologic targets in the cardiovascular system is being 
evaluated on the preclinical level. These targets include the 
renin–angiotensin system, integrins, matrix metalloprotei-
nases, cell death, reporter genes, and transplanted stem cells. 
The goal is the visualization of key mechanisms involved in 
subjects of ongoing basic cardiovascular science, including 
early disease development and novel therapeutic interven-
tions. It is expected that molecular imaging, early disease 
detection, and molecular therapy will progress hand-in-hand 
from the preclinical to the clinical level in the future. 
Radionuclides are very likely to play a key role in this 
paradigm.

Conclusion

Radionuclide imaging techniques are well established for 
imaging of myocardial function, perfusion, viability, and 
biologic mechanisms. While SPECT is the clinical work-
horse for the workup of CAD, PET is an advanced technique 
that is utilized to obtain quantitative, more specific insights 
into disease mechanisms. Advances in imaging methodology 
aim at more rapid, more accurate acquisition and hybrid sys-
tems. Additionally, the advent of various molecular- targeted 

probes is expected to result in novel clinical applications of 
nuclear cardiology in the future.
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Introduction

Hybrid scanners combining PET or SPECT with high-resolution 
multi-detector CT are becoming the standard for almost all 
commercially available systems. Hybrid scanners offer the 
ability to assess the anatomy of the heart and coronary arteries 
and the functional evaluation either at stress (for assessment of 
induced ischaemia) or at rest (for viability) in association with 
the left ventricular systolic function. Therefore, combining 
functional information from PET or SPECT is appealing.1

Definition of Cardiac Hybrid Imaging

The term cardiac hybrid imaging has been proposed if images 
are fused combining two data sets, whereby both modalities 
are equally important in contributing to image information. 
Mostly, this refers to combining CT with a nuclear myocardial 
perfusion imaging technique. Some reports have referred to 
X-ray-based attenuation correction of perfusion imaging as 
hybrid imaging, raising confusion about its exact meaning 
because in such setting the CT data do not provide added ana-
tomical information, but are simply used to improve image 
quality of the PET or SPECT modality. Similarly, the para-
metric maps obtained from low-dose CT do not provide image 
information beyond that needed for attenuation correction, 
although it could be used to obtain calcium scoring.2, 3

Others have used the term hybrid imaging for the mere 
side-by-side analysis of perfusion and CT images. To avoid 
confusion, we suggest using the term hybrid imaging to 
describe any combination of structural and functional infor-
mation beyond that offered by attenuation correction or side-
by-side analysis, by fusion of the separate data sets, for 
example, from CT coronary angiography and from SPECT or 
PET into one image. Similarly, separate acquisition of struc-
tural information as well as functional data such as, for exam-
ple, perfusion on two separate scanners or on one hybrid 
device would allow mental integration of side-by-side evalua-
tion but only fusion of both pieces of information would result 
in what should be considered a hybrid image (Fig. 4.1).

Rationale for Cardiac Hybrid Imaging

The field of cardiac imaging has witnessed an enormous 
development in the past years and is now offering an ever-
increasing spectrum of tools and options to the clinicians. 

The potential disadvantage is that the patients may now be 
exposed to multiple, sequential, time-consuming, and costly 
diagnostic test and procedures, which may deliver occasion-
ally even contradicting results. This may have contributed to 
the fact that the majority of patients are referred to diagnostic 
invasive coronary angiography and consequently to percuta-
neous coronary interventions (PCI) in the absence of any sort 
of functional evaluation,4, 5 although professional guidelines 
call for objective documentation of ischaemia prior to elec-
tive PCI.6–8 It is this background that has paved the way for 
the conceptual search of a non-invasive technique to assess 
coronary artery disease in which the detected perfusion 
abnormalities can be immediately and accurately associated 
with the individual’s coronary anatomy.

Although CT coronary angiography with multi-detector 
scanners has proven to be a valuable alternative to diagnostic 
invasive coronary angiography for the evaluation of many 
subgroups of patient with known or suspected coronary artery 
disease, it only allows assessing coronary luminology, thus 
providing purely morphological information. The limitations 
of morphologic measures for delineating the physiologic 
implications of stenoses are well described.9 The vasomotor 

Fig. 4.1 Three-dimensional cardiac hybrid PET-CT image providing a 
panoramic view of stress perfusion MPI (red and yellow colours indi-
cate normal perfusion) in relation to the coronary territories. Despite 
several calcifications in the proximal segments of the left and right 
coronary arteries there is no relevant ischaemia
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tone and coronary collateral flow, both of which are known to 
affect myocardial perfusion, cannot be estimated by measures 
of stenosis severity. The percent diameter stenosis is only a 
weak descriptor of coronary resistance as it does not take into 
account the length and shape or stenoses. Lastly, CTA is lim-
ited in its ability to accurately define the severity of stenosis.

Accordingly, the major drawback of the CT has been found 
to be the relatively low positive predictive value and that the 
estimation of the haemodynamic significance of the detected 
stenosis is difficult.9–11 In contrast, myocardial perfusion 
imaging provides a simple and accurate integrated measure of 
the effect of all of these parameters on coronary resistance 
and tissue perfusion, thereby optimizing selection of patients 
who may ultimately benefit from revascularization. This has 
triggered the idea of obtaining combined anatomic and func-
tional non-invasive imaging of the coronary circulation in a 
single session through hybrid instrumentation.

Early studies conducted with image fusion of invasive 
coronary angiography and myocardial perfusion imaging 
from SPECT showed limited success due to the disadvan-
tages inherent in warping planar 2D angiogram into a fusion 
with a 3D perfusion data set. Furthermore, the fusion process 
was time consuming and, therefore, not helpful for rapid 
decision making during an ongoing intervention.

Alternatively, combined information can be gained by 
mental integration of the information, e.g. from invasive of 
CT angiography and SPECT. However, the planar projections 
of coronary angiograms and axial slice-by-slice display of car-
diac perfusion studies make a subjective integration difficult. 
This may lead to inaccurate allocation of the coronary lesion 
to its subtended myocardial territory, particularly in patients 
with multi-vessel disease and intermediate severity lesions. In 

addition, standard distribution of myocardial territories corre-
sponds with the real anatomic coronary tree in only 50–60% 
of cases, which may cause misleading interpretation.

Therefore, the concept of hybrid imaging to deliver com-
prehensive integrated morphological and functional infor-
mation is particularly appealing. In addition to being 
intuitively convincing, these images provide a panoramic 
view of the myocardium, the regional myocardial perfusion 
or viability, and the coronary artery tree, thus eliminating 
uncertainties in the relationship between perfusion defects, 
scar regions, and diseased coronary arteries in watershed 
regions (Fig. 4.2). This may be particularly helpful in patients 
with multiple perfusion abnormalities (Fig. 4.3, Video 4.3) 
and complex CAD, including situations after bypass surgery 
(Fig. 4.4). Combining anatomical information with perfu-
sion also helps to identify and correctly register the subtle 
irregularities in myocardial perfusion (Fig. 4.5).

Integrated scanners vs. software Fusion

The potential added value of hybrid imaging originates from 
the spatial correlation of structural and functional information 
on the fused images, which facilitates a comprehensive inter-
pretation of coronary lesions and their pathophysiologic rele-
vance. An important prerequisite of hybrid imaging is accurate 
image coregistration because misalignment may result in erro-
neous allocation of perfusion defects to coronary artery territo-
ries. From a technical perspective, image coregistration can be 
achieved by a software-based or hardware-based approach.

Fig. 4.2 Three-dimensional cardiac hybrid SPECT-CT image: a vol-
ume rendered CT coronary angiography image is fused with the 
stress perfusion SPECT. The left panel shows a basal inferior ischaemic 
area (blue area, black arrow heads). The middle panel reveals a lesion 

in the right coronary artery (white arrow), with otherwise unremark-
able coronaries and normal perfusion. Invasive coronary angiogra-
phy confirms a significant lesion in the RCA (white arrow)
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Fig. 4.4 In situations of complex coronary CAD and after bypass sur-
gery hybrid cardiac imaging provides added value. CT coronary 
angiography may allow visualization of patent bypass grafts but the 
evaluation of the anastomoses remains difficult. A conclusion about 

haemodynamic relevant lesions can only be reached in conjunction 
with perfusion. The image documents residual ischaemia in the distal 
left anterior descending artery territory

a b c

ed

Fig. 4.3 CT coronary angiography images (curved multi-planar 
reconstructions) of a male patient with effort angina. The images of 
RCA (a), LAD (b) and LCX (c) show several calcified and non-calcified 
plaques, which suggest significant multi-vessel disease. Three-
dimensional cardiac hybrid PET-CT images of anterior (d) and right 

lateral view (e) shows very different stress perfusion patterns in each 
vessel region. The perfusion in region supplied by LCX was normal 
(red and yellow colour), slightly reduced in region supplied by LAD 
(green colour), and severely compromised in region supplied by RCA 
(blue colour)
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Hardware-based image coregistration permits the acquisi-
tion of fused anatomical and functional images using hybrid 
scanners (such as PET/CT or SPECT/CT devices) with the 
capability to perform nuclear and CT image acquisition, 
almost simultaneously with the patient’s position fixed. 
Inherently, image fusion is performed fully or semi-automat-
ically by superposition of image data sets. The real benefit of 
fusing different imaging modalities is also in the ability of 
using the anatomical information acquired in situ to improve 
the scan efficiency and to use the CT images for attenuation 
correction of the nuclear scan. Last but not the least, the very 
important benefit for the patient is that comprehensive study 
can be performed in short single session of scans. The draw-
back is that the sequential procedure requires careful plan-
ning of logistics to enable efficient patient throughput.

Alternatively, with software-based coregistration, image 
data sets can be obtained on stand-alone scanners and fused 
manually through the use of landmark-based coregistration 

techniques. Intuitively, the hardware-based approach appears 
preferable because manual coregistration may be hampered 
by issues of accuracy and user interaction. While the hybrid 
PET/CT device is the preferred tool for whole-body PET/CT 
imaging predominantly used in oncology, the routine use of 
fully automated hardware-based image coregistration for car-
diac hybrid applications is challenged by certain organ-spe-
cific characteristics. First, minor beat-to-beat variations in the 
heart’s position may interfere with accurate image coregista-
tion despite fixation of the patient’s position and orientation. 
Second, CT image acquisition and analysis requires elec-
trocardiographical gating, and images are generally recon-
structed in mid- to end-diastolic phases and acquired while 
holding one’s breath. In contrast, SPECT and PET non-gated 
data sets are used resulting in a slight mismatch of ventricu-
lar size between the image sets. Furthermore, the position of 
the heart is susceptible to respiratory motion; SPECT and 
PET images are typically acquired during normal breathing. 

Turku PET Centre, Finland

LAD

D1

LAD

D1

1.

2.

Fig. 4.5 Examples of two clinically similar symptomatic patients who 
had also similar findings in LAD and the first diagonal branch (D1) in CT 
angiography (left panels). The patient 1 (upper row) showed in hybrid 

PET/CT imaging (right panel) only subtle reduction in territory sup-
plied by D1. The patient 2 (lower row) showed large poorly perfused 
region covering whole anterior wall supplied by both LAD and D1
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These facts can result in misalignment of the heart between 
PET/SPECT and superimposed CT and can also lead to diag-
nostic errors.12 Therefore, software realignment of cardiac 
image sets is performed even if the scans were acquired in a 
single session using hybrid device.

Despite the integration of high-end CT devices with 
nuclear scanners to form dedicated cardiac hybrid scanners, 
software-based image coregistration may still remain a com-
mon form of hybrid imaging. Dedicated cardiac fusion soft-
ware packages are now commercially available, allowing 
hybrid imaging with an excellent inter-observer reproduc-
ibility and short processing durations. Image transfer pro-
cesses to workstations performing coregistration are currently 
simple and fast. A recent validation study has documented 
that 3D SPECT/CT image fusion (Fig. 4.6) from image sets 
obtained on stand-alone scanners with such software pack-
age is feasible and reliable, allowing correct superposition of 
PET/SPECT segments onto cardiac CT anatomy. Such soft-
ware is used irrespective of whether the images are acquired 
on a hybrid device or on two different stand-alone scanners.

Indeed, with SPECT the stand-alone scanner setting may 
appear favourable in view of the fact that with the latest gen-
eration of multi-detector CT scanners, coronary angiography 
is acquired within seconds, while emission scans for stress 
and rest gated SPECT with 99mTc-based radiotracers at 
standard doses take at least 45 min.13 Thus, in a hybrid car-
diac device the high-end CT facilities will be blocked dur-
ing long emission scan periods and therefore operate at low 
capacity. Advances in nuclear medicine such as newly devel-
oped dedicated cardiac detectors systems14 and novel image 
reconstruction algorithms15 may contribute to reduce emis-
sion scan times considerably and may eventually help shift-
ing the balance in favour of hybrid scanners in the future.

With PET there are several advantages of hybrid imaging 
using hardware-based image fusion. The efficiency of imaging 
is enhanced. The PET imaging protocols are short, allowing 
both CT angiography and perfusion imaging to be performed 
in a single session below 30 min of total scan duration. It is 
expected that PET/CT is increasingly used in traditionally dif-
ficult patient populations such as obese and diabetic patients. 

a

c

db

Fig. 4.6 Main steps for creating a cardiac hybrid SPECT-CT image 
from stand-alone systems. The main steps include (a) image coregis-
tration, (b) epicardial contour detection, (c) coronary artery segmen-

tation, and (d) MPI and CT image superposition (with permission from 
Gaemperli et al.32 The same steps are also performed even if hard-
ware-based hybrid imaging (PET/CT or SPECT/CT) device were used
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There are also other promising future applications that involve 
molecular imaging of cardiac targets, and these may further 
enhance the clinical utility of hybrid imaging using PET/CT.

As explained in the earlier chapters, PET imaging offers 
the unique possibility to measure myocardial perfusion quan-
titatively in absolute terms. This is useful in patients with 
diffuse CAD or balanced disease where relative assessment 
of myocardial perfusion cannot uncover global reduction in 
perfusion (Fig. 4.7). Typically, in relative analysis of perfu-
sion, only the regions supplied with the most severe stenosis 
are detected. Quantification of myocardial perfusion using 
dynamic PET provides a high performance level for the 
detection and localization of CAD.16 The incremental value 
of quantitative analysis was also recently studied, and it was 

found that the accuracy of PET was further improved by 
quantitative analysis.17–19

Imaging Protocols for Hybrid Imaging

The patient preparation for hybrid study is mostly the same 
as for the individual scans. It is important that the patients 
heart rate is controlled for CT and that caffeine-containing 
drinks are avoided during the preceding 12 h because phar-
macological stressors are commonly used in hybrid imaging. 
There are several options for hybrid imaging that have certain 
advantages and disadvantages.

a b

c d

Fig. 4.7 Hybrid images from 
stress PET/CT with extensive 
coronary artery disease. The 
images (a, b) scaled to relative 
scale where the best perfused 
region is set to maximum and 
has the brightest colour (in 
rainbow scale lowest = blue and 
highest = red). The hybrid 
images of anterior (a) and 
posterior (b) views suggested 
only minor perfusion abnormali-
ties in the anterior wall. The 
images scaled according to 
absolute scale  
(c, d) (0 mL/g/min = blue and 
3.5 mL/g/min = red) uncovered 
global reduction of perfusion. 
The hybrid images of anterior  
(c) and posterior (d) views 
showed severely reduced stress 
perfusion in the anterior wall 
but also abnormally low 
perfusion in other myocardial 
territories (green colour)
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In the protocols where the need of perfusion study is indi-
vidually decided upon the findings in CT angiography, the pro-
tocol naturally starts with CT. This procedure is powerful 
because it utilizes the high negative predictive value of CT, and 
only that fraction of the patients that had suspicious findings in 
CT will continue with perfusion imaging. Depending on the 
selected patient population, this fraction is about 25–50% and, 
thus, on the average one perfusion session is needed for each 
three patients. The potential limitation is that the premedica-
tion needed for CT angiography may also affect the perfusion 
results, although this is likely less significant with pharmaco-
logical stressors such as adenosine and dipyridamole.

If perfusion study is performed first, the earlier-mentioned 
potential problem is avoided, but currently the analysis of 
perfusion images is not fast enough to be used for immediate 
decision whether to leave out CT angiography in the case of 
a completely normal perfusion result. Thus, in this protocol 
both studies are performed in all patients.

The positioning of the patient to the scanner bed is critical 
to prevent any motion artefacts. It is strongly recommended 
that hands are supported upright and not within the field of 
view. The calcium score study can be performed first fol-
lowed by CT angiography study. The detailed protocol of CT 
angiography depends on the system used. Thereafter, low-
dose CT for attenuation correction scan is performed if needed 
(in some systems, calcium score study can be used for this).

The perfusion imaging protocol depends on whether PET 
or SPECT or which tracer is used. In hybrid imaging, the 
stress study is performed using pharmacologic stressors such 
as adenosine, dipyridamole, or dobutamine. With PET trac-
ers such as 82Rb and 15O-water studies (half-life 76 s and 112 s), 
the stress study can be performed practically without delay 
after the rest study. With 13N-ammonia, stress testing is 
delayed for about 30 min to allow tracer decay. If a method 
to correct patient motion between stress and rest studies is 
not available, a second low-dose CT scan for attenuation 
correction is needed. In all studies quality control process is 
needed to ensure optimal alignment of the CT attenuation 
and PET emission scans, and, if necessary, misalignment 
needs to be corrected (Fig. 4.6).

If the system can list mode acquisition, the data can be col-
lected as ECG-gated mode that allows the simultaneous 
assessment of regional and global left ventricular wall motion 
from the same scan data. This is particularly practical in 
Rb-82 studies. The total time required for whole study session 
depends on the tracer used. With 15O-water and 82Rb, the 
whole session can be finished in 30 min and with 13N-ammonia 
in 80 min. The protocols may further shorten significantly 
since in hybrid approaches only single stress perfusion imag-
ing may be needed especially when using quantification.19

If hybrid imaging is used to assess myocardial viability 
the standard patient preparations and procedures are used as 
in stand-alone imaging.

Image Analysis and Interpretation  
of Hybrid Imaging

The analysis of CT angiography includes standard processes 
and techniques such as visual assessment of original transaxial 
slices, multi-planar reconstructions, and utilization of quanti-
tative tools available. The analysis of PET/SPECT studies also 
follows the standard procedures that have been explained in 
detailed guidelines.20–22 However, to utilize the true power of 
hybrid imaging, an analysis system that is able to handle fused 
images and data also should be used. By doing so, the indi-
vidual coronary anatomy can be visualized together with func-
tional information enabling accurate association between 
coronary anatomy and, e.g. perfusion. The most advanced 
analysis also includes visualization of perfusion in diagnostic 
quality multi-planar reconstructions of CT. If quantitative 
measurement of flow has been performed, the absolute stress 
flow values also should be included in the analysis (Fig. 4.7).

Radiation safety Aspects

Utilizing hybrid imaging, the patient radiation dose will fur-
ther increase since the “additional” imaging techniques also 
utilize ionizing radiation. The dose for the patient from CT 
angiography has been reported to be in the range of 6–20 mSv 
depending on the system and protocol used. Recently, tech-
niques that reduce patient dose have been developed and the 
doses have been reduced as low as 1–7 mSv.23 The radiation 
doses from single SPECT perfusion imaging range from 5 to 
8 mSv (99mTc-based tracers). The radiation dose from PET 
perfusion studies is small, e.g. radiation dose from single PET 
perfusion study is 0.8 mSv 15O-water and 1 mSv for 
13N-ammonia. Therefore, although the use of hybrid imaging 
obviously causes an increased radiation dose for the patient, 
the recent technical development has improved the radiation 
safety tremendously, and complete hybrid imaging can now 
be performed with a radiation dose below 10 mSv.24–26

Clinical Impact of Cardiac Hybrid Imaging

As mentioned before, it is well established that a compre-
hensive assessment of CAD requires not only morphologic 
information about coronary artery stenosis location and 
degree but also functional information on pathophysiologic 
lesion severity. Eventually, many factors that cannot fully 
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be assessed with coronary luminology will determine 
whether a given lesion really induces a myocardial perfu-
sion defect (Fig. 4.8; see also Figs. 4.3, 4.5, and 4.7). It has 
been repeatedly shown that only about half of the lesions 
classified as significant in CT are linked with abnormal per-
fusion.9–11, 27

In a study by Namdar et al.,28 the concept was evaluated 
in patients with suspected CAD yielding a sensitivity and 
specificity of 90 and 98%, respectively, to detect important 

coronary lesions haemodynamically (as compared with the 
combination of stress-rest PET perfusion imaging and inva-
sive coronary angiography). In a recent study using PET/CT 
systems with 64-slice CT scanner, it was found that the posi-
tive predictive value of stenosis in CT was low (around 50%) 
in predicting stress-inducible perfusion abnormalities in PET 
but the negative predictive value was over 90%.29 This indi-
cates that the assessment of functional consequences of coro-
nary stenoses is difficult with CT, and that perfusion imaging 
provides useful complementary information.

Although these studies provide important clinical infor-
mation about the performance of different imaging modali-
ties, they do not directly show the incremental value of the 
hybrid imaging. Hybrid images may offer superior diagnos-
tic information with regard to identification of the culprit 
vessel and therefore increase diagnostic confidence.19, 27 The 
initial experience that combined SPECT perfusion imaging 
and CT coronary angiography studies indicates that in almost 
one-third of patients the fused SPECT/CT analysis provided 
added diagnostic information on pathophysiologic lesion 
severity that was not obtained on side-by-side analysis.29 The 
incremental value was most pronounced for functionally rel-
evant lesions in distal segments and diagonal branches and in 
vessels with extensive CAD or substantial calcification on 
CT. Similar results also have been obtained using hybrid 
PET/CT imaging.27, 30 Because of the variant coronary anat-
omy in each individual and the complex disease pattern in 
these patients, correct allocation of perfusion defect and sub-
tending coronary artery was only achieved by the hybrid 
images. As hybrid images offered superior information with 
regard to identification of the culprit vessel the diagnostic 
confidence for categorizing intermediate lesions and equivo-
cal perfusion defects was significantly improved. Interes-
tingly, most of the lesions that were originally found to be 
equivocal with regards to pathophysiologic severity on side-
by-side analysis (due to the fact they could not be firmly 
assigned to a perfusion defect) were classified with high con-
fidence by hybrid image evaluation. From these preliminary 
results one can conclude that the greatest added value appears 
to be the firm exclusion of haemodynamic significance of 
coronary abnormalities seen on CT coronary angiography, 
which might be useful to avoid unnecessary interventional 
procedure.

Other patients in whom hybrid imaging is likely clinically 
useful are those with multi-vessel CAD. Typically myocardial 
perfusion analysis is based on relative assessment of perfusion 
distribution. This technique, however, often uncovers only the 
coronary territory supplied by the most severe stenoses. In 
multi-vessel disease, coronary flow reserve may be abnormal 
in all territories, thereby reducing the heterogeneity of flow 
between “normal” and “abnormal” zones (Fig. 4.7, Video 4.7). 
This is obviously limiting the ability of relative perfusion anal-
ysis to delineate the presence of multi-vessel CAD.

a

b

Fig. 4.8 (a) Hybrid images from stress SPECT MPI fused with the CT 
coronary angiography indicating that the territory subtended by the 
ectatic left anterior descending (LAD) is ischaemic (blue area). (b) CT 
coronary angiography shows the extent of the ectatic coronary dis-
ease involving the right (RCA) and the circumflex (CX) coronary arter-
ies. With permission from Husmann et al.33
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There are several alternatives to solve this problem. The 
response of left ventricular ejection fraction to stress can be 
measured from perfusion data, and decrease in peak stress 
indicates multi-vessel disease.31 PET has some benefit since 
the acquisition is done during stress, unlike with SPECT 
where post-stress imaging is performed. Another solution 
would be using quantification of myocardial perfusion in 
absolute terms (in mL/g/min), which is readily possible with 
PET17–19 and provides independent information about all myo-
cardial territories. In addition, integrated PET/CT offers an 
opportunity to assess the presence and magnitude of subclini-
cal atherosclerotic disease burden and to measure absolute 
myocardial blood flow as a marker of endothelial health and 
atherosclerotic disease activity. Last but not the least, ana-
tomical information from CT is able to identify the patients 
with severe balanced multi-vessel disease despite globally 
reduced but relatively homogenous myocardial perfusion.

Although assessment of myocardial viability using stand-
alone systems is well established, the hybrid imaging provides 
clear benefits. The detected dysfunctional but viable or scar 
regions can be directly linked with the individual’s coronary 
anatomy and linked with coronary stenoses. The limitation of 
hybrid approach in this patient group is that a substantial frac-
tion of the patients have other diseases that prevent to use iodi-
nated contrast agents.

Future Perspectives

Although the role of hybrid imaging in daily clinical routine 
remains to be determined, it appears that this approach may 
have the potential to become the central decision-making 
element in the future diagnostic and therapeutic strategy for 
patients with coronary artery disease. Studies assessing the 
prognostic value and cost-effectiveness of hybrid imaging 
are warranted.

Currently, the position of nuclear imaging in cardiovascu-
lar research and patient care is primarily based on its capac-
ity to image perfusion and glucose metabolism. However, 
the methods allow for imaging and quantification of molecu-
lar interactions and pathways with picomolar sensitivity. 
Thus, the number of cellular processes can be studied, e.g. 
receptor density, enzyme activity, inflammatory processes, 
and gene expression.

Ruptures of vulnerable coronary atherosclerotic lesions 
account for one-third of all deaths worldwide and constitute a 
major source of disability and health care costs. Non-invasive 
techniques such as multi-slice CT can characterize morpho-
logic criteria associated with high risk of atherosclerotic 
plaque rupture. In contrast, PET and SPECT utilize radiola-
belled molecules designed to specifically target individual 

inflammatory activities in atherosclerotic plaques. This 
approach is possible only with high-resolution morphological 
imaging of the coronary arteries using hybrid imaging.

Conclusion

The newest generation of the hybrid imaging devices have 
matured to the level that they can be successfully used for 
clinical cardiovascular imaging. In addition, software-based 
image fusion has become readily available, allowing robust 
and fast image merging. It is likely that in the near future the 
primary clinical use of hybrid imaging is not only in the 
detection of coronary artery disease using CT coronary 
angiography and nuclear perfusion imaging but also in other 
long-term molecular imaging applications that are entering 
clinical cardiology.
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Introduction

Cardiac CT is a fast developing technique. In 10 years, it 
developed from an investigative tool into a clinical reality. 
The technology drive has been the key to success for this 
technique, which is to date the only non-invasive clinical 
tool for coronary angiographic assessment. Technical back-
ground is quite complex and the newer solutions are aiming 
at reducing the scan time and the radiation dose while 
improving temporal resolution, contrast resolution, and ulti-
mately image quality. The key technical development was in 
the late 1990s – the introduction of ECG triggering/gating 
techniques. Spatial resolution has also been improved reach-
ing sub-millimeter performance. The latest innovations pro-
vide fast coverage with >64 slice detectors, high spatial 
resolution with 0.5 mm slice thickness, high temporal reso-
lution with <100 ms in hardware, and higher contrast resolu-
tion with the forthcoming dual-energy solutions.

Now, multi-detector computed tomography (MDCT) 
scanners are available; they enable the simultaneous acquisi-
tion of 64 slices per rotation. The additional improvement in 
spatial and temporal resolution of these new devices has 
already provided excellent results in the field of cardiac 
imaging. In the future, the optimization of protocols will 
enable MDCT coronary angiography to reach levels of diag-
nostic accuracy similar to those of invasive techniques.

Basic Cardiac Ct technique

The most important components of a CT system are the X-ray 
tube and the system of detectors (Fig. 5.1). The combination 
of a fast rotation time and multi-slice acquisitions is particu-
larly important for cardiac applications.1, 2 The latest genera-
tion of 64-MDCT scanners meets these requirements. They 

are able to acquire 64 sub-millimeter slices per rotation and 
routinely achieve excellent image quality and visualization of 
small-diameter vessels of the coronary circulation, combining 
isotropic spatial resolution (0.4 mm3) with gantry rotation 
speeds of 330 ms. They also redefine the MDCT methodology 
of analyzing coronary plaque and evaluating stent lumens.

Until a few years ago, CT systems had only a single row of 
detectors, which meant that for each rotation, they were able 
to acquire only one slice. These systems were followed by 
others known as multi-slice or multi-detector-row, featuring 
many detector rows positioned in a two-dimensional array. 
During a rotation, numerous contiguous slices are acquired. 
As a result, a broader region of the body can be acquired in the 
same time frame with an improvement in image quality. This 
also has the advantage of drastically reducing examination 
times, which is an important factor given that thoracic and 
abdominal examination require the patient to maintain breath-
hold to guarantee that image quality is not compromised by 
chest motion. The clinical impact of the new technology lies in 
the improvement in image quality in terms of both spatial and 
temporal resolution. The improvement in spatial resolution 
regards numerous features of non-invasive coronary imaging:

It increases the ability to visualize small-diameter vessels •	
(e.g. the distal coronary branches).3

It increases the ability to quantify calcium in that it •	
reduces blooming artefacts.
It enables the reduction of blooming artefacts in stents and •	
therefore enables the visualization of the stent lumen.
It improves the definition of the presence of coronary •	
plaques and better quantifies their characteristics (vol-
ume, attenuation, etc.).

The improvement in temporal resolution influences many 
other aspects of non-invasive coronary imaging:

It increases the ability to freeze images in the cardiac •	
cycle.
It enables additional reconstruction windows to be found •	
within the cardiac cycle.

a b

Fig. 5.1 Geometry of a CT 
scanner. A CT scanner is 
designed with an X-ray tube 
and a detector that rotate 
around the table (a). During the 
rotation the table moves in 
order to generate the volume 
dataset (b)
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It increases the performance of the system when left ven-•	
tricular function needs to be evaluated.
It reduces scan time.•	

The technical characteristics of each scanner vary according 
to the model, and technological development is ongoing and 
rapid. The precise temporal resolution of the images obtained 
by MDCT scanners depends on many factors: gantry rotation 
speed, size and position of the field of view (FOV) in the scan 
volume, and the image reconstruction and post-processing 
algorithms. In reality, the data acquired at half a rotation of 
the gantry are sufficient to reconstruct a single tomographic 
image with retrospective or prospective ECG control (Fig. 
5.2). The temporal resolution of the latest MDCT scanners, 
therefore, is approximately 165 ms.4–6

This is sufficient to obtain images of the heart during the 
diastolic phase (when cardiac motion is at a minimum), free 
of obvious motion artefacts if the heart rate (HR) is <70 beats 
per minute (bpm).

Definition of Ct Parameters

The following is a brief list of the main parameters used to 
create cardiac CT images.

Spatial resolution represents the capability to separate •	
two neighbouring points.
Coverage resolution represents the minimum time •	
required to complete a single volumetric acquisition.
Temporal resolution represents the minimum time •	
required to generate one single axial image.
Contrast resolution represents the capability to separate •	
two neighbouring attenuation values (Hounsfield Units) 
with a given background noise.
Collimation (i.e. X-ray beam collimation) refers to the •	
beam width along the longitudinal axis at the scanner iso-
centre.
Pitch (Fig. •	 5.3) reflects the width of the helix that is cre-
ated by the rotating gantry and table feed. Scan pitch is 
conventionally defined as the beam/volume pitch (table 
feed/slice collimation) and it is not affected by the num-
ber of detectors that characterizes the scanner.
Table feed represents the speed of patient’s translation •	
along the z-axis. A fast table feed determines a faster scan 
speed.
The X-ray tube current (mAs) corresponds to the number •	
of photons that are produced and that actually run through 
the patient. A higher mAs improves the contrast-to-noise 
ratio (e.g. image quality).
The X-ray tube voltage (kV) represents the energy of the •	
photons (usually 120–140 kV for cardiac CT). Recently, 
it has been suggested that MDCT could be performed 
with a lower patient dose using protocols with 80/100 kV 
and increasing the mAs.
Effective slice width refers to the thickness in the longitu-•	
dinal axis from which the image is generated.
Reconstruction increment is the distance between consecu-•	
tive reconstructed axial slices. It mainly affects the spatial 
resolution in the longitudinal axis. Reconstruction increment 
is usually set in order to obtain 50% overlapping slices.
FOV represents the size of the image that is going to be •	
reconstructed.
Image matrix represents the number of pixels that are •	
reconstructed in one image and is generally constant for 
CT (i.e. 512 ́  512 pixel). A small FOV increases in-plane 
spatial resolution.
Interpolation is an algorithm by which the software esti-•	
mates a missing value from known surrounding points. 
This operation is used for image reconstruction in spiral 
CT and in three-dimensional reconstruction.
Kernels are convolution filters that modify the value of a •	
voxel according to the values of the surrounding voxels. 

Fig. 5.2 Retrospective ECG gating vs. prospective ECG triggering. 
The two main techniques for cardiac CT ECG synchronization are dis-
played. In the upper panel, we can observe retrospective ECG gating. 
It is based on spiral continuous X-ray delivery at low pitch while 
recording the ECG track. Afterwards the operator is able to arbitrarily 
decide which phase of the cardiac cycle is worth reconstructing. In 
the lower panel, we can observe the prospective ECG triggering. It is 
based on sequential scanning (also called “step and shoot” mode). 
Radiation is delivered only within the phase of the cardiac cycle that 
has been decided prior to the initiation of the scan. It requires very 
low heart rate (HR) and/or very high temporal resolution to guaran-
tee adequate image quality
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Fig. 5.3 Pitch. Several 
examples of increasing pitch. 
From the left to the right, we 
can see the unraveling of the 
helical geometry of volumet-
ric CT acquisition. c slice 
thickness; d distance between 
two points at 360° rotation

Convolution kernels may smoothen or sharpen CT 
images. Sharp kernels and filters are used to enhance the 
edges of high-contrast structures (e.g. calcifications and 
stents).

Patient selection

Inclusion Criteria

Normally, inclusion criteria for the scan are HR <65 bpm 
(spontaneous or induced by drugs) and the ability to maintain 
breath-hold for a period compatible with the scan time.2, 3, 7 In 
the patients with high HR, beta-blocking agents are generally 
administered to optimize HR. These criteria are aimed at 
avoiding motion artefacts. Even though MDCT coronary 
angiography can be diagnostic with a higher HR, motion 
artefacts progressively reduce the number of segments that 
can be visualized correctly.8 The second criterion aims at 
avoiding artefacts associated with respiratory motion.

exclusion Criteria

Patients with a HR ³ ³70 bpm, known allergies to iodinated 
contrast agent, renal insufficiency (serum creatinine >120 
mmol/L), pregnancy, respiratory failure, unstable clinical 
conditions, and severe heart failure are excluded from the 
MDCT coronary angiography study. In case of mild renal 
failure, the administration of contrast agent may be better 

tolerated if the patient is adequately hydrated prior to con-
trast agent injection.9

scan Parameters

The ideal protocol enables high spatial resolution (thin col-
limation), high temporal resolution (fast gantry rotation), 
and low radiation dose (prospective modulation of the tube 
current synchronized to the ECG10 compatible with a good 
signal-to-noise ratio. The main scan parameters for 64-slice 
MDCT of the heart are presented in Table 5.1.

Regardless of the number of slices used, spatial and tempo-
ral resolutions need to be as high as possible, all the while 
remaining compatible with the other scan parameters. The final 
objective is to obtain a scan during an easily performed breath-
hold. The duration of the scan is essentially linked to the num-
ber of slices and the pitch: generally <0.5 and more often <0.3 
in retrospective gating. This allows for the oversampling  
of data that characterizes CT of the heart. Multi-segment 
reconstructions should be avoided, because there is no evi-
dence to suggest that they are able to compensate for the lack 
of temporal resolution at higher HRs.

Retrospective Gating

The acquisition of image data during the MDCT coronary 
angiography scan is continuous during the cardiac cycle, 
such that the data corresponding to the phase when cardiac 
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motion is at a minimum need to be retrospectively extracted 
to minimize blurring and motion artefacts (Figs. 5.4 and 
5.5).5, 6 This process is called cardiac gating (Fig. 5.2). Once 
the data have been acquired, they can be reconstructed with 
retrospective gating in any phase of the cardiac cycle by 
shifting the initial point of the image reconstruction window 
relative to the R-wave. Therefore, the combination of z-inter-
polation and cardiac gating enable generating a stack of 
parallel tomographic images that represent the heart in the 

table 5.1. Scan and reconstruction parameters with 64-slice CT

Scan Sensation 64

Detectors 64 (32 ´ 2)

Collimation 0.5–0.625 mm

Kilovolt 100–120

Milliampere/sec (range) 700–900

Rotation time 330 ms

Tube current modulation Systolic

Effective temporal resolution 165 ms

Maximum temporal resolution 83 msa

Effective spatial resolution 0.3 ´ 0.3 ´ 0.4 mm

Feed/rotation 3.84 mm (or adaptive)

Feed/second 11.63 mm

Pitch 0.2

Scan time 12 s

Reconstruction

Effective slice width 0.5–0.75 mm

Reconstruction increment 0.3–0.4 mm

Temporal windows (“hot spots”) End-diastole/end-systole

Field of view (FOV) 140–180 mm

Filtro di convoluzione/kernel Medium

Contrast Material

Synchronization Test bolus/bolus tracking

Region of interest (ROI) Ascending aorta

Threshold in the ROI +100–120 HU

Predelay 10 s

Transition time (breath-hold  
instructions)

4–6 s

CM volume 80–100 mL

CM rate 4–6 mL/s

Administration time 15–20 s

Iodine concentration 320–400 mgI/mL

Bolus chaser 40 mL @ 4–6 mL/s

Venous access Antecubital

Total administration time 23–28 s

The table shows a simplified version of cardiac MDCT scan protocol. 
Parameters are adapted from the commonly used 64-slice MDCT 
scanners
aMulti-segment algorithm

a

b

Fig. 5.4 Baseline ECG in multi-detector computed tomography 
(MDCT) coronary angiography. The cardiac cycle is composed of a 
systole and a diastole. Systole involves contraction of the atria, fol-
lowed by contraction of the ventricles. The synchronized contraction 
is guided by a conducting system that arises from the sinoatrial node 
in the right atrium. The impulse then propagates to the atrio-ventric-
ular node via the walls of the atria. From the atrio-ventricular node, 
the impulse is transmitted via the conducting system across the sep-
tum and the ventricular walls. This phenomenon is depicted by the 
ECG trace, which shows the typical sequence of waves (a) P-wave 
(atrial contraction), QRS complex (ventricular contraction), T-wave 
(ventricular repolarization). Normally, the P-R interval is <120 ms, the 
QRS complex is <80 ms, and the Q-T interval is ~320 ms. Therefore, 
the duration of a complete systolic contraction with repolarization 
wave is ~550 ms. The diastolic period is ~450 ms. This means that for 
a HR of 60 bpm, systole and diastole account for 55 and 45% of the 
cardiac cycle, respectively (b). The ~200 ms windows for the ECG ret-
rospectively gated reconstruction obtained with MDCT coronary 
angiography is generally placed in the diastolic phase (a).The most 
generally favourable position extends from mid- to end-diastole just 
prior to the P-wave
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same phase of the cardiac cycle.5,  6 A real optimization of 
retrospective gating is yet to be achieved.

To obtain images in the diastolic phase, some operators 
reconstruct the images in relation to the phase (i.e. a per-
centage) of the cardiac cycle (typically between 50% and 
60% of the R-R interval), whereas others use the time win-
dow of the absolute interval prior to the peak of the next 
R-wave (typically 300–400 ms; Fig. 5.6).11, 12 Multiple 
reconstructions are usually performed in different time win-
dows, and the physician/operator successively selects the 
dataset where motion artefacts are minimal, paying particu-
lar attention to the visualization of the right coronary artery 
(RCA).13 In MDCT, different coronary angiography time 
windows can be optimized and used in the same patient for 
the visualization of the left and right coronary arteries.4, 12, 13 
Improving the temporal resolution of the MDCT coronary 
angiography scan by increasing the gantry rotation speed is 
subject to obvious limitations. To overcome these difficul-
ties, new data post-processing strategies have been proposed 
to further increase the temporal resolution. With the 

simultaneous acquisition of multiple slices using an MDCT 
coronary angiography scanner and the relative overlapping 
of the volume acquired, multi-segment reconstructions can 
be created.

In a multi-segment reconstruction, data acquired in the 
same cardiac phase but from different cardiac cycles are com-
bined in a single image. In this case, the temporal resolution 
will depend on the number and size of the segments used for 
the creation of a single image, but it will be higher than that 
derived from a single segment.5 This technique is sensitive to 
variations in beat-per-beat HR, and the current implementation 
of these algorithms does not always improve image quality.14

Prospective triggering

The first geometry for ECG synchronization applied to tomo-
graphic equipments was prospective ECG triggering. In par-
ticular, this technique was applied to an older technology 

Fig. 5.5 Positioning the reconstruction time window. Several princi-
ples need to be borne in mind regarding the positioning of the time 
window when performing image reconstruction in MDCT coronary 
angiography. The operator should concentrate on three main areas 
of the ECG trace. The first (a) is the end-diastolic phase. In this phase, 
the ventricle has completed filling, just prior to atrial systole and 
motion is at a minimum. The second phase (b) is the early-mid dia-
stolic phase. In this phase, the heart is filling and there is generally 
residual motion, which does not allow adequate coronary artery 
imaging. The third phase (c) is end-systole. In this phase, the heart is 
in isovolumetric contraction and motion is at a minimum. The images 
obtained in this phase can be just as valid as those obtained at end-
diastole and in a number of cases, even better

Fig. 5.6 End-diastolic positioning of temporal windows. In a, the 
temporal windows are positioned in the end-diastolic phase consec-
utively prior to the next R-wave at 50 ms distance each. In b, the tem-
poral windows are positioned in the end-diastolic phase at 5% R-R 
interval distance
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(i.e. Electron Beam Computed Tomography) that could rely 
on a very high temporal resolution in the range of 50–100 
ms. This technique suffered from low spatial resolution and 
the field of applications was mainly calcium score. In the last 
2 years, CT technology has produced newer scanners with 
newer software and/or very high temporal resolution (i.e. 
dual-source CT with 83 ms temporal resolution). New soft-
ware applications allow scanning prospectively using a 
“pad” (a temporal window that can be modified according to 
operator’s experience and patient’s HR). By combining these 
newer technologies with aggressive HR control it is possible 
to obtain diagnostic image quality with prospective ECG 
triggering (Fig. 5.2)

Radiation Dose

Radiation dose was one, if not the main, issue of cardiac CT 
since the first reports. The increase in spatial resolution and 
the intrinsic retrospective nature of scan geometry brought 
an inevitable increase in dose. With 64-slice CT and no spe-
cial means for reduction, the range of dose was between 10 
and 25 mSv. The first means to reduce radiation dose was 
applied to retrospective ECG gating and relied on ECG-
controlled prospective tube current modulation (Fig. 5.7). 
Using this technique, it is possible to reduce radiation dose 
up to 50% depending on the patient’s HR (the lower the HR, 
the lower the dose).

The recent implementation of prospective ECG triggering 
has lead to a dramatic reduction in radiation dose without 
significant deterioration of image quality (range: 1–4 mSv). 
This was achieved by exposing the patient to radiation only 
during the desired phase and performing acquisition without 
oversampling (pitch = 1.0).

Image Reconstruction

According to the literature, the techniques capable of provid-
ing diagnostic images are based on a few reconstructions 
concentrated from the mid- to end-diastole (the time win-
dows are positioned at about 400 ms prior to the next R-wave 
or at 60–70% of the R-R interval). A variety of approaches 
can be used for the reconstructions. At least four different 
strategies can be listed (Fig. 5.8):

1. Relative delay strategy, whereby the delay time is a per-
centage of the R-R interval.15

2.	 Absolute	delay	strategy,	whereby	the	delay	time	is	con-
stant	after	the	previous	R-wave.15

3.	 Absolute	reverse	delay	strategy,	whereby	the	delay	time	is	
constant	prior	to	the	next	R-wave.15

4. End of the time window positioned at the peak of the 
P-wave.16

All four strategies can be used, but this will largely depend on 
the degree of experience of the operator, and to a lesser extent, 
on the capabilities of the software/hardware, the type of change 
in the HR, and the time available for the reconstructions.

Other reconstruction parameters are also relevant for 
obtaining an image of diagnostic quality. The effective slice 
thickness is usually slightly wider than the minimum possi-
ble collimation so as to improve the signal-to-noise ratio of 
the image. The reconstruction increment should be about 
50% of the effective slice thickness, so as to improve the 
spatial resolution and the overlap in the z-axis. The FOV 
should be as small as possible to include the entire heart, so 
as to fully exploit the image matrix, which is constant 
(512 ´ 512 pixels). The convolution kernel should be half 
way between noise and image quality. In general, medium 

Fig. 5.7 Prospective tube 
current modulation. While the 
reconstruction can be reliably 
performed in the end-diastolic 
phase (especially at low and 
regular HRs), tube current can 
be modulated and reduced to 
4–20% of the peak during the 
systolic phase
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convolution kernels are used for coronary artery imaging. 
When the coronary arteries are highly calcified or stents are 
present, sharper convolution kernels may be used; although 
they tend to increase image noise, they usually improve the 
visualization of the vessel wall or the structure of the stent 
and its lumen.

Image evaluation

The stack of axial images resulting from the reconstruction 
will be fused into a continuous volume of data (Fig. 5.9). 
There is still no standardized technique for the evaluation of 
MDCT coronary angiography images. In terms of repeatabil-
ity, the performance of MDCT coronary angiography is cur-
rently operator-dependent.17 The evaluation is generally 
performed with the American Heart Association classifica-
tion in 15 or 16 coronary segments.18 With this classification 
in mind, the operator carefully observes the clinically more 
important segments (Fig. 5.10). The studies conducted till 

date have demonstrated the ability of MDCT coronary 
angiography to identify significant stenoses that are defined 
as a reduction in lumen diameter ³ ³50%.2, 3, 7 The evaluation 
is always done in a semi-quantitative fashion. The first step 
is to observe the axial images by scrolling the dataset to eval-
uate whether there are any pertinent findings that do not 
regard the coronary arteries. At the same time, the location 
of the cardiac structures can be checked (e.g. the great tho-
racic vessels, the cardiac valves, the atria, the ventricles, 
etc.), including the coronary arteries, to identify the presence 
of significant morphologic anomalies.

The next step involves the evaluation of the multi-planar 
reconstructions (MPR). For each vessel, there is a dedicated 
plane that facilitates its correct and complete visualization. 
The main planes for the evaluation of the coronary arteries 
are: (1) the plane parallel to the atrio-ventricular groove, 
which enables the longitudinal visualization of the RCA and 
the left circumflex artery and (2) the plane parallel to the 

Fig. 5.8 Retrospective cardiac gating techniques. The figure depicts 
different strategies for cardiac gating in MDCT coronary angiogra-
phy. (a) Probably, the most widely used strategy: percentage relative 
delay. The software calculates the distance from one R-wave to the 
next, and positions the time window at a defined point based on the 
percentage of the entire R-R interval. (b) Absolute delay. With this 
strategy, the time window is placed according to a fixed delay time 
after the previous R-wave. (c) Absolute reverse delay. With this strat-
egy, the time window is placed with a fixed time delay prior to the 
next R-wave. (d) With this strategy, the final portion of the time win-
dow is positioned at the peak of the P-wave. The aim of this approach 
is to “strike” the final moment of cardiac akinesia prior to systolic 
contraction

Fig. 5.9 Volume dataset. The stack of axial images derived from the 
reconstruction platform is interpolated (or “fused”) into a continuous 
volume
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Fig. 5.10 Classification of coronary artery segments. The figure shows 
a diagram of the coronary tree divided into 15 segments according to 
the modified American heart association classification.18 The classifi-
cation includes most of the segments with diameter > 1.5 mm. LCA 
left coronary artery; LCX left circumflex coronary artery; LAD left ante-
rior descending coronary artery; LM left main coronary artery; OM 
obtuse marginal branch; RCA right coronary artery; D1 first diagonal 
branch; D2 second diagonal branch; PL postero-lateral branch; PD 
posterior descending branch
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interventricular groove, which enables the visualization of 
the left anterior descending coronary artery (LAD). Once the 
best evaluation plane has been obtained, in the event the ves-
sel has a tortuous course, the reconstruction algorithm for 
maximum intensity projections (MIP) can be used. If vascu-
lar calcifications are absent or present in only minimal quan-
tities, an MIP with a thickness between 5 and 8 mm is usually 
excellent, whereas if the calcifications are present in great 
quantity, the slice thickness needs to be reduced. Manual or 
automatic tracing of the centreline of the vascular lumen to 
produce curved MPR reconstruction may be useful when the 
vessel is only partially visualized, but can also be employed 
when it can be completely visualized in a plane. When dedi-
cated software is used, the resulting image may be rotated 
360° on its own axis. At the same time, a cross-sectional 
plane of the vessel is visualized. This modality of visualiza-
tion is particularly useful for the evaluation of stenoses with 
a semi-quantitative system. Volume rendering images are 
usually reconstructed to obtain a global view and for teach-
ing purposes.

Limitations of MDCt Coronary Angiography

Patients with a HR > 70 bpm should not undergo MDCT 
coronary angiography. Only patients with slightly irregular 
cardiac rhythms can be included (e.g. early beat, atrial fibril-
lation, left bundle-branch block, prolonged QRS complex, 
HR < 40 bpm, etc.). In this case, the scan should not be per-
formed with ECG-controlled tube current modulation.10 In 
the presence of an abnormal HR, the location of the period 
with lowest dose will be variable and can be included within 
diastole. In addition, the presence of rhythm irregularities, 
with the exclusion of low HR (<40 bpm), does not allow the 
application of multi-segment reconstruction algorithms.19, 20 
This is owing to the variability in diastolic filling, which 
hampers the combination of data originating from contigu-
ous cardiac cycles.

Future Developments and outlook

The newer technical developments are all aiming to further 
reduce the radiation dose, improve image quality, and extend 
the spectrum of applications. The reduction of radiation 
exposure is already a reality, as the latest solutions allow an 
average dose of 1–2 mSv. We expect a further dose reduction 
by the implementation of dual-energy, with respect to sub-
mSv cardiac CT. Image quality will increase owing to the 

improvement of detector technology (more sensitivity and 
speed). The final objective would be flat panel technology 
with 0.2 mm3 resolution. The spectrum of applications will 
be enhanced again with the implementation of dual-energy. 
The possibility to obtain multi-parametric imaging of the 
heart with CT will enhance plaque characterization, delayed 
enhancement, and perfusion capabilities without significant 
impact on the radiation dose.

Conclusions

The recent development and technological research in car-
diologic imaging with MDCT is integrating and profoundly 
changing the diagnostic protocol of the patient with sus-
pected coronary artery disease for whom percutaneous cor-
onary angiography has for long been the imaging modality 
of absolute diagnostic value. It should nonetheless be borne 
in mind that although MDCT coronary angiography is a 
promising technique, it is the sole domain of highly skilled 
operators. The clinical outcome of the technique is in fact 
closely associated with the optimization of each step of the 
procedure.
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Introduction

Cardiac magnetic resonance imaging (CMR) is one of the 
newer non-invasive cardiac diagnostic imaging modalities. 
Recent advances have enabled CMR to come close to the 
goal of a complete examination of the cardiovascular system 
by a single modality. It can provide relevant information on 
most aspects of the heart–structure, global and regional ven-
tricular function, valve function, flow patterns, myocardial 
perfusion, coronary anatomy, and myocardial viability, all 
obtained non-invasively in a single study in 30–60 min.

The aim of this chapter is to describe the physics and 
practical aspects of CMR and then explore the available 
pulse sequences, so that the clinical utility of CMR can be 
maximized.

Introduction to MRI Physics

Magnetic resonance imaging (MRI), formerly called nuclear 
magnetic resonance (NMR), relies on the physical properties 
of hydrogen nuclei (protons). These protons, abundantly 
present in the human body, have an intrinsic “spin.” When a 
patient is brought into a high-strength magnetic field, the 
“spins” of the human body align with the direction of the 
magnetic field.1 Application of a radiofrequency (RF) pulse 
can excite the spins and perturb their alignment, with the vec-
tor components in line with the magnetic field (longitudinal 
magnetization) and perpendicular to the field (transverse mag-
netization). These spins gradually return to their resting state 
(relax) and in the process create RF signals that are used to 
create an image. The magnitude of signal arising from the tis-
sue is mainly influenced by two relaxation times (T1 and T2), 
proton density, and movement of the protons (blood flow).2

T1 is the time constant describing the return of longitudi-
nal magnetization to baseline, and T2 is the time constant 
describing the return of transverse magnetization to baseline. 
Note that T1 and T2 of a proton are independent and vary 
according to the local environment of the proton (i.e. the tis-
sue). This phenomenon enables the excellent soft-tissue dis-
crimination seen in MRI images. Fat and water are at the 
extremes of T1 and T2 relaxation times. Fat has short T1 and 
T2, whereas water has long T1 and T2 times. T1-weighted 
images exploit the differences in T1 relaxation behaviour 
among tissues. For instance, fat has a hyper-intense (“bright”) 
appearance and fluid has a hypo-intense (“dark”) appear-
ance, while myocardial tissue is iso-intense (“gray”). In 
comparison, on T2-weighted images, fluid has a bright 
appearance, while fat has a less bright appearance.

Image formation also requires understanding of the origin 
of a particular signal in the patient. This is achieved by the 
application of magnetic field gradients in a process called 
spatial encoding, a detailed discussion of this can be found in 
any basic MR textbook. For any image “slice,” the raw data 
acquired are called K-space3 and consist of multiple lines of 
data (typically between 128 and 256). To generate an image, 
the K-space data undergo a complex mathematical process 
called Fourier transformation. The key concept of this trans-
formation is that the centre of K-space contains image-con-
trast information, while image resolution is governed by the 
periphery of K-space.4

Contraindications to MRI

The main contraindications to MRI relate to the presence of 
metal within the patient. Non-magnetic material has a risk of 
heating and electric current induction, while ferromagnetic 
material may move in the magnetic field. Patients with per-
manent pacemakers, defibrillators, and other implanted 
devices (neurostimulator, insulin pump, cochlear implant, 
etc.) should not undergo MRI. Sternal wires, most prosthetic 
cardiac valves, coronary stents, orthopaedic implants, and 
surgical clips are NOT contraindications – though all should 
be verified as MRI compatible before the patient enters the 
scanner.

MRI Contrast Agents

Contrast agents are often used in assessing ischaemic heart 
disease patients with CMR.

The most commonly used contrast agents contain chelates 
of the lanthide metal element gadolinium with multi-dentate 
ligands (e.g. Gd-DTPA or Gd-DOTA). These are non- 
specific contrast agents that distribute throughout the extra-
cellular space and are renally excreted in an unchanged form. 
They shorten the T1 relaxation times of tissues, and therefore 
result in an increase in signal intensity on T1-weighted 
images (lesser effect on T2). The typical dose is 0.1–0.2 
mmol/kg (~15–30 mL). Side effects are very rare, and these 
contrast agents have proven to be much safer than the iodi-
nated contrast agents used for conventional X-ray. However, 
precautions are still necessary. Gadolinium-containing con-
trast agents do not cause renal dysfunction, but should be 
avoided in patients with GFR < 60 mL/min/1.73m2 because 
of the recently observed association with nephrogenic sys-
temic fibrosis.5 Gadolinium should be avoided in patients 
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with haemolytic and sickle cell anaemia, and use during preg-
nancy is discouraged. It is important to note that assessment 
of cardiac structure, global and regional myocardial function, 
valve function, coronary angiography, and flow quantifica-
tion can be performed without administration of contrast.

Pulse sequences

A pulse sequence is a carefully timed series of RF pulses and 
magnetic field gradients, and provides the raw information 
filling K-space - the “echo.” The two broad families of pulse 
sequences are spin-echo and gradient-echo.

In spin-echo sequences, a 90° RF pulse is applied to the 
selected slice, so that the resting longitudinal magnetization 
(Z) is entirely flipped into the transverse (XY) plane. The 
transverse magnetization begins to dephase when a 180° RF 
pulse is applied. This causes the transverse magnetization to 
partially rephase and produce a spin “echo,” filling one line 
of K-space. This rephasing 180° pulse can be repeated mul-
tiple times to acquire multiple lines of K-space, and this is 
known as fast or turbo-spin echo. Excellent quality images 
can be obtained with T1, T2, or proton-density weighting. 
The main drawback of these sequences is the long time 
required to fill K-space.

In contrast, gradient-echo pulse sequences utilize a 
smaller initial RF pulse (usually between 10 and 90°) and 
then apply magnetic field gradients to rephase the magnetic 
moments to produce a signal known as a “gradient” echo. 
These sequences can produce images with T1, T2, or proton 
density weighting. The main advantage of gradient echo 
sequences is that gradient-echoes can be generated very 
quickly, so that scan times are reduced. The main disadvan-
tage is an increased susceptibility to artefacts.

Imaging speed is a key concern in cardiac MRI, and par-
allel imaging is often used to reduce scan times or improve 
temporal resolution.6, 7 The vendors have slightly different 
parallel imaging techniques - SENSE (Philips), ASSET 
(General Electric), GRAPPA (Siemens). They all rely upon 
multiple-element coils that allow under-sampling of K-space 
and allow for a 2–3-fold reduction in scan times. The main 
disadvantage of parallel imaging is a reduced signal-to-noise 
ratio (SNR).

Cardiac Motion

As with other imaging modalities, CMR data acquisition is 
synchronized to cardiac motion using the electrical activity 
of the heart. The magnetic field exerts a significant magneto 

hydrodynamic effect on the surface ECG, resulting in a volt-
age artefact in the ST segment of the ECG. Reliable R-wave 
detection is possible using a vector cardiogram8 (VCG), but 
reliable ST/T-wave monitoring is not possible. The VCG can 
be used for either prospective triggering or retrospective 
gating.

Prospective triggering is typically used for single-phase 
acquisitions, i.e. a static image of the heart at a single point 
in the cardiac cycle. Information is acquired at a specific 
interval after the R-wave, usually chosen to coincide with 
diastases (when the heart is relatively still). Typically, the 
data for a single slice are obtained in a ~10 s breath-hold.

Multi-phase acquisitions are used to acquire dynamic 
information such as cine MRI. Typically, data is acquired 
throughout the cardiac cycle and is reconstructed with retro-
spective reference to the VCG. Usually, the cardiac cycle is 
divided into 20–30 phases. One image is reconstructed for 
each phase, and the resulting images are displayed as a cine 
loop. A single slice cine loop is acquired during a ~10 s 
breath-hold.

Real-time cine MRI images can be acquired by increasing 
the parallel imaging factor and reducing the spatial resolu-
tion. With these sequences, it is possible to obtain diagnostic 
images in patients who cannot breath-hold and in those with 
very irregular cardiac rhythms (when normal cine images are 
often sub-optimal).

Respiratory Motion

Most CMR images are obtained during breath-holds, typi-
cally of 10–15-s duration. In general, an end-inspiratory 
breath-hold is more comfortable and can be held longer. 
However, a breath-hold at the end of gentle expiration tends 
to be more consistent (minimizing slice misregistration) and 
is less likely to provoke ectopy. We generally commence 
with inspiratory breath-holds, but have a low threshold for 
changing to expiration. Administration of oxygen is helpful 
for patients experiencing shortness of breath.

The use of a navigator-echo during free breathing is an 
alternative method of image acquisition and is typically used 
for high-resolution imaging such as coronary angiography. 
The navigator-echo is typically positioned on the right hemi-
diaphragm to monitor respiratory motion. The patient is 
instructed to breathe regularly and consistently, and image 
information is only acquired when the diaphragm is in a pre-
determined position (e.g. end expiration). Depending on the 
scan prescribed and the navigator efficiency, these scans take 
5–15 min to acquire.

We will now discuss the specific sequences used for the 
assessment of cardiac function, cardiac morphology, perfu-
sion, viability, and MR angiography.
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a b

c d

Fig. 6.1 Assessment of cardiac 
function. A b-SSFP cine 
sequence is used for functional 
assessment (only end diastolic 
frames are shown here). From 
the localizer scout images, the 
VLA plane is prescribed (a). A 
plane perpendicular to the VLA 
produces the HLA (b). The LV 
short-axis plane can now be 
prescribed, perpendicular to 
both the VLA and HLA (c). The 
LV is encompassed by a stack of 
slices in the short-axis plane (d) 
to enable quantification of 
ventricular volumes and 
assessment of global and 
regional systolic function. LV 
Left ventricle; LA Left atrium; RV 
Right ventricle; RA Right atrium; 
VLA Vertical long axis; HLA 
Horizontal long axis

Cardiac Function

The balanced steady state free procession (b-SSFP) sequence 
is the mainstay of functional assessment.9 There are several 
monikers; balanced FFE (Philips), FIESTA (General Electric), 
TrueFISP (Siemens). The resultant images are not T1- or 
T2-weighted; rather the signal intensity depends on the ratio 
of T2/T1 in addition to flow. Therefore, blood, water, and fat 
all appear bright.

First, a set of single-phase localizer scout views are obtained 
in the axial, coronal, and sagittal planes. Next, a cine sequence 
is obtained in the vertical long axis (VLA) - a plane prescribed 
on the axial images through the apex of the LV and the middle 
of the mitral valve (Fig. 6.1a). On this image, a second cine 
sequence is prescribed in the horizontal long axis (HLA) - 
transecting the LV apex and the middle of the mitral valve 
(Fig. 6.1b). Now, the LV short axis can be prescribed, perpen-
dicular to both the VLA and HLA. The ventricles are encom-
passed in a stack of 10–12 contiguous slices in short-axis 

direction (Fig. 6.1c-d). The end-diastolic and end-systolic 
frames are selected, and then the endocardial and epicardial 
contours are delineated. This allows calculation of global 
functional parameters, end-diastolic volume (EDV), end-sys-
tolic volume (ESV), stroke volume (SV), ejection fraction 
(EF), and myocardial mass. This is the reference standard for 
in vivo assessment of myocardial volume, global function, 
and mass.10–13 Regional function is assessed qualitatively and 
quantitatively. In addition to short-axis slices, the standard 
echocardiographic views can be prescribed; 2-chamber, 
4-chamber, and apical long axis views. Qualitative evaluation 
of LV contractility is reported using the 17-segment model 
proposed by the American Society of Echocardiography.

It is also possible to perform volumetric quantification of 
the right ventricle (RV) on the stack of short-axis slices. 
However, it can be challenging to recognize the plane of the 
tricuspid valve. Therefore, we prefer to perform quantifica-
tion of RV function on a stack of contiguous axial images 
that encompasses the heart.

Valvular function can also be assessed with cine imaging. 
The valve leaflets are easily seen (Fig. 6.2) and mechanisms 
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of dysfunction identified. Although the b-SSFP sequence is 
designed to be relatively flow “insensitive,” turbulent flow 
through stenotic or regurgitant valves is visible. The regurgi-
tant fraction of an isolated valve lesion can be calculated 
from the difference between LV and RV stroke volume. 
Further assessment of valve dysfunction will be discussed in 
the section on velocity-encoded CMR.

Myocardial tagging is another CMR technique useful in 
functional analysis.14 A grid or tag of lines on the myocar-
dium is transiently created, and these lines track the underly-
ing myocardial deformation. These images can be analyzed 
qualitatively and quantitatively, e.g. strain analysis, but the 
elaborate post-processing required for quantitative analysis 
has largely limited it to the research setting.

Cardiac Morphology

In addition to cine MRI, additional information on cardiac 
morphology can be obtained using spin-echo sequences. 
These are typically used to produce images at a single phase 
of the cardiac cycle–usually mid-diastole. Optimal depiction 
of cardiac anatomy is achieved by making the flowing blood 
appear black by using two 180° inversion pre-pulses (double 
inversion recovery).15 A third inversion pre-pulse can also be 
applied to suppress the signal arising from fat. The images 
can be T1- or T2-weighted. T1-weighted images typically 
provide excellent delineation of cardiac anatomy (Fig. 6.3a). 

a bFig. 6.2 Assessment of valve 
morphology. Valve morphology 
and function can be qualita-
tively assessed with b-SSFP cine 
imaging. Short-axis images of 
the aortic valve at end diastole 
(a) and mid-systole (b) 
demonstrate a tri-leaflet aortic 
valve with thin leaflets that 
open normally (arrow)

a b

Fig. 6.3 Assessment of cardiac morphology with fast spin-echo. 
Cardiac morphology can be assessed with fast spin-echo sequences 
and “black-blood” pre-pulses. A single-phase image in mid-diastole is 
usually acquired, to minimize motion artefact. These images can be 
T1- or T2-weighted, with or without fat suppression. (a) T1-weighted 
short-axis image (without fat suppression) of a normal heart. (b) 

T2-weighted short-axis image (with fat suppression) of a patient with 
a large inferior myocardial infarction. Note the marked increase in 
signal intensity (white) in the inferior, inferolateral, and inferoseptal 
segments of the left ventricle (arrows) as well as the extensive involve-
ment of the inferior wall of the right ventricle (arrowheads)
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In contrast, T2-weighted images provide unique information 
about free water content and are highly useful to detect and 
quantify myocardial oedema, e.g. in patients with acute myo-
cardial infarction16 (Fig. 6.3b).

Another unique property of MRI is the ability to estimate 
tissue iron content.17 This is possible because iron within tis-
sue becomes “magnetized,” and causes a reduction in the T2 
and T2* relaxation times (T2* is the time constant reflecting 
T2 relaxation and dephasing owing to local magnetic field 
inhomogeneities). The technique has been validated for the 
assessment of iron content in the liver and myocardium. To 
measure myocardial T2*, a single-phase LV short-axis slice 
is acquired using 2–8 echo times, and a trend line is fitted to 
the plot of signal intensity vs. echo time.

Contrast-enhanced CMR

Contrast-enhanced CMR - also called delayed contrast-
enhanced, late gadolinium enhancement, or contrast-enhanced 
IR (CE-IR), is a key strength of CMR and is considered the 
reference standard for in vivo assessment of myocardial 
infarction in both the acute and chronic phase. It has been 
extensively evaluated in animal and human studies18–20 and 
can accurately measure infarction within 1 g. The technique 
is called “late” or “delayed” because images are typically 
obtained 10–20 min after injection of contrast. This is the 
optimal time to discriminate between normal and abnormal 
myocardium, with the maximum difference in gadolinium-
contrast concentration between normal and abnormal tissue. 
The usual dose of contrast is 0.15–0.2 mmol/kg.

The mechanism of accumulation of contrast within 
infarcted tissue is incompletely understood. Regarding acute 
infarction, it is thought that myocardial cell membrane rupture 

allows gadolinium to diffuse into the intracellular space (it 
must be noted that gadolinium is an extracellular contrast 
agent). The greater distribution area, concomitant myocardial 
oedema, and altered contrast kinetics result in hyper enhance-
ment relative to the normal myocardium.21 The mechanism 
of contrast accumulation within chronic infarcts is thought to 
be due to increased interstitial space between collagen fibres, 
combined with slower wash-in and wash-out contrast kinet-
ics of infarct tissue compared with normal myocardium.22

The technique consists of first applying an inversion RF 
pre-pulse.23 As the “spins” of a tissue “relax” towards their 
resting state, they pass through a point where they have 0 
longitudinal magnetization. If image information is acquired 
at this point, no signal will arise from these spins, which are 
“nulled” and appear dark on the resultant image. This delay 
between the inversion pre-pulse and image acquisition is 
called the inversion time (TI). Typically, we choose to null 
the signal of normal myocardium, while infarcted or scarred 
myocardium has a bright signal because of the gadolinium 
within it (Fig. 6.4a). The TI to null normal myocardium is 
variable and depends on patient weight, contrast dose, renal 
function, and time-point after injection of the contrast. It is 
usually between 200–250 ms for the first images and 250–
300 ms for later images. Choosing the correct TI is crucial to 
maximize the contrast between normal and abnormal myo-
cardium and to prevent image artefacts. Experienced users 
can usually satisfactorily estimate the TI, but in difficult cases 
(and for inexperienced users), pulse sequences are available 
to help choose the ideal TI (Look Locker, TI-scouting). A 
new type of pulse sequence, called the phase-sensitive inver-
sion-recovery (PS-IR), has been developed to overcome the 
difficulty of choosing TI.24 These sequences are not available 
from all vendors, but they enable the TI to be arbitrarily cho-
sen with no adverse effect on the resultant image.

2D and 3D acquisition schemes are available. 3D acquisi-
tions enable imaging of the entire heart in a single breath-hold 

a bFig. 6.4 Contrast-enhanced 
CMR. A short-axis slice of the left 
ventricle at mid-ventricular level 
showing trans-mural hyper-
enhancement of the mid-inf-
eroseptal segment owing to 
acute myocardial infarction (a). 
Note that there is also enhance-
ment of the inferior wall of the 
right ventricle owing to 
infarction. Contrast enhance-
ment is not specific for 
ischaemic injury. (b) shows 
extensive sub-epicardial 
enhancement of the lateral wall 
with patchy mid-wall enhance-
ment in the ventricular septum 
owing to myocarditis
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with a high SNR, but are prone to image blurring.25 In con-
trast, 2D sequences acquire one slice per breath-hold (more 
tiring for the patient) and have lower SNR. However, despite 
more image “noise,” the 2D images usually provide greater 
spatial resolution. We recommend commencing with a 3D 
sequence and to examine abnormal areas with a 2D sequence.

It is important to emphasize that enhancement on con-
trast-enhanced CMR images is not specific for ischaemic 
injury; it can also be seen in myocarditis (Fig. 6.4b), infiltra-
tive disorders (e.g. amyloid, sarcoid), and cardiomyopathies 
(e.g. hypertrophic, arrhythmogenic right ventricular dyspla-
sia).26 It is the pattern of enhancement that is used to distin-
guish the different etiologies.

Myocardial Perfusion

“First-pass” imaging after intravenous injection of a small 
dose of contrast is the standard CMR method of assessing 
myocardial perfusion (perfusion-CMR).27 It is performed at 
rest and during pharmacologic vasodilator stress (Adenosine 
or Dipyridamole). Usually, 3–5 short-axis slices of the LV 
are obtained to encompass all myocardial segments. An 
ultrafast acquisition scheme is required, because each slice is 
imaged once per heartbeat immediately after gadolinium 
contrast (usually injected at 2 mL/s followed by a saline 
flush). The optimal dose of gadolinium is 0.03–0.1 mmol/kg, 
depending on the sequence used and whether visual analysis 
(higher dose) or semi-quantitative analysis is planned.

Visual analysis is the most frequently used approach. A 
perfusion defect is identified as a region of non-enhancing 
myocardium during the first pass of contrast (Fig. 6.5). A 
defect is most pronounced in the sub-endocardium and has 
variable trans-mural spread. It is critical to differentiate true 
defects from frequently encountered dark rim artefacts.28 
Semi-quantitative assessment is usually performed by the 
analysis of signal intensity-time curves. The myocardial per-
fusion reserve index (MPRI) is calculated by comparing the 
myocardial perfusion upslope between rest and stress.29–31 
Absolute quantitative assessment of perfusion can also be 
performed, but is largely confined to the research setting.

Velocity-encoded CMR

Velocity-encoded CMR, also known as phase-contrast flow 
quantification, is an established fast and simple method of 
measuring blood flow.32 It is based upon the phenomenon 
that as “spins” flow along a magnetic field gradient, they 

acquire a “shift” in their transverse (XY) magnetization. This 
shift is proportional to the strength of the magnetic field gra-
dient as well as the flow velocity, which can thus be calcu-
lated. Comparisons with invasive measurements and phantom 
studies have demonstrated that the overall error in flow mea-
surement is <10%.33–35

To measure flow through a vessel, first an image slice is 
prescribed perpendicular to the flow direction. It is impor-
tant that this slice is within 15° of the true perpendicular 
plane; otherwise, flow will be significantly under-estimated 
(similar to the principle of Doppler line-up in echocardiogra-
phy). Second, an appropriate encoding velocity (VENC) is 
selected, which must be greater than the highest velocity in 
the flow, otherwise aliasing will make the data unreliable. 
The images are acquired during a 15–20 s breath-hold, and 
minor post-processing produces flow and velocity data 
(Fig. 6.6). Flow in any vessel can be assessed, though in 
clinical imaging, vessels smaller than the pulmonary veins 
are rarely quantified.

There are many applications of flow quantification, 
including calculation of RV and LV stroke volumes, shunt 
quantification (Qp:Qs), calculation of valvular regurgitant 
fraction,36 and assessment of diastolic function (mitral inflow, 
pulmonary vein flow, mitral annular velocities, tricuspid 
inflow, caval flow). In addition, velocity data enables assess-
ment of gradients, which is crucial for the assessment of 
stenotic valvular lesions.37

Fig. 6.5 Adenosine stress first-pass myocardial perfusion imaging. A 
short-axis slice of the left ventricle at mid-ventricular level is shown 
during the first pass of intravenous gadolinium during adenosine 
vasodilator stress. There is a large perfusion defect in the mid-anterior 
and antero-septal segments (arrows)
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MR Angiography

Gadolinium contrast-enhanced MR angiography is widely 
used for evaluation of the great vessels of the thorax. The 
standard technique is a 3D gradient echo acquisition during 
the first pass of contrast, resulting in a 3D volume of high 
spatial-resolution images.38 A “bolus-tracker” is used to 
ensure optimal timing of image acquisition relative to the 
arrival of contrast.39 Usually, 0.1–0.2 mmol/kg of gadolinium 
is injected at 2 mL/s followed by a saline flush. Post-processing 
techniques can be used to explore the 3D datasets - including 
maximum intensity projections (MIP), multi-planar refor-
matting (MPR), and volume rendering (Fig. 6.7a).

Coronary artery imaging with MRI is much more chal-
lenging and has been investigated extensively. The principle 
challenges are the small size of the coronaries (2–5 mm), 
their long tortuous course, motion (respiratory, cardiac, and 
individual artery), and flow. Many techniques have been 
used, but despite promising results in the literature,40 coro-
nary artery imaging is usually only performed to assess the 
anomalous coronary origins and to follow the aneurysms of 
Kawasaki disease (Fig. 6.7b).

An important factor is the fast-growing availability of 
multi-detector computer tomography (CT) scanners, which 
offer fast and reliable imaging of the coronary arteries. The 
newest scanners equipped with 320 detectors can image the 
heart within a single beat with a substantially reduced radia-
tion dose. This makes coronary CMR somewhat redundant, 

Fig. 6.6 Velocity-encoded CMR flow quantification. Velocity-encoded 
CMR flow quantification of aortic flow. A long-axis view of the aortic 
valve (arrowhead) (a) is used to prescribe an imaging plane perpen-

dicular to  aortic flow. On the resultant image, the vessel is delineated 
(b). Flow through the vessel is calculated (c). Ao Aorta

a b c

Fig. 6.7 Magnetic Resonance 
Angiography. 3D MRA was 
performed following injection of 
a gadolinium-containing 
contrast agent. Post-processing 
of the data with volume 
rendering (a) showing significant 
aortic coarctation (asterisk) with 
extensive collateral formation.  
(b) Magnetic resonance coronary 
angiography. A tangential view 
showing normal origin and 
proximal courses of the left and 
right coronary arteries. Ao Aorta

a b
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though it remains an appealing option when nephrotoxic 
contrast agents must be avoided (e.g. severe renal dysfunc-
tion). Technical developments in the near future may renew 
the interest for this exciting field of cardiac imaging (e.g. 
coronary wall or plaque imaging).

Conclusions

MRI is a powerful tool for the assessment of the cardiovas-
cular system; indeed, it is the reference standard for the 
assessment of many aspects of cardiac structure and func-
tion. A wide variety of pulse sequences are available, and the 
full potential of CMR is realized when data from all the rel-
evant sequences are integrated in a comprehensive manner.
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Introduction

Echocardiography is the method of choice for the diagnosis, 
assessment of morphology, and aetiology as well as quantifica-
tion of valvular stenoses. It permits the additional evaluation 
of the consequences on atrial and ventricular size and func-
tion, myocardium, and pulmonary circulation. haemodynamic 
assessment can be performed by Doppler echocardiography 
providing transvalvular gradients as derived from transvalvu-
lar velocities with the simplified Bernouilly equation. 
Depending on the site of disease, valve areas can be deter-
mined by the continuity equation, direct planimetry, or empiri-
cal formulas. Recently, MR and CT imaging have gained 
importance in the assessment of valve morphology, ventricu-
lar function, and aortic disease. In current practice, their role in 
quantifying the severity of valve disease, however, remains 
limited. Imaging techniques are also crucial for the identifica-
tion of patients suitable for percutaneous interventions and 
actual guidance of these procedures. It is important to be aware 
of the specific limitations and pitfalls of the various measure-
ments. Final judgment should be based on an integrated 
approach involving all available information. Finally, imaging 
techniques provide prognostic information in valvular steno-
sis and have a fundamental impact on the decision-making 
process in clinical practice.

Aortic stenosis (As)

echocardiographic Assessment of Morphology 
and severity with Its Pitfalls and Limitations

Assessment of Morphology

Site of Left Ventricular Outflow Obstruction

Aortic stenosis is most commonly valvular. Subvalvular AS 
can either be fixed in case of congenital malformation (dis-
crete membrane or muscular band), or dynamic in case of 
hypertrophic obstructive cardiomyopathy. Supra-valvular AS 
is a rare congenital condition. Echocardiography allows dis-
tinction of these entities by morphologic assessment, Doppler 
determination of the site of velocity increase, and analysis of 
its time course (early, mid, late systolic peak, Fig. 7.4). 
Typical examples are shown in Fig. 7.1 (Videos 7.1 and 7.2).

Assessment of Valvular AS Aetiology

Calcific AS is the most common form and is characterized by 
thickened and calcified cusps (bicuspid or tricuspid valve) 

with reduced mobility. 1Congenital AS most commonly pres-
ents with bicuspid, and less frequently with unicuspid, tricus-
pid, or quadricuspid valves. The two cusps of bicuspid valves 
are typically of different size, and the larger cusp often con-
tains a raphe (fusion line of two cusps). Typically, the cusps 
are oriented either in an anterior/posterior (fusion of right 
and left coronary cusp; 80%) or right/left manner (fusion of 
right and non-coronary cusp). Rheumatic aortic stenosis is 
characterized by commissural fusion, thickening of the cusp 
edges, and sometimes, cusp retraction. It is commonly asso-
ciated with aortic regurgitation and mitral valve involvement. 
Typical examples are shown in Fig. 7.2 (Videos 7.3–7.6).

In advanced disease stages, congenitally malformed and 
rheumatic valves develop calcification. Once the valve is 
extensively calcified, the exact determination of the underly-
ing morphology and aetiology becomes difficult.

Assessment of Aortic Valve Calcification

Aortic valve calcification is best assessed in a short-axis 
view, although the presence of extensive calcification may 
also be noted in the 5-chamber view. The degree of calcifica-
tion (Fig. 7.3) can be classified into mild (isolated, small 
spots), moderate (multiple bigger spots), and severe (exten-
sive thickening/calcification of all cusps), and it has prog-
nostic implications (see below).2

Assessment of the Aorta

Assessment of the ascending aorta is crucial as aneurysms 
are not uncommon. In particular, congenital AS is frequently 
associated with dilatation of the ascending aorta. however, 
its extent is not related to the haemodynamic severity of AS.

Additional Findings

The echocardiographic assessment should also include the 
determination of concomitant left ventricular (LV) hypertro-
phy and dysfunction, coexisting mitral valve disease, and 
pulmonary hypertension.

Quantification of Stenosis Severity

A normal aortic valve has an orifice area of 3–4 cm2 and a 
laminar normal transvalvular flow with a peak velocity of  
<2 m/s. While several other parameters have been proposed 
for the AS quantification, peak transvalvular velocity, mean 
Doppler gradient, and effective orifice area as derived from 
the continuity equation have been best validated and are 
 currently recommended for clinical assessment of AS.3–5
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Transvalvular Velocity and Gradients

Transvalvular velocity continuously increases with AS 
severity, as long as the cardiac output is maintained.

Transvalvular gradients (∆P) are calculated from continu-
ous-wave Doppler-derived transvalvular velocities (v) using 
the Bernoulli equation, which is based on the conservation of 
energy principle. In clinical practice, the simplified Bernoulli 
equation ∆P = 4v2 that ignores viscous losses and the effects 
of flow acceleration is used.6 It also ignores the flow velocity 
proximal to the stenosis, which is an acceptable assumption 
as long as the transvalvular velocity is significantly greater 
than the proximal flow velocity and, in particular, when £1 m/s. 
however, if proximal velocity is increased (narrow outflow 
tract or increased flow rate caused by high cardiac output or 
aortic regurgitation), the less simplified version ∆P = 
4(v2

2−v1
2) should be used, where v2 and v1 represent the trans-

valvular and proximal flow velocities, respectively.

The peak transaortic pressure gradient corresponds to 
the maximum instantaneous difference between the pres-
sure in the aorta and in the ventricle. With increasing steno-
sis severity, the peak of the gradient occurs later during 
systole (Fig. 7.4). Note that the peak gradient is different 
from the “peak-to-peak” gradient that is determined by 
catheter, and corresponds to the difference between peak 
aortic pressure and peak LV pressure. The latter is not a 
physiologic measure, as these two peaks do not occur simul-
taneously and it cannot be determined by Doppler echo-
cardio graphy.

The mean gradient is calculated by averaging the instan-
taneous gradients throughout the ejection period.

Technical Considerations and Pitfalls

Besides neglecting an increased subvalvular velocity (see 
above), a number of other sources of error may occur.  

a b

c d

Fig. 7.1 Examples of subaortic stenosis and supra-valvular aortic 
stenosis (AS). (a) 5-chamber view of a patient with subaortic stenosis. 
Arrows indicate the subaortic membrane and the aortic valve.  
(b) Colour flow image of the same view (a). Arrows again indicate the 
subaortic membrane and the valve. Flow convergence is observed 
in front of the subvalvular membrane helping to define the site 

 obstruction. (c) Apical 3-chamber view of a patient with supra- 
valvular stenosis. Arrows indicate the hourglass-like obstruction at 
the level of the sinotubular junction. The aortic valve is also thick-
ened. (d) Colour flow image of the same view (c): turbulences occur 
downstream from the supra-valvular stenosis (arrow)
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a b

c d

Fig. 7.2 Etiologies of AS (long-axis views). (a) Congenital AS: Thickened 
valve with doming and no calcification. (b) Bicuspid aortic valve with 
circumscript eccentric calcification. Doming of the cusps can still be 

appreciated. (c) Calcific AS with thickened and calcified rigid cusps. (d) 
Rheumatic AS: thickening, predominantly of the cusp edges, and con-
comittant affection of the mitral valve can be appreciated

A correct alignment of the Doppler beam with the direction 
of the stenotic jet is essential.

Malalignment leads to an under-estimation of the Doppler 
gradient and, hence, of the severity of AS. Multiple trans-
ducer positions (i.e. right parasternal, supra-sternal, apical, 
and sometimes even sub-costal) have to be used, to obtain 
the accurate velocity. For that purpose, the use of a small, 
dedicated continuous wave Doppler transducer (pencil 
probe) is mandatory (Fig. 7.5). When the rate of haemo-
dynamic progression is determined, one has to make sure 
that measurements were recorded from the same window.

Another potential source of error that needs to be avoided 
is the confusion of the AS signal with a signal originating 
from another obstruction or from mitral or tricuspid regurgi-
tation. In the presence of arrhythmias, such as atrial fibrilla-
tion, several consecutive beats have to be averaged, and 
beats after long RR-intervals or post-extrasystolic beats must 
be avoided.

The phenomenon of pressure recovery may also cause 
pitfalls and may explain discrepancies between catheter and 

Doppler-derived pressure gradients.7 Obstruction of flow in 
any kind of stenosis causes flow velocity increase and pres-
sure drop corresponding to a conversion of potential energy 
to kinetic energy. Pressure is lowest and velocity is greatest 
at the level of the vena contracta, the site of minimum cross-
sectional flow area. The jet expands and decelerates down-
stream from the stenosis. Although some of the kinetic 
energy dissipates into heat owing to turbulences and viscous 
losses, some of it will be reconverted into potential energy, 
and pressure will increase again to some degree (=pressure 
recovery). The Doppler gradient corresponds to the maxi-
mum pressure drop from proximal to the vena contracta, and 
overestimates the net pressure drop as usually given by 
catheter measurement in the case of significant pressure 
recovery. In AS, the magnitude of pressure recovery is fre-
quently small, as the abrupt widening from the small valve 
orifice to a generally normal-sized or enlarged aorta causes 
a lot of turbulences. however, the effects of pressure recov-
ery may be significant in the presence of a small ascending 
aorta (<30 mm).7
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Doppler velocities and pressure gradients are highly flow-
dependent. In the presence of high cardiac output or signifi-
cant aortic regurgitation, consideration of these measurements 
alone may cause significant overestimation of AS severity. 
On the other hand, in the presence of low flow rates, most 
commonly caused by an impaired LV function as well as, 
e.g. in the presence of mitral stenosis, AS severity may be 
under-estimated. Thus, valve area as a less flow-dependent 
parameter is required for appropriate AS quantification.

Valve Area Calculation by the Continuity Equation

The continuity equation has gained maximum acceptance for 
valve area calculation.8, 9 It is based on the fact that the stroke 
volume passing through the left ventricular outflow tract 
(LVOT) must be equal to the stroke volume crossing the 
stenotic aortic valve:

AVA×VTIAS=CSALVOT×VTILVOT

where AVA is the aortic valve area, VTIAS and VTILVOT are 
the velocity time integrals in the LVOT and effective valve 
orifice, respectively, and CSALVOT is the cross-sectional area 
of the LVOT (Fig. 7.6).

A simplified version of the continuity equation that uses 
peak aortic jet and outflow tract velocities instead of the 
velocity time integral has also been proposed.

The CSA of the LVOT is calculated using the formula:

CSALVOT = p (D/2)2

where D is the diameter of the LVOT measured in the 
parasternal long-axis view. This assumption of a circular 
LVOT shape and the requirement for measuring LVOT 
size and velocity exactly at the same site are important 
limitations of the method that may cause error. The LVOT 
flow velocity is measured from an apical approach using 
pulsed Doppler ultrasound with the assumption of laminar 
flow and a flat velocity profile. The fact that these assump-
tions may not be fulfilled also limits the accuracy of the 
method.

a b

c d

Fig. 7.3 Degree of aortic valve calcification. (a) Parasternal short-axis 
view of a unicuspid stenotic aortic valve without calcification. (b) 
Parasternal short-axis view of a bicuspid AS with minimal calcification. 

(c) Parasternal short-axis view of a moderately calcified stenotic aortic 
valve. (d) Parasternal short-axis view of a severely calcified stenotic 
aortic valve with extensive thickening and calcification of all cusps
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a b

Fig. 7.5 CWD recordings of a patient with severe AS: the recording 
from the apical window provides a peak velocity of 3.4 m/s consis-
tent with moderate AS (a), whereas the right parasternal window 

provides 4.3 m/s consistent with severe AS (b), emphasizing the 
importance of the use of multiple transducer positions

a b

c d

Fig. 7.4 CWD velocity spectrum. (a) Mild AS with immediate peak. (b) Moderate AS with early peak. (c) Severe AS with midsystolic peak.  
(d) Dynamic obstruction in the setting of a hypertrophic obstructive cardiomyopathy with late peak
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Despite these limitations, continuity equation has been 
shown to be currently the best technique of valve area esti-
mation, and yields valuable measurements for AS quantifica-
tion as a basis for patient decision-making when sources of 
error are carefully considered.

Velocity Ratio

To reduce the error related to LVOT measurements it has 
been proposed to remove it from the continuity equation. 
The so-determined dimensionless velocity ratio expresses 
the size of the effective valve area as a proportion of the CSA 
of the LVOT:

Velocity ratio = VLVOT/VAS

Both velocity time integrals and peak velocities have been 
used. Severe stenosis is present when the velocity ratio is 

£0.25, corresponding to a valve area 25% of the normal. To 
some extent, the velocity ratio normalizes for the body size, 
because it reflects the ratio of the actual valve area to the 
expected valve area in each patient, regardless of the body 
size. however, this measurement ignores the variability in 
LVOT size beyond variation in body size, and has gained 
less acceptance for routine use than the parameters men-
tioned earlier.

Valve Area Planimetry

Planimetry of the valve area, primarily by 2D TOE, has also 
been proposed. however, the orifice of a stenotic aortic valve 
frequently represents a complex 3D structure that cannot be 
reliably assessed with a planar 2D image. The presence of 
valvular calcification further limits an accurate delineation 
of the aortic valve orifice. Thus, this method has not been 

a c

b

Fig. 7.6 Continuity equation: Required recordings. (a) Parasternal 
long-axis view with the LV outflow tract diameter measurement. (b) 
Pulsed-wave Doppler recording of LVOT velocity obtained from an 

apical 5-chamber view. (c) Continuous-wave Doppler recording of 
the aortic jet velocity (apical transducer position)
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accepted as a routine measurement. Nevertheless, it might be 
useful in selected patients when additional information is 
needed.5

3D echocardiography has been reported to allow valve 
area planimetry, but has not yet been sufficiently validated.

Dobutamine Echocardiography

Dobutamine echocardiography is indicated in the setting 
of low flow-low gradient AS, which is defined by a small 
calculated valve area (<1.0 cm2) in the presence of a 
reduced transaortic gradient (<30–40 mmhg) and a reduced 
LV function.10 It is performed at a low dobutamine dose 
that is gradually increased up to a maximum dose of 10–20 
µg/kg/min.

It allows the determination of the presence of a contractile 
reserve (defined as an increase of cardiac output ³20%), 
which has been shown to be of prognostic value. In the pres-
ence of a contractile reserve, it allows a further differentia-
tion between pseudosevere stenosis (compared with baseline, 
the gradients remain small, whereas the valve area increases 
significantly with increasing flow indicating that AS is non-
severe and LV dysfunction is caused by other disease) and 
true severe stenosis (gradients increase, whereas the valve 
area remains small indicating a fixed small valve orifice with 
a low gradient caused by secondary LV dysfunction and flow 
reduction).

Experimental Methods of AS Quantification

Several additional parameters such as valve resistance, stroke 
work loss, or the energy loss coefficient have been proposed 
to quantify AS severity. As their complexity adds sources of 
error, and as they lack prognostic validation, they are still 
considered experimental and not recommended for routine 
clinical use.5

Definition of AS Severity (Table 7.1)

By current recommendations, severity of AS is assessed by 
combining the aortic jet velocity, mean gradient, and valve 
area.3–5 Because of prognostic implications, the differentia-
tion between severe and non-severe stenosis is of particular 
importance. In several clinical studies, severe stenosis is 
considered with a peak aortic jet velocity of > 4 m/s. Current 
recommendations define severe AS by using a cutoff of 
<1 cm2 for the valve area. It has also been suggested to index 
AVA to body surface area (cutoff 0.6 cm2/m2). however, 
there is no linear relation between body surface area and 
valve area, and there is a particular distortion at the extremes 
of the spectrum.

Role of MRI and Ct

Although echocardiography remains the standard modality 
for the diagnosis and quantification of AS, MRI and CT are 
gaining importance, both for valve assessment and adjunct 
cardiovascular evaluation.

The role of MRI in patients with AS may be fourfold: (1) 
assessment of valve morphology, (2) assessment of valve 
function, (3) assessment of LV function, and (4) assessment 
of aortic disease.

For the assessment of valve morphology, CINE imaging 
is applied in at least two orthogonal planes through the aortic 
valve, usually in the orientation of the aortic ring and in the 
LVOT orientation. Usually, CINE imaging is performed 
using steady-state-free-precession sequences with an effec-
tive temporal resolution of approximately 35 ms. CINE 
images in LVOT orientation show a flow jet during systole, 
extending from the valve into the ascending aorta (Video 7.7). 
This jet is due to phase dispersion in increased flow veloci-
ties. To quantify the AVA by planimetry, systolic images 
through the aortic ring are needed (Fig. 7.7, Video 7.8). 
Computer programs are available to perform planimetry 

Aortic sclerosis Mild Moderate Severe

Aortic jet velocity (m/s) £2.5 m/s 2.6–2.9 3–4 >4

Mean gradient (mmhg) – <20 (<30b) 20–40a (30–50b) >40a (>50b)

AVA (cm2) – >1.5 1.0–1.5 <1.0

Indexed AVA (cm2/m2) >0.85 0.60–0.85 <0.6

Velocity ratio >0.50 0.25–0.50 <0.25

table 7.1. Recommendations for the classification of AS severity3–5

aAhA/ACC Guidelines
bESC Guidelines
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semi-automatically on most work stations. Measurements of 
the AVA based on steady-state-free-precession images have 
been shown to correlate better with TOE than the conven-
tional spoiled gradient echo images.11

One advantage of MRI (vs. CT) is that, in addition to the 
assessment of valve morphology in CINE images, flow can 
be measured in phase-contrast sequences. The background 
of these techniques is the fact that the phase shift in moving 
spins is proportional to their velocity. By measuring the peak 

velocity, one can derive the pressure gradient by the use of 
the Bernoulli equation (Fig. 7.7). Prerequisite for exact mea-
surements in phase-contrast sequences is that the expected 
maximum velocity is provided, otherwise aliasing artefacts 
may occur. Valve area can also be calculated from MRI data 
using the continuity equation.

MRI is the method of highest accuracy for the assessment 
of LV function and LV mass. At the same time, the LV can 
be evaluated for the presence of fibrotic changes using late 

a b

c d

Fig. 7.7 MRI of AS: Steady-state-free-precession MR images in diastole (a) and systole (b) show impaired opening of the valve and reduced 
valve area. (c) shows a phase-contrast image at a level 2 cm above the valve, (d) a time curve of peak flow velocity measurements
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enhancement imaging. Pathology of the aorta (aneurysm, 
coarctation) may be investigated using contrast-enhanced 
magnetic resonance angiography.

With the advent of 64 slice CT scanners, the assessment 
of valve morphology and function using CT has become fea-
sible. CT has the advantage of a high spatial resolution and a 
very high sensitivity for the detection of calcific changes of 
the valves (Fig. 7.8). Despite its inferior temporal resolution 
compared with echo and MRI, CT is able to acquire systolic 
and diastolic images of the aortic valve, which allow for the 
assessment of valve morphology as well as planimetry of the 
AVA. In recent comparisons of CT and echocardiography, a 
good correlation of both methods was found, with a tendency 
of CT to measure larger values for AVA.12, 13

While it cannot provide haemodynamic data, CT has the 
important advantage over MRI and echo in the fact that it can 
also assess the coronary arteries in the same scan. The 
method has been shown to detect significant coronary artery 
disease in patients prior to valve surgery.14

Prognostic Information Provided by Imaging

Severity of AS

Imaging techniques allow the detection and quantification of 
AS. Even the presence of aortic sclerosis without haemo-
dynamic obstruction is associated with an increased morbid-
ity and mortality. With an increasing severity of AS, the 
outcome is further impaired. In fact, peak aortic jet velocity is 
an important predictor of outcome in asymptomatic patients 
with AS. With increasing velocity, subsequent necessity of an 
aortic valve replacement becomes more likely15 (Fig. 7.9).

Haemodynamic Progression

Faster rates of haemodynamic progression are associated 
with an increased event rate, both in patients with severe 
and mild-to-moderate AS.2,16 haemodynamic progression is 

a b

c d

Fig. 7.8 Computed tomogra-
phy of AS: Diastolic and systolic 
reformations through the aortic 
valve show impaired opening 
of the heavily calcified posterior 
and left cusp of the valve. (a, b) 
short-axis view. (c, d) 3-cham-
ber view
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actually indirectly related to AS severity. While there is great 
inter-individual variability in the rates of haemodynamic 
progression, the presence of a calcified aortic valve has been 
shown to predict faster haemodynamic progression.

Calcification of the Aortic Valve

The presence of a moderately-to-severely calcified aortic valve 
is a significant predictor of outcome in patients with mild-to-
moderate AS16 (Fig. 7.10). More importantly, in patients with 
severe AS, the presence of a moderately-to-severely calcified 
aortic valve is associated with an event rate of 80% within 4 
years, with events defined as the symptom onset warranting 
aortic valve replacement or death2 (Fig.  7.10). The presence of 
a calcified aortic valve in combination with a rapid haemo-
dynamic progression (defined as an increase in peak aortic jet 
velocity of > 0.3 m/s within 1 year) identifies a high-risk popu-
lation with an event rate of 79% within 2 years (Fig. 7.10).

Exercise Haemodynamics

In a recent study, an exercise-induced increase in the mean 
transaortic gradient of >18 mmhg was proposed as a predic-
tor of poor outcome; this finding, however, needs confirma-
tion in larger studies17 (Fig. 7.11).

Dobutamine Echocardiography in Low Flow–Low 
Gradient AS

The absence of contractile reserve in low flow–low gradient 
AS is a predictor of poor outcome10 (Fig. 7.12). When patients 
with contractile reserve have true severe AS, they generally 

benefit from aortic valve surgery. however, although they have 
a markedly higher operative mortality, even patients without 
contractile reserve may frequently improve in LV function 
after surgery. Management decisions remain difficult in this 
patient population and must be taken on an individual basis.

new Interventions and Imaging

Recently, percutaneous aortic valve implantation has become 
an increasingly used option in the elderly with high operative 
risk owing to co-morbidities.18 Imaging modalities such as 
echocardiography, MR angio, and CT angio have gained 
major importance for the safe performance of this procedure.

Aortic Valve Ring

For the choice of valve size, the assessment of aortic valve 
ring dimension is of critical importance. So far, echocardiog-
raphy has been most widely used and current recommenda-
tions for valve-size choice refer to TOE measurements. 
These are in general slightly larger (on average 1 mm) than 
TTE measurements. CT and MRI can also be used. however, 
it appears that they yield slightly larger measurements than 
TOE. Optimal standards still need to be defined.

Vascular Access

As the intervention requires still large introducer sheaths 
(18–24 F depending on the device type and size), the assess-
ment of femoral and iliac vessel size and quality are of 
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critical importance for patient selection. Although MR angio 
can be used as an alternative, CT angio is, in general, the 
preferred method. Vessel diameter, extent of calcification, 
and vessel tortuosity are the required informations. 3D 
reconstruction is extremely helpful for procedure planning 
(Fig. 7.13).

Additional Information Provided by Imaging

MRI and CT are helpful in evaluating additional anatomic 
details that may be important for procedure planning and 
risk assessment. Complex plaques in the aorta may increase 
the risk of embolic events. Detailed assessment of the aortic 
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Fig. 7.10 (a) Kaplan–Meier analysis of event-free survival for 
patients with mild or moderate AS having no or mild calcification 
compared with patients having moderate or severe aortic valve cal-
cification ( p = 0.0001). Modified from ref 16 (b) Kaplan-Meier analysis 
of event-free survival for patients with severe AS (aortic jet velocity 
of at least 4 m/s at study entry) having no or mild aortic valve calci-
fication compared with patients having moderate or severe calcifi-

cation (p < 0.001). The vertical bars indicate standard errors. Modified 
from ref 2 (c) Kaplan–Meier analysis of event-free survival patients 
with moderate or severe calcification of their aortic valve and a 
rapid increase in aortic jet velocity of at least 0.3 m/s within 1 year. 
In this analysis, follow-up started with the visit at which the rapid 
increase was identified. The vertical bars indicate standard errors. 
Modified from ref 2
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root with geometry and relation between aortic valve and 
coronary artery take off, as well as the extent and distribu-
tion of valve calcification may gain more importance in the 
future.

Monitoring of the Procedure

Currently, positioning of the valve mostly relies on aortic 
root angiography. CT may be helpful to define the best 

projection plane prior to the procedure. TOE is frequently 
used during the procedure, but has difficulties to precisely 
define the stent ends. Real-time 3D echo has been reported 
to be superior with this regard. TOE is useful in assess-
ing residual perivalvular aortic regurgitation. In addi-
tion, complications such as pericardial effusion or aortic 
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a

b

Fig. 7.13 Evaluation of femoral access prior to transfemoral aortic 
valve implantation using 3D reconstruction of CT-angiography. (a) 
Patient with no tortuosity and little calcification of iliac arteries (par-
ticularly on the right side). (b) Patient with significant tortuosity and 
marked calcification of iliac arteries
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dissection and interference with the mitral valve can be 
quickly recognized.

Imaging in Clinical Decision-making

Indications for Surgery

Echocardiography is the gold standard for diagnosis and 
quantification of AS as the basis for the decision-making 
process in this disease. The strongest indication for valve 
replacement is given by the occurrence of symptoms in the 
presence of severe AS. In asymptomatic patients, unex-
plained LV systolic dysfunction as detected by echo is con-
sidered as an indication for surgery.3, 4 Exercise testing has 
been shown to be helpful for selecting patients who might 
benefit from surgery while still reporting to be asymptom-
atic. The incremental valve of exercise echo when compared 
with regular stress testing still requires validation. however, 
the echocardiographically provided criterion of moderate to 
severe aortic valve calcification and a rapid haemodynamic 
progression (increase in peak aortic jet velocity of > 0.3 m/s 
within 12 months) is considered a class IIa indication for 
elective surgery in asymptomatic patients.

Scheduling Follow-up Intervals

Intervals for the follow-up visits of asymptomatic patients 
with AS can be scheduled based on the severity of AS. 
Generally, patients with a severe stenosis should be followed 
up every 6 months and those with moderate AS, on a yearly 
basis. In addition, factors such as the previous rate of haemo-
dynamic progression and the degree of valve calcification 
(important: calcification is associated with more rapid disease 
progression) help to optimize the timing of follow-up visits.

Mitral stenosis (Ms)

echocardiographic Assessment of Morphology 
and severity with its Pitfalls and Limitations

The mitral valve area (MVA) normally ranges between 4.0 
and 5.0 cm2. An area <1.5 cm2 is considered moderate MS, 
and <1.0 cm2 severe MS. Routine echocardiographic evalua-
tion of MS should always include assessment of valve mor-
phology and planimetry of valve area, as well as measurement 
of mean gradient and pressure half-time. In patients with 
good imaging quality, planimetry is the reference method for 
the grading of MS severity. MS affects the left atrial size and 
pulmonary artery pressure (PAP), which should be included 
in the assessment. Associated mitral regurgitation has to be 
evaluated with great care, especially in view of potential bal-
loon valvulotomy.

Transthoracic echocardiography enables complete evalu-
ation in most cases. Trans-oesophageal echo is only recom-
mended in patients with insufficient imaging quality and 
when left atrial thrombi or endocarditis (vegetations) are 
suspected.

Valve Morphology

MS is mostly of rheumatic origin, which is characterized by 
thickening of the leaflet tips and commissural fusion result-
ing in the typical doming appearance of the anterior leaflet 
(Figs. 7.14 and 7.15). Degenerative MS is characterized by 
pronounced annular calcification and rarely reaches haemo-
dynamic significance (Fig. 7.16). Complete fusion of both 
commissures generally indicates severe MS. however, the 
lack of commissural fusion does not exclude significant MS, 

a b

Fig. 7.14 Typical example of 
rheumatic mitral stenosis 
(parasternal views). (a) 
Parasternal long-axis view with 
typical diastolic doming of the 
anterior mitral leaflet and 
anterior displacement of the 
posterior leaflet. (b) Parasternal 
short-axis view showing the 
mitral valve orifice
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a bFig. 7.15 Typical example of 
rheumatic mitral stenosis 
(apical views). (a) Apical 
4-chamber view with diastolic 
doming of the anterior leaflet 
and calcified posterior leaflet. 
(b) Colour Doppler image 
(apical 4-chamber view) 
showing flow convergence 
upstream from the mitral 
valve orifice and turbulent 
high velocity flow down-
stream from the stenotic 
orifice

a

c

b

Fig. 7.16 Degenerative (calcific) mitral valve stenosis. (a) Apical 
4-chamber view (diastole) showing the thickened and calcified base 
of the leaflets. (b) Colour Doppler image showing increased transval-

vular velocity. (c) Mean gradient approximating 5 mmHg at a heart 
rate of 60 beats/min
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particularly in highly rigid valves. Commissural fusion is 
assessed from the parasternal short-axis view (Fig. 7.14). 
Commissural fusion and mitral valve orifice can be even bet-
ter visualized by 3D echocardiography (Fig. 7.17).

The morphology of the valve is of critical importance for 
the choice of intervention, particularly the suitability for bal-
loon valvotomy. Scores combining information about mobil-
ity, thickening, and calcification of the valve and the 
subvalvular apparatus19 (Table 7.2) are used to summarize the 
morphologic changes (Fig. 7.18), but reports should always 
include a comprehensive description of valve anatomy and 
not only a score number.

Stenosis Severity

Recommendations for classification of MS severity are given 
in Table 7.3.

Valve Area Planimetry

Planimetry of the mitral orifice has the advantage of being a 
direct measurement of MVA, not affected by flow, cardiac 
chamber compliance, or associated valvular lesions. Its cor-
relation with anatomical valve area has been shown to be 
superior compared with other measurements, and is therefore 
considered the reference measurement of MVA3–5.

Planimetry is performed in mid-diastole by direct tracing 
of the mitral orifice, including opened commissures, in a 
parasternal short-axis view. The measurement plane should 
be perpendicular to the mitral orifice and positioned at the 
leaflet tips (Fig. 7.14). Difficulties in defining the correct 

Fig. 7.17 3D reconstruction in a patient with mitral stenosis (atrial 
and ventricular aspects). Courtesy Dr. Thomas Binder, Vienna General 
Hospital, Vienna

Grade Mobility Thickening Calcification Subvalvular thickening

1 highly mobile valve with  
only leaflet tips restricted

Leaflets near normal  
in thickness (4–5 mm)

A single area of increased 
echo brightness

Minimal thickening just  
below the mitral leaflets

2 Leaflet mid and base  
portions have normal  
mobility

Mid leaflets normal,  
considerable thickening  
of margins (5–8 mm)

Scattered areas of  
brightness confined  
to leaflet margins

Thickening of chordal  
structures extending to one  
third of the chordal length

3 Valve continues to move  
forward in diastole, mainly 
from the base

Thickening extending 
through the entire leaflet 
(5–8 mm)

Brightness extending  
into the mid portions  
of the leaflets

Thickening extended  
to distal third of the chords

4 No or minimal forward  
movement of the leaflets in 
diastole

Considerable thickening  
of all leaflet tissue  
(>8–10 mm)

Extensive brightness 
throughout much of the 
leaflet tissue

Extensive thickening and  
shortening of all chordal  
structures extending down  
to the papillary muscles

table 7.2. Assessment of mitral valve anatomy according to the Wilkins score19

The total score is the sum of the four items and ranges between 4 and 16
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image plane are a major cause of error. Real-time 3D echo 
and 3D-guided biplane imaging can be helpful in this regard, 
and have been shown to improve the accuracy and reproduc-
ibility of planimetry (Fig. 7.19).

The application of MVA planimetry is limited in patients 
with a poor acoustic window or with severe calcification of 
the leaflet tips. In such cases, excessive gain setting may 
cause under-estimation of MVA. Gain setting, therefore, 
should be carefully adapted to be just sufficient to visualize 
the contour of the mitral orifice.

Valve Area by Pressure Half-time

The pressure half-time (T1/2) is defined as the time interval 
between the maximum transmitral gradient in early diastole 

and the time point where the gradient has declined to half of 
the maximum initial value. It is inversely related to the MVA, 
which can be calculated using the empirically derived 
formula20:

 MVA (cm2) = 220/T
1/2

 

The pressure half-time is obtained by tracing the decelera-
tion slope of the E-wave on the Doppler spectral display of 
transmitral flow (Fig. 7.20). The deceleration slope is some-
times bimodal, and the dicline of the mitral flow velocity is 
more rapid in early diastole than during the following part of 
the E-wave. In these cases it is recommended to trace the 
deceleration slope in mid-diastole (Fig. 7.20).20 In rare cases 
of patients with a concave shape of tracing, the pressure half-
time measurement may not be feasible. In patients with atrial 

a

c d

bFig. 7.18 Different morpholo-
gies of rheumatic mitral 
stenosis. (a) Ideal morphology 
for balloon mitral valvotomy 
(high mobility of the anterior 
leaflet with little thickening, 
no calcification, and no 
significant involvement of the 
subvalvular apparatus); 
parasternal long-axis view.  
(b) Reduced mobility of the 
severely thickened leaflets, 
severe involvement of the 
subvalvular apparatus but no 
calcification; apical long-axis 
view. (c) High mobility of the 
anterior leaflet. Basal half 
shows no thickening, but 
severe thickening and 
calcification of the residual 
leaflet; apical long-axis view. 
(d) Severely calcified mitral 
stenosis and giant left atrium; 
apical 4-chamber view

Mild Moderate Severe

Specific findings

Valve area (cm²) >1.5 1.0–1.5 <1.0

Supportive findings

Mean pressure gradient (mm hg)a <5 5–10 >10

Systolic pulmonary artery pressure (mm hg) <30 30–50 >50

table 7.3. Recommendations 
for the classification of mitral 
stenosis severity3–5

aAt normal heart rate in sinus rhythm
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Fig. 7.19 3D echo data 
set allows optimizing the image 
plane for mitral valve area 
calculation without the 
requirement of an adequate 
parasternal view. Courtesy  
Dr. Thomas Binder, Vienna 
General Hospital, Vienna

a

c d

b

Fig. 7.20 CWD recordings of mitral stenosis (MS). (a) Severe MS in 
sinus rhythm. (b) Moderate MS in sinus rhythm. (c) MS in atrial fibril-
lation (no A-wave). In contrast to (a) and (b), the slope is not linear 
but rather bimodal with the decline of mitral flow velocity being 
more rapid in early diastole than during the following part of the 

E-wave. In this case, it is recommended to trace the deceleration 
slope in mid-diastole. (d) The large A-wave indicates impaired LV 
relaxation. In this case, pressure half-time would overestimate MS 
severity and cannot be used for MVA calculation
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fibrillation, tracing should be avoided in beats with short 
diastole. Ideally, an average of the different cardiac cycles 
should be chosen for measurement.

The pressure half-time method is easy to perform; how-
ever, it has important limitations. It not only depends on MVA 
but also on the initial transmitral pressure gradient, left atrial 
compliance, and LV diastolic function (relaxation and com-
pliance).21 Despite severe MS, misleadingly short T1/2 can be 
observed in patients who have particularly low left atrial 
compliance. T1/2 is also shortened in patients who have asso-
ciated severe aortic regurgitation or restrictive LV filling. T1/2 
can, on the other hand, be prolonged in the case of impaired 
LV relaxation. In this situation, initial E-velocity will be rela-
tively low and A-wave will be high, indicating that T1/2 can-
not be used for MVA estimation (Fig. 7.20). Impaired LV 
diastolic function is a likely explanation of the lower reliabil-
ity of T1/2 for MVA assessment in the elderly.

Transmitral Pressure Gradient

The estimation of the diastolic pressure gradient is a reliable 
measurement derived from the transmitral velocity flow curve 
using the simplified Bernoulli equation DP = 4v².22 Continuous-
wave Doppler (CWD) should be used to ensure recording of 
maximal velocities (Fig. 7.20). In most cases, optimal align-
ment of the ultrasound beam and mitral inflow can be achieved 
from an apical window. Additional use of colour Doppler is 
helpful to identify eccentric jets and to guide the Doppler beam 
alignment. The mean gradient is the relevant haemodynamic 
finding, while the maximum gradient is of less interest as it is 
influenced by left atrial compliance and LV diastolic function.

Although the mean mitral gradient can be reliably assessed 
by Doppler, it is not an ideal marker of MS severity. It is not 
only determined by the MVA, but is highly dependent on the 
heart rate and transmitral flow rate (cardiac output, associ-
ated mitral regurgitation). heart rate should therefore always 
be reported, and measurements preferably performed at nor-
mal heart rates. Despite these limitations, mean gradient 
offers important additional information, particularly in com-
bined mitral valve disease and when other parameters pro-
vide conflicting or unreliable results.

Pulmonary Artery Pressure (PAP)

PAP, in general, increases with MS severity, but is not closely 
related to it. Elevated PAP that cannot by explained by other 
causes would be inconsistent with insignificant MS; how-
ever, PAP can be normal or only mildly elevated even in the 
presence of severe MS. Thus, PAP is only a supportive 
parameter for MS grading. Nevertheless, careful assessment 
of systolic PAP, using tricuspid regurgitant velocity, is of 

great importance as it provides prognostic information and 
influences management decisions (see below).

Alternative Methods of MS Quantification

There are alternative methods for quantification of MS that 
are less established and not recommended to be used in every 
patient, but may be reasonable in selected patients when 
additional information is needed.5

Continuity Equation

When the continuity equation is used in mitral stenosis, it is 
assumed that the filling volume of diastolic mitral flow is 
equal to the aortic stroke volume. MVA can then be calcu-
lated as follows:

MVA (cm2) = p ⋅ D2/4 ⋅ VTIAortic/VTIMitral

where D is the diameter of the LVOT.
Stroke volume can also be estimated from the pulmonary 

artery; however, this is rarely performed because of limited 
acoustic windows.

The usefulness of the continuity equation is hampered by 
the numerous measurements, increasing the impact of errors 
and its inapplicability in atrial fibrillation or associated sig-
nificant mitral or aortic regurgitation.

Proximal Isovelocity Surface Area Method

The proximal isovelocity surface area method using the 
colour Doppler visualization of flow convergence proximal 
to the mitral orifice is another alternative to calculate the 
MVA as follows:

MVA (cm2) = p ⋅ r2 ⋅ Valiasing/peak VMitral ⋅ a/180° 

where r is the radius of the convergence hemisphere in cm, 
Valiasing is the aliasing velocity in cm/s, peak VMitral is the peak 
CWD velocity of mitral inflow in cm/s, and a is the opening 
angle of mitral leaflets relative to flow direction.24

The method is technically demanding and requires mul-
tiple measurements; its accuracy is influenced by uncertain-
ties in the measurement of the radius of the convergence 
hemisphere and the opening angle.

Mitral Valve Resistance

Mitral valve resistance is defined as the ratio of mean mitral 
gradient to transmitral diastolic flow rate, which is calcu-
lated by dividing SV by diastolic filling period. Mitral valve 
resistance has been argued to be less dependent on flow 
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conditions, which is not the case. It correlates well with PAP; 
however, it has not been shown to have an additional value 
for assessing MS severity when compared with valve area.25

Additional Findings

The echocardiographic assessment should also include the 
evaluation of additional valve disease, particularly tricuspid 
regurgitation, of the left atrium, including the search for 
thrombi (Fig. 7.21) and the right ventricle.

Role of MRI and Ct

Planimetry of the MVA by MRI has been shown to be feasi-
ble in a small number of patients, but tends to overestimate 
echo as well as catheter-derived valve areas.26 CT currently 
does not play a role in the assessment of MS.

Prognostic Information  
Provided by Imaging

The impact of echocardiographic findings on the prognosis 
of MS has been studied mainly after balloon mitral commis-
surotomy. Multi-variate analyses identified valve anatomy as 
a strong predictive factor of event-free survival.27 Indices of 
the severity of MS or its haemodynamic consequences 
immediately after balloon commissurotomy are also predic-
tors of event-free survival, irrespective of whether it is MVA, 
mean gradient, and left atrial or PAP.27, 28 The degree of MR 
following balloon mitral commissurotomy and baseline 
patient characteristics, such as age, functional class, and car-
diac rhythm are also strong predictors of long-term outcome 
after balloon mitral commissurotomy.27, 28

Numerous studies on the natural history and the results of 
surgical commissurotomy predate current echocardiographic 
practice, and thus do not aid in the assessment of the prog-
nostic value of echocardiographic findings.

Interventions and Imaging

Echocardiography plays a major role in mitral balloon val-
votomy, not only for patient selection (see morphology), but 
also for monitoring the procedure either by TTE or TOE and 
for evaluating the results. TOE is required to exclude left 
atrial thrombi prior to the procedure. Although not manda-
tory, echo may aid safe transseptal puncture and selection of 
the optimal puncture site. Complications such as pericardial 
effusion can quickly be recognized. Stepwise dilation of the 
valve with careful echocardiographic assessment of changes 
in the morphology, successful opening of commissures, leaf-
let tears (Fig. 7.22), and the degree of mitral regurgitation 
may improve the results.

Imaging in Clinical Decision-making

Echocardiography plays a key role in decision-making. It 
has become the gold standard for diagnosing and quantify-
ing MS. Intervention is indicated in patients with MVA of 
< 1.5 cm2,who become symptomatic. Balloon valvotomy is 
preferred and its feasibility is again assessed by echo. It is 
considered in asymptomatic patients with favourable mor-
phologic characteristics, high thromboembolic risk, and high 
risk of haemodynamic decompensation. Criteria for risk 
assessment are clinical (previous embolic event, recent or 
paroxysmal episodes of atrial fibrillation, need for major non-
cardiac surgery, desire of pregnancy) and echocardiographic 

a b

Fig. 7.21 4-chamber (a) and 
2-chamber view (b) of a patient 
with mitral stenosis and a large 
left atrial thrombus
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(dense spontaneous echo contrast in the left atrium, systolic 
PAP > 50 mmhg at rest). For details, see ESC Guidelines on 
the management of valvular heart disease.4

tricuspid stenosis (ts)

echocardiographic Assessment of Morphology 
and severity with its Pitfalls and Limitations

Tricuspid stenosis (TS) is the least common stenotic valve 
lesion. In most cases, TS is of rheumatic origin and associ-
ated with some degree of regurgitation. In the presence of 
anatomic findings consistent with TS by 2D echo, a mean 
pressure gradient of ³ 5 mmhg, T½ ³ 190 ms, inflow time 
velocity integral > 60 cm, and a valve area by the continuity 
equation £ 1 cm2 are consistent with significant stenosis. 
Supportive findings are a more than moderately enlarged 
right atrium and a dilated inferior vena cava.

Valve Morphology

Anatomical signs of TS are valve thickening and/or calcifi-
cation, restricted mobility, diastolic doming, and right atrial 
enlargement (Fig. 7.23).

Tricuspid Stenosis Severity

Measurement of the valve area (TVA) is difficult in TS. It 
cannot be done by 2D echo, 3D echo has not yet been vali-
dated for this purpose. Other Doppler sonographic methods 
for calculating TVA also appear to be less accurate than in 
MS (see below).

Pressure Gradient

Mean pressure gradient can be measured easily by Doppler, 
but has its limitations for quantification of TS. The tricuspid 
inflow velocity is best recorded from either a low parasternal 
right ventricular inflow view or from the apical 4-chamber 
view. As tricuspid inflow velocities are affected by respiration, 

a

c d

bFig. 7.22 Real-time 3D images 
of a patient with mitral stenosis 
undergoing balloon valvotomy. 
The baseline image is shown in 
panel (a). Panels (b–d) show 
the gradual increase in 
commissural splitting after 
step-by-step dilation with 
increasing balloon size. 
Courtesy Dr. Eric Brochet, 
Bichat Hospital, Paris
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all measurements must be averaged throughout the respiratory 
cycle or recorded at end-expiratory apnea. In patients with 
atrial fibrillation, average measurements of five cardiac cycles 
should be taken at a mean heart rate of < 100 beats/min. In 
addition, mean gradients are highly dependent on heart rate 
and flow (cardiac output, tricuspid regurgitation).

Peak inflow velocity through a normal tricuspid valve 
rarely exceeds 0.7 m/s.

In general, the mean pressure gradient is lower in TS than 
in MS, usually ranging between 2 and 10 mmhg, and aver-
aging around 5 mmhg.5 higher gradients may be seen with 
concomitant regurgitation29 (Fig. 7.23).

Pressure Half-time

The pressure half-time (T1/2) method has been applied in a 
manner analogous to MS. Constants of 220 as well as 190 
have been proposed for valve area estimation.29 In validation 
studies, TS valve area determined by the T1/2 method appeared 

less accurate than in MS. however, T1/2 values > 190 ms sug-
gest significant stenosis.5

Continuity Equation

The main limitation of the method is to obtain an accurate 
measurement of the inflow volume passing through the tri-
cuspid valve. In the absence of significant tricuspid regurgi-
tation, the stroke volume obtained from either the left or 
right ventricular outflow can be used; an estimated valve 
area £ 1cm2 is considered indicative of severe TS. however, 
as severity of tricuspid regurgitation increases, the valve area 
is progressively under-estimated by this method.

Role of MRI and Ct

Although MRI and CT should be feasible, these imaging 
modalities have so far gained no role in the assessment of TS.

a

c d

b

Fig. 7.23 Patient with severe combined rheumatic tricuspid valve 
disease. (a) Diastolic 2D image, 4-chamber view, showing doming of 
the tricuspid valve. (b) Diastolic colour Doppler image, 4-chamber 

view, indicating stenosis. (c) Systolic colour Doppler image, 4-cham-
ber view, showing tricuspid regurgitation. (d) CWD recording
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Prognostic Information Provided by Imaging

No data are currently available regarding the prognostic 
value of imaging in TS.

Interventions and Imaging

Suitability of balloon valvotomy is assessed by echocardiog-
raphy (morphology, less than moderate regurgitation), and 
the procedure can be monitored by echo.

Imaging in Decision-Making

Diagnosis and quantification of TS are, in general, provided 
by echo. Intervention is indicated in severe TS when patients 
are symptomatic despite medical therapy or at the time of 
left-sided surgery.4

Pulmonic stenosis (Ps)

Pulmonary stenosis is almost always congenital of origin. 
Stenosis below (proximal to) the pulmonary valve may result 
from both congenital and acquired causes. Stenosis of the 
pulmonary artery distal to the valve may occur in the main 
pulmonary trunk, or more distally in the branch vessels.

echocardiographic Assessment of Morphology 
and severity with its Pitfalls and Limitations

Valve Anatomy

Evaluation of anatomy is important in defining the location 
of stenosis. The valve itself may be dome-shaped (Fig. 7.24), 
dysplastic, or, in rare cases, calcified. A post-stenotic dilata-
tion is common in dome-shaped valves.

Stenosis Severity

Pressure Gradient

Quantitation of pulmonary stenosis severity is primarily 
based on the transpulmonary pressure gradient, using the 
simplified Bernoulli equation, DP = 4v².5

This estimation is reliable and correlates well with inva-
sive catheter measurements.30 It is particularly important 
that the CWD beam is positioned in parallel to the stenotic 
jet to avoid under-estimation of the gradient (Fig. 7.24). In 
adults, this is usually best performed from a parasternal 
short-axis view; however, in children and in some adults, 
the highest gradients may be found from a sub-costal win-
dow. A modified apical 5-chamber view may also be used. 
In most instances of valvular pulmonary stenosis, the modi-
fied Bernoulli equation works well and there is no need to 
account for the proximal velocity, as this is usually < 1 m/s. 
however, there are exceptions to this. In certain (congeni-
tal) settings, the presence of two stenoses in series may 
make it impossible to precisely ascertain the individual 
contribution of each. In addition, serial stenoses may cause 
significant pressure recovery resulting in a higher Doppler 
gradient compared with the net pressure drop across both 
stenoses.

Muscular infundibular obstruction is frequently charac-
terized by a late peaking systolic jet that appears “dagger 
shaped,” reflecting the dynamic nature of the obstruction; 
this pattern can be useful in separating the dynamic muscular 
obstruction from a fixed valvular obstruction, where the peak 
velocity is generated early in systole.

Severe stenosis is defined by a peak jet velocity of > 4 m/s 
(peak gradient > 64 mmhg), moderate stenosis is defined by 
a peak jet velocity of 3–4 m/s (peak gradient 36–64 mmhg), 
and mild stenosis is defined by a peak jet velocity of < 3 m/s 
(peak gradient < 36 mmhg).5

Other Indices of Severity

The continuity equation and the PISA method, although the-
oretically feasible, have not been validated with respect to 
pulmonary stenosis. Assessment of pulmonic valve area by 
planimetry is not possible, as the required imaging plane is 
generally not available.

A useful index of severity is the RV systolic pressure from 
the tricuspid regurgitant velocity and the addition of an esti-
mate of right atrial pressure (Fig. 7.24). The pulmonary 
artery systolic pressure should equal RV systolic pressure 
minus pulmonary valve pressure gradient.

Role of MRI and Ct

Although MRI and CT should be able to yield similar infor-
mation when compared with AS, these imaging modalities 
have so far gained little role in the assessment of PS. MRI is, 
however, definitely helpful in patients with poor image quality 
and for detailed anatomic evaluation (subvalvular–valvular–
supra-valvular stenosis–pulmonary arteries) (Fig. 7.25).
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Prognostic Information Provided by Imaging

No data are currently available regarding the prognostic 
value of imaging in PS.

Interventions and Imaging

Suitability of balloon valvotomy is assessed by echocardiog-
raphy (morphology). Native PS intervention does not require 
imaging modalities besides fluoroscopy. however, imaging 
techniques such as MRI may become more important for re-
intervention in homograft or conduit stenosis using percuta-
neous valve implantation.

Imaging in Decision-Making

Diagnosis and quantification of PS are, in general, provided 
by echo. Intervention is indicated in patients with peak gra-
dients of > 60 mmhg.3

a b

c d

Fig. 7.24 Patient with severe 
pulmonic stenosis. (a) 
Parasternal short-axis view, 2D 
image showing doming of the 
pulmonic valve (arrows). (b) 
Parasternal short-axis view, 
colour Doppler image, showing 
flow acceleration (arrow) and 
the stenotic jet. (c) CWD 
recording of pulmonic stenosis. 
(d) CWD recording of the 
corresponding tricuspid 
regurgitation

Fig. 7.25 Contrast-enhanced MR angiography of a patient with 
severe supra-valvular pulmonic stenosis (arrow) after surgery for 
complex congenital heart disease
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Introduction

Valvular regurgitation has long been recognized as an impor-
tant cause of morbidity and mortality. Non-invasive cardiac 
imaging, mainly including echocardiographic examination, 
is the method of choice to detect and quantitate the severity 
of the regurgitation and allows accurate estimation of the 
underlying mechanisms. The extent of the lesion process and 
the severity of valvular regurgitation may identify patients in 
whom valve repair is highly likely. The quantified degree of 
the valvular regurgitation as well as its consequences on left 
ventricular (LV) function is of prognostic importance. The 
anatomic structure of the heart in relation with the valves can 
be perfectly examined by echocardiography and cardiac 
magnetic resonance imaging (MRI). Both techniques have 
significantly changed the management of patients with val-
vular regurgitation.

Aortic Regurgitation

Aortic regurgitation (AR) is a common valvular disease. 
Techniques for making the diagnosis include physical exam-
ination, contrast angiography, cardiac MRI, CT scanner, and 
echocardiography. A precise determination of the severity of 
the regurgitation and its repercussions on LV function is 
essential for clinical management and, in particular, for 
appropriate timing of surgical intervention. For many years, 
quantification of AR has relied on cardiac catheterization 
with contrast angiography. However, this technique is only 
semi-quantitative and imperfect. In addition, the invasive 
nature of this procedure makes it impossible for screening 
and follow-up examinations. Echocardiography has there-
fore become the most frequently used and validated non-
invasive method for the assessment of AR. Recently, cardiac 
MRI has provided new insights into the evaluation of AR 
and offers interesting information for follow-up.

Role of Echo in Aortic Regurgitation

Echocardiography is the cornerstone examination of patients 
with AR. Echo helps for the diagnosis of AR, provides reli-
able evaluation of the aortic valve and the root anatomy, and 
allows identification of the mechanism of the regurgitation. 
The specific aetiology of the disease may be suggested in the 
presence of pathognomonic anatomic findings. Doppler and 
two-dimensional (2D) echocardiographic methods allow 

semi-quantitative and quantitative evaluation of the severity 
of the regurgitation and determine the haemodynamic reper-
cussions. Echo permits detecting associated lesions of the 
aortic root or the other valves. In symptomatic patients, 
echocardiography is fundamental in confirming the severity 
of AR, and identifying patients who should be considered for 
elective surgical intervention. In asymptomatic patients with 
moderate or severe AR, echocardiography is essential for 
regular follow-up, by providing precise and reproducible 
measures of LV dimensions, volumes, and function. In most 
cases, transthoracic echocardiography (TTE) provides all 
informations needed. Trans-oesophageal echocardiography 
(TOE) is usually not necessary unless needed clinically. 
Real-time three-dimensional (3D) TTE has the potential to 
be complementary to 2D echocardiography in AR quantifi-
cation by increasing the level of confidence, especially when 
clinical findings and 2D echocardiographic data are discor-
dant. Tissue Doppler imaging and/or the speckle tracking 
method are promising for detecting LV dysfunction, by iden-
tifying early changes in LV systolic deformation in patients 
with asymptomatic severe AR.

The Diagnosis of Aortic Regurgitation

Two-dimensional and M-mode Echocardiography

Although the diagnosis of AR is provided by Doppler tech-
niques, 2D and M-mode echocardiography are still useful in 
the evaluation of AR. In some circumstances, structural 
abnormalities are obvious (e.g. dilated aortic root, endo-
carditis, aortic dissection, prosthetic valve dysfunction, 
degenerative calcific aortic valve). The mechanism of AR is 
easily identified. It can be classified into three types, similar 
to those of mitral regurgitation (MR): Type 1: normal motion 
(leaflet perforation), Type II: increased motion (prolapse of 
one or more cusps), and Type III: restricted motion (rheu-
matic disease or the consequence of aortic root dilatation).1 
However, 2D TTE does not always show the lesion respon-
sible for leaflet malcoaptation. In patients with chronic severe 
AR, the parasternal long-axis view reveals a dilated LV, pul-
sation of the aorta, and sometimes, incomplete coaptation of 
the aortic leaflets with persistent central hiatus in diastole. A 
high-frequency diastolic flutter of the anterior mitral valve 
leaflet may occur in 80% of cases when the regurgitant jet is 
eccentric. This fluttering can also appear on the mitral valve 
chordae or the inter-ventricular septum (Fig. 8.1). Its absence 
(e.g. in the case of mitral valve stenosis) cannot rule out the 
diagnosis of AR, and a pseudofluttering can be observed in 
atrial fibrillation and cardiac hyperkinesia. Other mitral 
abnormalities include reverse diastolic doming of the ante-
rior mitral valve leaflet in parasternal long-axis or apical 
4-chamber views and diastolic indentation of the anterior 



  Aortic Regurgitation 151

mitral valve leaflet in parasternal short-axis view. When AR 
is severe and acute, LV pressure rises rapidly in diastole and 
often exceeds LA pressure during diastole, producing pre-
mature mitral valve closure, best assessed by M-mode. 
Rarely, a premature diastolic opening of the aortic valve may 
appear if LV pressure exceeds aortic pressure.

Doppler and Colour Flow Imaging

Echocardiographic evaluation of AR requires colour flow 
imaging, pulsed wave Doppler recordings of the descending 
thoracic aorta and the mitral inflow, and continuous wave 
(CW) Doppler recording of the regurgitant jet (Figs. 8.2–8.4, 
Videos 8.2–8.4).

Colour Doppler is both sensitive and specific in the qualita-
tive diagnosis of AR, but its utility for quantitative evalua-
tion of AR severity is limited. It allows real-time, 
colour-encoded flow mapping, and non-invasive visualiza-
tion of regurgitant blood. Colour flow imaging of the AR is 
best performed from the parasternal long-axis and short-axis 
views by TTE and from the left ventricular outflow tract 

(LVOT) view by TOE. The presence of AR is detected as 
abnormal, holodiastolic, high velocity, and turbulent flow 
originating from the aortic valve and extending into the 
LVOT. Central jet is highly suggestive of rheumatic disease, 
while eccentric jet is associated with aortic valve prolapse or 
perforation. M-mode colour Doppler is useful for the evalu-
ation of the jet chronology: regurgitant aortic jet is holodia-
stolic and rectangular. Physiologic mild AR is possible after 
the age of 50 years, and seems to be the consequence of aor-
tic valve leaflet thickening and/or aortic root dilatation.

AR produces a holodiastolic turbulent flow with aliasing 
with pulsed Doppler imaging, when the sample volume is 
positioned under the aortic leaflets in the LVOT in the apical 
long-axis view. This technique is sensitive and specific in the 
diagnosis of AR.

CW Doppler echocardiography allows for the measure-
ment of high-velocity flow. Apical long-axis view is most 
useful with CW Doppler. The hallmark characteristic of AR 
is the detection of a positive high-velocity, box-like, unidi-
rectional flow, extending into the LVOT in diastole. The 
velocity is high in early diastole owing to the important pres-
sure gradient between aorta and the LV in protodiastole. AR 

Fig. 8.1 M-mode and 2D echocardiograms of the left ventricle and mitral valve showing an enlarged LV with decreased function and the 
fluttering motion (arrows) of the anterior mitral leaflet caused by significant AR. AP 4-CV; apical 4-chamber view
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should not be confused with mitral stenosis. Their durations 
are different: AR flow begins just after aortic valve closure 
and before mitral valve opening, is present during the iso-
volumic relaxation phase, and usually ends after mitral valve 
closure. The morphology of AR flow is decrescendo through-
out diastole. In patients with mitral stenosis, the duration of 
turbulent flow is shorter from opening to closure of the mitral 
valve. However, velocities are less important.

The Aetiology of Aortic Regurgitation

AR may be the consequence of several diseases (Table 8.1), 
and their relative contribution has changed over time. 
Identifying the aetiology is very important in patient 
management.

Degenerative AR is the most common aetiology in devel-
oped countries, accounting for approximately one-half of 

AR in the Euro Heart Survey on valvular heart diseases.2 It is 
a heterogeneous entity that involves leaflet lesions, which 
are thin and subject to prolapse, or induces an aneurismal 
dilatation of the ascending aorta predominating at the sinuses 
of Valsalva, known as annulo-aortic ectasia. In the develop-
ing world, the most common cause of AR is rheumatic heart 
disease. Rheumatic fever is responsible for commissural 
fusion, thickening, and retraction of aortic leaflets usually 
inducing central regurgitation. Congenital abnormalities are 
also a frequent aetiology of AR. The aortic valve can be purely 
bicuspid, unicuspid, or rarely quadricuspid. Abnormal stress 
on the leaflets progressively modifies the valve structure and 
may cause AR, mainly through valve prolapse. An aneurysm 
that predominates above the sinus of Valsalva is often associ-
ated, and intrinsic pathology of the media appears to be 
responsible for aortic enlargement beyond that predicted by 
haemodynamic factors. Ventricular septal defect or subval-
vular aortic stenosis may also induce AR and, in those cases, 
regurgitation is caused by jet lesions. Dilatation of the aortic 
root with secondary AR is encountered in Marfan syndrome 
and in rare degenerative diseases, such as Ehlers–Danlos dis-
ease or osteogenesis imperfecta, as well as in patients who 
do not have generalized tissue disease (annulo-aortic ecta-
sia). Aortic aneurysm alone may cause AR, even when the 
leaflets are normal, because changes in the geometry of the 
aortic root create abnormal stress on the leaflet implantation. 
Aortitis, an inflammatory process, is a heterogeneous group 
representing less than 5% of the aetiologies. It may be encoun-
tered in inflammatory diseases, such as lupus erythematosus, 
rheumatoid arthritis, ankylosing spondylitis, Reiter syn-
drome, relapsing polychondritis, syphilis, Takayasu arteritis, 
or giant cell arteritis. Valvular abnormalities have been 
described in association with drugs. Long-term use of chlo-
roquine may result in infiltrative cardiomyopathy that can be 

Fig. 8.2 Assessment of AR severity by using colour-flow imaging. Top 
Measurements of the left ventricular outflow dimension and regurgi-
tant jet width (VC = vena contracta) in a patient with moderate AR. 
Bottom Regurgitant jet area (RJA) (red arrow) is measured from the 
parasternal short-axis view at the aortic valve level. The ratio of RJA to 
the left ventricular outflow area (LVOTA) (white arrow) can be calculated

Fig. 8.3 An example of a patient with an eccentric moderate AR. 
Note the impingement of the jet on the anterior mitral valve. AP 4-CV; 
apical 4-chamber view
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associated with valvular regurgitation. Some other drugs that 
commonly produce increasing serotonin activity were used 
in different indications, such as anorectic drugs (fenfluramine 
and dexfenfluramine), drugs used in the treatment of 
Parkinson disease (ergot-derived dopamine agonists, per-
golide, and cabergoline),3 or drugs used in the treatment of 
migraine (ergot alkaloid agents like ergotamine and methy-
sergide). In carcinoid heart disease, AR develops more fre-
quently in patients with patent foramen ovale and is associated 
with right heart valve involvement. The aortic valves are 
thickened with leaflet retraction. Endocarditis still represents 
approximately 10% of aetiology of AR. The regurgitation is 
related to leaflet tearing or perforation, or to a perivalvular 
abscess communicating with the aorta and the LV. Acute AR 
aetiologies include aortic dissection and traumatic rupture of 
the valve leaflets. Dissection of the ascending aorta can result 
in AR by dilatation of the sinuses with incomplete coopta-
tion of the leaflets or extension of the dissection into the base 
of the leaflets. The remaining causes of AR include radia-
tion-induced valve damage, prosthetic valve dysfunction, 
and acromegaly.

Quantification of the Regurgitation

Aortic Regurgitation Depth Mapping

Mapping the depth of the diastolic flow signal of AR into the 
LV cavity by systematic displacement of the sample volume 
has been used is one Doppler approach to grossly estimate 
the severity of regurgitation. Although the pulsed Doppler 
method is reproducible and correlates with angiography,2 it 
is time-consuming, and became obsolete4 when colour flow 
mapping was introduced (Table 8.2).

Regurgitant Jet Area

Colour flow imaging of the AR is best performed from the 
parasternal long-axis and short-axis views by TTE, and from 
the LVOT view by TOE, at 135°. The maximal length and jet 
area of the regurgitant jet are poorly correlated with the 
angiographic severity of AR because they depend not only 
on the size of the regurgitant orifice, but also on LV 

Fig. 8.4 Three examples of AR 
are provided, all taken from the 
parasternal long-axis view 
using colour Doppler (left) and 
from the apical 5-chamber view 
using continuous wave (CW) 
Doppler (right). The regurgitant 
jet width (VC = vena contracta) 
increases with the severity of 
AR. The pressure half-time 
(PHT) decreases with more 
severe AR
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compliance, the pressure gradient across the defect, and the 
duration of this gradient.5 The jet extent can be affected by 
changes in heart rate or LV filling conditions. The best colour 
flow index is the height (maximal antero-posterior diameter) 
of the regurgitant jet at the junction between LVOT and aor-
tic annulus in the parasternal long-axis view. Its accuracy 
can be improved by dividing the jet height by the LVOT 
height.5 The short-axis area of the regurgitant jet at the level 
of the high LVOT, relative to the short-axis area of the LVOT, 
is also a good predictor of AR severity. A regurgitant jet 
height/LVOT height ratio ³60% or regurgitant jet area 
(RJA)/LVOT area ratio ³60% indicate severe AR. However, 
colour Doppler imaging is significantly dependent on the 
operator and the machine, and even a small modification in 

Leaflets abnormalities Aortic root or ascending aorta dilatation

Degenerative AR + +
Annulo-aortic ectasia

Rheumatic fever + −

Congenital AR + +
Bicuspid aortic valve Aortic aneurysm that predominates above the 

sinus of ValsalvaTricuspid aortic valve with commissural fusion
Quadricuspid aortic valve
Ventricular septal defect
Subvalvular aortic stenosis

Diseases of the aorta − +
Marfan syndrome
Ehlers-Danlos disease
Osteogenesis imperfecta
Aortitis: lupus erythematosus, rheumatoid arthri-
tis, ankylosing spondylitis, Reiter syndrome, 
relapsing polychondritis, syphilis, Takayasu 
arteritis or giant cell arteritis

Drugs + −
Chloroquine
Fenfluramine and dexfenfluramine
Ergot alkaloid agents ergotamine and methysergide
Ergot-derived dopamine agonists, pergolide and 
cabergoline

Carcinoid syndrome + −

Endocarditis + ±

Aortic dissection + +

Traumatic injuries + +

Radiation-induced cardiac disease +

Prosthetic valve dysfunction + −

Acromegaly + +

Table 8.1. Major causes of aortic regurgitation (AR)

2D and M-mode 
echocardiography

Left ventricular diastolic  
diameter ³75 mm

Colour-flow Doppler Regurgitant jet height/LVOT height ratio ³60%
Regurgitant jet area/LVOT area ratio ³60%
Vena contracta width (VCW) > 6 mm
Effective regurgitant orifice (ERO) >30 mm²

CW Doppler pressure half-time <200 ms
Slope of the decay >3 m/s²

Pulse wave Doppler Holodiastolic flow reversal in the descend-
ing aorta

Table 8.2. Main used criteria of severe quantification of aortic 
regurgitation
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probe angulation can induce significant changes in the jet 
visualization and size. The morphology of the regurgitant 
orifice also affects the aortic regurgitant jet both in height 
and length.

Vena Contracta

Vena contracta is the smallest neck of the regurgitant jet at 
the level of the aortic valve, immediately after the flow con-
vergence region, and is preferably measured in the paraster-
nal long-axis view. Vena contracta is thus smaller than the 
height of the jet in the LVOT. A vena contracta width (VCW) 
>6 mm is specific for severe AR, whereas mild AR is identi-
fied by VCW < 3mm.6

Effective Regurgitant Orifice and Regurgitant Volume

Several experimental and clinical studies indicate that the 
effective regurgitant orifice (ERO) is less influenced by 

haemodynamic conditions than regurgitant volume (RVol) 
and fraction. ERO can be quantified by the proximal isove-
locity surface area (PISA) method (Fig. 8.5, Video 8.5). A 
clearly visible, hemispheric PISA is required for calculation. 
Practically, the following steps are applied: expansion of the 
region of interest using the zoom or regional expansion 
selection, and maximizing the smallest angle between flow 
convergence and ultrasound beam. The frame rate is maxi-
mized to reduce the depth of the imaging sector, by using the 
narrowest colour sector to the frame rate, with upwards shift 
of the colour flow velocity scale baseline to reduce aliasing 
velocity, and measurement of the PISA radius as the distance 
between the regurgitant orifice and the first aliasing in early 
diastole. The regurgitant flow rate across the aortic valve is 
obtained from the flow rate of a proximal surface area with a 
known flow velocity corresponding to the aliasing velocity.7

Flow rate = 2pr² × Aliasing velocity
ERO = Flow rate/Peak AR velocity
ERO = (6.28 × r² × Aliasing velocity)/Peak AR velocity
RVol per beat = ERO × AR TVI

Fig. 8.5 Evaluation of aortic regurgitation severity by the PISA 
method. Colour flow imaging of the flow convergence zone is obtained 
from the apical 5-chamber view. The colour flow baseline is shifted 
upward and the convergence zone appears in blue. After measuring 

the PISA radius, the effective regurgitant orifice (ERO) is calculated by 
the ratio of flow rate to peak orifice velocity obtained by AR CW 
Doppler. The regurgitant volume (RVol) is calculated by using the 
aortic regurgitant jet time velocity integral (TVI)
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ERO = effective regurgitant orifice, r = PISA radius, peak 
AR velocity = aortic regurgitant flow peak velocity in CW 
Doppler, RVol = regurgitant volume, AR TVI = time velocity 
integral of aortic regurgitant flow in CW Doppler.

An ERO > 30 mm² indicates a severe AR. The limitations 
of the flow convergence method include reduction of the 
PISA during diastole and under-estimation in the presence of 
an eccentric jet.

Diastolic Flow in the Descending Aorta

Pulsed Doppler recordings of flow in the descending aorta 
can also be helpful in the assessment of AR severity. Severe 
AR is associated with diastolic reversal of flow in the aorta8 as 
well as systolic augmentation of flow within the central aorta 
(Fig. 8.6). From the supra-sternal imaging window, pulsed 
Doppler velocities of aortic flow are obtained by placing the 
sample volume just distal to the origin of the left subclavican 
artery, aligning it as much as possible along the major axis of 
the aorta. The Doppler filter has to be decreased to its lowest 
setting to allow detection of low velocities (<10 cm/sec). The 
Doppler end-diastolic velocity measured at the peak height of 
the R-wave has been shown to be the best descending aortic 
correlate of the regurgitant severity requiring only a single 
measurement. A flow velocity ³18 cm/s corresponds to an 
AR with a regurgitant fraction (RF) ³40% with a sensibility 
of 88% and a specificity of 92%.9 Under-estimation occurs 
when heart rate is low (<50 bpm) and overestimation occurs 
if heart rate is >90 bpm. Diastolic flow reversal in the aorta is 
also related to aortic compliance. Therefore, abnormal dia-
stolic flow patterns can be observed in case of abnormal 

compliance in the proximal aorta or in patients with patent 
ductus arteriosus. In severe acute AR, diastolic velocity 
decreases quickly with no end-diastolic velocity owing to 
equalization of aortic and LV diastolic pressures.

Aortic Regurgitation Velocity Decline

The rate of the decline of the AR velocity as determined with 
CW Doppler can be used to quantify AR. In severe AR, sys-
temic diastolic pressure decreases quickly and the AR signal 
(representing the pressure difference between the aorta and 
the LV) has a shortened deceleration time, thus, a steep 
deceleration slope. This decline in velocity is quantified as 
the pressure half-time (PHT) or as the slope of the decay. 
PHT is the time required for the peak diastolic pressure gra-
dient to decay by 50%. The half-time of the aortoventricular 
pressure difference obtained with Doppler correlates well 
with those obtained from pressure recordings at catheteriza-
tion. This parameter is also influenced by systemic vascular 
resistance, aortic and LV compliance, and LV end-diastolic 
pressure. Despite these limitations, a <300 msec PHT indi-
cates severe regurgitation.10 The slope of the decay can also 
be used. A > 3 m/s² slope is in favour of severe AR. Adequate 
spectral envelope is mandatory to use these measurements.

Trans-oesophageal Echocardiography

TOE enables the anatomy of the aortic leaflets and the aortic 
root to be accurately assessed, and can help in identifying 
AR aetiology (e.g. aortic dissection, bicuspid aortic valve, 

Fig. 8.6 A pulsed Doppler 
recording within the descend-
ing aorta from a patient with 
severe AR demonstrates flow 
reversal throughout diastole. 
An end diastolic flow velocity 
greater than 18 cm/s is 
indicative of severe AR
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and aortic aneurysm). TOE is the reference examination in 
non-echogenic patients for AR quantification. Vena contracta 
imaging by TOE colour flow mapping in long-axis (135°) is 
an accurate marker of AR severity.11 Multi-plane TOE allows, 
in the absence of important aortic annulus calcifications, pla-
nimetry of the regurgitant jet using colour Doppler (with an 
angle between 20 and 70°). Regurgitant jet width and area 
>6 mm and >7.5 mm², respectively, are in favour of a severe 
AR with an RF > 50%. TOE can also be performed to better 
define the anatomy of the valve and the ascending aorta when 
valve-sparing intervention is considered.

Three-Dimensional Transthoracic Echocardiography

Accurate quantification of the severity of AR using various 
2D and Doppler echocardiographic techniques remains chal-
lenging. This is primarily because the 2D techniques try to 
describe and quantify a 3D structure. Recent studies demon-
strate the feasibility and accuracy of 3D TTE in quantifying 
AR.12, 13 After completion of the standard 2D TTE, live and 
real-time 3D images can be obtained from parasternal and 
apical views. 3D TTE vena contracta area (VCA) has been 
validated and compared with AR assessment by aortography 
and surgery with a better correlation than 2D TTE measure-
ments. Indeed, it obviates the need to suppose that vena con-
tracta is circular or elliptical in shape, which is done when 
using conventional TTE. Systematic cropping of the acquired 
3D TTE data set is used to measure VCA. The first step is 
obtaining the best AR jet in long-axis from a parasternal 
long-axis view or from an apical view (in case of poor 
parasternal window) by posterior-to-anterior cropping of the 
3D TTE data set. The 3D TTE colour Doppler data set is then 
cropped from the aortic side to the level of the vena con-
tracta, at or just below the aortic valve leaflets, in a plane that 
is exactly perpendicular to the AR jet viewed in long-axis. 
The image is tilted en face, and the cropped portion of the 
data set is added back to obtain the maximum area of vena 
contracta viewed in short-axis in systole. When patients 
present multiple AR jets, all individual VCAs are summed. 
The advantage of this 3D TTE AR evaluation is that the 
VCA can be multiplied by the velocity time integral to accu-
rately estimate the instantaneous regurgitant volume.

Evaluation of Left Ventricular Function

LV size and function are two important parameters in decision-
making as emphasized in the guidelines.14 End-diastolic and 
end-systolic dimensions are measured according to the lead-
ing edge to leading edge method. End-diastolic and end-sys-
tolic volumes are obtained according to Simpson’s biplane 
rule. LV function is assessed by LVEF. Emerging data have 

evaluated the role of new indices of LV function obtained 
with new ultrasonic modalities. However, they are not yet 
included in the guidelines. Indeed, asymptomatic patients 
with severe AR and LV dilatation may develop irreversible 
LV damage while awaiting surgery, and there is a need for 
early markers of LV dysfunction.

Exercise echocardiography has demonstrated its interest in 
a population of patients with asymptomatic or minimally symp-
tomatic severe AR and preserved LVEF, in which decision-
making is known to be easy. Stress echocardiography is used 
to evaluate post-exercise and resting LVEF. The difference 
between post-exercise and resting LVEF defines the contrac-
tile reserve (CR). In medically treated patients, CR predicts 
the preserved LVEF on follow-up, unlike patients without CR 
who more often have a decreased LVEF. In patients submitted 
to surgery, CR is also a good predictor of the resting post-
operative LVEF: patients with a CR show post-operative 
increase in LVEF, unlike patients without CR who show the 
same or worse LVEF on post-operative follow-up.15 In patients 
with asymptomatic severe AR and no clear indication of sur-
gery, the presence of CR allows a watchful waiting approach. 
The absence of CR suggests latent LV dysfunction and 
makes surgery reasonable.16 Other LV function indices 
newly studied in asymptomatic severe AR patients undergo-
ing exercise echocardiography evaluate LV long-axis con-
traction using tissue Doppler and M-mode echocardiography. 
Annular mitral systolic excursion is obtained with the cross 
section of medial mitral annulus guided by M-mode and mea-
sured from the onset to peak systolic annular motion towards 
apex. Peak mitral systolic velocity corresponds to the maxi-
mal velocity (in cm/s) of mitral annulus in pulsed Doppler 
with the sample volume placed just apical to the medial or 
lateral mitral annulus. A resting velocity of 9.5 cm/s seems to 
be the best indicator of a poor exercise response.8

Strain (S) and strain rate (SR) imaging can also be useful 
for the evaluation of AR. Radial and longitudinal peak sys-
tolic SR are lower in patients with moderate or severe AR as 
compared with healthy subjects. Changes in regional LV 
deformation also correlate inversely with LV end-diastolic 
and end-systolic volumes. Deformation changes can be 
detected before reduction of LVEF, but the prognostic value 
of these findings is not yet validated.

Acute Aortic Regurgitation

Acute AR corresponds to the acute onset of a massive regur-
gitant volume filling a normal LV, and resulting in an acute 
increase in LV diastolic pressure and a fall in forward car-
diac output. The most common causes of acute AR are endo-
carditis, aortic dissection, and trauma. Echocardiography 
is diagnostic in acute AR. The important increase in LV 
diastolic filling pressure produces an inversion of diastolic 
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 atrio-ventricular pressure gradient leading to a premature 
mitral valve closure, observed with M-mode echocardiog-
raphy. Diastolic MR can also be found with colour Doppler, 
pulsed Doppler, or CW Doppler techniques. In addition, a 
premature diastolic opening of the aortic valve may appear 
if LV pressure exceeds aortic pressure. A dense CW Doppler 
signal is found with a steep diastolic slope resulting in a PHT < 
200 ms. LV inflow has a restrictive pattern with increased 
E-wave, decreased deceleration time (<150 ms), and E/A 
ratio >3. The VCW is often difficult to measure because of 
frequent eccentric jets. TOE can be more accurate than TTE 
in determining the cause of acute AR.

Role of Cardiac Magnetic Resonance Imaging  
in Aortic Regurgitation

Cardiovascular MRI can image the regurgitant jet in any 
plane, and thus can provide a 3D appreciation of regurgitant 
jet. MRI quantifies the regurgitant volume either in absolute 
value or as an RF. Furthermore, a planimetry of the anatomic 
regurgitant orifice is made possible. MRI can also supply 
information on LV function. As the available data are lim-
ited, cardiac MRI is not yet recommended for routine clini-
cal practice in the current guidelines. MRI is only considered 
as an alternative technique when echocardiography is not 
feasible or of poor quality.

The MRI protocol in AR includes a sequence for assess-
ing the configuration of the aortic valve and the ascending 
aorta, the quantification of LV ejection fraction, LV mass, 
and RVol in the ascending aorta. Three planes are commonly 
used in daily MRI evaluation of AR. All the planes result 
from a basal short-axis plane. The first plane runs through 
the mitral valve and aortic valve on the basal short-axis plane 
and allows visualization of the LV inflow and outflow tracts. 
It corresponds to a 3-chamber view. The second plane, cor-
responding to a 2-chamber view, is perpendicular to the 
regurgitant jet visualized in the 3-chamber view. The third 
plane is an oblique axial plane in the aortic root, just above 
the aortic valve, at the level of the coronary arteries, obtained 
from both 2- and 3-chamber views.17

Three MRI techniques are commonly used for AR 
evaluation:

1. Qualitative assessment of signal loss on cine gradient-
echo imaging

2. Quantitative assessment by measurement of ventricular 
volumes

3. Quantitative assessment by plane-contrast velocity 
mapping

In cine gradient-echo imaging, turbulent flows induce a 
decrease in gradient echo signal intensity owing to signal loss. 

This decrease in signal intensity allows regurgitation flow 
identification and grading in a similar way as Doppler echocar-
diography or cineangiography. However, with the increasing 
use of balanced steady-state free precession (b-SSFP) cine 
imaging in cardiac MRI, qualitative assessment of signal loss 
has a reduced accuracy in regurgitation flow identification, in 
particular, when AR is mild. Therefore, this MRI technique 
only allows AR diagnosis. Care must be taken to ensure that 
the entire jet has been visualized. However, cine MRI b-SSFP 
allows visualization of the aortic valve area in an appropriate 
plane with excellent quality. Planimetry of the aortic valve 
area has been recently validated in aortic stenosis. The accu-
racy of planimetry of the ERO of AR has been recently studied 
in an analogous way as in aortic stenosis. The authors demon-
strated the feasibility of this technique as well as its strong cor-
relation with RVol and RF assessed by velocity mapping.

Quantitative evaluation of LV volumes is possible with 
b-SSFP imaging. This technique offers a good blood vs. 
endocardial contrasted images in a single breath-hold. LVEF 
is obtained using a set of short-axis cuts covering the length 
of the LV, in combination with Simpson’s rule. Furthermore, 
the measurement of left and right ventricular volumes evalu-
ation provides the opportunity to obtain the RVol by their 
subtraction.

For velocity mapping, phase information and not magni-
tude is displayed. The flow velocity component in any desired 
direction may be measured by appropriate gradient profile 
modifications, producing velocity-dependent phase shifts 
that can be displayed by phase mapping. The sequence allows 
fast repetition so that flow information may be acquired rap-
idly from many points in the cardiac cycle, and permits mea-
surement of instantaneous blood flow in the heart chambers 
and great vessels. Stationary structures are mid-gray colour 
mapped, while increasing velocities in either direction are 
shown as increasing grades of black and white. Measurement 
of the spatial mean velocity for all pixels in an orifice of 
known area enables the calculation of the instantaneous flow 
volume. Flow volume per heart beat is the integral of instan-
taneous flow volume throughout the cardiac cycle in ml/beat. 
This method is the most accurate for quantifying AR.18 The 
aortic regurgitant volume can be obtained as an absolute 
value by calculating the backflow through the aortic valve or 
the RF in an oblique axial plane above the valve.

RF (%) =  [Aortic retrograde flow (ml/beat)/Aortic 
forward flow (ml/beat)] × 100

The good reproducibility of velocity cine MRI for quantita-
tive assessment of RV and RF indicates the potential of this 
technique for follow-up and monitoring of response to 
therapy.9

Segment-based myocardial T1 mapping is an MRI tech-
nique not used in daily AR MRI evaluation, but allows the 
identification of myocardial fibrosis by comparing the T1 
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relaxation time of pixel within a parametric image. This 
technique has been applied in a first feasibility study with 
chronic AR patients to identify myocardial fibrosis as an 
early evidence of myocardial dysfunction. The results seem 
to be encouraging, but further data are needed before its 
larger utilization.

Imaging in Decision-Making

Echocardiography is actually the most recommended tech-
nique for AR evaluation. Decision-making is, therefore, 
based on it. However, this technique does not evaluate AR in 
a perfectly reliable manner in 100% of patients. Actually, 
physicians cope with these echocardiographic pitfalls and 
limitations by using an integrated combination of echo 
parameters in the quantification of AR. Emerging data stress 
the growing interest of MRI. The optimal timing for surgical 
intervention in chronic AR remains controversial. Clearly, 
surgery is indicated in patients with severe AR and signifi-
cant symptoms attributable to their valvular disease, but 
emerging data seem to demonstrate the benefit of early sur-
gery before the development of LV dysfunction.

Mitral Regurgitation

MR is increasingly prevalent in Europe, despite the reduced 
incidence of rheumatic disease. The development of surgical 
mitral valve repair introduced in the early 1970s by 
Carpentier, has dramatically changed the prognosis and man-
agement of patients presenting with severe MR. Imaging 
techniques and, in particular, Doppler echocardiography 
have a prominent role in the evaluation and follow-up of val-
vular heart diseases, particularly, MR. A close cooperation 
between echocardiographists and surgeons is of utmost 
importance. The assessment of MR by imaging should pro-
vide precise information on anatomical lesions, mechanisms 
of regurgitation, aetiology, quantified degree of regurgitation, 
and repairability of the valve. It is essential to distinguish 
between organic and functional MR, which radically differ 
in their pathophysiology, prognosis, and management.19

Anatomy and Function of the Mitral Valve

The different components of the mitral valve apparatus 
(annulus, leaflet, chordae, and papillary muscles) need to be 
assessed and described.

Mitral Annulus

Mitral annulus is oval and saddle-shaped. Its anterior portion 
is flat and rigid and cannot dilate. The posterior two-thirds 
may contribute to annular dilatation. The anterior-posterior 
diameter can be measured using real-time 3D echo or by con-
ventional 2D echo in the parasternal long-axis view. The 
diameter is compared with the length of the anterior leaflet in 
diastole. Annular dilatation is present when the quotient annu-
lus/anterior leaflet is >1.3 or when the diameter is >35 mm. 
The presence and extent of annular calcification is an impor-
tant parameter to describe.

Valvular Leaflets

The following features should be analyzed:

Thickness of the leaflet, eventually associated with redun-•	
dant and excessive tissue. A myxomatous or dystrophic 
valve implies an increased thickness >5 mm, preferably 
measured with M-mode.
Presence and extent of calcifications or vegetations.•	
Observation of the anterior and posterior commissures.•	
Length or area of leaflet coaptation throughout systole.•	

Chordae Tendinae and Papillary Muscles

The analysis of the subvalvular apparatus includes the mea-
surement of the chordal length, the description of calcifica-
tion, fusion, elongation, and rupture. The possible displacement 
of the papillary muscles needs to be quantified.

Valvular Segmentation

The posterior leaflet is inserted into the posterior two-thirds 
of the annulus, and consists of three scallops identified as P1, 
P2, and P3. The P1 scallop corresponds to the external, 
antero-lateral portion of the posterior valve, close to the 
anterior commissure and the left atrial appendage. The P2 
scallop is medium and more developed. The P3 scallop is 
internal, close to the posterior commissure and the tricuspid 
annulus. The anterior leaflet is artificially divided into three 
portions A1, A2, and A3, corresponding to the posterior 
scallops P1, P2, and P3 (Fig. 8.7). This segmentation is par-
ticularly useful to precisely define the anatomical lesions and 
the prolapsing segments in patients with degenerative MR.

Anatomy of Functional Mitral Regurgitation

If organic severe MR can progress and induce heart fail-
ure, then functional MR is not a valvular disease but 
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mainly the consequence of LV re-modelling and dysfunc-
tion. The leaflets are typically normal, although their area 
can increase with time as an adaptive mechanism. The 
annulus is usually dilated and becomes more circular with 
lack of dynamic systolic contraction. The LV is dilated 
and more spherical. Several measurements can be obtained 
to quantify global and regional LV re-modelling and the 
severity of altered geometry of the mitral valve apparatus 
(Table 8.3).

The location and extent of regional and global LV dys-
function are easily assessed in the classical views (paraster-
nal long-axis and short-axis and apical 2-, 3-, and 4-chamber 
views). Thin (diastolic thickness <5.5 mm) and hyper- 
echogenic ventricular segments usually imply the presence of 
trans-mural infarction. Global LV re-modelling is quantified by 
the measurements of end-diastolic and end-systolic volumes, 
and ejection fraction by 2D echo using the Simpson’s method 
or preferably by real-time 3D echocardiography. Furthermore, 
the sphericity index can be calculated.

Fig. 8.7 Mitral valvular 
segmentation. (a) Parasternal 
long axis view. (b) Short-axis 
view, (c) Apical 4-chamber 
view. (d) Apical 2-chamber 
view. Anterior leaflet: A1-A2-A3, 
posterior leaflet: P1-P2-P3

Global left ventricular re-modelling
End-diastolic volume
End-systolic volume
Ejection fraction
Systolic and diastolic sphericity indexes

Regional and ventricular re-modelling
Posterior displacement of posterior/anterior papillary muscles
Lateral displacement of posterior/anterior papillary muscles
Separation between the papillary muscles
Distance papillary muscles/fibrosae

Alteration of mitral valve geometry
Tenting area
Distance point of coaptation―annulus
Diastolic and systolic annular area
Annular contraction
Posterior lateral angle

Table 8.3. Echo-morphologic parameters in MR
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Regional re-modelling is quantified by the posterior and 
lateral displacements of one or both papillary muscles. The 
tenting area is measured in mid-systole as the area between 
the mitral annulus and the two leaflets. The apical displace-
ment of the coaptation point represents the distance between 
the mitral annular plane and the point of coaptation. Annular 
area and contraction can also be estimated.

Lesions and Mechanisms

Functional Classification

The analysis of the mechanisms of MR is an essential com-
ponent of the echocardiographic examination, in particular, 
when mitral valve repair is considered. The most frequently 
used classification of this dysfunction has been described by 
Carpentier, according to leaflet motion, independent of the 
etiology.20

Type I: The leaflet motion is normal. MR is determined by 
leaflet perforation (infective endocarditis) or more  frequently 
by annular dilatation.
Type II: Increased and excessive leaflet mobility accompa-
nied by displacement of the free edge of one or both leaflets 
beyond the mitral annular plane (mitral valve prolapse).
Type III: Reduced leaflet motion or mobility of one or both 
leaflets. Type III is subdivided into Type IIIA, implying 
restricted leaflet motion during both diastole and systole 
owing to shortening of the chordae and/or leaflet thickening 
such as in rheumatic disease; and Type IIIB, when leaflet 
motion is restricted only during systole.

The pathophysiology of MR is frequently complex, includ-
ing more than one of these mechanisms. Acute or chronic 
ischaemic MR can correspond to these three mechanisms.

Type I: The dilation of the posterior part of the mitral 
annulus is frequent in chronic ischaemic MR, which can pro-
duce asymmetric distortion frequently predominant in the P3 
region. Patients with ischaemic MR usually have larger 
annular diameters than those with organic MR. Annular 
areas are also larger in both diastole and systole, whereas 
systolic annular shortening is smaller in ischaemic MR.

Type II: This mechanism occurs in patients with acute 
myocardial infarction complicated by papillary muscle rup-
ture. Partial rupture of the postero-medial papillary muscle is 
most frequently observed. TTE or TOE is frequently per-
formed at the bedside in the intensive care unit. Imaging 
shows the complete version of the leaflet to which the rup-
tured portion of the papillary muscle is attached. The direc-
tion of the regurgitant jet with colour Doppler indicates the 
affected leaflet: the posterior leaflet when the jet is directed 
towards the inter-atrial septum vs. the anterior leaflet if the 
jet is directed towards the lateral wall of the left atrium. The 

severity of MR is frequently under-estimated and can be 
appreciated by the increased velocity of early LV filling and 
the characteristics of the CW recording showing a rapid 
reduction of velocity on the regurgitant flow during systole, 
reflecting the rapid reduction of the pressure gradient during 
systole between the left ventricle and the left atrium.

Type IIIB is the most frequent mechanism in chronic 
ischaemic MR. The restrictive motion occurs essentially 
 during systole and is most frequent in patients with previous 
posterior infarction. In this setting, the traction on the anterior 
leaflet by secondary chordae can induce the so called “seagle 
sign.” In patients with idiopathic cardiomyopathy or with 
both anterior and inferior infarctions, both leaflets exhibit a 
reduced systolic motion leading to incomplete coaptation.

Degenerative Organic Mitral Regurgitation

Several terms are used that should be distinguished•	 21 
(Figs. 8.8 and 8.9, Videos 8.8B, 8.8D, 8.9A, 8.9B, C, 
8.9D). A billowing valve is observed in systolic displace-
ment of one or both leaflets behind the annular plane, but 
a normal coaptation before the annular plane. MR is usu-
ally mild in this condition.
A floppy valve is a morphologic abnormality with thick-•	
ened leaflet owing to redundant tissue.
Mitral valve prolapse implies that the coaptation line is •	
behind the annular plane. With 2D echo, the diagnosis of 
prolapse should be made in the parasternal or eventually, 
the apical long-axis view, but not in the apical 4-chamber 
view because of the saddle-shaped annulus.
Flail leaflet: This term is used when the free edge of a •	
leaflet is completely reversed in the left atrium, usually as 
a consequence of ruptured chordae (degenerative MR or 
infective endocarditis).

Localization of Anatomic Lesions

The precise localization of the lesions is essential. The differ-
ent portions of both leaflets should be described as well as the 
location of ruptured chordae. Real-time 3D transthoracic and, 
in particular, trans-oesophageal echocardiographic imaging 
provide comprehensive visualization of the different compo-
nents of the mitral valve apparatus. However, the examina-
tion still relies frequently on 2D transthoracic or oesophageal 
images recorded in appropriate standardized views.

Short-Axis View

This view can be obtained by TTE or TOE, using the classical 
parasternal short-axis view and the transgastric view at 0°. 
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Fig. 8.8 (a) In normal mitral 
valve, the coaptation occurs 
beyond the mitral annular plane 
(arrows). (b) Billowing mitral 
valve is observed when a part of 
the mitral valve body protrudes 
into the left atrium. (c, d) Mitral 
valve prolapse is defined as 
abnormal systolic displacement 
of one ((c), posterior prolapse) 
or both leaflets into the left 
atrium below the annular  
((d), bileaflet prolapse)

Fig. 8.9 Four examples of 
degenerative mitral valve 
disease. (a) Myxomatous vale. 
(b, c) Ruptured chordae.  
(d) Flail mitral valve
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This view permits the assessment of the six leaflet segments 
and the two commissures in diastole. In systole, the local-
ization of prolapsus is indicated by the origin of the regurgi-
tant jet.

4-Chamber View

With TTE, a classical apical 4-chamber view is obtained and 
explores the anterior leaflet, segments A3 and A2, and the 
posterior leaflet in its external scallop P1. With TOE, differ-
ent valvular segments that depend on the position of the 
probe in the oesophagus, which progresses up and down, are 
observed. This permits successive observation of A1 and P1 
close to the antero-lateral commissure, A2 and P2, and 
finally, A3 and P3 close to the postero-medial commissure.

Longitudinal Views

The prasternal long-axis view with TTE and sagittal view at 
120° with TOE show the medium portion of the leaflets (A2 
and P2).

A bi-commissural view can be obtained in the apical 
2-chamber view with TTE and a view at 40–60° with TOE 
showing the two commissural regions and from left to right, 
P3, A2, and P1.

A 2-chamber view in the transgastric position, orthogonal 
to the subvalvular apparatus, permits measuring the length of 
the chordae and the distances between the head of the papil-
lary muscle and the mitral annulus.

Real-time 3D echo is particularly useful in the dialog 
between the echocardiographer and the surgeon. Multiple 
views are available which permit precise determination of 
the localization and the extent of the prolapse. The “en face” 
view, seen from the left atrium, is identical to the surgical 
view in the operating room.

Rheumatic Mitral Regurgitation

Rheumatic MR is characterized by variable thickening of the 
leaflets, especially at the level of their free edges. Fibrosis of 
the chordae is frequent, especially of those attached to the 
posterior valve, explaining the rigidity and reduced motion 
of the posterior leaflet in diastole.

In some patients, the posterior leaflet remains in a semi-
open position throughout the cardiac cycle, and the motion 
of the anterior leaflet in systole produces a false aspect of 
prolapse. In this situation, the regurgitant jet in colour Doppler 
is directed to the posterior wall of the left atrium.

Commissural jets are possible in the presence of rigidity 
and calcification of one or both commissures.

Infective Endocarditis

The most recent diagnostic criteria of the Duke University 
include echocardiographic parameters. The presence of veg-
etations is the most characteristic feature.

MR of this condition can be related to different mecha-
nisms such as valvular prolapse with ruptured chordae, 
abscess, false aneurysm, or valvular perforation. The precise 
documentation of the lesions is best obtained with TOE.

Ischaemic Mitral Regurgitation

Ischaemic MR relates to a balance between tethering force 
and closing force.22 The tethering force relates to the extent 
of LV re-modelling and displacement of the papillary muscles, 
and can be quantitated using different morphologic parame-
ters (Table 8.3) (Fig. 8.10, Videos 8.10A and B). The reduced 
closing forces relate to the extent of LV dysfunction. LV ejec-
tion fraction is not an accurate parameter for its assessment. 
More interesting parameters include the estimation on LV  
dP/dt through the measurement of the time interval on the 
CW recording of the regurgitant jet between 1m/s and 3m/s. 
The simplified Bernoulli equation can be applied as 36–4 mm 
Hg/Dt, thus 32 mm Hg/Dt. Closing forces can also be reduced 
in the presence of LV dyssynchrony, which can be assessed 
and quantitated by the different available methods.

Other Aetiologies

MR can be observed in other clinical settings. MR is fre-
quent in patients with hypertrophic cardiomyopathy, espe-
cially if systolic anterior motion of the mitral valve occurs 
when dynamic obstruction develops in the LV outflow tract. 
In this condition, the aspiration of the mitral leaflet by a 
Venturi effect in the ejection flow produces a kind of tunnel 
between the leaflets predominating at end-systole. In patients 
with lupus erythomatosus, Libman Sacks endocarditis can 
occur, especially in patients with anti-phospholipid antibod-
ies. The evolution of these lesions is quite variable from 
patient to patient and from time to time. Annular calcifica-
tion is frequent in the elderly or in patients with renal failure, 
but MR is rarely severe in this condition. Finally, valvular 
heart disease can be associated with several drugs such as 
fenfluramine or Pergolide.

Quantification of Mitral Regurgitation

The assessment of the severity of MR is essential in the man-
agement of patients. Semi-quantitative methods have first 
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been introduced, but more quantitated methods have been 
validated which permit to obtain measurements of RVol, RF, 
and ERO, the latter being the most robust parameter.23

Semi-Quantitative Method

Colour Flow Mapping

The RJA is frequently measured by planimetry from the apical 
4-chamber view (Fig. 8.11). The ratio of RJA to left atrial area 
is calculated. Although these measurements appear to be the 
easiest method, the jet area is influenced by numerous factors: 
mechanism of regurgitation, direction of the jet, loading condi-
tions, and left atrial size. Other limitations and pressure gradi-
ents include technical factors, such as gain settings, pulse 
repetition frequency, and aliasing velocity.24 Practically, gain 
should be optimized and aliasing velocity should be at least 
50–60 cm/s. A jet area <4 cm² indicates mild MR, between 4 
and 8 cm² moderate MR, and >8 cm² severe MR. The cut-off 
values of jet area to left atrial area are <20% for a mild, 20–40% 
for a moderate, and >40% for severe MR (Fig. 8.12).

Vena Contracta Width

The vena contracta is the narrowest portion of the MR jet, down-
stream from the orifice. It should be measured from two orthog-
onal planes; the zoom should be used to optimize visualization; 
the colour sector should be as narrow as possible; and the alias-
ing velocity can be adapted to identify the three components, 

namely, flow conversion, vena contracta, and regurgitant jet. A 
vena contracta <3 mm indicates mild MR, and VCW ³7 mm 
defines severe MR25 (Fig. 8.13, Video 8.13).

Anterograde Velocity of Mitral Flow

When MR is severe, mitral stroke volume is increased. A 
peak velocity >1.2 m/s suggests severe MR. The specificity 
is increased if the cut-off value is >1.5 m/s.

Fig. 8.10 (a) A patient with 
functional mitral regurgitation. 
Note the important mitral 
valvular deformation. (b) A 
patient with rheumatic mitral 
regurgitation

Fig. 8.11 Semi-quantitative assessment of MR severity using colour 
flow mapping of the regurgitant jet. The ratio of regurgitant jet to left 
atrial area can be calculated. AP 4-CV; apical 4-chamber view
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Fig. 8.12 Three examples of various degrees of MR, mild (a), moder-
ate (b), and severe (c) are provided. The RJA as well as the mitral 
E-wave velocity increase with the severity of MR. In severe MR, the 

CW Doppler signal of the regurgitant jet is truncated, triangular, and 
intense. Notching of the CW envelope (cut-off sign) can occur in 
severe MR

Fig. 8.13 Semi-quantitative 
assessment of MR severity using 
the vena contracta width (VCW). 
AP 4-CV; apical 4-chamber view

Quantitative Methods (Figs. 8.14–8.17, Video 8.14,  
Video 8.16)

Doppler Volumetric Method

Quantitative Doppler echocardiography is reliable, but not 
applicable in the presence of significant AR. The regurgitant 
volume is the difference between the mitral inflow stroke vol-
ume and the aortic stroke volume. The ERO is calculated as:

ERO = regurgitant volume/TVI of MR velocity by CW 
Doppler.26

The Flow-Convergence Method

The theoretic basis of the flow-convergence method has been 
described earlier.27 The following steps should be followed: 
colour flow imaging of MR should be optimized with a small 
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Fig. 8.14 Quantitative 
assessment of MR severity 
using the PISA method. 
Stepwise analysis of MR.  
(a) Apical 4-chamber view  
(AP 4-CV). (b) Colour flow 
display. (c) Zoom of the 
selected zone. (d) Downward 
shift of 0 baseline to obtain a 
hemispheric PISA.  
(e) CW Doppler of MR jet.  
(f) Calculation of the ERO and 
regurgitant volume (RVol)

a b

c d

Fig. 8.15 Four examples of flow 
convergence zone changes 
using colour M-mode. (a, b) 
Functional MR. (a) Early and late 
peaks and mid-systolic decrease. 
(c) Rheumatic valve. (d) Mitral 
valve prolapse (late systolic 
enhancement)
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Fig. 8.16 Severe eccentric MR that can be perfectly assessed by using the PISA method

Fig. 8.17 The quantitative 
assessment of MR severity by 
the Doppler volumetric method 
requires the measurement of 
the left ventricular outflow tract 
diameter, the mitral annulus 
diameter, and of two pulse wave 
velocity profiles (outflow tract 
and mitral inflow velocities)

angle from the apical window. The image of MR is extended 
by using zoom or regional extension selection. Colour flow 
baseline needs to be shifted downwards to obtain hemi-
spheric PISA, using the negative aliasing velocity between 
15 and 40 cm/s. The radius of the PISA is measured at mid-
systole using the first aliasing. RVol and ERO are obtained 
using the standard formula.

Flow rate at PISA = flow rate at regurgitant orifice.
ERO = 6.28r2 × aliasing velocity/MR velocity.
RVol = ERO × MR TVI.

The ratio of the aliasing velocity to the peak orifice velocity 
should be <10%. Several pitfalls of this method exist. The 
hemispheric assumption by 2D echo frequently underscores 



168 Chapter 8 Valvular Regurgitation 

the true severity of MR. Indeed, real-time 3D echo has shown 
that PISA is more frequently hemi-elliptic rather than truly 
hemispheric. However, the PISA method, which is less 
dependent on instrumentation and haemodynamic factors, can 
be used in the presence of eccentric jets. The aetiology of 
MR and the presence of associated valvular disease do not 
affect calculation.

Colour M-mode is important to assess the changes in the 
PISA radius during systole. The PISA radius is most fre-
quently constant in patients with rheumatic MR. It frequently 
increases progressively with a maximum during the second 
half of systole in patients with mitral valve prolapse. In the 
presence of functional MR, there is a dynamic variation of 
regurgitant orifice area with early and late systolic peaks and 
a mid-systolic decrease. The phasic changes in transmitral 
pressure act to close the mitral leaflets more effectively when 
pressure reaches its peak in mid-systole. ERO is the most 
robust parameter. However, it is the amount of regurgitant 
flow and not orifice size that determines left atrial pressure.

Pulmonary Venous Flow

Reversed systolic flow in the pulmonary vein usually implies 
severe MR. However, this observation is not accurate if MR 
is directed into the sampled vein (Fig. 8.18).

Continuous Wave Doppler

The morphology of the CW Doppler also can be used in 
acute severe MR. There is a rapid decrease in velocity indi-
cating a reduction in the pressure gradient between the LV 
and the left atrium, corresponding to a large V-wave observed 
with cardiac catheterization. A distinction between mild, 
moderate, and severe MR should integrate all these different 
parameters and measurements (Tables 8.4–8.6).

Consequences of Mitral Regurgitation

Several parameters and measurements are required to assess 
the haemodynamic repercussions of severe MR.

Left Ventricular Parameters

Although real-time 3D echo permits reliable measurement of 
LV volumes and ejection fraction, the most recent guidelines 
still refer to M-mode measurements.

End-systolic diameter is still an important measurement, 
although the European and American Guidelines differ in 
the cut-off value recommending mitral valve repair in severe 
chronic organic MR (45 mm in the European recommendations 

Fig. 8.18 (a) Normal pulmonary 
vein flow pattern. (b) Reversed 
systolic pulmonary flow in a 
patient with severe MR
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and 40 mm in the ACC/AHA Guidelines). The cut-off value 
for ejection fraction is similar (<60%).14,  28 However, the vari-
ability of LV dimensions increases in a spherical LV; a 10% 
error in diameter lead to a 30% error in volume. LV shape is 
important to assess using the sphericity index.

Left Atrial and Pulmonary Pressures

Although the left atrial size is not included in the guidelines, 
it is an important parameter. Left atrial volume should be 
obtained by 3D echo or by 2D echo using the Simpson rule. 
The presence of tricuspid regurgitation (TR), even if it is mild, 
permits the estimation of systolic pulmonary arterial pressure. 
Recommendation for mitral valve surgery is a class IIa when 
pulmonary arterial systolic pressure is >50 mm Hg at rest.

Left Ventricular Function

LV ejection fraction is a load-dependent parameter and thus, 
is not reliable in a situation of volume overload and low 

impedance. Indeed, the LV ejection fraction represents the 
sum of the forward ejection fraction and the RF. New param-
eters are currently available for a better assessment of LV 
function. Global radial or preferably longitudinal strain has 
been shown to be useful to predict post-operative LV func-
tion in patients with asymptomatic severe MR.

Exercise-Echocardiography

Organic Mitral Regurgitation

According to the ACC/AHA 2006 Guidelines, exercise 
Doppler echocardiography is reasonable (class IIa, level of 
evidence C) in asymptomatic patients with severe MR to 
assess exercise tolerance and the effect of exercise on pul-
monary artery pressure (significant if > 60 mm Hg) and MR 
severity. This is not included in the ESC Guidelines in 2007, 
probably because of lack of robust data. Several studies have 
used post-exercise echo and measured LV volumes and ejec-
tion fraction. It was found that the best predictors of post-
operative LV dysfunction were exercise variables rather than 
similar parameters measured at rest.

Longitudinal strain at exercise and exercise-induced 
changes in this parameter appear to be interesting for this 
prediction. Confirmation is required to implement the cut-
off values found in the future guidelines.29

Ischaemic Mitral Regurgitation

Ischaemic MR varies dynamically, depending on loading con-
ditions and a balance of closing force and mitral valvular 

Mild Moderate Severe

Small central jet <4 cm² or <20% of left atrial area Intermediate signs Vena contracta ³0.7 cm with large central MR jet (area >40% 
of left atrial area) or with a wall-impinging jet of any size

Vena contracta <0.3 cm Large flow convergence
Systolic reversal in pulmonary vein

No or minimal flow convergence Prominent flail/ruptured papillary muscle

Table 8.4. Qualitative assessment of MR: specific signs

Mild Mild Moderate Severe

Regurgitant volume  
(ml/beat)

<30 30–44/45–59 ³60

Regurgitant fraction (%) <30 30–44/45–59 ³50

ERO (cm²) <0.20 0.20–0.29/0.30–0.39 ³0.40

Table 8.6. Qualitative assessment of MR: Grading of severity

Ischaemic MR: ERO ³ 0.20 cm² or R Vol ³ 30 mL should be considered 
as severe

Mild Moderate Severe

Systolic dominant flow in pulmonary vein Intermediate signs Dense, triangular CW Doppler MR signal
A-wave dominant mitral inflow E-wave dominant mitral inflow (E >1.2 cm/s)
Soft density, parabolic CW Doppler MR signal Enlarged LA (³28 cm/m²)
Normal left ventricular size Enlarged LVD (³82 mL/m²)

Table 8.5. Qualitative assessment of MR: supportive signs

CW continuous wave Doppler
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deformation. Quantitation of functional MR during exercise 
is feasible using the PISA or the Doppler volumetric meth-
ods. The degree of MR at rest is unrelated to exercise-induced 
changes in ERO, which are related to those in local  
LV re-modelling and in mitral deformation. Dynamic MR is 
strongly related to exercise-induced changes in systolic tent-
ing area and to intermittent changes in LV synchronicity. 
Large exercise-induced increases in ischaemic MR are asso-
ciated with dyspnea or acute pulmonary oedema. Dynamic 
MR also predicts mortality and hospitalization for heart 
failure.30–32

Repairability

Symptomatic patients with severe organic MR should be 
submitted to mitral valve surgery, preferably mitral valve 
repair. In patients with asymptomatic severe MR, the repara-
bility of the valve is utmost important in clinical decision-
making. The probability of repair is highly dependent on the 
surgeon’s skill and experience. The surgeon needs to know 
the mechanism and the anatomic classification. In the pres-
ence of valve prolapse, it is essential to determine which 
scallops are involved, whether the commissural MR is pres-
ent, the extent of redundant leaflet tissue, and the extent of 
valvular and annular calcification.

Role of Echocardiography in the Follow-Up

Moderate MR requires clinical examination every year and 
an echocardiogram every 2 years. In patients with severe 
MR, clinical assessment is needed every 6 months and an 
echocardiogram every year. If the ejection fraction is 60–65% 
and/or if the end-systolic diameter is between 40 and 45 mm, 
the echocardiogram should be performed every 6 months.

Progression of severity of MR is frequent with important 
individual differences. The average yearly increase in RVol 
is 7.5 mL and in ERO is 5.9 mm². In addition, progression of 
lesions needs to be assessed such as an increase in annular 
size, the development of a flail leaflet, the evolution of LV 
end-systolic dimension, ejection fraction, left atrial area or 
volume, pulmonary systolic arterial pressure, exercise capac-
ity, and occurrence of atrial arrhythmias.

The measurement of functional ischaemic MR is contro-
versial. In addition to clinical evaluation, echo should pro-
vide important information, such as the severity of MR (ERO 
³ 20 mm²), dynamic MR (increase in ERO > 13 mm² at exer-
cise), extent of LV re-modelling and sphericity, of mitral valve 
deformation, presence and extent of LV dyssynchrony, and 
presence and extent of viable and ischaemic tissue.

Role of Magnetic Resonance Imaging

Evaluation of the patient with MR should include confirming 
the presence of regurgitation, quantifying it, and determining 
its influence on LV volumes and systolic function.33 
Echocardiography and, to a lesser extent, cardiac catheteriza-
tion are most commonly used to evaluate MR. However, 
because MRI is a 3D volumetric technique, it can better quan-
tify the severity of regurgitation, as well as quantify its effect on 
LV size and function. In patients with isolated MR, MRI can 
quantify the leak using two different methods. The regurgitant 
volume can be calculated as (1) the difference between the LV 
stroke volume and the aortic flow or (2) the difference between 
the LV and RV stroke volumes. Having two distinct volumetric 
methods of quantifying the regurgitant volume often increases 
the diagnostic confidence in the MRI results. Furthermore, 
because MRI does not rely on direct assessment of the regurgi-
tant jet, quantifying eccentric or multiple regurgitant jets is not 
problematic because it can be carried out with echocardiogra-
phy. Finally, the assessment of MR with MRI is completely 
non-invasive. It does not require intravenous contrast, and it 
does not use ionizing radiation. As with AR, MR may be acute 
or chronic. The main haemodynamic consequence of chronic 
MR is gradual LV dilatation and ultimately, LV failure. Thus, 
MRI is well placed to accurately quantify and monitor the 
severity of MR and the haemodynamic consequences on LV 
function. Hitherto, no large-scale clinical studies have assessed 
the use of MRI for defining the timing of surgical repair of MR. 
In ischaemic functional MR, MRI can also be used to identify 
and evaluate the extent of viable myocardium.

Tricuspid Regurgitation

TR is a commonly diagnosed pathology. As it is mostly 
asymptomatic and not easily audible on physical examina-
tion, it is frequently only diagnosed by echocardiography 
performed for another indication. Although a mild degree of 
TR is frequent and benign, moderate and severe TR is asso-
ciated with poor prognosis.34

Tricuspid Valve Anatomy and Incidences

The tricuspid valve is composed of the annulus, three leaflets, 
papillary muscles, and chordae tendinae. It lies between the 
right atrium and the RV in a more apical position than the 
mitral valve. The tricuspid annulus, providing a firm support 
for the tricuspid leaflets insertion, is less fibrous than other 
annuluses and slightly larger than the mitral valve annulus. 
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Until recently, the shape of the tricuspid annulus had not been 
established. In a recent 3D study, the tricuspid annulus is found 
to have a less non-planar shape than the mitral annulus, having 
a wider non-planar angle closer to 170°. On projected view, it 
revealed a round or oval shape, whereas the mitral annulus 
demonstrated a fan-like shape, which may probably be due to 
less non-planarity of the tricuspid annulus compared with the 
mitral annulus. The tricuspid valve has three thin and membra-
nous leaflets. The commissures appear more like indentations 
than true commissures. The three leaflets are the anterior, sep-
tal, and posterior leaflets, with the anterior and septal being 
larger than the posterior leaflet. The three papillary muscles are 
the anterior, posterior, and septal papillary muscles. The ante-
rior and septal papillary muscles are the largest. The posterior 
papillary muscle is small and sometimes absent. Each leaflet 
has chordal attachments to one or more papillary muscles.

The three main transthoracic incidences allowing the tri-
cuspid valve visualization are the left views, the apical 
4-chamber view, and the sub-costal view. Parasternal long-
axis view of the RV inflow is obtained by tilting the probe 
inferomedially and rotating it slightly clockwise from the 
parasternal long-axis view of the left ventricle. This incidence 
reveals the anterior tricuspid leaflet (near the aortic valve) and 
the posterior tricuspid leaflet. Parasternal short-axis view, at 
the level of the aortic valve, apical 4-chamber view, and sub-
costal position visualizes the septal and anterior tricuspid leaf-
lets. However, it is not possible to visualize the three leaflets 
simultaneously by 2D echo. Real-time 3D TTE is now rou-
tinely available and allows simultaneous analysis of the three 
leaflets of the tricuspid valve within a reasonable time.35

TOE for the tricuspid valve is possible with the 4-chamber 
view at 0° in the basal oesophageal and esogastric junction 
planes. TOE is of interest for the diagnosis of endocarditis 
when suspected. It is particularly essential to diagnose 
venous catheters and pacemaker-lead infection because TTE 
is often non-diagnostic in these settings. TOE can also help 
accurate tricuspid valve chordae visualization when trau-
matic rupture is suspected with TTE.

Aetiology

A mild degree of TR is frequently reported in healthy sub-
jects related to age. Percentages of 65–75 have been reported 
in prospective studies of healthy volunteers. On echocar-
diography, this “physiological” TR is associated with normal 
valve leaflets and no dilatation of the RV. It is localized in a 
small region adjacent to valve closure (< 1 cm) with a central 
thin jet, and often does not extend throughout systole. Peak 
systolic velocities are between 1.7 and 2.3 m/s.

Moderate and severe TR can be either secondary or func-
tional, i.e. without tricuspid valve structural abnormality, or 

much less often primary or organic, owing to a tricuspid valve 
disease. In a study of 242 consecutive patients diagnosed for 
severe TR, primary tricuspid valve disease was evident in 10% 
and secondary functional TR in 90%: tricuspid annulus and 
RV dilatation (secondary to aging, atrial fibrillation, or other 
causes) were the most common mechanisms of TR in these 
patients. The principal causes of functional and organic TR are 
shown in Tables 8.7 and 8.8. Functional TR is thought to be 
caused by TV annulus dilatation and tethering of the tricuspid 
leaflet when right ventricular dilatation results in a decrease in 
the degree of leaflet overlap or coaptation at their tips.

Primary right ventricular and tricuspid annulus dilatation
Right ventricular myocardial infarction
Dilated cardiomyopathy of any cause
Right ventricular dysplasia
Post-transplant right ventricular myocardial disease

Pulmonary hypertension and secondary right ventricular and 
tricuspid annulus dilatation

Left-sided heart failure
Mitral valve stenosis or regurgitation
Primary pulmonary disease: Cor pulmonale, pulmonary embolism, 

pulmonary hypertension of any cause
Left to right shunt: atrial septal defect, ventricular septal defect, 

anomalous pulmonary venous return
Eisenmenger syndrome
Pulmonary artery or pulmonary valve stenosis
Hyperthyroidism

Right atrial dilatation and secondary tricuspid annulus dilatation
Atrial fibrillation

Table 8.7. Causes of functional tricuspid regurgitation (TR)

Ebstein anomaly

Infective endocarditis

Rheumatic fever

Trauma

Ischaemic heart disease responsible for papillary muscle  
dysfunction or rupture

Connective tissue disorder (e.g. Marfan Syndrome)

Myxomatous degeneration or prolapse (associated to mitral valve 
prolapse in 40% of cases)

Marantic endocarditis in systemic lupus erythematosus or  
rheumatic arthritis

Iatrogenic: Pacemaker implantation, endomyocardial biopsy

Drugs: Anorectic drugs (fenfluramine and phentermine), dopamine 
agonist (pergoline)

Table 8.8. Causes of organic TR
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Echocardiographic Diagnostic of Tricuspid 
Regurgitation

Table 8.9 summarizes the different parameters that define a 
severe TR.

Two-Dimensional

2D allows the detection of the mechanism and the cause of 
regurgitation. The pathognomonic presence of an inadequate 
cusp coaptation is associated with severe TR. The presence 
and degree of TR can be assessed by precise inspection of 
RV size and function, right atrial size and function, tricuspid 
valve morphology, and vena cava. Good correlation exists 
between tricuspid annulus diameter and TR severity: a sys-
tolic tricuspid annulus diameter >3.2 cm or a diastolic tricus-
pid annulus diameter >3.4 cm are in favour of severe TR.35

Colour Flow Doppler Echocardiography

Colour flow Doppler echocardiography is the most fre-
quently used technique for TR diagnosis and quantification. 
Apical 4-chamber view and parasternal short-axis view at 
the level of the aortic valve are the two incidences that per-
mit TR colour flow analysis. Proper settings of the echoma-
chine require the choice of an aliasing velocity of 50–60 
cm/s and an optimized colour gain to eliminate random 
colour speckles (Figs. 8.19 and 8.20, Videos 8.19 and 8.20).

Colour Flow Mapping

Quantification of the severity of TR by mapping the extent of 
the regurgitant jet in the right atrium is quite obsolete and old 

Echocardiographic mode Criteria of severe TR

2D Echocardiography Inadequate cusp
Systolic tricuspid annulus diameter 

>3.2 cm or a diastolic tricuspid 
annulus diameter >3.4 cm

Colour flow Doppler Regurgitant jet area > 10 cm²
VCW > 0.65 cm
PISA radius of >0.9 cm
ERO >40 mm²
Regurgitant volume ³45 mL
Systolic flow reversal in the vena 

cava and hepatic vein

CW Doppler Dense CW Doppler signal
Late systolic concave configuration 

of the CW Doppler signal
Increased tricuspid inflow velocity 

³ 1 m/s

Pulse wave Doppler E-wave velocity of ³65 cm/s

Table 8.9. Criteria of severe TR

Fig. 8.19 Three examples of various degrees of TR, mild (left), mod-
erate (middle), and severe (right) are provided. The RJA increases 
with the severity of TR. The peak velocity of TR (CW Doppler) allows 

the estimation of pulmonary pressure except in case of massive TR, 
as the Bernouilli equation is not applicable
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fashion. The maximal jet regurgitant area (RJA) in apical 
4-chamber view is, therefore, more frequently used to quantify 
the severity of regurgitation (Figure and Video).36 A mild TR 
is associated with an RJA< 4 cm² and severe TR with RJA  
> 10 cm². Moderate TR is found within the interval. The size 
of the colour flow jet in the right atrium is correlated with the 
angiographic severity of the TR only when it is severe. The 
main limitations of this technique include technical factors 
such as gain settings and pulse repetition frequency, loading 
conditions, and right atrial size. A potential source of under-
estimation of the RJA is owing to the eccentric direction taken by 
the jet as it enters the right atrium owing to the Coanda effect.

Vena Contracta Width

A more accurate method of TR quantification is the assess-
ment of the VCW. Vena contracta is the smallest neck of the 
regurgitant jet that occurs just at the level of the tricuspid 

valve, immediately after the flow convergence region in the 
apical 4-chamber view. Zooming allows better visualization 
of the neck of the regurgitant jet. The colour sector has to be 
as narrow as possible to maximize lateral and temporal reso-
lution, and aliasing velocity should be detected between 46 
and 96 cm/s. To increase the validity of the measure, it is 
recommended to record several measures in inspiration and 
expiration, and then to average them owing to the influence 
of the respiratory cycle on TR severity. A severe TR corre-
sponds to a VCW of >0.65 cm (sensitivity of 89%, specific-
ity of 93%).37 Overlap exists between mild and moderate 
cases. The major limitation of this technique is associated 
with non-circular orifice and multiple jets.

Proximal Isovelocity Surface Area Method

Another method used for quantifying TR severity is the PISA 
method. Colour flow imaging displays the convergent PISA 

Fig. 8.20 Quantitative assessment of TR severity using the VCW and 
the PISA method. Stepwise analysis of TR. (a) Apical 4-chamber view 
(AP 4-CV). (b) Colour flow display. (c) Zoom of the selected zone to 

obtain the vena contracta and the three components of TR jet. (d) 
Downward shift of zero baseline to obtain an hemispheric PISA
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signal as a hemispheric shell with surface velocity equal to 
the chosen aliasing velocity. Therefore, a clearly visible, 
round PISA is required for calculation. This is made possible 
by a zoom view of the region of interest in the apical 4-chamber 
or parasternal short-axis (at the level of the aortic valve) 
views. The proper settings include the reduction of the depth 
of the imaging sector and the use of the narrowest possible 
colour sector. The colour flow velocity scale baseline is shifted 
to reduce aliasing velocity (of about 28 cm/s). The PISA 
radius is obtained by measuring the distance between the 
regurgitant orifice and first aliasing. The regurgitant flow rate 
across the tricuspid valve is obtained from the flow rate of 
the PISA, by determining the flow velocity corresponding to 
the aliasing velocity. The ERO is obtained by dividing the 
flow rate through the regurgitant orifice by the peak velocity 
of the regurgitant jet with CW Doppler.

Flow rate = 2pr² × aliasing velocity
ERO = Flow rate/peak TR velocity
ERO = (6.28 × r² × aliasing velocity)/peak TR velocity
RVol per beat = ERO × TR TVI

ERO = effective regurgitant orifice, r = PISA radius, peak 
TR velocity = TR flow peak velocity in CW Doppler, RVol = 
Regurgitant volume, TR TVI = time velocity integral of TR 
flow in CW Doppler

With an aliasing velocity of 28 cm/s, a TR PISA radius of 
<0.5 cm is categorized as mild, a radius of 0.6–0.9 cm is mod-
erate, and a radius of >0.9 cm is severe, and correspond to an 
ERO of >40 mm². PISA method limitations include reduced 
accuracy for eccentric jets, difficulty indentifying the regur-
gitant orifice, and inaccurate estimation of the convergence 
shape. The flow convergence method and the jet area method 

Fig. 8.21 Sub-costal echocardiogram recorded in a patient with 
severe TR. (a–c) The colour Doppler confirms retrograde flow into the 
vena cava and hepatic vein in systole consistent with TR (red). (d) A 

spectral Doppler recording from a hepatic vein, also confirming the 
systolic retrograde flow
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are of similar value for the determination of the severity of 
TR. However, under-estimation of severe TR in 20–30% of 
the case represents serious limitation of both methods.

Inferior Vena Caval and Hepatic Vein Flow

In case of TR, colour flow Doppler demonstrates alterations in 
inferior vena caval and hepatic flow. Normally, blood flow is 
towards the right atrium throughout the cardiac cycle, except 
briefly after atrial contraction. In the presence of a significant 
TR, the dominant systolic wave may be blunted (moderate 
TR) or reversed (severe TR), with accentuation during inspi-
ration (Fig. 8.21).

Continuous Wave Doppler

The shape, density, and peak velocity of the TR jet are the 
parameters analyzed using CW Doppler. The shape of the jet 
is used as a parameter to grade TR. Mild TR is usually associ-
ated with a symmetric and parabolic shape, moderate TR is 
associated with variable contour, and severe TR is associated 
with triangular early peaking jet. This V-wave appears to be 
one of the most useful and reliable sign of severe TR. The 
density of the TR CW Doppler signal indicates the magnitude 
of the RF. Mild TR has soft TR jets, whereas moderate and 
severe TR have dense TR jets. An increased tricuspid inflow 
velocity ³ 1 m/s is associated with severe TR. A reliable peak 
velocity of the TR jet measure requires low angle between 
the incident ultrasound beam and the regurgitant jet. Modified 
Bernoulli equation allows estimation of the peak TR gradi-
ent. Right ventricular systolic pressure is estimated by sum-
ming the right atrial pressure and peak TR pressure gradient. 
It is equal to the pulmonary artery systolic pressure if there is 
no pulmonic valve stenosis. The presence of a severe pulmo-
nary hypertension is not an indicator of severe TR.

Pulsed Wave Doppler

Peak E-wave and TVI of RV inflow are increased propor-
tionately with TR severity. Increased peak tricuspid E-wave 
velocity is associated with severe TR, and thus, can be used 
as a simple measure of TR grade. A peak E-wave veloc-
ity of ³65 cm/s had a sensitivity of 73% and specificity of 
88% for the detection of severe TR. Pulsed wave Doppler 
is also used for inferior vena cava and hepatic vein flow 
analysis. Severe TR is associated with a systolic venous 
flow reversal.
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Introduction

Prosthetic heart valves may be mechanical or bioprosthetic. 
Mechanical valves, which are composed primarily of metal 
or carbon alloys, are classified according to their design as 
ball-caged, single-tilting-disc, or bileaflet-tilting-disc valves 
(Fig. 9.1). In ball-caged valves, the occluder is a sphere that 
is contained by a metal “cage” when the valve is in its open 
position, and fills the orifice when the valve is in its closed 
position. In single-tilting-disc valves, the occluder is a single 
circular disc that is constrained in its motion by a cage, a 
central strut, or a slanted slot in the valve ring; therefore, it 
opens at an angle less than 90° to the sewing ring plane. In 
bileaflet-tilting-disc valves, the two occluders are two semi-
circular discs that open forming three orifices–a central one 
and two lateral ones.

Biological tissue-valve prostheses may be heterografts, 
which are composed of porcine, bovine, or equine tissue 
(valvular or pericardial), or homografts, which are pre-
served human aortic valves. Heterografts include stented 
and stentless bioprostheses (Fig. 9.2). In stented valves, the 
biological tissue of the valve is mounted on a rigid stent 
(plastic or metallic) and covered with a fabric. Conversely, 
stentless bioprostheses use the patient’s native aortic root as 
the valve stent. The absence of a stent and sewing ring cuff 
make it possible to implant a larger valve for a given native 
annulus size, resulting in a greater effective orifice area 
(EOA).

Heart Valve Prostheses specifications  
and Functional Parameters

The size of mechanical and stented biological valve prosthe-
ses can be described using geometrical and functional param-
eters. Geometrical parameters are measurements obtained by 
the manufacturers and usually reported in product brochure. 
The sewing ring diameter (SRD) (measured in mm) is the 
largest diameter of the sewing cuff (Fig. 9.3). The internal 
orifice diameter (IOD, in mm) is the internal diameter of the 
stent. From the IOD, the geometric orifice area (GOA) of the 
prosthesis (the internal valve area theoretically available for 
the bloodstream to pass through) can be calculated using the 
geometric formula m(IOD/2)2. The external diameter (ED, 
in mm) is the diameter of the stent plus fabric. From the ED, 
the mounting area of the prosthesis (the area that the prosthe-
sis will occupy within the patient’s native annulus) may be 
calculated using the geometric formula m(ED/2)2. The latter 

is rarely reported in product brochures, but it is needed in 
order to calculate the ratio between the GOA and the mount-
ing area. This ratio depends on the prosthesis design and 
gives an indication of the space subtracted from the native 
annulus “flow area” by the fixed structures (stent and 
cuff) of the prosthesis. This ratio also depends on the implant 

a

b

c

Fig. 9.1 Different types of mechanical valve prostheses. (a) Starr–
Edwards ball-caged valve. (b) All carbon tilting-disc-valve, (c) Fit-line 
aortic bileaflet-tilting-disc valve. Courtesy of Edwards Lifesciences, 
Irvine, CA, and Sorin Biomedica Cardio S.p.A., Saluggia, IT
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technique used. Generally, for a totally intra-annular pros-
thesis, this ratio is 40–70%,1 and it increases to 80–85% for 
partially supra-annular prostheses, and reaches 100% (result-
ing in a maximization of blood flow) for totally supra-annu-
lar prostheses.

Functional parameters of prosthesis size include both 
in vitro and in vivo EOA. In vitro EOA can be measured 
under static hydrodynamic conditions at a variety of flow 
rates, or under dynamic conditions with variable pulsatile 
waveforms and flow rates. Estimates of static EOA for bio-
prostheses vary by as much as 100% as the steady flow 
rate increases. Dynamic pulsatile in vitro EOA data are 

 non-standardized, unreproducible, and unavailable. Therefore, 
in vitro EOA is generally unsuitable for the assessment of the 
clinical effect of prosthesis size.2 In vivo EOA is always 
smaller than the GOA and corresponds to the smallest area of 
the jet passing through the prosthesis as it exits the valve 
(vena contracta). Both the shape of the inlet and the size of 
the orifice affect the ratio between the geometric area and the 
EOA (coefficient of orifice contraction).3

For clinical purposes, the size of prostheses is reported as 
labelled prosthesis size (i.e. 19 mm, 21 mm, etc.). However, 
labelled size is often the approximation of an integer number 
(i.e. labelled size = Bicarbon 21 mm; actual size = 21.2 mm). 
Recently, the International Organization for Standardization 
(ISO) specification concerning the valve size labelling of 
heart valve prostheses (ISO/CD 5840) recommended that 
labelled prosthesis size should represent the tissue annulus 
diameter (TAD) of the patient into whom the valve is intended 
to be implanted.

Assessment of Prosthetic Valve Function

Several imaging techniques can be used to assess valve pros-
thesis function.

a

b

Fig. 9.2 Biological tissue valves. (a) Stented Soprano pericardial 
valve. (b) Stentless Solo pericardial valve. Courtesy of Sorin Biomedica 
Cardio S.p.A., Saluggia, IT

Fig. 9.3 Geometrical valve size specifications. The sewing ring diam-
eter (SRD) is the maximum diameter of the sewing cuff. The ED is the 
diameter of the housing or housing plus fabric. From ED, the area 
that the prosthesis will occupy within the patient annulus (mounting 
area, MA) is calculated (see text for details). The IOD is the internal 
diameter of the housing. From IOD, the internal valve area theoreti-
cally available for bloodstream to pass through (geometric orifice 
area, GOA) is calculated (see text for details). LVOT, left ventricular 
outflow tract; TAD, native tissue annulus diameter
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echocardiography

Echocardiography remains the imaging technique of choice 
for the assessment of prostheses function. 2D transthoracic 
echocardiography can be used to assess sewing-ring stabil-
ity and occluder motion (Fig. 9.4, Videos 9.4A–D). The 
mechanical valves have a specific pattern of echoes that can 
help to identify the type of prosthesis. A ball-caged valve 
will display a cage and the moving echo of the ball on the 
ventricular side. A single echo moving up and down on the 
ventricular side can be seen with a tilting-disc valve (Fig. 9.4, 
Videos 9.4A–D), and the two leaflets of the bileaflet valve 
can be visualized separately (Fig. 9.4, Videos 9.4A–D). The 
transthoracic echocardiography has a higher sensitivity 
for demonstrating the motion of the two leaflets of a bileaf-
let-tilting-disc valve in mitral position than for the aortic 
position. The heterograft bioprosthesis (porcine or pericar-
dial) are trileaflet structures. The 2D and M-mode appear-
ance of the leaflets of these valves is similar to those of the 

native aortic valve, which is a box-like opening in systole, 
if implanted in the aortic position (Fig. 9.5, Videos 9.5A and 
B), or in diastole, if implanted in the mitral position. 
However, similar to what happens with mechanical prosthe-
sis, the sewing ring and the struts may limit the visualiza-
tion of the leaflets. The stentless bioprosthetic aortic valves 
have an appearance similar to that of the native aortic valve, 
except for increased echogenicity in the aortic root (Fig. 
9.5, Videos 9.5A and B). An aortic homograft appears simi-
lar to a native aortic valve except for an increased thickness 
in the left ventricular outflow tract (LVOT) and the ascend-
ing aorta.

However, mechanical valve prostheses and stented bio-
prostheses are often difficult to visualize (prosthesis in aortic 
position is more difficult than in mitral position) because of 
the presence of artificial components with far different acous-
tic properties that the surrounding cardiac tissue that creates 
reverberations, artefacts, and acoustic shadowing. The latter 
can be overcome with the use of the trans-oesophageal approach 

b

a

d

c

Fig. 9.4 2D echocardiographic characteristic features of mechanical 
heart valve. (a) Bileaflet-tilting-disc valve in aortic position visualized 
from parasternal approach. (b) Single-tilting-disc valve in mitral posi-

tion visualized from parasternal approach. (c) Bileaflet-tilting-disc 
valve in mitral position visualized from apical approach. (d) Single-
tilting-disc valve in mitral position visualized from apical approach
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and casting the shadowing in the opposite direction4 (Fig. 9.6, 
Video 9.6). In addition, as all echo systems are calibrated to 
measure the distance on the velocity of ultrasound in the 
human body tissue, the presence of prosthetic material may 
alter the displayed size and location of the prosthesis and can 
distort the appearance of its components.

Transthoracic Doppler echocardiography, by providing a 
complete haemodynamic assessment, is pivotal in assessing 
a valve prosthesis function. The Bernoulli equation is used to 
calculate the peak and mean pressure gradients from the 
Doppler velocities. Although many assumptions are made in 
the derivation of the Bernoulli equation, an excellent correla-
tion has been obtained. The continuity equation is used to 
calculate the effective aortic orifice area.

In general, the same principles used in native aortic 
valves are applicable to assess the function of the prosthetic 
valve using echocardiography. However, the fluidodynamic 

characteristics of the prosthetic valves are not exactly the 
same as those of the native valves, and proper formula 
should be used to calculate the reliable transprosthetic gra-
dients and EOA. Although good agreement between 
Doppler-derived and catheter-derived pressure gradients for 
a variety of different valve prostheses has been reported 
(Table 9.1), some investigators have found significant over-
estimation of pressure gradients by Doppler in the prosthetic 
valves.5, 6 There are several reasons that may explain these 
apparent discrepancies between Doppler and catheter gradi-
ents. The presence of pressure recovery downstream from 
the prosthesis has been suggested as one potential cause.5 
Localized pressure gradients may be recorded by selectively 
sampling the velocity in the narrow “slitlike” central orifice 
of some bileaflet-tilting-disc prostheses,5 but not in all.7 
However, the most important cause of transprosthetic gradi-
ent overestimation using Doppler echocardiography is a 
methodological one.

Routine echocardiographic assessment of gradients 
through stenotic native or prosthetic valves in the aortic posi-
tion is usually performed using the “simplified” (4V2

2) 
instead of the “modified” [4(V2

2−V1
2)] Bernoulli equation 

(the former does not take into account the velocity [V1] in the 
LVOT). However, the simplified Bernoulli equation ignores 
the viscous friction and the energy required to overcome the 
initial forces caused by flow acceleration found in a pulsatile 
system, and is only reliable for flow that is8:

1. Through a restrictive orifice (negligible inertial compo-
nent), and

2. With V2 much greater than V1.

a

b

Fig. 9.5 Two dimensional echocardiographic characteristics of bio-
prostheses: stented bioprosthesis (Mosaic 23 mm) in aortic position 
visualized from parasternal approach (a)  and stentless  bioprosthesis 
(Freedom 21-mm) in aortic position visualized from parasternal 
approach (b)

Fig. 9.6 Trans-oesophageal echocardiographic visualization of a 
normofunctioning bileaflet tilting-disc prosthesis in the mitral posi-
tion.The metallic leaflet are very well visualized in systole, in the clos-
ing position. During systole there is an intense shadowing on the left 
ventricular side
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As new normofunctioning prosthetic valves (especially 
stentless and stented supra-annular bioprostheses) do not 
have a restrictive orifice, and show very low V2 values (usu-
ally < 2 m/s), the use of the simplified Bernoulli equation 
causes a significant overestimation of transprosthetic gradi-
ents also in patients with V1 < 1 m/s. This overestimation 
may be negligible in stenotic native valves with a restrictive 
orifice and high V2 values (+3 to +5%), but it is clinically 
significant in normofunctioning bioprosthetic stentless 
valves (+13 to +19%).9

In vivo EOA for prosthesis in aortic position is calculated 
from the continuity equation. The continuity equation 
assumes that flow coming into the narrowed orifice has a flat 
profile. The actual flow profile varies between prostheses, 
with mechanical tilting-disc prostheses having the greatest 
variance from a flat profile, and bioprosthetic valves show-
ing a nearly flat profile of transprosthetic flow.1

Similar to stenotic native valves, the main source of error 
in calculating prosthesis EOA with the continuity equation is 
the measurement of the LVOT diameter. Due to the potential 
errors (inner-edge-to-inner-edge measurement, foreshorten-
ing of LVOT) and limitations (interference of prosthesis 
shadowing), it was suggested that the nominal size of the 
replacement heart valve should be substituted for the direct 
measurement of the outflow tract when applying the continu-
ity equation.10, 11 The assumption is that, regardless of the 
manufacturer or model, all valves of a certain nominal size 
are interchangeable for a given patient tissue annulus diam-
eter. However, this is not true. Studies attempting to assess 
the size of a valve by echocardiography show good agree-
ment between LVOT diameter and valve size for stentless 
valves.12 Conversely, as much as 2 mm difference was shown 

in one study on mechanical and stented biological valves.13 
Another study found a 95% confidence interval from −8.5 to 
+5.1 mm between LVOT measured by transthoracic echocar-
diography and nominal valve size.14 Therefore, the ED of the 
prosthesis (if known), but not the labelled size, can be used 
as a surrogate for LVOT diameter. However, the ED of the 
prosthesis is rarely available; hence, the most convenient 
way is still to measure the LVOT diameter during the base-
line echocardiographic assessment of a given valve, and then 
use this constant value during follow-up echocardiographic 
controls.

Although the Hatle’s method has been proposed to calcu-
late the EOA for prosthetic valves in mitral position, it should 
be theoretically applicable to such valves, as pressure half-
time is a physiologic measure of obstruction and does not 
require assumptions about inlet geometry and flow rate.15 
However, there is now good evidence that the Hatle’s method 
is not valid in normofunctioning prosthetic valves in mitral 
position.7,16 In such valves with relatively large orifice areas, 
the pressure half-time is more dependent on other factors 
such as heart rate, transmitral pressure gradient at the onset 
of diastole, stroke volume, and left atrial and ventricular 
compliance, than on prosthetic orifice area.

A complete echocardiographic study should include esti-
mation of the pressure peak and mean gradients, valve area, 
and mean transprosthetic flow rate. However, there are some 
peculiarities that should be taken into account to correctly 
interpret echocardiographic results.

First, all prostheses are not equal. Different types (i.e. 
mechanical bileaflet, mechanical tilting-disc, stented bio-
prosthesis, stentless bioprosthesis) show markedly different 
haemodynamics. For example, an EOA of 1.1 cm may be 

Author/reference Valve type/position Type of study (patients) r SEE (mmHg)

Sagar37 Hancock, Bjork-Shiley/Mitral In vivo (19) 0.93 2.5
Hancock, Bjork-Shiley/Aortic In vivo (11) 0.94 7.4

Wilkins38 Starr-Edwards, Bjork-Shiley, porcine/Mitral In vivo (11) 0.96

Burstow39 Not specified/ Aortic In vivo (20) 0.94 3
Not specified/Mitral In vivo (20) 0.97 1.2

Baumgartner40 St Jude In vitro 0.98 1.9
Hancock In vitro 0.98 1.4

Stewart41 Bioprostheses In vitro 0.78–0.98

Baumgartner42 St Jude In vitro 0.98 2.0
Medtronic-Hall In vitro 0.99 0.5
Starr-Edwards In vitro 0.97 2.0
Hancock In vitro 0.99 1.5

table 9.1. Studies that have validated transprosthetic gradients measured by Doppler echocardiography with cardiac catheterization data
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normal in a 21 mm single-tilting-disc prosthesis,16 but it will 
be a pathologic finding in a 21 mm stentless bioprosthesis 
(Table 9.2). Different models of the same type show mark-
edly different haemodynamics, despite having the same 
labelled size and being made of the same tissue (i.e. bovine 
pericardium).17 The 21 mm Hancock II-stented bioprosthesis 
shows a mean EOA (1.2 ± 0.7 cm2)18 that is significantly 
lower than or the Pericarbon (1.5 ± 0.4 cm2).19 Different sizes 
of the same valve model and type show different haemody-
namics (Table 9.2).17 Therefore, the important message to the 
echocardiographer is the need to know the model, type, and 
size of the implanted valve, in order to interpret echocardio-
graphic haemodynamic data correctly.

Second, reference values reported in the literature about the 
haemodynamic performance of different valve prostheses rep-
resent a poor reference for the individual patient. This is par-
ticularly true for biological prostheses. Estimates of 
bioprosthesis in vivo EOA are particularly sensitive to cardiac 
output and blood pressure.20 In addition, in vivo EOA of stent-
less bioprostheses has been observed to increase during the 
first year after implantation, as haemodynamic data change and 
perivalvular haematoma and oedema resolve. Transprosthetic 
gradients are particularly sensitive to transprosthetic flow rate 
and change significantly with the haemodynamic state of the 
patient. Therefore, the second important message to the 
echocardiographer is to obtain a baseline, full haemodynamic 
assessment of that prosthesis in a given patient together with 
his/her haemodynamic status (i.e. body surface area, cardiac 
rhythm, heart rate, blood pressure, haemoglobin level, and left 
ventricular function) to use as a reference for interpreting fol-
low-up studies.

The timing of baseline assessment of valve prosthesis hae-
modynamics is crucial. Ideally, it should be performed as soon 
as possible after the operation, to make sure that the valve is 
actually normofunctioning (i.e. no tissue degeneration for bio-
logical valves or pannus formation for mechanical valves), 
but not too soon, in order to avoid misleading data. In patients 
undergoing aortic valve replacement, there is a relatively high 
output state immediately after the operation due to relative 
anaemia and sudden reduction of left ventricular afterload, 
which affects transprosthetic gradients. Moreover, perivalvu-
lar oedema and haematoma may reduce prosthetic EOA. 
Finally, left ventricular function will change significantly soon 
after aortic valve replacement due to regression of hypertro-
phy and adaptation to the changed pre- and afterload condi-
tions. Therefore, the optimal timing of the baseline assessment 
of valve prosthesis haemodynamics should be placed between 
the third and the sixth month (not later than 1 year) after sur-
gery. The predischarge study should be used to assess post-
operative left ventricular function, exclude complications or 
early malfunction of the prosthesis, but not to assess normal 
function parameters of a certain valve in a given patient.

Follow-up examinations in asymptomatic patients with-
out complications and with a “normal” initial echocardio-
gram can be performed at yearly intervals, and should 
consist of a detailed history and physical examination. 
Echocardiography should be performed whenever there is 
evidence of a new heart murmur, when there are doubts of 
prosthetic valve integrity or function, or when there are con-
cerns about ventricular or other valve function. There is no 
support in the literature for the strategy of performing a 
Doppler echocardiogram annually in patients without 
complications.21

stress echocardiography in Valvular Prostheses

The application of stress echocardiography for valve pros-
theses assessment is still a moving target that needs to be 
addressed in prospective studies in order to demonstrate its 
potential and additive value in this subset of patients. 
Nonetheless, a dynamic assessment of prostheses (in particu-
lar, mitral and aortic) appears to be very promising. Evidence 
accumulated in the last 5 years has led to the incorporation of 
stress echocardiography in the guidelines of American Heart 
Association/American College of Cardiology,22 European 
Society of Cardiology,23 and in the latest recommendations 
of stress echocardiography use in valvular heart disease of 
American Society of Echocardiography24 and European 
Association of Echocardiography.25

The main indication to stress echocardiography in patients 
with valve prosthesis is the presence of exertional symptoms in 
a patients with normal functional parameters of the prosthesis at 
echocardiography (both transthoracic and trans- oesophageal) 
and normal excursion of the occluder at cinefluoroscopy eval-
uating prosthetic valve dysfunction. In these patients, exercise 
stress echocardiography should be performed to evaluate the 
valve prosthesis haemodynamics at higher cardiac outputs. A 
disproportionate transvalvular gradient rise suggests the pos-
sibility of prosthesis dysfunction. In patients with normal pros-
thetic valve, only an absent-to-mild stenosis is expected at rest, 
with a mean gradient <5 mmHg for mitral and <25 mmHg for 
aortic prostheses. In patients with normal prosthetic valves and 
left ventricular function, only a mild-to-moderate increase in 
pressure gradients during high flow states is expected, usually 
<100% of baseline values. Conversely, individuals with 
stenotic prosthesis have severe increase (up to >100%) in the 
transprosthesis gradient, with absolute mean pressure gradient 
>10 mmHg for mitral26 and >40 mmHg for aortic prosthesis27,  28 
(Figs. 9.7 and 9.8, Video 9.8). This can be an unsettling out-
come, considering that the patient’s daily activities may well 
evoke similar pressure gradients. Careful assessment by a con-
trolled stress examination might guide recommendations for 
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Type Doppler Size (mm)

Parameter 19 20 21 22 23 24 25 26 27 29

Single-tilting-disc valves
Starr-Edwards  
(n = 79)

GOA 1.41 1.67 1.79 1.94 2.16 2.57
EOA 1.3 1.45 1.44 1.53 1.53 1.53
Mean gr. 34 ± 6 29 ± 11 27 ± 9 23 ± 8 23 ± 1

Bjork-Shileya  
(n = 106)

GOA 1.5 2 2.5 3.1 3.8 4.6
EOA 0.7 ± 0.2 1.1 ± 0.1 1.6 ± 0.3 2.0 ± 0.4 2.6 ± 0.4
Mean gr. 16 ± 4 13 ± 5 13 ± 3 11 ± 4 8 ± 4

Medtronic-Hall  
(n = 108)

GOA
EOA 1.2 ± 0.5 1.1 ± 0.2 1.4 ± 0.4 1.9 ± 0.4 1.9 ± 0.5
Mean gr. 14 ± 6 14 ± 5 10 ± 4 9 ± 6

Omnicarbon (n = 49) GOA 1.63 2.11 2.55 3.14 3.80 3.80
EOA 1.4 ± 0.1 1.5 ± 0.2 1.8 ± 0.4 1.9 ± 0.4 2.2 ± 0.2
Mean gr. 21 ± 7 13 ± 3 11 ± 4 13 ± 3 9 ± 2

Allcarbon (n = 83) GOA 1.5 2.0 2.5 3.1 3.8 4.5
EOA 0.9 ± 0.1 1.1 ± 0.2 1.4 ± 0.2 2.1 ± 0.8 2.8 ± 0.6 4.1 ± 0.7
Mean gr. 29 ± 8 22 ± 7 20 ± 6 15 ± 4 11 ± 4 8 ± 2

Bileaflet-tilting-disc valves
St Jude medical  
(n = 67)

GOA 1.63 2.06 2.55 3.09 3.67 4.52
EOA 1.0 ± 0.2 1.3 ± 0.2 1.3 ± 0.3 1.8 ± 0.4 2.4 ± 0.6 2.7 ± 0.3
Mean gr. 17 ± 7 14 ± 5 16 ± 6 13 ± 6 11 ± 5 7 ± 1

St Jude medical Hp 
(n = 49)

EOA 1.7 ± 0.2 2.2 ± 0.3
Mean gr. 16 ± 4 10 ± 3

(n = 96) EOA 1.0 ± 0.4 1.5 ± 0.3 1.6 ± 0.3 2.0 ± 0.4 2.4 ± 0.5 2.6 ± 0.4
Mean gr. 19 ± 6 12 ± 4 10 ± 4 8 ± 4 9 ± 3 6 ± 3

Carbomedics Top-Hat 
(n = 65)

GOA
EOA 1 ± 0.2 1.2 ± 0.3 1.4 ± 0.4
Mean gr. 20 ± 2 17 ± 6 13 ± 4 11

Duromedics Tekna  
(n = 90)

GOA 1.53 2.02 2.36 2.94 3.58
Mean gr. 8 ± 5 7 ± 2 5 ± 2 6 ± 3

Bicarbon (n = 166) GOA 1.76 2.27 2.83 3.45 4.14 5
EOA 1.0 ± 0.3 1.6 ± 0.3 2.1 ± 0.4 2.5 ± 0.6 3.6 ± 0.8 3.5 ± 0.3
Mean gr. 13 ± 1 14 ± 5 11 ± 4 11 ± 3 7 ± 2 5 ± 1

ATS open pivot  
(n = 59)

EOA 1 ± 0.2 1.6 ± 0.4 1.8 ± 0.2 2.2 ± 0.4 2.5 ± 0.3 3.1 ± 0.3
Mean gr. 26 ± 8 14 ± 4 12 ± 4 11 ± 4 9 ± 2 8 ± 2

On X (n = 60) EOA 1.5 ± 0.2 1.7 ± 0.4 2 ± 0.6 2.4 ± 0.8 3.2 ± 0.6
Mean gr. 12 ± 3 10 ± 4 9 ± 3 9 ± 5 6 ± 3

Jyros (n = 23) EOA 1.5 1.5 1.7
Mean gr. 11 11 8

Stented bioprostheses
Hancock I (n = 64) EOA

Mean gr. 12 ± 4 11 ± 2 10 ± 3

Hancock II  
(n = 376)

EOA 1.2 ± 0.3 1.4 ± 0.2 1.5 ± 0.2 1.6 ± 0.2 1.6 ± 0.2
Mean gr. 15 ± 4 17 ± 7 3 ― ―

Bio medical° EOA 1.3 ± 0.4 1.6 ± 0.6 2.1 ± 0.7 3.2
Mean gr. 9 ± 4 8 ± 2 7 ± 5 6

table 9.2. Published data about Doppler haemodynamic parameters of normofunctioning prosthetic valves in aortic position



  Assessment of Prosthetic Valve Function 185

table 9.2. (continued)

Type Doppler Size (mm)

Parameter 19 20 21 22 23 24 25 26 27 29

Carpentier-Edwards 
porcine (n = 419)

EOA 0.9 ± 0.2 1.5 ± 0.3 1.7 ± 0.5 1.9 ± 0.5 2.3 ± 0.5 2.8 ± 0.5
Mean gr. 26 ± 8 17 ± 6 16 ± 6 13 ± 4 12 ± 6 10 ± 3

Carpentier-Edwards 
pericardial (n = 75)

EOA 1.2 ± 0.1 1.5 ± 0.4 1.8 ± 0.3 ― ―
Mean gr. 24 ± 9 20 ± 9 2.3 ± 0.5 9 ± 2 6

Carpentier-Edwards 
supra-annular (n = 23)

EOA 1.1 ± 0.1 1.1 ± 0.2
Mean gr. 14 ± 5

Medtronic intact  
(n = 243)

EOA 1.6 ± 0.4 1.7 ± 0.4 1.9 ± 0.3 2.2 ± 0.2 2.4 ± 0.5
Mean gr 24 ± 9 19 ± 8 19 ± 6 16 ± 6 15 ± 4 16 ± 2

Medtronic mosaic  
(n = 279)

EOA 1.6 ± 0.7 2.1 ± 0.8 2.1 ± 1.6
Mean gr. 12 ± 7 12 ± 7 10 ± 5 9

Mitrofow (n = 21) EOA 1.1 ± o.2
Mean gr. 10 ± 3 15 8 ± 3 11 ± 7 7 ± 2

Pericarbon more  
(n = 22)

EOA 1.2 ± 0.3 1.5 ± 0.4 1.8 ± 0.5
Mean gr. 23 ± 9 18 ± 8 16 ± 5

Soprano (n = 77) EOA 1.9 ± 0.5 2.1 ± 0.5
Mean gr. 7 ± 4 7 ± 4

Ionescu-Shiley  
(n = 95)

EOA 1.2 ± 0.2
Mean gr. 20 ± 9 15 ± 2 10 ± 3 9 ± 6

Stentless bioprostheses
Toronto SPV EOA 1.3 ± 0.38 1.2 ± 0.7 1.2 1.6 ± 0.8 1.6 ± 0.4 2.0 ± 0.4

(n = 554) Mean gr. 8 ± 4 5 8 ± 4 7 ± 4 6 ± 4 5 ± 2

Medtronic  
freestyle (n = 369)

EOA 1.6 ± 0.3 1.9 ± 0.5 2.0 ± 0.4 2.5 ± 0.5
Mean gr. 13 8 ± 3 7 ± 3 5 ± 2 5 ± 2

O’Brien Angell  
(n = 50)

EOA 1.2 ± 0.1 1.1 ± 0.3 1.6 ± 0.2 2.1 ± 1.2
Mean gr. 15 ± 8 19 ± 13 18 ± 13 12 ± 7

9 ± 1 8 ± 1 9 ± 1 7 ± 1.4

Cryolige O’Brien  
(n = 329)

EOA 1.3 ± 0.1 1.6 ± 0.6 2.2 2.3 2.7
Mean gr. 12 ± 5 10 ± 2 9 8 7

Edwards prima  
(n = 253)

EOA 1 ± 0.3 1.3 ± 0.3 1.5 ± 0.5 1.7 ± 0.6 2 ± 0.6 2.5 ± 0.5
Mean gr. 15 ± 7 16 ± 11 12 ± 5 11 ± 9 7 ± 4 5 ± 5

Biocor (n = 331) EOA 1.4 ± 0.5 1.6 ± 0.4 1.9 ± 0.5
Mean gr. 18 ± 4 19 ± 7 18 ± 7 18 ± 2

Biocor extended  
(n = 50)

EOA 1.3 ± 0.4 1.6 ± 0.3 1.8 ± 0.3
Mean gr. 10 ± 4 8 ± 3 8 ± 2

Homograft  
(n = 27)

EOA 2.1 ± 1.3 3.6 2.4 ± 0.7 2.6 ± 1
Mean gr. 13 ± 1 10 8 ± 2 12 ± 1

aMonostrut GOA geometric orifice area, provided by the manufacturer in cm2, EOA effective orifice area (continuity equation) in cm2, Mean gr. 
mean transprosthetic gradient in mm; n examined patients

prescribed activity levels. However, the actual prognostic ben-
efit of the increase in mean gradient with stress is difficult to 
assess. Despite its utility in determining the function of the 
valves, most studies do not show a convincing correlation 

among valve size, resting and exercise gradients, and exercise 
capability.28 There is also contradictory evidence linking high 
gradients with a higher risk of death and other complica-
tions.29, 30 When a normally functioning aortic prosthesis does 
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not provide an adequate outflow area in relation to the cardiac 
output based on patient size, it is known as valve prosthesis–
patient mismatch.31 Prothesis–patient mismatch was first 
described in 1978 by Rahimtoola as follows: “Mismatch can 
be considered to be present when the effective prosthetic valve 
area, after insertion into the patient, is less than that of a normal 
human valve.”31 Thus, prosthesis–patient mismatch is observed 
when the effective orifice of the inserted prosthetic valve is too 
small in relation to the body size. Its main haemodynamic con-
sequence is to generate higher than expected gradients through 
normally functioning prosthetic valves. Prosthesis–patient mis-
match is common (20–70% of aortic valve replacements) and 
has been shown to be associated with worse haemodynamic 
function, less regression of left ventricular hypertrophy, more 

cardiac events, and lower survival.28 The presence of a mild 
(1.0–0.5 cm2/m2), moderate (0.85–0.6 cm2/m2), and especially 
severe (<0.6 cm2/m2) patient–prosthesis mismatch has a nega-
tive impact on survival, especially in the presence of a depressed 
left ventricular function28 (Figs. 9.9–9.11). Patient–prosthesis 
mismatch is, by far, the most frequent cause of increased trans-
prosthetic gradient. It is important to differentiate this condition 
from acquired prosthetic obstruction, which may result from 
leaflet calcification of bioprostheses and pannus overgrowth or 
thrombus formation on mechanical prostheses. In contrast to a 
normally functioning and well-matched prosthesis (including a 
bileaflet mechanical valve with a localized high gradient at 
rest), an obstructed valve prosthesis or patient–prosthesis mis-
match is generally associated with a marked increase 

Fig. 9.7 Exercise echocardiography in a patient with aortic prosthetic valve
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in gradient with exercise, often associated with pulmonary 
arterial hypertension, development of symptoms, and impaired 
exercise capacity on exercise echocardiography. A dispropor-
tionate increase in transvalvular gradient (>20 mmHg for aor-
tic prostheses or > 12 mmHg for mitral prostheses) generally 
indicates severe prosthesis dysfunction or patient–prosthesis 
mismatch (Fig. 9.11). High resting and stress gradients occur 
more often with biological rather than mechanical prostheses, 

stented rather than stentless bioprostheses, smaller (£21 for 
aortic and £25 for mitral) rather than larger size prostheses, and 
mismatched rather than non-mismatched prostheses. In fact, 
the behaviour of the transprosthetic pressure gradient under 
exercise conditions is essentially determined by the indexed 
EOA (Fig. 9.11), which in turn may be influenced by the 
patient’s body size, prosthesis model and size, mismatch 
between body size and prosthesis size, and pathologic obstruc-
tion of the prosthesis caused by leaflet calcification, pannus, or 
thrombus. It should be emphasized that exercise stress echocar-
diography does not distinguish between acquired prosthesis 
stenosis and patient–prosthesis mismatch, as in both cases, the 
EOA remains small and the gradient increases markedly with 
stress. In this situation, one should compare the EOA values 
obtained during stress echocardiography with the normal refer-
ence values of EOA for the model and size of the specific pros-
thesis that has been implanted in the patient. If the measured 
EOA is substantially lower than the normal reference EOA, 
one should suspect prosthesis dysfunction. If, on the other 
hand, the measured EOA is within the normal reference range 
and the indexed EOA is low, one should consider the presence 
of patient–prosthesis mismatch.

The additive value of exercise stress echocardiography in 
this subset of patients remains to be established, and current 
guidelines do not recommend its routine use.

Nonetheless, as it applies to asymptomatic aortic stenosis, 
semi-supine exercise stress echocardiography can provide 
potential useful information on symptom status, behaviour of 
velocities at peak exercise, and contractile function. Thus, 
further studies are needed in this challenging field.

Fig. 9.8 Examples of exercise-
induced changes in mean 
transaortic pressure gradient 
(MPG) in two asymptomatic 
patients with severe aortic 
stenosis. (a) Small increase  
in MPG with exercise.  
(b) Significant exercise-induced 
increase in MPG

Fig. 9.9 Exercise stress echocardiography in a symptomatic patient 
with mitral stenosis (mitral valve area: 1.2 cm2) and relatively low rest-
ing mean transmitral pressure gradient (∆P). With exercise, there is a 
marked increase in the transvalvular gradient and systolic pulmonary 
arterial pressure (PAPs). In this patient, the exercise-induced increase 
in mean transvalvular flow rate (Q

mean
) was caused by the dramatic 

shortening in diastolic filling time (DFT). HR heart rate; SV stroke 
volume
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Cinefluoroscopy

Cinefluoroscopy is a simple, rapid, inexpensive, and accurate 
technique to assess valve prosthesis function. The main indi-
cations for cinefluoroscopy are in patients with abnormally 
high aortic or mitral gradients or unusual regurgitant flow 
patterns observed with colour Doppler echocardiography.

The cinefluoroscopic exam usually begins by determining 
the valve’s rotational orientation with a view perpendicular 
to the valve plane. By positioning the image intensifier in the 
right anterior oblique cranial position, the view is roughly 
perpendicular to either the aortic or mitral valve plane. 
Occasionally, a left anterior oblique caudal view is required 
to image the mitral valve. For example, in a normally func-
tioning bileaflet-tilting-disc valve, two parallel lines appear 
and disappear intermittently. If only one (or neither) of the 
lines fails to appear or disappear, the valve leaflet motion 
may be restricted or one leaflet may have escaped. Then we 
should obtain a side view to assess the leaflet opening and 
closing angles (Fig. 9.12, Videos 9.12A and B). To obtain 

this view, the image intensifier is moved 90°longitudinally, 
usually caudally and transversely, to a position in line with 
the valve leaflet axis of rotation. Opening and closing angles 
are defined as the distance between the valve housing and the 
disc at its full opening and closing in single-disc valves, and 
as the distance between leaflets in the fully open and closed 
positions for bileaflet valves. Table 9.3 lists the approximate 
normal opening and closing angles of several heart valve 
prostheses. Deviation from the listed angles or differences 
between the open or closed angle of one leaflet relative to the 
other in bileaflet valves may indicate restricted leaflet motion. 
A slight asynchrony of leaflet motion is normal, especially in 
valves in mitral position.

Although it cannot visualize the leaflet of bioprostheses, 
it is very useful to assess the excursion of occluders in 
mechanical valves; a diminished motion of the disc or pop-
pet suggests obstruction of the prosthesis from thrombus or 
ingrowth of tissue (Fig. 9.13, Video 9.13).32 Conversely, 
excessive tilt or rocking of the sewing ring is consistent with 
partial dehiscence of the valve (Fig. 9.14, Video 9.14).

Fig. 9.10 Example of an asymptomatic patient with severe mitral 
valve stenosis, but with moderately elevated mean transmitral pres-
sure gradient (MPG) at rest. During exercise, the MPG increases 

 markedly as does the systolic transtricuspid pressure gradient (TTPG), 
indicative of pulmonary hypertension
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Cardiac Catheterization

As cardiac catheterization is an invasive technique, it is indi-
cated only when the information obtained by non-invasive 
techniques is inconclusive. With cardiac catheterization, the 
transprosthetic pressure gradients and flow can be measured 
and EOA calculated. A catheter can be passed safely through 
the orifice of a bioprosthesis without adverse effects. 
However, the catheter may become entrapped in the orifice 
of a single-tilting-disc, sometimes requiring immediate 

surgical removal, or cause substantial valvular regurgitation 
if placed through the orifice of the ball-caged-valve.

Cardiac Magnetic Resonance

The low cost and wide availability of echocardiography 
make it the primary clinical tool for the assessment of valvu-
lar heart disease and prostheses. However, cardiac magnetic 

Fig. 9.11 Apical 4-chamber view showing colour flow Doppler and 
proximal flow convergence region at rest and during exercise in a 
patient with a large exercise-induced increase in mitral regurgitation 

and estimated pulmonary artery systolic pressure. ERO effective 
regurgitant orifice; RVol regurgitant volume; TTPG systolic transtri-
cuspid pressure gradient
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a b

Fig. 9.12 Cinefluoroscopic side view of an Allcarbon single-tilting-
disc (a) and a St. Jude Medical bileaflet-tilting-disc (b) valve in open 
position. The disc of the Allcarbon valve forms an angle of 60° with 

the housing plane. The two hemidiscs of the St. Jude Medical form a 
10° angle. See text for details

Heart valve prosthesis Specification Opening angle (°) Closing angle (°)

Bileaflet-tilting-disc valves
St Jude medical 19–25 mm 10 120

27–33 mm 10 130

Carbomedics 12 118

Bicarbon 22 138

Edwards-Duromedics Aortic 27 148
Mitral 35 148

Jyros valve 22 111

Single-tilting-disc valves
Bjork-Shiley 60 0

Medtronic-Hall aortic 75 0
mitral 70 0

Allcarbon 60 NA

Omniscience 80  12

table 9.3. Cinefluoroscopic opening and closing angles of commonly used normofunctioning mechanical heart valves (see text for details 
on how to measure angles)

NA not available

resonance (CMR) may play a complementary role when 
transthoracic acoustic windows are poor and a TOE approach 
is undesirable. Therefore, its role is marginal when compared 
with ultrasounds. In the assessment of valve prostheses, 

CMR has limited potential because of the focal artefacts and 
signal loss relative to the distortion of the magnetic field by 
the metal contained in the prostheses.33 The artefacts are least 
pronounced on spin-echo images and more pronounced with 
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gradient-echo cines. On the contrary, when the metal compo-
nents are absent (as in biological valves), the CMR exam is 
similar to that performed on a native valve. However, incom-
patible prostheses to CMR are very rare. The major limita-
tions of CMR for valve assessment are the sub-optimal 
spatial and temporal resolution and the need for a regular 
cardiac rhythm (Fig. 9.15).

Cardiac Multi-detector Computerized 
tomography

Cardiac multi-detector computerized tomography (MDCT) 
is an emerging technique in non-invasive cardiac imaging. 
Using data recorded during cardiac cycle, it is possible to 

Fig. 9.13 Cinefluoroscopy of a thrombosed St. Jude Medical valve. 
The left-sided leaflet is stuck in closed position during the entire car-
diac cycle indicative of valve obstruction by thrombus

a b

Fig. 9.14 Cineangiography in a patient with partial dehiscence of a mechanical prosthesis in the aortic position. An excessive motion of the 
prosthetic housing from diastole (a) to systole (b) can be readily noticed

Fig. 9.15 Allcarbon single-tilting-disc prosthesis in mitral position. 
Horizontal long-axis steady-state free-precession cine magnetic res-
onance image
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reconstruct multiple incremental data sets throughout the 
R–R interval. These data sets can be sequentially combined 
to provide functional imaging in a cine loop that allows 
evaluation of the valvular leaflet morphology and function 
(Fig. 9.16, Video 9.16). Even though its role is expanding 
in the evaluation of cardiac diseases, there is no clear indi-
cation for the use of MDCT for the assessment of valve 
diseases and prostheses. Moreover, concerns have been 
raised on the radiation burden of MDCT scanning. In fact, 
it has been estimated that about 0.4% of all cancers in the 
United States may be attributable to the radiation from 
MDCT studies. Therefore, the lack of a clear clinical ben-
efit of CT for the assessment of prosthetic valve diseases 
should be weighed on the potential detrimental long-term 
risks.

Valve Prosthesis normal Function  
and Dysfunction

normal Anterograde Flow

From what has been written in the previous sections on heart 
valve prostheses specifications and functional parameters 
(see also Fig. 9.3), it is easy to understand why, when com-
pared with native valves, all normofunctioning heart valve 
prostheses are inherently stenotic. Therefore, the anterograde 
velocities and pressure gradients across a normofunctioning 
heart valve prosthesis will be higher, and prosthetic EOA 
will be smaller than the corresponding parameters measured 
in a normal native heart valve in the same position.

The expected velocities, pressure gradients, and EOAs 
depend on the specific type, size, and position of the heart 
valve prosthesis and on the transprosthetic flow rate across 
that valve (Tables 9.2 and 9.4). The strong dependency of 

pressure gradients on transprosthetic flow rate explains the 
wide standard deviation of the reported values.

Different valve types also show different patterns of 
anterograde flow at colour Doppler examination (Fig. 9.17, 
Videos 9.17), which should be known because alterations of 
these patterns are early and sensitive markers of prosthetic 
valve obstruction, especially in single-tilting-disc valves 
(Fig. 9.18).

normal Regurgitant Flow

Normally functioning mechanical valves have physiologic 
regurgitant jets with a low velocity and limited penetration 
into the proximal chamber, generally < 3 cm (Fig. 9.19, 
Videos 9.19A and B). The normal regurgitant volume can be 
up to 10% of the stroke volume and very prominent, espe-
cially at trans-oesophageal examination. The main reason for 
manufacturing these valves with a small amount of leakage 
is to prevent a sudden and irreversible occlusion. This physi-
ologic regurgitation of mechanical valves is less likely to be 
detected in mitral position than in the aortic position, which 
is due to the shielding of the regurgitant jets by the prosthetic 
valve in the mitral position. Therefore, colour flow Doppler 
mapping is generally less sensitive than the continuous wave 
Doppler in detecting mechanical valve regurgitation in pros-
thesis in mitral position. Conversely, mitral valve “physio-
logic” regurgitation patterns are visualized particularly well 
with trans-oesophageal colour Doppler, because of its excel-
lent image quality and spatial resolution.

The regurgitant flow (backflow) through a normally func-
tioning valve prosthesis can be divided into “closure back-
flow” occurring with the closure of the valve and “leakage 
backflow” occurring after the closure of the valve. The wide 
opening excursion of the current mechanical valves may 
result in significant closure backflow, as back pressure swings 

Fig. 9.16 St Jude Medical 
bileaflet valve in the mitral 
position. Sixty-four-section 
multi–detector row CT scans 
show the mechanical bileaflet 
valve during diastole (left panel). 
A reconstructed three-dimen-
sional CT image using volumet-
ric rendering method showing 
the same valve (right panel). 
Courtesy of Dr Andrew Wood, 
Consultant Radiologist, 
University Hospital of Wales
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Type Doppler Size (mm)

parameters 23 25 27 29 31 33

Singl-tilting-disc prostheses
Bjork-Shileya (n = 237) GOA 2.5 3.1 3.8 4.6 4.6

PHT 115 99 ± 27 89 ± 27 79 ± 17 70 ± 14
Mean gr. 6 ± 2 5 ± 2 3 ± 1 2 ± 2

Medtronic-Hall (n = 47) GOA 2.54 3.14 3.80 4.52 4.52
PHT 78 69 ± 15 77 ± 17
Mean gr. 5 ± 3 4 ± 2 3 ± 1 3 ± 1

Omnicarbon (n = 140) GOA 2.55 3.14 3.8 3.8 4.52 4.52
PHT 102 ± 16 105 ± 33 120 ± 40 134 ± 31
Mean gr. 6 ± 2 5 ± 2 5 ± 2 4 ± 1 4 ± 2 4

Allcarbon (n = 73) GOA 3.1 3.8 4.5 4.5
PHT 105 ± 29 89 ± 14 85 ± 23 88 ± 27
Mean gr. 5 ± 1 4 ± 1 4 ± 1 4 ± 1

Bileaflet-tilting-disc prostheses
St. Jude Medical (n = 40) GOA 2.55 3.09 3.67 4.52 5.18

PHT 160 76 ± 4 72 ± 11 74 ± 15 71 ± 14
EOAa 1.03 1.4 ± 0.2 1.7 ± 0.2 1.8 ± 0.2 2.0 ± 0.3
Mean gr. 4 3 ± 1 5 ± 2 3 ± 1 4 ± 2

Duromedics (n = 69) GOA 3.58
PHT 87 ± 15 89 ± 25 86 ± 12 85
Mean gr. 5 ± 3 3 ± 1 3 ± 1 2

Carbomedics (n = 75) GOA 1.75 2.19 2.63 3.07 3.07 3.07
PHT 104 81 ± 10 78 ± 19 67 ± 10 83 ± 26 79 ± 18
EOAa 1.3 2.2 ± 0.5 2.1 ± 0.6 2.1 ± 0.5 1.9 ± 0.9 2.3 ± 0.7
Mean gr. 7 4 ± 2 4 ± 2 3 ± 1 3 ± 1 3 ± 2

Bicarbon (n = 68) GOA 3.45 4.14 5 5 5
PHT 67 ± 1 84 ± 27 81 ± 18 81 ± 15 55
Mean gr. 5 ± 3 4 ± 1 5 ± 2 4 ± 1 7

On X (n = 33) PHT
Mean gr. 5 ± 2 5 ± 2 5 ± 2 5 ± 2

Stented bioprostheses
Medtronic-intact (n = 26) GOA 1.34 1.51 1.65 1.86

EOAa 1.4 ± 0.1 1.5 ± 0.1 1.6 ± 0.1 1.8 ± 0.2
Mean gr. 8 ± 2 5 ± 2 4 ± 1 4 ± 1

Hancock I (n = 46) PHT 115 ± 20 95 ± 17 90 ± 12
Mean gr. 5 ± 2 2 ± 1 5 ± 2 4 ± 2

Hancock II (n = 54) PHT 105 ± 63 81 ± 23
Mean gr. 5 ± 2 3 ± 1 4 ± 1

Hancock pericardial (n = 22) PHT 105 ± 36 81 ± 23
Mean gr. 3 ± 1 4 ± 1

Ionescu-Shiley (n = 45) PHT 80 ± 30 79 ± 15 75 ± 19
Mean gr 3 ± 1 3 ± 1 4 ± 1

Carpentier-Edwards (n = 12) PHT 100 110 ± 15 90 ± 11 80
Mean gr. 3.6 5 ± 2 4 ± 1 1

Mitroflow (n = 24) PHT 90 90 ± 20 102 ± 21 91 ± 22

Mean gr. 7 3 ± 1 4 ± 2 4 ± 1

table 9.4. Published data about Doppler haemodynamic parameters of normofunctioning prosthetic valves in mitral position

aMonostrut GOA geometric orifice area provided by the manufacturer in cm2; EOA effective orifice area (continuity equation) in cm2; Mean gr. mean 
transprosthetic gradient in mm Hg; n examined patients
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a b

c

Fig. 9.17 (a) Normal colour 
Doppler echocardiography 
appearance of anterograde 
flow across different valve 
types in the mitral position: a 
single-tilting-disc valve with a 
major jet towards the lateral 
wall and a minor jet directed 
towards the centre of the cavity 
(a); a bileaflet-tilting-disc valve 
in which flow passes through 
three well-separated orifices 
creating a near physiological 
flow pattern (b); and a 
bioprosthetic valve in which 
there is a single, central flow 
very similar to that of native 
valves (c)

a b

dc

Fig. 9.18 Single-tilting-disc 
valve thrombosis. Colour Doppler 
echocardiography at presenta-
tion (a) shows the absence of 
the central minor jet and 
increase in the velocity at CW 
spectral Doppler of the lateral 
major jet (c). After i.v. throm-
bolysis, the reappearance of the 
normal colour Doppler pattern 
of the anterograde flow (b) and 
a significant decrease in the 
anterograde flow velocity at CW 
spectral Doppler (d) were 
observed

the leaflets through the long closing arc. Accordingly, a small 
jet occurring during the first 40–50 ms of systole can be 
invariably observed at the trans-oesophageal examination in 
patient with tilting-disc mechanical valves. Bileaflet-tilting-
disc valves show two converging regurgitant jets from the 

pivot points (designed to reduce the likelihood of prosthesis 
thrombosis) - one central jet and variable number of periph-
eral jets7 (Fig. 9.20, Video 9.20). Bjork–Shiley valves have a 
large central regurgitant jet originating from the central disc 
hole and a variable number of peripheral jets. The central 
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regurgitant jet makes most of the colour Doppler signal but 
actually accounts for 30% of the regurgitant volume, the rest 
of the 70% is from the less prominent peripheral jets. The 
Starr-Edwards ball-cage valves have very low regurgitant 
volumes, because the ball completely occludes the primary 
flow orifice.

The stented bioprosthetic valves usually show only one 
centrally directed regurgitant jet originating from the central 
part of the valve (Fig. 9.19, Videos 9.19A and B). The preva-
lence of physiologic regurgitation across stented biopros-
thetic valves is 19–25% and 26–30% for mitral and aortic 
positions, respectively. The newer generation stentless valves 
are being used frequently because of their excellent haemo-
dynamic profile. The prevalence of mild aortic regurgitation 
with these valves may be up to 17%, but the presence of 
significant amount of regurgitation is very low.

Prosthetic Valve obstruction

Prosthetic heart valve obstruction may be caused by throm-
bus formation, fibrous tissue ingrowth (or pannus formation), 
or a combination of both, or by endocarditis. The aetiology 
may be difficult to determine and requires knowledge of the 
clinical presentation and findings on transthoracic and trans-
oesophageal echocardiography. The possibility of prosthetic 
valve thrombosis or endocarditis should be ruled out in 
patients with embolization.

The incidence of prosthetic heart valve thrombosis has 
been reported to be 13% in the first year in any valve posi-
tion, and even 20% for mechanical prostheses in the tricus-
pid position.34 At any time, for prostheses in the mitral and/
or aortic position, the overall incidence is 0.5–6% per patient-
year, highest in the mitral position. The risk of thrombus, in 
spite of adequate oral anticoagulation, has been estimated to 
be between 1 and 4% per year.

Echocardiography is the initial diagnostic approach for 
patients with suspected prosthetic heart valve obstruction. 
The increase in the transprosthetic pressure gradients and a 
reduction in the effective area of the valve orifice, particularly 
in comparison with the previous data in that patient, may be 
diagnostic (Fig. 9.17c). In experienced hands, transthoracic 
echocardiography can also detect an altered anterograde flow 
pattern with colour Doppler suggestive of intrinsic prosthesis 
obstruction (Fig. 9.21, Video 9.21). Increased anterograde 
transprosthetic flow velocities due to prosthesis obstruction 
should be differentiated from those as a result of high cardiac 
output state or coexisting prosthesis regurgitation, which may 
increase the anterograde volume flow rate across the prosthe-
sis resulting in a high velocity and high transprosthetic gradi-
ents. However, in case of increased anterograde volume flow 
rate, the valve area remains  relatively normal.

Fig. 9.19 Colour Doppler imaging during diastole showing the nor-
mal appearance of three “physiologic” regurgitant jets (“leakage 
backflow,” white arrows) from a bileaflet valve (a) and a bioprosthesis  
(white arrow, b) in aortic position

Fig. 9.20 Trans-oesophageal echocardiographic depiction of leak-
age backflow from a bileaflet-tilting-disc valve in mitral position. 
These three jets represent the “physiologic” leakage from pivotal 
points (peripheral jets) and central closure line (central jets) and should 
not be interpreted as pathologic prosthetic regurgitation
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Trans-oesophageal echocardiography is the most accu-
rate diagnostic technique to assess the alterations in the 
occlusive mechanism or the existence of thrombus on heart 
valve prostheses, especially for valves in the mitral posi-
tion. Partial blockade of the prosthetic disc by thrombus can 
be easily detected by trans-oesophageal echocardiography, 
as it usually holds it in a semi-open position, leaving an 
eccentric communication open in systole and diastole. The 
colour Doppler further facilitates more precise localization 
of prosthetic obstruction, showing acceleration proximal to 
a stenosis and any associated degree of regurgitation caused 
by the lack of mobility of the occluder. In most cases, an 
echogenic mass is observed on the prosthetic valve surface 
at the site of the stenosis (Fig. 9.22, Videos 9.22A–C). 
Trans-oesophageal echocardiography may also be useful to 
differentiate thrombus from pannus, as the mechanism of 
prosthetic obstruction. In prosthetic thrombosis, the move-
ment of the disc is always abnormal, whereas in 40% of 
patients with obstruction due to pannus, the mobility of the 
disc is normal. The visualization of an echogenic mass is 
almost diagnostic for thrombosis, but it can be detected in 
only 70% of obstructions caused by pannus. The echogenic 
characteristics of the mass are very important in differenti-
ating thrombus from pannus. The thrombus tends to be 
mobile, have soft ultrasound density, and is attached to the 
valve occluder (Fig. 9.23, Video 9.23). The pannus is firmly 
fixed, have bright ultrasound density, and is attached to the 
valve apparatus. In addition, finding echo density around 
the sewing ring with bright reflective echoes and adequate 
anticoagulation heightens the suspicion of a pannus. A 
thrombotic mass is usually larger than pannus. In mitral 
prosthetic thrombosis, the mass frequently extends into the 
atrial endocardial surface, a feature rarely seen in obstruc-
tion caused by pannus.

Prosthetic Valve Regurgitation

Echocardiography is highly useful in detecting prosthetic 
valvular regurgitation, but with certain technical limitations, 

Fig. 9.21 Single-tilting-disc valve obstruction. Colour Doppler 
echocardiography shows only one anterograde jet

Fig. 9.22 Massive thrombosis on the atrial side of a bileaflet-tilting-
disc valve in the mitral position (white arrow), (a) at trans-oesophageal. 
The presence of thrombus usually holds it in a semi-open position 
that creates an eccentric intra-prosthetic regurgitation (b). Real-time 
3D trans-oesophageal echocardiography offers a better assessment 
of the extension and dimensions of the Thr, thrombus, LAA, left atrial 
apendix(c)
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the most important of which are the problems of acoustic 
shadowing, reverberation, and beam-width artefacts that 
occur when the ultrasound beam should traverse a reflective 
prosthesis before entering the cardiac chamber receiving the 
regurgitant jet. This occurrence may lead to non-visualization 
or under-estimation of the severity of regurgitation, espe-
cially with mechanical valves. In addition, colour artefacts 
are common in patients with heart valve prostheses and may 
alter the detection of abnormal jets.

For prostheses in aortic position, both parasternal and api-
cal approaches may be useful as the ultrasound beam reaches 
the LVOT without crossing the prosthesis (Fig. 9.24, Video 
9.24). For prostheses in mitral position, the parasternal 
approach may be helpful if a view in which the atrial side of 
the prosthesis can be obtained without acoustic shadowing. 
Apical views are rarely useful because of acoustic shadow-
ing of the prostheses, even if in some cases, a paraprosthetic 
regurgitant jet can be visualized from this approach (Fig. 9.25, 
Video 9.25). Therefore, the transthoracic approach has a low 
sensitivity for detection and quantitation of prosthetic 

regurgitation of mitral valve prostheses, and usually the 
trans-oesophageal approach is needed to visualize the left 
atrial size of the prosthesis. Sometimes, colour Doppler may 
visualize proximal flow acceleration on the ventricular side 
of the prostheses in mitral position as a clue for raising the 
suspect of significant paravalvular regurgitation.

When a heart valve prosthesis regurgitation is detected, 
the first important question to the echocardiographer is 
whether “physiologic” or pathologic prosthetic regurgitation 
is present. Differential characteristics of “physiologic” from 
pathologic prosthetic valve regurgitation are uniform colour 
pattern, rather than the mosaic flow disturbance, short exten-
sion into the receiving chamber (usually <2 cm), and the 
absence of supporting features like increased anterograde 
velocity, enlargement of cardiac chambers, and/or pulmonary 
hypertension.

The most likely cause of intra-prosthetic pathologic regur-
gitation in mechanical valves is the incomplete closure of 
occluders owing to pannus, ingrowth, thrombus formation, 
or vegetation growth (Fig. 9.26, Video 9.26). On the other 

Fig. 9.23 Trans-oesophageal 
echocardiogram showing a 
thrombus (white arrow) 
visualized as a soft, small and 
highly mobile mass on the atrial 
side of a mitral bioprosthetic 
valve entering the valve orifice 
during diastole. Long axis view 
(a); Short axis view (b).

Fig. 9.25 Prosthetic mitral regurgitation jet (white arrow) detected 
by transthoracic echocardiography despite shadowing artefacts in 
the left atrium caused by the mechanical prosthesis

Fig. 9.24 Parasternal short-axis view by transthoracic approach 
showing a pathologic intra-prosthetic leakage of a bioprosthesis in 
the aortic position



198 Chapter 9 Heart Valve Prostheses 

hand, pathologic intra-prosthetic regurgitation of bioprosthe-
ses is usually due to structural valve deterioration (Fig. 9.27, 
Videos 9.27A and B).

Paraprosthetic regurgitation is always pathological. Small 
paraprosthetic regurgitation around the circumference of a 
prosthetic valve between the sewing ring and the annulus of 
the native valve is common. The regurgitant jet is usually 
eccentric and it extends in the receiving chamber. More than 
one regurgitant jets may be simultaneously present. During 
the first year after valve replacement, these regurgitations 
are mostly related to surgical factors, are not associated with 
increased subclinical haemolysis, and are generally benign. 
Sometimes, it may be difficult to distinguish intra- from 
paraprosthetic regurgitation using the transthoracic approach. 
In these cases, the trans-oesophageal approach is needed.

structural Valve Deterioration

Structural deterioration is generally a problem only for the 
biological valves, and is usually non-existent for the cur-
rent generation of mechanical valves. However, in 1986, 
the Bjork–Shiley convexo–concave single-tilting-disc 
valve was withdrawn from the market after reports of frac-
ture of the valve-ring strut, resulting in dislodgment and 
embolization of the disc. Similarly, the TRI technologies’ 
mechanical valve has been withdrawn from clinical use 
because of the high risk of structural failure after several 
cases of occluder escape.35 Strut fracture usually results in 
the abrupt onset of dyspnea, loss of consciousness, or car-
diovascular collapse owing to embolization of the disc and 
acute severe valvular regurgitation that can be demon-
strated at echocardiography. Cinefluoroscopy may visual-
ize the absence of the strut and the radiopaque disc marker 
within the housing of the valve. Cinefluoroscopy has also 
been used to identify patients implanted with the Bjork–
Shiley convexo–concave single-tilting-disc valve, who 
have outlet–strut separation without complete strut frac-
ture. The valve prosthesis should be prophylactically 
replaced in these patients.

Structural deterioration of a bioprosthetic valve usually is 
the result of a progressive tissue degeneration with fibrosis 
and calcification of valve leaflets resulting in increased resis-
tance to open (stenosis) or failure to close properly (regurgi-
tation). Regurgitation may also occur because of leaflet tear 
(Fig. 9.28, Videos 9.28A and B) or rupture of one or more of 
the valve cusps (Fig. 9.29, Videos 9.29A and B), and in these 
patients, the clinical presentation is that of an acute regurgi-
tation.36 The risk of structural valve deterioration increases 
over time. Typically, failure of bioprostheses occurs 10 years 
after implant.

Fig. 9.26 Trans-oesophageal colour Doppler echocardiography 
showing an extensive intra-prosthetic leakage of a single-tilting-disc 
prosthesis caused by pannus ingrowth

Fig. 9.27 Structural deterioration of a bioprosthetic valve in the mitral position causing fracture of one leaflet, which prolapses in the left 
atrium (white arrow), (a). An eccentric and turbulent jet into the left atrium is visualized in (b)
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Fig. 9.28 Transthoracic colour Doppler echocardiography demonstrating severe regurgitation of a Cryolife O’Brien bioprosthesis from 
 parasternal (a) and apical approach (b). The explanted valve (c) showed a tear

C

Fig. 9.29 Trans-oesophageal echocardiography showing degenerative calcification and rupture of a cusp, (a) determining severe regurgita-
tion (b) of a bioprosthesis in the aortic position

a b
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Prosthetic Valve endocarditis and Related 
Complications

A prosthetic valve represents a foreign body within the cir-
culatory system, which is a potential site of infection. The 
characteristic lesion of valve prosthesis endocarditis is veg-
etation, similar to native valves. When vegetations are small, 
they appear as irregular, immobile echogenic structures 
attached to the valve components (Fig. 9.30, Videos 9.30A 
and B). As they grow and become larger, they usually become 
sessile and move following the blood flow through the valve 
(Fig. 9.31, Video 9.31). Because of to the presence of the 
prosthetic material, the sensitivity of echocardiography (both 
transthoracic and trans-oesophageal) to detect vegetations on 
prosthetic valves is lower than that in native valves. Large 
vegetations can occasionally cause prosthesis obstruction 
(Fig. 9.32, Videos 9.32A and B). Taking into account the low 
sensitivity of the technique, a negative transthoracic study in 
a patient with moderate or high clinical suspicion of endo-
carditis did not exclude the diagnosis, and trans-oesophageal 

examination should be warranted in those cases. It has also 
been reported that vegetations longer than 10 mm are associ-
ated with an increased risk of embolization, and vegetation 
size is a useful information to determine the urgency of sur-
gical intervention.

Prosthetic valve endocarditis may evolve with paravalvu-
lar abscess formation. In the mitral position, a paravalvular 
abscess appears as an echo-free space adjacent to the sewing 
ring. However, often, the only signs of abscess are indirect, 
such as an increased prosthesis mobility resulting from suture 
dehiscence and lack of annular support. Frequently, ring or 
myocardial abscesses are only detected at surgery, suggest-
ing the low sensitivity of the technique for valves in this 
position. For prosthesis in aortic position, increased thicken-
ing of the aortic root, with or without echo-free space inside 
confirmed in two views, suggests the presence of a ring 
abscess (Fig. 9.33, Video 9.33). Sometimes, the diagnosis is 
difficult and the echo study should be repeated after a few 
days to look for an evolution of the finding (Fig. 9.34, Videos 
9.34A and B). Fistolous communications with the right 
atrium, left atrium, or right ventricle can be detected with 
colour Doppler.

Haemolysis

Although subclinical intra-vascular haemolysis (as evidenced 
by decreased serum haptoglobin, reticulocytosis, and increased 
lactate dehydrogenase concentrations) can be documented in 
most patients with normofunctioning mechanical heart valve 
prostheses, severe haemolytic anaemia is uncommon and 
suggests paravalvular leakage due to partial dehiscence of 
the valve or infection or interaction of the jet with foreign 
bodies such as annular rings (Fig. 9.35, Video 9.35).

Fig. 9.31 Transthoracic echocardiography showing a large and 
highly mobile vegetation on the leaflet of a bioprosthesis in the aor-
tic position

Fig. 9.30 Real-time 3D trans-oesophageal echocardiography show-
ing a small vegetation attached to the leaflet of a bioprosthetic valve 
in the mitral position. Multi-plane visualization of the vegetation 
(white arrows), (a). Rendering display of the vegetation allows better 
assessment of the size and shape of the vegetation (white arrow), (b)

a

b
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a c

b d

Fig. 9.32 Transthoracic echocardiography showing a large vegeta-
tion on the left ventricular side of a bioprosthesis in the aortic posi-
tion. The vegetation enters the valve orifice during systole obstructing 

it (a, b). At surgery, the extensive obstruction of the bioprosthesis 
was confirmed (c, d)

a b

Fig. 9.33 Trans-oesophageal imaging of a short-axis view of the aor-
tic root showing a prosthetic aortic valve endocarditis complicated 
by abscess and pseudoaneurysm formation. In the posterior part of 
the aortic root, an echolucent space can be visualized  suggesting the 

degeneration of the abscess in pseudoaneurysm of the mitral–aortic 
intervalvular fibrosa (a). By colour Doppler imaging, the blood flow is 
visualized exiting the pseudoaneurysm into the left ventricular out-
flow tract during diastole (b)
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Introduction

Imaging plays a key role in the assessment of infective endo-
carditis (IE). Echocardiography, particularly trans-oesopha-
geal echocardiography (TOE), gives useful information 
concerning the diagnosis of IE, the assessment of the sever-
ity of the disease, the prediction of short-term and long-term 
prognosis, and the follow-up of patients under specific anti-
biotic therapy. Other imaging techniques, including magnetic 
resonance imaging (MRI), CT scan, and invasive angiogra-
phy, are of limited value for the diagnosis of IE, but are use-
ful for the diagnosis and management of its complications. 
Finally intra-operative echocardiography must be performed 
in IE to help surgeons in the intra-operative assessment and 
management of patients with IE.

IE is a life-threatening disease associated with a high 
mortality rate.1, 2 Despite major improvements in diagnostic 
and therapeutic procedures, both the diagnosis of IE and its 
management remain a challenge. Several complications may 
occur during the course of IE and are the cause of the persis-
tent high morbidity and mortality of the disease.3 Because of 
these very frequent and severe complications, about half the 
patients with IE are operated on during the active phase of 
the disease (early surgery).4 Imaging, particularly echocar-
diography, plays a key role in both the diagnosis and the 
management of infective endocarditis. Echocardiography is 
also useful for the prognostic assessment of patients with IE 
for their follow-up under therapy and during surgery.5

echocardiography for the Diagnosis  
of Infective endocarditis

When to Perform echocardiography in Ie

IE is not a single disease but may present with several very 
different initial symptoms, including heart failure, cerebral 
embolism, pacemaker infection, or isolated fever. IE must be 
suspected in the presence of fever associated with regurgi-
tant heart murmur, known cardiac disease, bacteraemia, new 
conduction disturbance, and embolic events of unknown ori-
gin.6 In all these situations, echocardiography must be per-
formed. Figure 10.1 is a proposed algorithm illustrating the 
respective indications of transthoracic (TTE) and trans-
oesophageal (TOE) echocardiography. TTE must be per-
formed first in all cases, because it is a non-invasive technique 
giving useful information both for the diagnosis and the 
assessment of severity of IE. TOE must also be performed in 
the majority of patients with suspected IE because of its 

better image quality and better sensitivity, except in case of 
good-quality negative TTE associated with a low level of 
clinical suspicion.

Anatomic Definitions: Echocardiographic  
Correlations (Table 10.1)

Anatomically, IE is characterized by a combination of vege-
tations and destructive lesions.

Vegetations are typically attached onto the low-pressure 
side of the valve structure, but may be located anywhere on 
the components of the valvular and subvalvular apparatus as 
well as on the mural endocardium of the cardiac chambers or 
the ascending aorta. When large and mobile, vegetations are 
prone to embolism and, less frequently, to valve or prosthetic 
obstruction.

Destructive lesions are very frequently associated with 
vegetations or may be observed alone. The consequences of 
this destructive process may include valve aneurysm, perfo-
ration or prolapse, and chordae, or, less frequently, papillary 
muscle rupture. The main consequences of these lesions are 
severe valve regurgitation and heart failure.

The third main anatomic feature of IE is abscess forma-
tion. Abscesses are more frequent in aortic and prosthetic 
valve IE and may be complicated by pseudo-aneurysm or 
fistulization.

These three anatomic features are frequently present 
together and must be meticulously described by the echocar-
diographic examination. Knowledge of these main anatomic 
and echocardiographic definitions is mandatory (Table 10.1).

Duke “Echocardiographic” Criteria

In 1994, Durack proposed a new classification of criteria for 
IE called Duke criteria.7 This new classification was a big 
step in the diagnosis of IE because it included echocardiog-
raphy as a major criterion for IE. The major echographic cri-
teria for IE are vegetation, abscess, and new dehiscence of a 
prosthetic valve.

Vegetation

Echocardiography is the reference method for the diagnosis 
of vegetation. Typically, vegetation presents as an oscillating 
mass attached onto a valvular structure, with a motion inde-
pendent to that of this valve (Figs. 10.2 and 10.3, Video 
10.2). However, vegetation may also present as a non- 
oscillating mass and with an atypical location (Video 10.22). 
Vegetations are usually localized on the atrial side of the 
atrio-ventricular valves and on the ventricular side of the 
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aortic and pulmonary valves. Less frequently, vegetations 
are localized on mural endocardium, papillary muscles, or 
ascending aorta. TTE has a sensitivity of about 75% for the 
diagnosis of vegetations. However, the sensitivity of TTE 
may be reduced in case of low echogenicity, very small 
vegetations, and in IE affecting intra-cardiac devices. TOE 
is mandatory in case of doubtful transthoracic examina-
tion, in prosthetic and pacemaker IE, and when an abscess 
is suspected. TOE enhances the sensitivity of TTE to about 
85–90% for the diagnosis of vegetations. In addition, both 
TTE and TOE are useful to assess the size and mobility of 
the vegetation as well as its evolution under antibiotic 
therapy.8

Abscess Formation

The second major echocardiographic criterion for endocardi-
tis is the presence of perivalvular abscesses. They are more 
frequently observed in aortic valve IE and prosthetic valve 
IE. Abscess typically presents as a perivalvular zone of 
reduced echo density, without colour flow detected inside. 
The diagnosis is easy in the presence of a clear free space in 
the aortic root (Figs. 10.4 and 10.5), but may be much more 
difficult at the early stage of the disease when only a thicken-
ing of the aortic root is evidenced (Figs. 10.6 and 10.7). The 
sensitivity of TTE is about 50%, and that of TOE is 90%. 
The additional value of TOE is much higher for the diagnosis 

Clinical suspicion of IE

If initial TOE is negative but suspicion for IE remains, repeat TOE within 7-10 days

Prosthetic
Valve

Intra-cardiac
device

Negative

Clinical Suspicion of IE

TTE

TOE TOE Stop

LowHigh

Positive
Poor quality

TTE

Fig. 10.1 Algorithm showing 
the role of echocardiography 
in the diagnosis and assess-
ment of infective endocarditis. 
Adapted from Horstkotte 
et al.6 IE infective endocarditis; 
TTE transthoracic echocardiog-
raphy; TOE trans-oesophageal 
echocardiography

Surgery/necropsy Echocardiography

Vegetation Infected mass attached to an endocardial structure or 
on implanted intra-cardial material

Oscillating or non-oscillating intra-cardial mass on 
valve or other endocardial structures or on implanted 
intra-cardial material

Pseudo-aneurysm Perivalvular cavity communicating with the  
cardiovascular lumen

Pulsatile perivalvular echo-free space with colour 
flow detected

Abscess Perivalvular cavity with necrosis and purulent material 
not communicating with the cardiovascular lumen

Perivalvular zone of reduced echo density without 
colour flow

Perforation Interruption of endocardial tissue continuity Interruption of endocardial tissue continuity traversed 
by colour Doppler flow

Fistula Communication between two neighbouring cavities 
through a perforation

Colour Doppler communication between two  
neighbouring cavities through a perforation

Valve aneurysm Saccular outpouching of valvular tissue Saccular bulging of valvular tissue (most usually 
affects the mitral valve)

New dehiscence of a 
prosthetic valve

Dehiscence of the prosthesis New paravalvular regurgitation identified by TTE/
TOE not present at a previous study

table 10.1. Echocardiographic definitions.
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Fig. 10.2 TOE showing a large mitral vegetation on the anterior leaflet associated with a chordae rupture (a) and severe mitral regurgitation (b)

Fig. 10.3 Echo/anatomic correlations. TOE: Large vegetations on the two mitral leaflets (arrow). LA left atrium; LV left ventricle

of abscess than for the diagnosis of vegetation. For this rea-
son, TOE must be systematically performed in aortic valve 
IE and as soon as an abscess is suspected.

Abscess formation is only one type of perivalvular involve-
ment in IE. Considering echographic and anomic definitions 
(Table 10.1), three types of perivalvular lesions may be 
described.

Abscess is a non-communicating zone of necrosis with •	
purulent material. Echographic appearance is a non-circulat-
ing perivalvular zone of reduced echo density (Fig. 10.8).
Pseudo-aneurysm is characterized anatomically by a •	
perivavular cavity communicating with the cardiovascu-
lar lumen. The echographic hallmark of pseudo-aneurysm 

is the presence of a pulsatile perivalvular echo-free space 
with colour Doppler flow inside (Figs. 10.9 and 10.10). 
The echographic appearance of partial systolic collapse 
proves that the abscess communicates with the cardiovas-
cular lumen.
Fistula may be a complication of both abscesses and pseudo-•	
aneurysm. They are defined anatomically by a communica-
tion between two neighbouring cavities and echographically 
by a colour Doppler communication between two adjacent 
cavities.

All these perivalvular lesions are more frequently observed 
in aortic endocarditis and then involve the mitral-aortic inter-
valvular fibrosa (Fig. 10.11, Video 10.11).9
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New Dehiscence of a Prosthetic Valve

It represents the third main diagnostic criterion for IE.7 IE must 
be suspected in the presence of a new perivalvular regurgitation, 
even in the absence of vegetation or abscess. TOE has a better 
sensitivity than TTE for this diagnosis, especially in mitral pros-
thetic valve infective endocarditis (PVIE) (Fig. 10.12). Hence, 
systematic post-operative echocardiography must be performed 
after any valve replacement to serve as reference for better 
interpretation of future echocardiographic abnormalities.

Other Echocardiographic Findings in IE

Other echocardiographic features are not the main criteria 
for IE, but may be suggestive of the diagnosis. They 

Fig. 10.4 TOE showing the periannular damages of an aortic bioprosthetic valve endocarditis. We can see the association of an annular 
abscess (a-c, red arrow) with a perforation of the basal area of the anterior mitral leaflet (a, white arrow, c, d) leading to mitral regurgitation

Fig. 10.5 TTE showing an anterior aortic annular abscess (arrow)
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include valve destruction and prolapse, aneurysm, and/or 
perforation of a valve (Fig. 10.13). The most frequent is 
anterior mitral valve perforation, which is usually a com-
plication of aortic valve IE. It may be observed either iso-
lated or as a complication of a mitral valve aneurysm 
(Fig. 10.11). Perforation of the mitral valve may be the 
consequence of an infected aortic regurgitant jet and is 
best visualized by TOE.10

In addition, both TTE and TOE are useful for the assess-
ment of the underlying valve disease and for the assessment 
of the consequences of IE, including:

Left ventricular size and function•	
Quantification of valve regurgitation/obstruction•	
Right ventricular function, estimation of pulmonary •	
pressures

Fig. 10.6 a, b, c: three TOE views showing an echodense thickening around the annulus of a bioprosthetic valve corresponding to a perian-
nular abscess (arrow)

Fig. 10.7 Aortic bioprosthetic abscess presenting as a thickening of 
the posterior aortic root (arrow). AO aorta; LV left ventricle; LA left 
atrium
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Fig. 10.8 TOE showing a mitral annular abscess (arrows, a) with perforation (b). (c, d) show the valvular and perivalvular damages observed 
during the operation

Limitations and Pitfalls of echocardiography

In clinical practice, the echocardiographic diagnosis of IE 
remains difficult in three main situations:

In case of normal or doubtful echocardiography•	
In IE affecting intra-cardiac devices•	
In patients with PVIE•	

In all these situations, echographic findings, positive or neg-
ative, must be interpreted with caution, taking into account 
the clinical presentation and the likelihood of IE.

normal or Doubtful echocardiography

A negative echocardiography may be observed in about 15% 
of IE. The most frequent explanations for negative 

echocardiography are very small or absent vegetations and 
difficulties in identifying vegetations in the presence of pre-
existent severe lesions (mitral valve prolapse, degenerative 
lesions, and prosthetic valves). Similarly, diagnosis of IE may 
be more difficult in the case of non-oscillating vegetation and 
vegetations of atypical location (Video 10.22). In addition, the 
diagnosis may be difficult at the early stage of the disease, 
when vegetations are not yet present or too small to be identi-
fied. In one series,11 among 93 patients with anatomically con-
firmed IE, vegetation was observed by TOE in only 81%. In 
another series,12 among 105 patients with suspected IE, 65 
had an initial negative TOE; in three cases, vegetation 
appeared on a repeat TOE. For this reason, repeat TTE/TOE 
examination must be performed 7–10 days after the first 
examination when the clinical level of suspicion is still high.

Conversely, false diagnosis of IE may occur in other situ-
ations; for example, it may be difficult to differentiate between 
vegetations and thrombi, cusp prolapse, cardiac tumours, myx-
omatous changes, Lambl’s excrescences, strands, or non-
infective vegetations (marantic endocarditis). Non-infective 



212 Chapter 10 Endocarditis

vegetations are impossible to differentiate from infective 
vegetations. They can be suspected in the presence of small 
and multiple vegetations, changing from one examination to 
another, and without associated abscess or valve destruction.

Similarly, diagnosis of a perivalvular abscess may be dif-
ficult, even with the use of TOE, in the case of small abscess 
(Fig. 10.14), when echocardiography is performed very 
early in the course of the disease or in the immediate post-
operative period after aortic root replacement or Bentall pro-
cedure. In these latter situations, a thickening of the aortic 
wall may be observed in the absence of IE, mimicking 
abscess formation. Recent publications13 underlined the dis-
crepancies between the results of TOE and anatomical find-
ings, particularly in patients with abscess localized around 
calcification in the posterior mitral annulus. Finally, a nor-
mal echocardiogram does not completely rule out IE, even if 
TOE is performed and even in expert hands, and a repeat 
examination has to be performed in case of high level of 
clinical suspicion.

Cardiac Devices-Related Infective  
endocarditis (CDRIe)

CDRIE, including permanent pacemaker and implantable 
cardioverter defibrillators, is a severe disease associated with 
high mortality.14 CDRIE is defined by an infection extending 
to the electrode leads, cardiac valve leaflets, or endocardial 
surface. CDRIE is probably one of the most difficult forms 
of IE to diagnose.

Similar to other forms of IE, echocardiography plays a 
key role in CDRIE and is helpful both for the diagnosis of 
lead vegetation, diagnosis of tricuspid involvement, diagno-
sis of tricuspid regurgitation, sizing of vegetations, as well as 
follow-up after lead extraction. With regard to diagnosis, 
although TOE has superior sensitivity and specificity than 
TTE, both must be systematically performed in suspected 
CDRIE. Vegetations may be observed both on the electrode 
leads, cardiac valve leaflets, or endocardial surface (Video 
10.23). Careful examination of the entire leads is mandatory, 

Fig. 10.9 TOE showing an aortic pseudo-aneurysm in a patient with 
a bioprosthetic valve. This periannular complication is diagnosed by 
demonstration of an echolucent cavity within the posterior area of 

the valvular annulus (a, b, c, arrows) and a flow detected by colour 
Doppler into this cavity (d)
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from the superior vena cava to the apex of the right ventricle. 
However, both TTE and TOE may be falsely negative in 
CDRIE, and a normal echographic examination does not rule 
out CDRIE. Atypical findings are frequent, including thick-
ening and “sleeve-like” appearance of the pacemaker lead14 
and must be differentiated from normal findings.

The Duke criteria have been used for the diagnosis of 
infective endocarditis in cases of suspected CDRIE, but are 
difficult to apply in these patients, because of lower sensiti-
vity, despite proposed modifications.14

Prosthetic Valve Infective endocarditis (PVIe)

The anatomic involvement differs between PVIE affecting 
either mechanical or bioprosthetic valves.15 In mechanical 

valves, the infection usually involves the junction between 
the sewing ring and the annulus, leading to perivalvular 
abscess, dehiscence, pseudo-aneurysms, and fistula. Although 
similar mechanisms may also be observed in bioprosthetic 
PVIE, infection is more frequently located on the leaflets in 
those patients, leading to cusp rupture, perforation, and veg-
etations. Echocardiography, particularly TOE, plays a key 
role in the diagnosis and evaluation of PVIE (Fig. 10.15, 
Video 10.15). TOE is mandatory in PVIE because of its bet-
ter sensitivity and specificity for the detection of vegetations, 
abscesses, and perivalvular lesions. However, the value of 
both TTE and TOE is lower in PVIE when compared with 
NVE, because of both lower sensitivity and specificity and 
because the presence of intra-cardiac material may hinder the 
identification of both vegetations and abscesses. Consequently, 
a negative echocardiography is frequently observed in PVE,16 
and does not rule out the diagnosis of PVE. The Duke criteria 

Fig. 10.10 TOE showing an aortic endocarditis with a destruction of 
the commissure between the non-coronary cusp and the left-anterior 
cusp (a). Large vegetation is seen on the non-coronary cusp (a). (b) 
shows two orthogonal views of the aortic root during the same time 

by using the 3D TOE probe. There is a pseudo-aneurysm into the pos-
terior wall of the aortic root. (c) shows the aortic cups after surgical 
excision. (d) shows the gap of the pseudo-aneurysm in the aortic wall 
(arrow)
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Fig. 10.11 TOE showing a mitral–aortic endocarditis with a pseudo-
aneurysm of the mitral–aortic fibrous intervalvular area. Destruction 
of the posterior commissure of a bicuspid valve (a, white star). Large, 
mobile aortic vegetations prolapsing into the left ventricular outflow 

tract during diastole and contacting the ventricular aspect of the 
anterior mitral leaflet (b, arrow). These lesions lead to a severe aortic 
regurgitation (c) and a mitral perforation (d)

Fig. 10.12 TOE showing a large perivalvular desinsertion on the lateral part of the annulus of mechanical prosthetic valve leading to a severe 
mitral regurgitation in a patient with an early prosthetic valve endocarditis
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cannot be applied in clinical practice in PVIE because of 
their lower sensitivity in this setting.17

other Imaging techniques

Other imaging modalities are of relatively limited value for 
the diagnosis of IE, but are sometimes useful for the assess-
ment and follow-up of IE complications.

Intra-cardiac echocardiography  
and 3D echocardiography

They add little information to conventional echocardiogra-
phy. Their use has been occasionally reported in case reports 

or short series. 3D echocardiography is not better than TTE 
or TOE for the diagnosis of vegetation, because of its lower 
spatial resolution, but may be useful for the diagnosis and 
assessment of abscesses, false aneurysms, and anterior mitral 
valve perforation (Fig. 10.16).

Cardiac Ct scan and Cardiac Magnetic  
Resonance Imaging (MRI)

Similarly, they are potentially useful for the assessment 
and follow-up of perivalvular complication, including 
abscesses and pseudo-aneurysm (Fig. 10.17). They may be 
used to assess perivalvular lesions when TOE is doubtful 
or not feasible. However, although multiple case reports of 
the use of MRI and cardiac CT scan in patients with  
IE have been published, no large studies have been 
performed.

Fig. 10.13 TOE showing a native aortic valve endocarditis with a “valvular aneurysm” (arrow) associated with a perforation leading to an acute 
aortic regurgitation
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Cerebral and Abdominal Ct scan,  
MRI Angiography, and Invasive Vascular 
Angiography

Cerebral and abdominal CT scans are frequently used to 
diagnose embolic complications of IE. For example, splenic 
embolism is very frequent in IE. It may be silent and detected 
only by systematic abdominal CT scan (Fig. 10.18).

Cerebral CT scan/MRI are of utmost value for the diagno-
sis and management of cerebral complications of IE. MRI or 

conventional angiography may be used in case of suspected 
arterial mycotic aneurysm (Figs. 10.19 and 10.20).

Prognostic Value of echocardiography

In addition to its role in diagnosing IE, echocardiography 
also has a major prognostic value in IE, for both prediction 
of death and embolic events.

a b

c d

Fig. 10.14 Severe aortic endocarditis with large vegetation, valve 
destruction, and perivalvular abscess. (a) Large vegetation (17-mm 
long) on the aortic valve by TOE (arrow) with diastolic prolapse and 
severe valve destruction. (b) Anatomic confirmation of large vegeta-
tions on the aortic leaflets (arrows). (c) Small abscess formation near 

the right coronary sinus (red arrow) in the same patient. (d) Anatomic 
confirmation (green arrow). In this patient, the combination of severe 
regurgitation, perivalvular abscess, and large vegetation indicates 
very early surgery. LV left ventricle; LA left atrium; Ao aorta; RV right 
ventricle; RA right atrium
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Fig. 10.15 TOE showing a large vegetation prolapsing into a mitral mechanical prosthetic valve (a, b, c, arrows). Disparition of two physiologi-
cal regurgitations (d)

Fig. 10.16 3D TOE: Aneurysm and perforation of the anterior mitral leaflet (arrow)
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echocardiography Predicts Both In-Hospital 
Mortality and Long-term Prognosis in Ie

Mortality is still high in IE, although it has declined in the 
recent years. Several factors have been associated with an 
increased risk of death in IE, including patients’ characteris-
tics (diabetes, co-morbidity), presence or absence of compli-
cations (heart failure, stroke, renal failure), and type of 
micro-organism.18 Echocardiography also plays a very 
important prognostic role in IE. Several echocardiographic 
features have been associated with worse prognosis, includ-
ing periannular complications, severe valve regurgitation or 
obstruction, low LV ejection fraction, pulmonary hyperten-
sion, and premature mitral valve closure.

Premature mitral closure (Fig. 10.21) is an old but still 
useful M-mode sign observed in severe aortic regurgitation 

and indicates high left ventricular diastolic pressures and 
usually a need for early surgery. The presence of a vegeta-
tion, its size, and its multi-valvular location have been asso-
ciated with a worse prognosis. In a recent series,19 large 
vegetations (>15 mm length) were associated with a worse 
prognosis. Echocardiography appears predictive of both the 
risk of embolism and death in IE.

Risk of embolism

Incidence of Embolic Events in IE

Embolic events are a frequent and life-threatening complica-
tion of IE, related to the migration of cardiac vegetations. 
Cerebral arteries and spleen are the most frequent sites of 
embolization in left-side IE, while pulmonary embolism is 

Fig. 10.17 CT scan: Pseudo-aneurysm of the ascending aorta. PA 
pseudo aneurysm; AO aorta

Fig. 10.18 Splenic embolism in a patient with infective endocarditis. January 2006: Normal systematic CT scan on admission. March 2006: 
New asymptomatic splenic embolism detected by repeat examination

Fig. 10.19 Mycotic aneurysm of the left femoral artery (arrow) in a 
young intravenous drug abuser woman with staphylococcal 
endocarditis
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frequent in right-side and pacemaker-lead IE. Stroke is a 
severe complication of cerebral embolism, which is the most 
frequent embolic complication and is associated with an 
increased morbidity and mortality.1 Conversely, embolic 
events may be totally silent in about 20% of patients with IE, 
especially in case of splenic or cerebral embolisms, and must 
be diagnosed by systematic non-invasive imaging. Total 
embolic risk is very high in IE, with EE occurring in 20–50% 
of IE. However, the risk of new EE (i.e. occurring after ini-
tiation of antibiotic therapy) is only 6–21%.1

Predicting the Risk of Embolism

Echocardiography plays a key role in predicting embolic 
events, although this prediction remains difficult in the indi-
vidual patient. Several factors have been associated with an 
increased risk of embolism, including the size and mobility 
of vegetations, the localization of the vegetation on the mitral 
valve, the increasing or decreasing size of the vegetation 
under antibiotic therapy, some micro-organisms (staphylo-
cocci, Streptococcus bovis, Candida spp.), previous embo-
lism, multi-valvular endocarditis, and biological markers.1 
Among them, the size and mobility of the vegetations are the 
most potent independent predictors of new embolic event in 
patients with IE. For example, in one study,20 a large number 
of patients (178) with strict criteria for IE were prospectively 

Fig. 10.21 Acute aortic endocarditis. TTE. Left: Long-axis 2D view showing a large vegetation (white arrow) attached to an aortic cusp. Right: 
M-mode recording showing a premature closure of the mitral valve (red arrow). LV left ventricle; LA left atrium; Ao aorta

Fig. 10.20 Cerebral mycotic aneurysm (arrow) in a young woman 
with hypertrophic cardiomyopathy and staphylococcal endocarditis 
(same patient as Fig. 10.2)
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included. A significant relationship was found between pres-
ence of vegetation and occurrence of embolism, between 
vegetation size and embolism, and between vegetation 
mobility and embolism. Embolic events were particularly 
frequent among patients with both severely mobile and very 
large vegetations (>15 mm). By multi-variate analysis, 
mobility and size of the vegetation were the only indepen-
dent predictors of embolism. Several studies subsequently 
confirmed that patients with large vegetations are at higher 
risk of embolism and this risk is particularly high in patients 
with very large (>15 mm) and mobile vegetations, especially 
in staphylococcal mitral valve endocarditis. It must be 
emphasized that the risk of new embolism is highest during 
the first days following the initiation of antibiotic therapy 
and decreases after 2 weeks,19, 21 although some degree of 
risk persists indefinitely in the presence of a vegetation. 
However, even in studies focussing on new embolic events, 
the size and mobility of vegetation are still associated with 
an increased risk of embolism.19 Hence, the benefit of sur-
gery to prevent embolization will be greatest during the first 
week of antibiotic therapy when the embolic rate is highest.

Follow-up

Echocardiography must be used for follow-up of patients with 
IE under antibiotic therapy, along with clinical follow-up. The 
number, type, and timing of repeat examinations depend on the 
clinical presentation, the type of micro-organism, and the initial 
echocardiographic findings. For example, only weekly TTE 
study may be sufficient to follow a non-complicated streptococ-
cal native mitral valve IE. Conversely, early repeat TOE may 
be necessary in a patient with severe staphylococcal aortic IE, 
with suspected perivalvular involvement or large vegetation.

Few studies followed the outcome of vegetations under 
therapy. The results of such studies are difficult to interpret 
because the reduction in size of a vegetation may be either due 
to a healing of endocarditis or to the embolism of a part of the 
vegetation. Moreover, early surgical treatment may alter the 
course of the follow-up. In one study, failure to decrease veg-
etation size with antibiotic treatment was associated with an 
increased risk of embolism.8 Conversely, Vilacosta22 showed 
that most vegetation (83.8%) remains constant in size under 
therapy, and that this does not worsen prognosis. However, in 
this study, both increase in the vegetation size under antibiotic 
therapy (observed in 10.5% of patients with IE) and reduction 
in the vegetation size under therapy were associated with an 
increased embolic risk. Thus, increasing vegetation size under 
therapy must be considered as a risk factor for new embolic 
event, while unchanged or reduced vegetation size under ther-
apy may be more difficult to interpret.1

Imaging and Decision-Making

Indications for surgery in IE may be subdivided into three 
categories―haemodynamic, infectious, and embolic indica-
tions.6 Decision to operate is frequently difficult and must be 
discussed on an individual basis, using a multi-disciplinary 
approach including cardiologist, infectious disease special-
ist, and cardiac surgeon. Imaging plays a central role in this 
decision, along with the clinical presentation. More specifi-
cally, echocardiography plays a central role in helping clini-
cian to choose the optimal timing of surgery.

Haemodynamic Indications

Presence of heart failure represents the main indication for 
surgery in IE. Recent European guidelines recommend early 
surgery to be performed in patients with acute regurgitation 
and Congestive Heart Failure (CHF), as well as in patients 
with obstructive vegetations.6 Echocardiography is useful in 
both situations. In acute regurgitation, it allows detailed 
assessment of valve lesions, quantification of valve regurgi-
tation, and evaluation of the haemodynamic tolerance of the 
regurgitation (cardiac output, pulmonary arterial pressures, 
left and right ventricular function). Some echocardiographic 
features suggest the need for urgent surgery including pre-
mature mitral valve closure (in aortic IE), massive regurgi-
tation, and extensive destructive valvular lesions. The 
second haemodynamic indication is obstructive vegetation. 
In this situation, echocardiography is also useful for the 
assessment of mechanism and quantification of valve 
obstruction (Fig. 10.15). Patients with initial heart failure 
not treated by urgent/emergency surgery must be closely 
followed by repeat clinical and echocardiographic examina-
tions to detect worsening cardiac lesions.

Infectious Indications

They represent the second most frequent indication for 
early surgery in Europe.4 In the European guidelines, the 
infectious complications needing surgery include perival-
vular extension, persistent fever, and some specific micro- 
organisms with poor response to antibiotic therapy.6 
Echocardiography plays a key role in the assessment of 
perivalvular lesions, including abscess, false aneurysm, fis-
tula, and mitral valve aneurysm/perforation. Recent studies 
showed convincing evidence that aorto–cavitary fistulous 
tract formations are associated with bad prognosis23 both in 
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native and prosthetic valve aortic endocarditis. Early sur-
gery must be performed in these high-risk subgroups when 
possible. In some situations, emergency surgery may be 
necessary because of extensive perivalvular lesions associ-
ated with severe heart failure. Rarely, medical therapy alone 
may be attempted in patients with small non-staphylococcal 
abscesses (surface area <1 cm²) without severe valve regur-
gitation and without heart failure, in case of rapid and 
favourable response to antibiotic therapy. A careful clinical 
and echocardiographic follow-up is mandatory in this 
situation.

embolic Indications

The last reason for early surgery is because a high embolic 
risk is suspected. Again, echocardiography presents with a 
major value for the assessment of this risk. However, pre-
vention of emboli represents the most controversial indica-
tion in IE. In the Euro Heart Survey,4 the size of the 
vegetation was one of the reasons for surgery in 54% of 
native valve IE and in 25% of PVIE, but the value of early 
surgery in this indication has never been proven. European 
guidelines recommend early surgery in patients with large 
(>10 mm length) vegetations before or during the first week 
of antibiotic treatment, or in case of recurrent emboli 
despite appropriate antibiotic therapy.6 Thus, careful mea-
surement of the maximal vegetation size is crucial in IE, 
because this parameter is clearly related to the risk of new 
embolic event. Today, it appears reasonable to propose 
early surgery to prevent embolic risk in the following 
situations:

In cases of recurrent emboli despite appropriate antibiotic •	
therapy
In the presence of a large vegetation (>10 mm) following •	
one or more clinical or even silent embolic events
When the presence of the large vegetation (>10 mm) is •	
associated with known other predictors of complicated 
course (heart failure, persistent infection under therapy, 
abscess, and prosthetic endocarditis). In these situations, 
the presence of a large vegetation indicates an earlier sur-
gical decision.

The decision to operate early in cases of isolated large veg-
etation is more difficult and must be specific for the individ-
ual patient. Surgery may be considered in the presence of 
very large (>15 mm) and mobile vegetations, especially 
when a conservative surgery seems possible. Finally, the 
benefit of surgery may be weighed against the operative risk 
and considering the clinical status of the patient and the 
co-morbidities.

Intra-operative echocardiography

Intra-operative echocardiography is mandatory in patients 
operated on for IE. It provides the surgeon a final anatomic 
evaluation of the valvular and perivalvular lesions, and is par-
ticularly useful to assess the immediate result of conservative 
surgery, as well as in cases of complex perivalvular repair.24 
Intra-operative TOE must be performed in homograft or 
autograft surgery, which is relatively frequently used in IE.

Conclusion

Imaging plays a key role in IE, both concerning its diagnosis, 
the diagnosis of its complications, its follow-up under therapy, 
and its prognostic assessment. Echocardiography is particu-
larly useful for the initial assessment of embolic risk and in 
decision-making in IE. TOE plays a major role both before sur-
gery and during surgery (intra-operative echocardiography).
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Introduction

Coronary artery stenosis causes an imbalance between 
 myocardial oxygen supply and demand leading to myocar-
dial ischaemia and infarction. Echocardiography is a well- 
established imaging technique in the detection and 
quantification of coronary artery disease. Regional and global 
wall motion abnormalities represent ischaemic and infarcted 
myocardial regions supplied by a stenotic coronary vessel. 
With the use of stress echocardiography (exercise, dobu-
tamine, or dipyridamole), reversible ischaemia can be distin-
guished from irreversible myocardial infarction. Contrast 
enhancement exerts beneficial effects in identifying the endo-
cardial border of the left ventricle cavity, allowing a more 
subtle assessment of myocardial perfusion and contractility. 
LV dysfunction is a major predictor of mortality after myo-
cardial infarction and may manifest as LV enlargement and 
reduced ejection fraction. Echocardiography plays a pivotal 
role in the detection of CAD complications, including infarct 
expansion, mitral valve regurgitation, ventricular wall rup-
ture, right ventricle infarction, and pericardial effusion. 
Technical developments such as tissue Doppler, strain rate 
imaging, and speckle tracking will further improve the quan-
titation of echocardiography.

Edler and Hertz introduced echocardiography in 1954 
with the publication of their milestone paper “The use of 
ultrasonic reflectoscope for continuous recordings of the 
movements of heart valves.”1 Echocardiography has devel-
oped to be an established non-invasive imaging technique 
widely available for cardiovascular investigation. With the 
introduction of M-mode and 2D ultrasound, pivotal informa-
tion about the anatomy of the heart could be obtained, includ-
ing cardiac valves, ventricular wall, tumours, and masses. 
The introduction of Doppler ultrasound made it possible to 
perform flow-related measurements providing information 
about cardiac function such as diastolic and systolic ventric-
ular function. Without directly visualizing (most of) the cor-
onary arteries, echocardiography has proven to be an 
excellent diagnostic tool in the detection and quantification 
of coronary artery disease.

Coronary Artery Disease: Pathophysiology

The heart, an active metabolic organ, requires a high level of 
oxygen supply. Due to the high metabolic demand of the 
heart, the myocardium is susceptible to ischaemia and infarc-
tion. The progression of coronary atherosclerosis causes a 
gradual reduction in vascular cross-sectional area, which 

leads to coronary artery stenosis/occlusion and causes a criti-
cal flow reduction to the myocardium. An imbalance between 
myocardial oxygen supply and demand leads to ischaemia, 
followed by (1) metabolic changes, (2) regional wall con-
traction alterations, and, at a later stage, (3) ECG changes, 
(4) global left ventricle dysfunction, and (5) chest pain, 
described in the “classic ischaemic cascade.”

Thus, when the ischaemic cascade is triggered, it causes 
myocardial dysfunction with ischaemia present as (1) wall 
motion abnormalities alone (“super silent” ischaemia), (2) 
wall motion abnormalities with ST segment alterations (silent 
ischaemia), and (3) wall motion abnormalities and symptoms 
of angina pectoris with or without ECG changes (symptomatic 
ischaemia).2 Not all patients follow the reassuring paradigm 
proposed in the “classic ischaemic cascade.” ECG changes in 
combination with chest pain may occur in patients without 
wall contraction alterations detectable with echo  cardio-
graphy, a process called the “alternative ischaemic cascade.”3 
Explanations for this apparent paradox could be a reduction in 
coronary flow reserve, not detectible as regional or global wall 
contraction alterations, but as local perfusion defects,4 as well 
as sub-endocardial ischaemia with preservation of overall seg-
mental function due to the intact sub-epicardium.

Myocardial ischaemia generally occurs at the time of 
occlusion when decreased blood flow is associated with low 
adenosine triphosphate (ATP) production and contractile 
failure secondary to a decreased energy supply. Five myocar-
dial outcomes are possible during or after a coronary occlu-
sion: (1) normal structure and function, (2) myocardial 
ischaemia, (3) stunned myocardium, (4) myocardial hiberna-
tion, and (5) myocardial infarction. After a coronary occlu-
sion, normal structure and function of the myocardium is 
maintained when myocardial perfusion is preserved due to 
the presence of collateral vessels.

The subendocardium is the most functionally active myo-
cardial layer with the lowest perfusion reserve and, there-
fore, the greatest vulnerability to ischaemia and infarction.5, 6 
Myocardial ischaemia starts in the endocardium and may 
lead to a non-transmural myocardial infarction (non-Q-wave 
MI). Because less severe ischaemia does not lead to irrevers-
ible damage, myocytes become damaged (but not necrotic) 
and maintain viability. The myocardium becomes stunned 
(reduction or absence of normal contractility) after a coro-
nary occlusion has been relieved. Myocardial dysfunction 
due to stunning (1) can persist in the absence of irreversible 
damage and despite restoration of a normal coronary flow, 
(2) can last weeks to months after normal perfusion has been 
recovered, and (3) often lies adjacent to an infarcted necrotic 
myocardial segment.7, 8

After prolonged coronary occlusion (4–6 h), myocardial 
necrosis progresses from endocardium to epicardium in a 
wavefront. If perfusion is reinstituted, an incomplete (non-
trans-mural) infarction results, but if not, a complete 
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(trans-mural, or “Q-wave”) infarction will occur.9, 10 In 
necrotic myocardium, the local capillary network becomes 
thrombosed and occluded, leading to irreversible damage 
of membrane integrity, glycolytic or mitochondrial func-
tion, and absence of contractile potential.

Changes in myocardial function and perfusion can be 
detected by echocardiography as global systolic and diastolic 
left ventricular dysfunction, regional wall motion and wall 
thickening abnormalities, and left ventricular perfusion 
defects11 (Fig. 11.1, Video 11.1).

echocardiography Detecting Coronary 
Artery Disease

Regional Wall Motion Assessment

Rest Echocardiography

In the early 1970s, M-mode recordings were used to assess 
wall motion of the left ventricle; however, 2D imaging has 
replaced M-mode echocardiography for evaluation of global 
and regional wall motion. With 2D echocardiography, ischae-
mic segmental wall motion abnormalities can be detected in 
patients with CAD. Visual assessment (“eyeball approach”) 

categorizes wall motion as being normal or abnormal on the 
basis of degree of endocardial excursion (which is subject to 
tethering and translational motion), thickening, the timing of 
motion, and the shape of the LV. Timing is particularly impor-
tant, and accurate wall motion assessment requires frame-by-
frame review to overcome the limited temporal resolution of 
the human eye.12 Wall motion abnormalities are characterized 
as hypokinetic, akinetic, or dyskinetic, and changes in LV 
shape are important and often neglected (Fig. 11.2, Vidoes 
11.2a-c). Normally the endocardium thickens during systole; 
however, ischaemic myocardium shows different patterns of 
wall thickening or even thinning during systole as shown in 
Table 11.1, Fig. 11.3a, b, and Video 11.3a-c.

Although there is tremendous variability in the coronary 
artery blood supply to the myocardium, a model with 17 seg-
ments assigned to one of the three major coronary arteries is 
recommended for visual interpretation of regional left ven-
tricular wall motion abnormalities (Fig. 11.4). Unfortunately, 
the true apical cap is rarely visualized by echo, so some inves-
tigators continue to use the 16-segment model.13 Therefore, 
individual myocardial segments can be assigned to one of the 
three major coronary arteries with recognition that there is 
anatomic variability. Wall motion abnormalities at rest may 
represent scar tissue (caused by trans-mural infarction), hiber-
nation, or myocardial stunning (viable myocardium with a 
reduction or absence of contractility). Ischaemic myocardial 
segments can have a normal or abnormal function at rest with 

Fig. 11.1 End-systolic 
freeze-frames showing LAD 
territory (apical septum, 
lateral, inferior and anterior 
walls) sub-endocardial 
perfusion abnormalities, after 
opacification of the remaining 
muscle and persisting up to 
five beats post flash. The 
accompanying loops show no 
inducible wall motion 
abnormalities
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development of wall motion abnormalities during exercise or 
stress. In general, wall motion and wall-thickening abnormal-
ities show the highest specificity in the determination of CAD, 
representing the “classic ischaemic cascade.” Myocardial per-
fusion is the most sensitive indicator for CAD, as it includes 
the “alternative ischaemic cascade.” 2D echocardiography in 
combination with a contrast agent (further discussed in the 
section on contrast-enhanced echocardiography) provides a 
means of recognition of sub-endocardial hypo-perfusion with 
high spatial resolution. The combination of perfusion and 
wall motion affords a simple method to predict functional 
recovery of dysfunctional segments after revascularization by 
evaluating end-diastolic wall thickness and perfusion abnor-
malities, as shown in Table 11.2.14

Stress Echocardiography

During exercise or stress, the myocardial oxygen demand is 
increased and demand ischaemia occurs in patients with a 
coronary artery stenosis. Stress testing can detect reversible 

ischaemia, distinguish ischaemia and viability from scar, and 
identify regions supplied by a specific coronary vessel. When 
stress testing induces ischaemia, it permits wall motion anal-
ysis during stress with the use of treadmill and bicycle exer-
cise or pharmacologically induced stress. Regardless of the 
technique used, resting images are recorded first and serve as 
a baseline for comparison15 with stress images obtained dur-
ing peak stress or immediately after exercise. The images are 
analyzed using a segmental model. Wall motion and wall 
thickness is scored in each myocardial segment on a 4-point 
scale, and test results are considered positive when wall 
motion or wall thickness deteriorates by one grade or more 
in any segment.16 During stress testing, five different ven-
tricular wall motion response patterns can be observed: (1) 
normokinesis or normal systolic wall motion, (2) hyper-
kinesis or increased inward systolic wall movement, 
(3) hypokinesis or reduced inward systolic wall movement, 
(4) akinesis or no systolic wall movement, and (5) dyskinesis 
or outward systolic wall movement. Necrotic myocardium 
can be akinetic or dyskinetic at rest. Akinetic and dyskinetic 
myocardium could be viable as well, and assessing 

Fig. 11.2 Resting, low-dose, and peak-dose dobutamine images, 
showing LAD territory ischaemia involving the apical septum. The 
value of LV shape as a marker of ischaemia is emphasized by super-

imposition of the resting end-systolic contour on each image. The 
shape of the apex changes with ischaemia (arrows)

Normal 1 Normal inward systolic motion 4–10 mm systolic thickening – double thickness

Mild hypokinesia 2 Mildly reduced inward systolic motion Mildly reduced systolic thickening – delayed

Severe hypokinesia 2.5 Severely reduced inward systolic motion Severely reduced systolic thickening – delayed

Akinesia 3 Absent inward systolic motion Absent systolic thickening

Dyskinesia 4 Abnormal outward systolic motion Systolic thinning

Aneurysmal 5 Abnormal shape at rest Systolic thinning

table 11.1. Regional systolic wall function
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Fig. 11.3 (a) End-systolic freeze-
frames showing LAD territory 
infarction without wall thinning 
(arrows) in 3D and 2D images 
(below). Accompanying loops show 
no inducible ischaemia 
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the ventricular wall motion response to stress can make a 
distinction between viable and necrotic tissue. Although 
hypokinetic myocardium is sometimes labelled as viable, it 
may not  necessarily show improvement after revascular-
ization, for instance, when hypokinesis is caused by sub-
endocardial scar. In the normal response to stress, 
normokinetic wall segments remain normokinetic during 
stress or become hyperkinetic. During an ischaemic response, 
wall segments become hypokinetic, akinetic, or dyskinetic 
during stress (Fig. 11.5, Video 11.5a-e). In a necrotic 
response, wall segments that are akinetic or dyskinetic at rest 
will remain akinetic or dyskinetic during stress. A viable 
response is seen when hypokinetic, akinetic, or dyskinetic 
segments show improved contractility during stress (Table 
11.3). Hibernating myocardium is identified when improved 
contractility at low stress rate is followed by reduced con-
tractility at high stress rate, i.e. the biphasic response.17 
Stunned myocardium shows sustained improvement of myo-
cardial contraction at both low and high stress rates. Because 
hibernating myocardium improves after revascularization, 
separating hibernating from stunning myocardium is of great 

clinical importance. The three most common stressors used 
in stress echocardiography are (1) exercise, (2) dobutamine, 
and (3) dipyridamole.

Exercise Stress Testing

Exercise testing can be subdivided into treadmill and bicycle 
testing. Scanning during exercise can be performed but it is 
difficult. Therefore, images must be taken immediately after 
the exercise is performed, and echocardiographic examina-
tion must be completed within 1–2 min. When exercise is 
terminated, myocardial oxygen demand gradually declines 
with recovery of reversible wall motion abnormalities. New 
or increased wall motion abnormalities can persist up to 
30 min post-exercise, demonstrating stunned myocardium 
depending on the severity and extent of the underlying CAD. 
Stunning is often induced by treadmill testing.18 However, 
when wall motion recovers very rapidly and persists only 
for several minutes, treadmill testing can miss resolved wall 
motion abnormalities. This may lead to false negative results 

Fig. 11.3. (b) End-systolic 
freeze-frames of showing 
infarction in the LAD territory 
with wall thinning (yellow 
arrows), as well as LCX territory 
(white arrows) and RCA 
territory akinesis (blue arrows). 
Accompanying loops show no 
inducible ischaemia
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affecting the sensitivity of the test in detecting ischaemia. 
Bicycle exercise is performed in upright and supine position 
and permits echocardiographic examination during exercise. 
With the patient in the supine posture, it is possible to record 
images from multiple views during graded exercise. In the 
upright posture, imaging is generally limited to either api-
cal or sub-costal views. The overall sensitivity of exercise 
echocardiography has been reported to range from 76 to 
89%, and sensitivity is greater with more high-grade coro-
nary disease.19, 20 However, although angiographic compari-
son is respected as a common metric for the assessment of 
the accuracy of these tests, it should be remembered that the 
angiogram is imperfect because the severity of diffuse nar-
rowing can be under-estimated and because this anatomic 
test ignores the contribution of vascular function to perfu-
sion, even in the context of normal conduit vessels.

Pharmacological Stress Testing

Although exercise testing is more physiologic than pharma-
cologic stress, it is not feasible in many situations. Out of five 
patients referred for stress, one will not exercise and one will 
exercise submaximally.21 For instance, patients with periph-
eral vascular disease are unable to exercise maximally, so 
with a pharmacologic stress, echocardiography serves as a 
good alternative in these patients. Pharmacologic stress test-
ing is performed during the infusion of dobutamine or dipyri-
damole. These two stressors induce ischaemia through 
different haemodynamic mechanisms. Dobutamine stimu-
lates adrenoreceptors, thereby increasing ventricular contrac-
tility and myocardial oxygen-demand during stress testing.22 
Dipyridamole exerts vasodilatory properties by stimulating 
adrenaline receptors – although steal phenomena are com-
monly cited, experimental evidence suggests that ischaemia 
is more likely caused by tachycardia and hypotension in the 
setting of reduced sub-endocardial flow reserve.23 Although 
dipyridamole is often cited as the stressor of preference in the 
assessment of myocardial perfusion and dobutamine may be 
preferred to assess regional wall motion abnormalities, either 
can be used for each purpose. Dobutamine infusion increases 
myocardial oxygen demand through positive chronotropic 

EDTW > 11, Perfusion+ Highest likelihood of recovery

EDTW > 11, Perfusion− High likelihood of recovery

EDTW < 11, Perfusion+ Intermediate likelihood of recovery

EDTW < 11, Perfusion− Low likelihood of recovery

table 11.2. Likelihood of functional recovery after PCI

Fig. 11.4 Segmentation of the 
LV for visual assessment of 
regional function in standard 
views – parasternal long-axis 
[PS-L], short-axis [SAX], apical 4- 
and 2-chamber (a4C and a2C). 
The 16-segment model may be 
modified to a 17-segment model 
by addition of an apical cap. 
Territories are attributed to the 
coronary vessels as follows: LAD –  
septum [S], antero-septum [AS], 
anterior [A], and apical [a] 
(green), LCX – mid (m) and basal 
(b) posterior [P] and lateral [L] 
(red) and RCA – inferior [I], and 
basal septum [bS] (blue)
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and inotropic effects and impairs myocardial oxygen supply 
by shortening diastole. These effects result in myocardial 
ischaemia and systolic dysfunction in myocardial regions 
supplied by critically stenotic arteries.

Performing these tests requires careful patient monitor-
ing, access to antidotes to stress agents, and the presence of 
an experienced physician. A graded dobutamine infusion 
starting at 5 mg/kg/min and increasing at 5 min stage to 10, 
20, 30, and 40 mg/kg/min is the standard for dobutamine 
stress echocardiography. To assess myocardial viability, a 
thorough resting evaluation is important (Fig. 11.6a, Video 
11.6a) followed by multiple low-dose stages – in most cases, 
the study should progress to peak dose dobutamine to check 
for ischaemia (Fig. 11.6b, c, Video 11.6b, c). The recom-
mended protocol for dipyridamole echocardiography 
includes continuous echocardiographic monitoring during a 

two-stage infusion. The first stage consists of 0.56 mg/kg 
dipyridamole over 4 min. Monitoring continues for 4 min, 
and if there is no clinical effect, an additional 0.28 mg/kg is 
infused over 2 min. Aminophylline (240 mg i.v.) should be 
available for use in case of an adverse event related to dipyri-
damole. Adenosine can be used in a similar manner and is 
typically infused at a maximum dose of 140 mg/min during 
imaging.24 Patients undergoing pharmacological stress test-
ing often take beta-blockers, which may limit heart rate 
response and influence the sensitivity of the test to detect 
CAD. In both dobutamine and dipyridamole echocardiogra-
phy, atropine can be added after the second stage to increase 
heart rate and improve sensitivity.25, 26 Atropine should be 
used at the minimum effective dose and administered in 0.25 
mg increments every 60 s until the desired heart response is 
seen.

a

Fig. 11.5 The spectrum of ischaemic wall motion responses to stress. 
Probable angina in a 61-year-old man with multiple risk factors. 
Normal resting ECG. Exercise test showed no chest pain, 1 mm ST 
depression, submax heart rate (79%), seven MET ex capacity. 

 Non-contrast and LV opacification images (see loops) show question-
able inferoseptal hypokinesis. Use of destruction-replenishment 
imaging to examine myocardial perfusion shows (a) inferior and (b) 
apical perfusion defects 
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Side Effects and Contraindications

There are few contraindications (e.g. severe aortic stenosis), 
and side effects (e.g. MI, death, arrhythmia) associated with 
physical exercise are uncommon. Pharmacological stress 
testing with dobutamine and dipyridamole is considered to 
be a safe test that is generally well tolerated. Major complica-
tions such as myocardial infarction, death, and bronchospasm 
occur in ~1:1,000. Potential side effects of pharmacological 
stress testing are transient arrhythmias and haemodynamic 

abnormalities, which resolve rapidly after cessation of the 
infusion. Dobutamine is contraindicated in patients with cur-
rent ventricular or atrial arrhythmias and moderate to severe 
hypertension (defined as diastolic blood pressure above 110 
mmHg). Stress echocardiography with dipyridamole is con-
traindicated in patients with high-grade heart block, bron-
chospasm, unstable carotid disease, and patients receiving 
theophylline treatment.24 Minor, self-limiting side effects 
such as chest pain, nausea, and headache can occur infre-
quently during dipyridamole infusion.

bFig. 11.5 (b)  

c

Fig. 11.5 (c) Coronary  
angiography showed significant 
70% distal RCA and 60% mid 
LAD stenoses
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Comparison of Diagnostic and Prognostic Performance  
of Exercise and Pharmacological Stress Testing

The results from multiple meta-analyses comparing exer-
cise, dobutamine, and dipyridamole stress testing are shown 
in Table 11.4. A recent meta-analysis conducted by Picano 
et al., analyzed five studies regarding the diagnostic accuracy 
of dobutamine vs. dipyridamole stress echocardiography. 
They noted dipyridamole and dobutamine to have similar 
(1) accuracy (87%, 95% confidence intervals, CI, 83–90, vs. 
84%, CI, 80–88, p = 0.48), (2) sensitivity (85%, CI 80–89, vs. 
86%, CI 78–91, p = 0.81), and (3) specificity (89%, CI 82–94 
vs. 86%, CI 75–89, p = 0.15) for the detection of CAD.27 
These conclusions are in line with other meta-analysis, shown 
in Table 11.4, generally concluding that stress echocardiog-
raphy shows a higher specificity than sensitivity.19,  20, 27–29 A 
higher sensitivity than specificity is seen in a metaanalysis 

Rest Stress Diagnosis

Normal hypokinesia Normal Normal

Hyperkinesia Normal

Hypokinesia Non-transmural infarction

Normal hypokinesia Hypokinesia Ischaemia

Akinesia Ischaemia

Dyskinesia Ischaemia

Akinesia Normal Viable

Hypokinesia Viable

Akinesia Akinesia Necrosis

Dyskinesia Dyskinesia Necrosis

table 11.3. Wall motion response to stress

a

Fig. 11.6 (a) Resting echocardiogram (end-systolic images) showing 
LV enlargement and resting wall motion abnormalities with pre-
served wall thickness in the antero-septum, septum, and apex. The 

bull’s eye display shows reduced longitudinal shortening in these 
areas (numbers correspond to regional strain; normal strain is approx-
imately 18%) 
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b

c

Fig. 11.6 (b) End-systolic images at rest, low dose, peak dose, and 
recovery in the apical 4-chamber view. The apical and mid-septal aki-
netic area does not change at low dose, and therefore suggests a 
non-viable area. The apical lateral wall improves at peak stress, indi-
cating non-transmural infarction. (c) End-systolic images at rest, low 

dose, peak dose, and recovery in the apical 2-chamber view. The api-
cal inferior akinetic area thickens at the 10 mcg dose, but does not 
deteriorate, denoting a non-transmural infarction. The antero-apical 
wall deteriorates at peak stress, indicating ischaemia
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performed by Bax et al., in which low-dose dobutamine was 
administered in the assessment of myocardial viability, as 
shown in Table 11.4.30 The prognostic performance of dob-
utamine stress echocardiography in the prediction of post-
operative cardiac events is outlined in Table 11.4.31

Comparison: Stress Testing with Other Non-invasive 
Imaging Techniques

Stress echocardiography has the advantage of being a safe, 
widely available, non-invasive technique, feasible in almost 
all circumstances at low cost. Furthermore, pharmacological 
stress echocardiography is a reliable method for diagnosing 
CAD in patients with a cardiac pacemaker, whereas, for 
instance, exercise myocardial SPECT may show false posi-
tive results in pacemaker patients.32 However, image quality 
is negatively affected by obstructive lung disease, chest defor-
mation, and obesity. During peak stress, the image quality is 
negatively affected by an increased heart rate and breathing 
artefact. Furthermore, mechanical tethering, defined as 
decreased contractility of non-infarcted regions adjacent to 
infarcted regions, may lead to an overestimation of the extent 
of an infarcted region.33, 34 Finally, the accuracy of stress 
echocardiography is dependent on operator experience. 

A meta-analysis conducted by Beattie et al. analyzed 
the predictive value of pharmacological stress testing 

in predicting peri-operative cardiac events, compared with 
thallium myocardial perfusion scintigraphy (MPS). This 
report included 25 studies (3,373 patients) of mainly dobu-
tamine and several dipyridamole stress echocardiography. 
The likelihood ratio of a peri-operative event with a positive 
stress echocardiogram was 4.09 (95% CI 3.21–6.56) com-
pared with 1.83 (95% CI 1.59–2.10) in patients undergoing 
thallium MPS.35 Table 11.5 shows various meta-analyses 
comparing sensitivity and specificity of pharmacological 
stress testing in detecting CAD (Table 11.5)28, 31 and func-
tional improvement after revascularization (Table 11.5).30, 36 
The cost differential between non-invasive tests for coronary 
disease is summarized in Fig. 11.7.

The following guidelines (Table 11.6) have been described 
in the 2008 ASC/AHA guidelines concerning the appropri-
ateness criteria for stress echocardiography with or without 
contrast enhancement.16 These criteria are also in agreement 
with ESC guidelines.

Contrast-Enhanced Echocardiography

Stress echocardiography is widely used for the detection of 
inducible ischaemia and regional wall motion abnormalities. 
Analyzing regional wall motion abnormalities relies on the 
identification of the endocardial border of the LV cavity. Image 
quality can be severely impaired in patients with obstructive 

Meta-analysis Year Number  
of studies

Number  
of patients

Outcome Sensitivity (%) Specificity (%)

Exe Dob Dip Exe Dob Dip

A. Diagnostic performance of stress echocardiography

Picano et al. 2008 5 299 CAD – 85 86 – 92 87

Noguchi et al. 2005 164 – CAD 83 80 71 84 85 92

Kim et al. 2001 60 5932 CAD – 80 70 – 84 93

Picano et al. 2000 12 568 CAD – 77 71 – 87 93

Kwok et al.a 1999 3 296 CAD 76 – – 89 – –

B. Viability assessment of stress echocardiography

Schinkel et al. 2007 41 1421 Viability – 80 – – 78 –

Bax et al.b 2001 28 925 Viability – 82 – – 79 –

C. Prognostic Performance of Stress Echocardiography

Kertai et al.c 2003 12 805 Post-operative CEb – 85 74 – 70 86

table 11.4. Accuracy of stress echocardiography

Sensitivity and specificity relate to correct identification or exclusion of A. significant coronary stenoses (criteria vary from 50 to 70% in different 
trials), B. recovery of regional function after revascularization, C. peri-operative cardiac events
aIn women
bLow-dose dobutamine
cCardiac events



  Echocardiography Detecting Coronary Artery Disease 237

lung disease, obesity, and chest wall deformities resulting in 
suboptimal acoustic windows. Furthermore, an increase in 
heart rate and breathing artefacts due to hyperventilation causes 
difficulties in identifying the endocardial border of the LV cav-
ity and interpreting the stress images. Since the first report in 
1968, contrast echocardiography has become an indispensable 
tool for cardiovascular imaging.37 The development and usage 
of ultrasound contrast agents have shown to be beneficial in 
assessing the endocardial border of the LV cavity, and, there-
fore, exert a beneficial effect in analyzing myocardial contrac-
tility and perfusion. LV opacification has shown to improve 

(1)  image quality, (2) percentage of wall segments visualized, 
and (3) confidence of interpretation of wall motion abnormali-
ties both at rest and during peak stress.38 The contrast agents 
used are suspensions of micro-bubbles, which have the same 
size as red blood cells and are filled with perfluorocarbon gas. 
Because of the availability of sensitive contrast imaging tech-
nologies, only small dosages of contrast (0.1–0.3 mL) are 
needed to obtain enhanced images. The accuracy of end-dia-
stolic wall thickness measurements is improved as well, and 
can be used, in combination with perfusion abnormalities, 
to predict recovery of function after revascularization.14 

table 11.5. Accuracy of various stress tests

Number of studies Number of patients Outcome Sensitivity Specificity

Performance in detecting CAD and predicting cardiac events

Kim et a.l28

Dipyridamole stress echo 20 1,835 CAD 70 93

MPS, dipyridamole SPECT 21 1,464 CAD 89 65

Dobutamine stress echo 40 4,097 CAD 80 84

MPS, dobutamine SPECT 14 1,066 CAD 82 75

Kertai et al.31

Dobutamine stress echo 8 1,877 Peri-operative CE 85 70

Dipyridamole stress echo 4 850 Peri-operative CE 74 86

MPS, Tl-201 23 3,119 Peri-operative CE 83 49

Exercise electrocardiography 7 685 Peri-operative CE 74 69

Performance in predicting functional improvement after revascularization

Bax et al.30

Dobutamine stress echoa 28 925 Functional recovery 82 79

MPS, Tl-201 (rest-redistribution) 22 557 Contractile function 86 59

MPS Tl-201 (re-injection) 11 301 Contractile function 88 50

MPS, Tc-99m labelled (nitrates) 13 308 Functional recovery 79 58

MPS, Tc-99m labelled (no nitrates) 7 180 Functional recovery 81 66

MPS, PET 18-FDGb 20 598 Contractile function 93 58

Schinkel et al.36

Dobutamine stress echo 41 1,421 Regional wall function 82 80

MPS, Tl-201 (rest-redistribution) 28 776 Regional wall function 87 56

MPS, Tl-201 (re-injection) 343 12 Regional wall function 87 50

MPS, Tc-99m labelled 25 721 Regional wall function 83 65

MPS, PET 18-FDGb 24 756 Regional wall function 92 63

MRI 13 420 Regional wall function 84 63

aLow dose
b18-Fluorodeoxyglucose



238 Chapter 11 Echocardiography and Detection of Coronary Artery Disease 

 Contrast-enhanced echocardiography allows visualization of 
subtle wall motion abnormalities that are difficult to detect 
with normal echocardiography. Furthermore, the observation 
of subtle wall motion abnormalities can be confirmed with the 
identification of perfusion abnormalities. Finally, contrast-
enhanced echocardiography can visualize regional perfusion 
abnormalities before contractile abnormalities evolve, poten-
tially identifying coronary artery disease at an earlier stage. 
Contrast perfusion imaging has proven to be a valuable tool for 
the detection of myocardial viability. Increased brightness is 
observed in normally perfused myocardial segments, due to 
contrast enhancement.39, 40 Myocardial viability can be 
expressed as contrast intensity and myocardial replenishment, 
assessed after 10–15 cardiac cycles after a destructive pulse. 
Fully replenished myocardium with homogeneous contrast 
intensity indicates the presence of myocardial viability41, 42 
(Fig. 11.8, Video 11.8a-f). The use of contrast in association 
with exercise and pharmacologic stress echocardiography 
improves the visualization of wall motion when this is techni-
cally difficult, but is not recommended for all studies. The 
detection of perfusion abnormalities is an “off label” use of 
contrast that is feasible but technically challenging. The devel-
opment of new contrast agents will be needed in order to move 
this to mainstream use (Table 11.7).

Global Wall Motion Assessment

Heart failure, a clinical syndrome in which the ability of the 
ventricles to fill with or eject blood is impaired, is a major 
predictor of mortality after myocardial infarction. Often, this 
is transient due to spontaneous recovery in the coronary care 
unit or after coronary revascularization, but may progress to 
chronic heart failure.43 Coronary artery disease is the most 

common cause of myocardial disease, being the initial cause 
in 70% of patients with predominantly systolic HF.44, 45

Resting echocardiography is pivotal in the recognition of 
systolic HF, which is associated with progressive chamber 
dilation and eccentric re-modelling.46 Left ventricular ejec-
tion fraction (LVEF, the fraction of blood ejected out of the 
left ventricle during one heartbeat) has a number of limita-
tions, including sensitivity to haemodynamic setting, but has 
the advantage of being a simple numerical parameter that has 
been linked to outcome and decision making. In patients 
with LV dysfunction without heart failure, regional wall 
motion scoring may be more sensitive than ejection frac-
tion, which may be preserved by compensatory hyperkine-
sis. Subclinical LV dysfunction describes the situation of 
apparently normal function where sensitive indices such as 
strain are abnormal, or where LV contractile reserve is 
reduced. The latter reflects the response to stress, which 
usually involves a reduction of LV volumes and an incre-
ment of LVEF. Echocardiographic assessment of global sys-
tolic LV function is often performed subjectively, but this is 
increasingly considered suboptimal. This approach is depen-
dent on the eye of an experienced observer and is mislead-
ing in situations of (1) irregular heart rhythm, (2) very large 
or small left ventricle size, and (3) extreme heart rates.47, 48 
The most common method for the quantitation of LV vol-
umes is the modified Simpson’s rule, a technique that 
requires imaging in apical, 4-, or 2-chamber views. First the 
endocardial border has to be outlined in end-diastole and 
end-systole, and the LV cavity is divided into a series of 
discs of equal height along its long axis. When the central 
axis of the LV cavity is defined and the endocardial border 
is identified, the volume of each disc can be automatically 
defined. Each disc volume is calculated as disc area x height 
(height defined as the total length of the LV long axis divided 
by the number of discs). The surface area of each disc is 

Fig. 11.7 Relative costs of stress testing 
procedures. Pharm. pharmacological; 
SPECT single photon emission computed 
tomography
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determined from the diameter of the ventricle at that point. 
The ventricular volume is calculated by summing the disc 
volumes, which are equally spaced along the LV long axis. 
Once the LV volumes have been measured, LV ejection 
fraction can be calculated as (LVESV-LVEDV) × 100/
LVEDV.49 In more than 15% of patients examined with 
ultrasound, poor ultrasonic windows preclude optimal visu-
alization of the endocardial border,50 despite the use of tis-
sue harmonic imaging. In this situation, the use of LV 

opacification with contrast-enhanced echocardiography will 
improve endocardial border definition.51, 52 Contrast-
enhanced echocardiography has also been shown to improve 
the assessment of LV volumes and LVEF.53, 54 The use of 
contrast may also facilitate 3D assessment, which appears 
to be the most reproducible and accurate (but not yet the 
most robust) echocardiographic means of LV volume assess-
ment. The development of real-time 3D imaging has simpli-
fied and shortened the process of acquisition and calculation 
of 3D measurements, to the extent that this is not feasible 
for routine echocardiography (Fig. 11.9).

Detection of Coronary Artery Disease 
Complications

In-hospital mortality caused by acute myocardial infarction 
is mainly due to circulatory failure resulting from severe LV 
dysfunction or mechanical complications of myocardial 
infarction. These complications of acute MI can be visual-
ized and diagnosed using 2D echocardiography. In the fol-
lowing paragraphs we will discuss mechanical complications 
caused by acute myocardial infarction, such as: (1) infarct 
expansion leading to LV aneurysm and possible thrombus 
formation, (2) mitral regurgitation, (3) ventricular wall rup-
ture, (4) right ventricular infarction, and (5) pericardial effu-
sion. These mechanical complications can occur in the 
setting of a well-preserved left ventricular function. Accurate 
diagnostics with the use of echocardiography will guide 
proper treatment in often life threatening situations.

Infarct Expansion

Infarct expansion represents acute thinning of the ventricular 
wall occurring 24–72 h after the occurrence of a trans-mural 
(Q-wave) MI. The expansion area consists of necrotic myocar-
dial tissue with disruption of cells leading to a 50% reduction of 
wall thickness (i.e. 4–6 mm compared with the normal 10–11 
mm) in the affected region.55 Infarct expansion is an important 
precursor for the development of LV aneurysm.56 A true ven-
tricular aneurysm is characterized by disturbance of diastolic 
shape and thinning of the LV wall, usually due to trans-mural 
MI; >85% are localized in the apical and antero-septal walls.57 
Alteration of normal LV contraction and filling properties can 
result in congestive heart failure, and >50% of patients with true 
LV aneurysms develop mural thrombi.58 In contrast, pseudo-
aneurysms form when free wall rupture is contained by over-
lying adjacent pericardium (see below).59 Ventricular thrombi 
are most commonly localized in the antero-apical segments 
and should be visualized in more than one echocardiographic 
view, preferably from different transducer positions. Thrombus 
protrusion and mobility can be identified with 2D echo and are 

Evaluation of chest pain syndrome or anginal equivalent

Low pretest probability of CAD Inappropriate

ECG interpretable and able to exercise

Low pretest probability of CAD Appropriate

ECG un-interpretable or unable to exercise

Intermediate pretest probability of CAD Appropriate

ECG interpretable and able to exercise

Intermediate pretest probability of CAD Appropriate

ECG un-interpretable or unable to exercise

High pretest probability of CAD Appropriate

Regardless of ECG interpretability and ability to 
exercise

Prior stress ECG is un-interpretable or equivocal Appropriate

General patient populations

Low CHD risk (Framingham risk criteria) Inappropriate

Moderate CHD risk (Framingham risk criteria)

High CHD risk (Framingham risk criteria) Indeterminate

Acute chest pain

Intermediate pretest probability of CAD Appropriate

ECG-no dynamic ST changes and serial cardiac 
enzymes negative

High pretest probability of CAD Inappropriate

ECG-ST elevation

New-onset/diagnosed heart failure with chest pain syndrome or 
anginal equivalent

Intermediate pretest probability of CAD Appropriate

Normal LV systolic function

LV systolic function Indeterminate

Ischaemic cardiomyopathy, assessment of viability/ischaemia

Known CAD on catheterization Appropriate

In a patient eligible for revascularization

table 11.6. Appropriateness criteria for stress echocardiography16
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associated with the risk of embolization.60, 61 The use of con-
trast-enhanced echocardiography can improve the diagnostic 
accuracy of 2D echocardiography in situations of suboptimal 
acoustic windows leading to poor image quality (Fig. 11.10).

Mitral Valve Regurgitation

Ischaemic mitral valve regurgitation (MR) most often occurs 
in the setting of an inferior infarction. The incidence of 

Fig. 11.8 Resting and myocardial contrast echocardiography in a 65-year-old man after late presentation MI. Despite regional wall motion 
abnormalities in the inferior wall, perfusion is preserved, (myocardial contrast marked by arrows) suggesting viability

Use of contrast with stress echo

Routine use of contrast Inappropriate

All segments visualized on non-
contrast images

Selective use of contrast Appropriate

Two or more contiguous segments 
are not seen on non-contrast images

table 11.7. Contrast use16
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MR is 38% in patients with inferior MI compared with 10% 
of patients with an anterior MI.62 Ischaemic MR occurs due 
to papillary muscle rupture, dysfunction, or displacement 
(Fig. 11.11, Video 11.11a, c). Functional MR may also arise 
from LV dilatation, sphericity, annular dilatation, or papil-
lary muscle dyssynchrony. Papillary muscle displacement is 
mostly caused by chronic ischaemic heart disease, whereas 
papillary muscle rupture is associated with the acute phase 
of MI. Mild to moderate MR is common in the early phase 
after an acute MI and often decreases or resolves after 
reverse re-modelling. Severe acute MR caused by papillary 
muscle rupture is a rare but life-threatening situation that 
accounts for approximately 5% of acute MI deaths and 
(unlike other complications) is not necessarily associated 

with a large infarct. Predominantly, the postero-medial papil-
lary muscle involved, because of its blood supply, is primar-
ily derived from the posterior descending coronary artery.63 
Colour flow Doppler echocardiography is the standard diag-
nostic tool for detecting MR, but a high level of clinical sus-
picion may be needed, as the usual semi-quantitative measure 
of MR severity (based on jet size in relation to the LA)64 can 
be misleading. This is because rapid increment in LA pres-
sure due to severe MR may cause pressure equalization and 
limit flow. A marked systolic expansion of the left atrium 
and flail or incomplete closure of the mitral valve are impor-
tant correlative findings. Incomplete closure caused by a 
posterior flail leaflet usually leads to an anterior directed 
eccentric jet.

Fig. 11.9 Four steps for the use of 3D echo for LV volume and EF 
assessment in the post-infarct heart. (a) Defining landmarks at 
the base and apex of the left ventricle in end-diastole and end-
systole. (b) Selection of imaging planes – we use 12 imaging 

planes, especially in irregularly shaped hearts. (c) Contours are 
defined automatically but commonly require revision. (d) Display 
of the volumes and the ejection fraction using a time volume 
curve
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Ventricular Wall Rupture

Unlike papillary muscle rupture, ventricular wall rupture is 
noted in anterior and inferior MI, in the same frequency and 
generally preceded by infarct expansion. Free wall rupture has 
been reported to complicate 4–24% of acute MI.65–68 Septal 
wall rupture is associated with anterior MI, and the defect 
is most commonly found in the apical septum (Fig. 11.12, 
Video 11.12a-d, e) and contrasts with inferior MI where sep-
tal rupture occurs at the base of the heart. The characteristic 
echocardiographic findings are a distinct break in the septal 
contour and the detection of turbulent flow directed from the 

LV to the RV cavity. RV dilatation due to shunt should be 
considered in the differential diagnosis of RV infarction and 
dysfunction associated with inferior MI.69 Contrast echocar-
diography is useful for the detection of cardiovascular 
shunts.70 Risk factors for post-infarction left ventricular free 
wall rupture include (1) age > 60 years, (2) female gender, 
(3) pre-existing hypertension, (4) absence of left ventricular 
hypertrophy, (5) first myocardial infarction, and (6) mid-ven-
tricular or lateral wall trans-mural infarctions.71 The majority 
of ruptures occur within the first week after MI, and suspi-
cious features on echocardiography include (1) thinning and 
delineation of the free wall, (2) pseudo-aneurysm, and (3) 
accumulation of pericardial fluid suggestive for pericardial 
effusion or cardiac tamponade. Although echocardiography 
is considered the diagnostic tool of choice, in most cases free 
wall rupture will lead to instant death (Fig. 11.13).

Right Ventricular Infarction

Right ventricular MI is strongly associated with inferior 
myocardial infarction caused by a proximal occlusion of the 
right coronary artery. RV dilation may cause tricuspid annu-
lus dilation resulting in acute tricuspid insufficiency.72 Wall 
motion abnormalities can be best visualized in sub-costal 
and parasternal short-axis views.

Pericardial Effusion

Pericardial effusion can be seen as an echo-free space sur-
rounding the heart, which does not extend posterior to the 

Fig. 11.10 Value of LV opacification in the detection of LV mural 
thrombus

Fig. 11.11 Typical ischaemic MR due to papillary muscle displacement (note the same location of the posterior wall in end-diastole (a) and 
end-systole (b). This causes tethering of the posterior mitral leaflet with posteriorly-directed MR (c)
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descending aorta (unlike pleural effusion). Inflammation 
might be an important cause for post-ischaemic pericardial 
effusion.73 However, a large amount of pericardial fluid 
with a haemorrhagic appearance is suggestive for myocar-
dial rupture.

Advantages, Limitations, and Future 
Perspective

Advantages and Limitations of echocardiography

In comparison with other non-invasive cardiac imaging pro-
cedures, such as nuclear cardiology, cardiac computed tomog-
raphy (cCT) and cMRI, 2D echocardiography has some 
limitations and advantages. As already noted, the impairment 

of image quality in patients with obstructive lung disease, 
obesity, and chest wall deformities can be minimized by the 
use of echocardiographic contrast agents, albeit at additional 
cost.74 Increases in heart rate and hyperventilation may cause 
difficulties in the analysis of echocardiographic images. 2D 
echocardiography has the advantage of being (1) safe (i.e. no 
radiation or ionizing substances required), (2) widely avail-
able, (3) non-invasive, and (4) feasible in almost all circum-
stances at low cost (Fig. 11.14).75 Cardiac MRI has the ability 
to provide information about cardiac anatomy, function and 
perfusion simultaneously and has a superior spatial resolution 
to 2D echocardiography. However, cardiac MRI has a lower 
temporal resolution (which is a problem for flow measure-
ment, especially diastology), usually requires breath-holding 
sequences during data acquisition, and is relatively expensive 
and less available than echocardiography. According to the 
2008 Appropriateness Criteria for Stress Echocardiography, 
the use of stress echocardiography and SPECT nuclear imag-
ing show similar bodies of evidence to support their use 

Fig. 11.12 Multiplanar reconstruction of an apical VSD showing 
defect diameter (arrow) in the 4-chamber view (a), defect circumfer-
ence in a modified 2-chamber view (b) where it is seen “en face,” a 

short-axis cut through the defect (c), and a 3D display (d). The colour 
map (e) shows the left-right shunt. TV tricuspid valve



244 Chapter 11 Echocardiography and Detection of Coronary Artery Disease 

for ischaemia detection.16 Nuclear cardiology (e.g. PET and 
SPECT imaging) has the advantages of (1) higher sensitivity, 
(2) higher technical success rate, and (3) better accuracy when 
multiple resting left wall abnormalities are present, compared 
with echocardiography. The following advantages are in favour 
of echocardiography: (1) higher specificity, (2) higher versa-
tility, and (3) greater convenience.76 The ability to directly 
visualize the coronary arteries with coronary CT represents a 
major shift from the functional assessment of CAD to an ana-
tomic evaluation. The ramifications of this on revasculariza-
tion decisions and cost-effectiveness are unexplored. Apart 

from the requirements for breath-holding sequences and bra-
dycardia (<65 beats/min), CT is less versatile in the assess-
ment of wall motion abnormalities, ventricular function, valve 
abnormalities, and pericardial disease.

Future Developments of echocardiography

There are unifying attractions in the application of new 
echocardiographic technologies to improve the quantitation 
of echocardiography. Ejection fraction is a widely used 
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Fig. 11.13 Contained apical rupture following antero-apical infarc-
tion. The contraction front map display derived from the 3D dataset 
(a) shows akinesis of the antero-septal, anterior, and antero-lateral 

walls (coloured blue). The 2D images (b) show a contained rupture 
(white arrow) at the apex, confirmed on the 3D images (c)



  Video 11.3 245

parameter in decision making, and the reliability of 2D-EF is 
tenuous when the implications of this measurement (e.g. 
implantable defibrillator insertion) are considered. The use 
of contrast has been shown to improve reliability of these 
measurements,53 and 3D-EF may also be attractive. Likewise, 
although LV volumes are known to be a powerful prognosti-
cator, the reliability of these measurements with 2D echocar-
diography is limited, and 3D imaging has been shown to 
produce analogous measures to MRI.77 The interpretation of 
regional function (including stress echocardiography) is the 
most challenging aspect of echocardiography, as well as the 
most difficult to quantify. Recent developments in tissue 
Doppler, strain rate imaging and speckle tracking echocar-
diography may prove useful for this purpose. The contribu-
tion of tissue Doppler in ischaemic heart disease is limited 
by its lack of site specificity, which makes its measurements 
susceptible to translation and tethering problems.78 In con-
trast, strain measurements are specific to location, and strain 
rate in particular has been used to facilitate the identification 
of viable myocardium.79 The use of deformation analysis to 
facilitate the recognition of ischaemia is problematic – tis-
sue-velocity based strain may be limited by signal noise, and 
the tracking process for speckle strain is challenging at high 
heart rates. Further technical developments will facilitate the 
clinical adoption of these techniques.

Conclusion

Echocardiography is central in the evaluation and manage-
ment of the patient with ischaemic heart disease. Although 
the imaging choices for the evaluation of ischaemic heart 
disease have expanded over the last few years, echocar-
diography remains the initial test in most settings. The 

utility of echo will likely be increased by a number of new 
developments.

Video 11.1

Pre- and post-exercise apical views from a contrast stress 
echocardiogram showing both LV opacification and myocar-
dial perfusion. There are no inducible wall motion abnor-
malities. After the destruction frames (marked by the flash), 
there is opacification of most of the myocardium. The apical 
parts of septum, lateral, inferior, and anterior walls (i.e. distal 
LAD territory) show sub-endocardial perfusion abnormali-
ties that persist for up to five beats post-flash. These are best 
seen in the end-systolic freeze-frames in Fig. 11.1

Video 11.2

Apical 4-chamber views during resting (a), prepeak (b), and 
peak dose dobutamine (c). There is ischaemia involving the 
apical septum. The value of LV shape as a marker of ischae-
mia is emphasized by superimposition of the resting end-
systolic contour on each image in Fig. 11.2

Video 11.3

Parasternal and apical 2D-echo (a) views, pre- and post-
exercise (b), and resting 3D-echo (c) views showing LAD 
territory infarction without wall thinning. The post-exercise 
loops show no inducible ischaemia

Fig. 11.14 Costs of cardiac imaging 
procedures relative to echo. CT computed 
tomography; MRI magnetic resonance 
imaging; PET positron emission tomogra-
phy; SPECT single photon emission 
computed tomography
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Videos 11.5a-e

The spectrum of ischaemic wall motion responses to stress is 
shown in this 61-year-old man with multiple risk factors and 
probable angina. The resting ECG was normal, and the exer-
cise test showed no chest pain, 1 mm ST depression, submax 
heart rate (79%), and an exercise capacity of seven METS. 
Video loops of images showed questionable inferoseptal 
hypokinesis, also apparent on LV opacification images. 
Destruction-replenishment imaging showed inferior and api-
cal perfusion defects (best seen in the end-systolic freeze-
frames in Fig. 11.5a, b). Coronary angiography (Fig. 11.5c) 
showed significant 70% distal RCA and 60% mid-LAD 
stenoses

Video 11.6

(a) Resting echocardiograms (GC baseline) in parasternal 
and apical views show LV enlargement and resting wall 
motion abnormalities with preserved wall thickness in the 
antero-septum, septum, and apex. The bullseye display 
(Fig. 11.6a) shows reduced longitudinal shortening in 
these areas (numbers correspond to regional strain (normal 
strain is approximately 18%). (b) Rest, low, peak dose, 
and recovery Video loops of the apical 4-chamber view. 
The apical and mid-septal akinetic area does not change at 
low dose and, therefore, suggests a non-viable area. The 
apical lateral wall improves at peak stress, indicating non-
transmural infarction. (c) End-systolic images at rest, low, 
peak dose, and recovery in the apical 2-chamber view. The 
apical inferior akinetic area thickens at the 10 mcg dose, 
but does not deteriorate, denoting a non-transmural infarc-
tion. The antero-apical wall deteriorates at peak stress, 
indicating ischaemia

Video 11.8a-f

Resting apical 2-chamber (a), 4-chamber (b), and long-axis 
(c) echocardiograms, repeated with myocardial contrast 
using a destruction-replenishment protocol (MCE) (d-f) in a 
65-year-old man after late presentation MI. Despite regional 
wall motion abnormalities in the inferior wall, perfusion is 
preserved, suggesting viability

Videos 11.11

Typical ischaemic MR due to papillary muscle displacement. 
Note the akinesis of the posterior wall in (a). This causes 
tethering of the posterior mitral leaflet with posteriorly-
directed MR (c)

Videos 11.12

Multi-planar reconstruction of an apical VSD (a-d) showing 
defect diameter in the 4-chamber view (upper left), defect 
circumference in a modified 2-chamber view (upper right) 
where it is seen “en face,” a short-axis cut through the defect 
(lower left) and a 3D display (lower right). The colour map 
(e) shows the left-right shunt. TV tricuspid valve
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Introduction

Experience with radionuclide assessment of myocardial perfu-
sion has been gained over decades. Single-photon emission 
computed tomography (SPECT) myocardial perfusion scin-
tigraphy (MPS) is extensively validated for the diagnosis of 
ischaemic heart disease, for the assessment of myocardial via-
bility and function, and for the assessment of prognosis in this 
condition. Its use is, therefore, embedded in national and inter-
national guidelines. Positron emission tomography (PET) is 
also well validated for the assessment of myocardial viability, 
but it is also now used to detect inducible perfusion abnormali-
ties and, hence, obstructive coronary artery disease (CAD). 
With the increasing number of imaging techniques available 
for the assessment of the heart, it is important to understand the 
principles, indications, and pitfalls of the available options. No 
single technique provides a complete assessment of the heart 
and many provide complementary rather than equivalent infor-
mation. In this chapter, the value of cardiac radionuclide imag-
ing in stable CAD and acute coronary syndromes (ACS) is 
discussed with a particular emphasis on MPS, the most com-
monly used technique in nuclear cardiology.

spectrum of Coronary Artery Disease

CAD is characterized by the progressive development of 
atheromatous plaques within the intima of the coronary 
artery. Knowledge of the development and progression of 
atheroma helps to put the various cardiac imaging techniques 
into context. Techniques concerned mainly with coronary 
artery anatomy, such as invasive coronary angiography 
(ICA) or computed tomography coronary angiography 
(CTCA), are able to detect atheromatous plaques causing 
minor luminal narrowing and beyond. However, in isolation, 
they provide no assessment of the impact of these plaques on 
coronary function. The functional significance of a coronary 
artery stenosis is most often extrapolated from a visual esti-
mation of its severity, but the extrapolation is prone to errors 
and direct measurements of myocardial perfusion or coro-
nary flow reserve are preferable. Note that myocardial perfu-
sion and coronary flow are not synonymous, the former 
incorporating collateral flow and arguably being the more 
important.

Ultimately, the choice of cardiac imaging test is deter-
mined by the clinical question to be answered. If the aim of 
imaging is to detect CAD of any type or severity, such as in 

a patient with a strong family history of premature CAD in 
whom the exclusion of CAD would be reassuring, then an 
anatomical test such as CTCA may be sufficient. However, 
the majority of patients present with symptoms of some kind, 
and here it is inducible ischaemia that must be excluded, and 
a test of coronary function is more appropriate.

the Ischaemic Cascade

Ischaemia is the result of myocardial oxygen demand exceed-
ing supply. Inducible ischaemia is usually caused by impaired 
myocardial perfusion reserve, although excessive demand, 
such as in high-output heart failure or prolonged tachycardia, 
may have the same effect. Impaired myocardial perfusion 
leads to a cascade of downstream effects depending upon its 
severity (Fig. 12.1). With increasing impairment, metabolic 
abnormalities arise, such as a change from glucose to fatty 
acid metabolism. Thereafter, this leads to abnormalities of 
first diastolic and then systolic left ventricular function, and 
later to repolarization abnormalities that may be seen on the 
surface electrocardiogram (ECG) accompanied with symp-
toms of chest pain. Functional imaging tests interrogate dif-
ferent parts of this cascade, but MPS is likely to be the most 
sensitive because of its detection of the initial perfusion 
heterogeneity.

Fig. 12.1 The ischaemic cascade
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Pretest Likelihood of Coronary Artery 
Disease and Imaging strategy

When a patient presents with possible CAD, the choice of 
investigation, if any, should be informed by the presenting 
likelihood of CAD or, in other words, the prevalence of dis-
ease in a population of similar patients. It is helpful to consider 
the diagnostic process in Bayesian terms.1 This converts the 
pretest likelihood of disease into the post-test likelihood, 
depending upon the diagnostic accuracy of a test (its sensitiv-
ity and specificity) and the outcome of the test (normal or 
abnormal). This is demonstrated in Fig. 12.2 where an abnor-
mal stress electrocardiography (sECG) in a patient with a 50% 
pretest likelihood of CAD generates a post-test likelihood of 
only 75%, which is not high enough to be sufficiently confi-
dent of the diagnosis. If the same patient has an abnormal 
MPS as in the initial test, the post-test likelihood improves to 
90%, which might be considered sufficient to classify the 
patient as having disease with clinically meaningful certainty.

Pretest likelihood of CAD may be estimated by a vari-
ety of predictive nomograms. Among them, the Diamond 
and Forrester predictive table integrates three clinical vari-
ables (quality of chest pain, gender, and age) to provide an 

estimate of the likelihood of angiographically significant 
coronary stenosis.2 This approach can be refined by incor-
porating other predictors such as serum cholesterol, systolic 
blood pressure, and diabetes.3 Those at intermediate pretest 
likelihood have the most to gain from further investigation, 
as a normal or abnormal test allows revision of pretest likeli-
hood to either low or high post-test likelihood, respectively.

Methods of Cardiac stress

Dynamic exercise

This is the preferred method of cardiac stress in many patients 
(Table 12.1) because it is the most physiological, and both 
symptoms and haemodynamic and ECG variables provide 
diagnostic and prognostic information.4 However, exercise 
may be either difficult in those with limited mobility or con-
traindicated, such as in patients with severe left ventricular 
outflow tract obstruction or severe left main stem stenosis. 
Furthermore, certain conditions, such as left bundle branch 
block (LBBB) and permanent pacing, can be associated with 
stress-induced perfusion abnormalities in the absence of 
obstructive coronary disease.

Pharmacological stress

Myocardial perfusion reserve can be assessed more directly 
by vasodilators such as adenosine and dipyridamole. 
Endogenous adenosine plays a central role in coronary auto-
regulation. When given exogenously, stimulation of adenos-
ine A2 receptors leads to coronary arteriolar dilatation and 
increased myocardial perfusion up to three to five times the 
baseline. Dipyridamole has the same effect, albeit indirectly 
through an increase in endogenous adenosine owing to inhibi-
tion of local adenosine reuptake. Simultaneous stimulation of 
A1 receptors within the sinoatrial and atrio-ventricular nodes 
and in bronchial smooth muscle leads to heart block and bron-
chospasm, respectively, leading to problems with these agents 
in patients with nodal disease or obstructive airways disease. 
Such patients are more suited to dobutamine stress, an a-1, 
b-1, and b-2 adrenergic agonist that causes secondary coro-
nary vasodilatation by increasing the myocardial demand in a 
similar way to dynamic exercise. At higher doses, dobutamine 
causes direct coronary vasodilatation and can therefore be 
used to study flow heterogeneity even if target heart rate is not 
achieved.
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Fig. 12.2 Impact of pretest probability on post-test likelihood of dis-
ease. In a patient with a 50% pretest likelihood of coronary artery 
disease, positive stress electrocardiography renders the post-test 
likelihood around 75%. This is not sufficient to make the diagnosis 
with confidence. If the same patient goes on to have a positive myo-
cardial perfusion scan (MPS), the probability is refined further to 
around 96%, which is sufficient to be confident of the diagnosis. If 
MPS had been performed as the initial test, pretest likelihood would 
have been revised from 50% to around 90% based on a positive 
result, after which further testing would not be required. ECG± stress 
electrocardiogram positive/negative; MPI± myocardial perfusion 
imaging positive/negative
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stable Coronary Artery Disease

Diagnosis

Stable CAD is characterized by predictable central chest pain 
provoked by exertion, and relieved by rest. Stable but progres-
sive atherosclerosis causes reduction in coronary flow reserve, 
resulting in reduced myocardial perfusion and, ultimately, 
ischaemia during states of increased myocardial demand.

sECG is commonly used to investigate chest pain because 
it is widely available, easy to administer, and involves no 
ionizing radiation. sECG allows a more physiological evalu-
ation of symptoms, exercise tolerance, haemodynamic 
response, and ECG changes during exercise stress, which is 
usually equal to or greater than the normal level of exertion 
for the patient. However, in meta-analysis, its sensitivity and 
specificity for detecting angiographically defined coronary 
stenosis is only around 68 and 77%, respectively (Fig. 12.3).5 
Its positive predictive value6 is particularly poor in women5 
leading to normal coronary angiography rates as high as 56% 
in women referred on the basis of the sECG alone.7 
Furthermore, sECG has limited value when exercise capac-
ity is poor or in the presence of an abnormal resting ECG that 
precludes ST-segment assessment. These limitations have 
led to the suggestion that sECG fails to prevent downstream 
testing and may even lead to an increase in ICA.8

MPS is ideally suited for the diagnosis of stable CAD 
because of its ability to detect impaired myocardial perfu-
sion reserve even before abnormalities of regional function 
and the surface ECG arise. Although differences exist in their 
physical and biological properties, the three commercially 
available MPS radiopharmaceuticals all have comparable 
accuracy for the detection of CAD.9 Normal myocardial 
perfusion after stress (Fig. 12.4, Videos 12.4a, b) indicates 
the absence of functionally significant CAD and predicts a 
low likelihood (<1%) of future cardiac events.10 It should be 
noted though that normal stress perfusion does not indicate 
absence of CAD, as coronary atherosclerosis need not nec-
essarily cause stenosis of sufficient severity to cause impair-
ment of perfusion reserve (Fig. 12.5). However, such disease 
is unlikely to be the cause of stable symptoms. Although 
normal perfusion carries a good prognosis, the prognostic 
importance of subclinical disease is still a matter of debate, 
especially in the light of data derived from techniques such 
as coronary calcium scoring (CCS).

MPS has a 15% greater median sensitivity for the detec-
tion of significant CAD defined angiographically compared 
with sECG.11 On recent meta-analysis, sensitivity and speci-
ficity were 85–90 and 70–75% (Fig. 12.3), respectively.12 It 
should be reiterated that ICA is an anatomical rather than a 
functional technique and that “significant” stenosis on ICA 
may be associated with normal perfusion reserve. Perfect 
agreement is therefore neither expected nor required. In 
addition, the specificity of MPS is under-estimated in many 

Exercise Adenosine Dipyridamole Dobutamine

Action Reflex coronary vasodilatation 
in response to increased myo-
cardial work

Direct adenosine receptor 
stimulation

Endogenous adenosine 
reuptake inhibitor

Beta-adrenergic agonist

Half-life – 10s 40 min 2 min

Side effects Tachyarrhythmia Bronchospasm Bronchospasm Tachyarrhythmia

Hypotension Heart block Heart block Hypotension

Limitations Limited mobility Severe asthma Severe asthma History of ventricular 
tachyarrhythmia

Severe three-vessel disease Second- or third-degree 
heart block without PPM

Second- or third-degree 
heart block without PPM

Severe three-vessel dis-
ease

Severe LVOTO Severe LVOTO

Protocol Dynamic exercise with 1–2 min 
increments up to maximum 
achievable

140 mcg/kg/min 140 mcg/kg/min 5–40 mcg/kg/min

Duration of test Terminate test and inject tracer 
once 85% target heart rate 
achieved or at peak exercise

6 min 4 min Terminate infusion and 
inject tracer once 85% 
target heart rate achieved 
or after 3 min at 40 mcg/
kg/min

 Radionuclide 
injection time

2–3 min after start of 
infusion

7–9 min after start of 
infusion

table 12.1. Stress test protocols

PPM permanent pacemaker; LVOTO left ventricular outflow tract obstruction
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studies because of post-test referral bias and normalcy, the 
number of patients at low likelihood of coronary disease 
with normal MPS, is a better measure of the performance of 
the test in excluding disease. Despite the various tracers and 
stress techniques available, MPS may be considered reason-
ably to be a single test with a sensitivity and normalcy as 
high as 90 and 89%, respectively, for the detection of func-
tionally significant CAD.12 The technique has slightly greater 
sensitivity but similar specificity to stress echo13 and MRI.14 
However, MPS is less operator-dependent than echocardiog-
raphy, and is more widely available than MRI.

The accuracy of MPS may be improved using ECG gat-
ing15 and attenuation correction.16 ECG gating allows quanti-
tation of global and regional ventricular function, which, apart 
from providing important prognostic information, aids in the 
distinction of artefacts from true perfusion defects, thus 
improving specificity and normalcy. Fixed defects in the ante-
rior and inferior walls, commonly owing to breast and dia-
phragmatic attenuation artefacts in women and men, 
respectively, may be mistaken for myocardial infarction (MI), 
but for the fact that myocardial motion and thickening in these 
areas are normal on gated images. Similarly, attenuation cor-
rection improves the recognition of attenuation artefacts and, 
hence, diagnostic accuracy (Fig. 12.6, Videos 12.6a, c).

The extent and depth of inducible perfusion abnormalities 
can provide diagnostic information and guide subsequent 
management (Figs. 12.7–12.9, Videos 12.8C1, C2, and 
12.9c). Ultimately, the clinician must decide whether to offer 
revascularization in addition to optimal medical manage-
ment, and debate concerning the appropriateness of each in 
the management of CAD is still continuing. The COURAGE 
trial suggest that in stable CAD with objective evidence of 
myocardial ischaemia, percutaneous coronary intervention 
(PCI) does not reduce the risk of death, MI, or other major 

cardiovascular events when added to optimal medical ther-
apy, although it is initially better at abolishing symptoms.17 
Although subanalysis suggests that the addition of PCI leads 
to greater reduction in ischaemia on MPS,18 the prognostic 
importance of this is relatively short-lived. Nonetheless, 
assessments of myocardial perfusion remain central to the 
management of stable CAD.

Prognosis

The likelihood of future cardiac events such as MI or death 
can be an important factor in determining treatment. This 
likelihood can be estimated from a number of factors, such 
as extent of CAD, total ischaemic burden, left ventricular 
function, angina threshold, presence of diabetes or other 
arterial disease, and uncontrolled CAD risk factors. However, 
MPS has incremental prognostic value even when clinical 
history, sECG, and ICA are available.19

MPS in risk stratification and patient management has been 
validated extensively. Normal MPS is associated with a 0.7% 
annual risk of MI and cardiac death, which is similar to the 
general population.20 This has important clinical implications 
because a normal study generally renders further invasive 
investigation or treatment unnecessary. These figures, how-
ever, relate to populations of patients, and test findings should 
always be interpreted in the context of the individual patient. 
For instance, a patient with normal myocardial perfusion but 
significant ST-segment depression during adenosine stress is 
at increased risk of non-fatal MI.21 Specific groups, such as the 
elderly and those with diabetes or known CAD, have a some-
what higher annual event rate (1.4–1.8% per year) despite 
normal MPS.22 The “warranty period” of normal MPS in this 

Fig. 12.3 Range of mean 
sensitivities and specificities of 
exercise ECG and MPS for the 
diagnosis of stable coronary 
artery disease. Adapted from 
Fox et al.5 with permission. ECG 
electrocardiogram; MPS 
myocardial perfusion scintigra-
phy; Echo echocardiography
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setting is around 2 years, after which repeat scanning may be 
necessary to redefine prognosis.

An abnormal scan confers a sevenfold increase in annual 
cardiac events compared with a normal study.23 The likeli-
hood of a cardiac event increases with the extent and severity 
of the inducible perfusion abnormalities (Figs. 12.10 and 
12.11). Those with only mild inducible ischaemia have an 

annual event rate of around 3% rising to 7% in those with 
severe ischaemia (Fig. 12.12).10 The presence of corollary 
markers of severe three-vessel disease, such as transient left 
ventricular dilatation25 or increased lung uptake of thal-
lium-201,26 increases the event rate still further. Whilst per-
fusion data are most useful in predicting risk of future 
ischaemic events, concomitant analysis of left ventricular 

Fig. 12.4 Normal myocardial 
perfusion scintigraphy. A 
70-year-old lady with diabetes, 
hyperlipidemia, and hyperten-
sion presents to a rapid access 
chest pain clinic with atypical 
chest pain. Stress electrocardi-
ography was equivocal and 
subsequent invasive coronary 
angiography showed 30% distal 
LAD and 50% mid RCA stenoses. 
Stress/rest MPS (a) shows minor 
reduction in counts in the basal 
anterior wall (asterisks) 
consistent with breast attenua-
tion artefact. [Electronic version: 
Evaluation of raw data (video) 
demonstrates breast shadows]. 
There is otherwise homogenous 
myocardial tracer uptake 
throughout the myocardium 
during both stress and rest. ECG 
gating of the resting tomograms 
(b) shows normal global and 
regional left ventricular function
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function provides an independent estimate of the risk of car-
diac death (Fig. 12.11).28

MPS is not generally recommended to assess prognosis 
in asymptomatic individuals except in certain settings. CCS 
using X-ray computed tomography identifies subclinical 
atherosclerosis and predicts the likelihood of future coro-
nary events.27 Higher calcium scores are associated with 
increased likelihood of cardiac events even within individ-
ual Framingham risk groups.28 This allows further risk strat-
ification and definition of the appropriateness and intensity 
of medical treatment or the need for stress testing. Current 
guidelines suggest that those with CCS ³ 400 should undergo 
MPS, as the likelihood of at least one significant coronary 
artery stenosis is high.29 Those with diabetes or metabolic 
syndrome may require a lower threshold (100–400), as 
reversible perfusion defects may be seen in almost half of 
those with CCS > 100.30 CCS and MPS are synergistic in 
predicting short-term coronary events,31 suggesting that 
CCS should be used routinely in asymptomatic diabetic 
adults to more accurately stratify risk. However, those at 

high Framingham risk may derive greater benefit from direct 
referral for MPS to more accurately quantify ischaemic 
burden.34

Cost-effectiveness

By quantifying the presence, extent, and severity of induc-
ible ischaemia, MPS is ideally placed to stratify patients to 
either conservative or invasive management strategies. 
Further, those with minor inducible ischaemia may be man-
aged conservatively, suggesting that even an abnormal MPS 
need not lead to further investigation or invasive treatment. 
An investigation strategy involving MPS, therefore, ought to 
be more cost-effective than the one based on either sECG 
alone or direct referral for ICA. This supposition is supported 
by assessments of cost-effectiveness in both Europe and the 
US. MPS is cost-effective in patients presenting with stable 
chest pain both at intermediate and high pretest likelihood of 

Fig. 12.5 Atheromatous 
plaques identified in the right 
coronary artery on computed 
tomography coronary angiogra-
phy (arrows). These plaques are 
not of sufficient severity to 
cause abnormalities on 
myocardial perfusion 
scintigraphy
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Fig. 12.6 Diaphragmatic attenuation artefact. A 
73-year-old man with hypertension and hyperlipi-
demia presents with central chest pain unrelated to 
exertion and occasional palpitation. Uncorrected 
images (a) show mild reduction of counts in the 
whole inferior wall that is present in both stress and 
resting images (arrows). [Electronic version: 
Evaluation of raw data (video) shows the presence of 
the diaphragm in the lateral projections]. X-ray 
computed tomography attenuation correction (b) of 
the images recovers counts in the inferior wall to 
normal. Additionally, ECG-gating of the uncorrected 
images (c) demonstrates normal wall motion and 
thickening inferiorly, despite the reduced counts. In 
this case, the clinical history, attenuation-corrected 
images and ECG-gating all point to diaphragmatic 
attenuation rather than to partial thickness myocar-
dial damage as a cause for the reduction in counts 
inferiorly
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Fig. 12.7 Pure inducible 
ischaemia on stress (a) and rest 
(b) imaging and polar plots (c). 
A 62-year-old man with a family 
history of premature coronary 
artery disease and hyperlipi-
demia presents to a chest pain 
clinic with typical angina. sECG 
demonstrated no ECG changes, 
although the patient did get 
chest pain during stage 4 of the 
Bruce protocol. On MPS, 
reduction of tracer uptake was 
observed on stress imaging 
(arrows), severe at the apex and 
mild in the anterior wall, which 
returned to normal at rest

Fig. 12.8 Pure myocardial infarction (MI) on stress (a) and rest  
(b) imaging and polar plots (c). A 64-year-old man with previous MI 
and two-vessel coronary artery bypass grafting is referred for pre-
operative assessment prior to umbilical hernia surgery. Although suf-
fering from occasional atypical chest pain, stable exertional 
breatlessness was the patient’s main symptom. [Electronic version: 
Evaluation of raw data (Video c1) shows a dilated left ventricle with 
absent uptake at the apex]. There is absence of uptake at the apex on 
stress images, which remains unchanged on rest imaging (arrows), 

indicating MI without superimposed ischaemia. [Electronic version: 
ECG gating of the resting tomograms (Video c2) confirms the dilated 
left ventricle. There is absent motion and thickening in the apex and 
apical anterior wall and moderate reduction in the adjacent apical 
parts of the antero-septum and inferior wall. There is further reduced 
motion but preserved thickening in the remainder of the septum 
consistent with LBBB.] The absence of inducible ischaemia indicates 
that the risk of peri-operative coronary events is not high



258 Chapter 12 Nuclear Cardiology and Detection of Coronary Artery Disease  

CAD and with or without known CAD.32, 33 In the European 
setting, strategies involving MPS are cheaper, have greater 
prognostic power at diagnosis, and lead to lower normal 
ICA rates when compared with strategies without MPS 
(Fig. 12.13).38 Where sECG is used as the initial test, MPS 

remains cost-effective for the further investigation of patients 
who remain at intermediate or greater likelihood of CAD.39, 35 
An MPS-led strategy reduces costs by 30–40% when com-
pared with an aggressive interventional strategy, presumably 
because of reduced use of downstream resources in those 
with normal scintigraphy.36 This is particularly true in 
women, where stratification of patients to ICA based on MPS 
results leads to significant cost savings, regardless of the pre-
test likelihood of the disease.37 In the UK setting, MPS per-
formed after sECG results in a 20–25% reduction in 
unnecessary ICA and has equal diagnostic accuracy and cost 
for the identification of those requiring revascularization 
when compared with direct referral for ICA.38 For pre-oper-
ative assessment of patients with chronic stable angina, MPS 
allows more cost-effective stratification to either ICA and 
revascularization or medical therapy, when compared with 
other commonly used strategies.12

Positron emission tomography

Although used mainly to assess myocardial viability, PET 
may be used to assess stress and resting myocardial perfu-
sion, and is generally considered the non-invasive gold stan-
dard for this indication. Although cyclotron-produced 
radiotracers such as 13N-ammonia or 15O-water are regularly 
used, recent efforts have focussed on the use of rubidium-82. 
This tracer is produced by a generator, compares favourably 

Fig. 12.9 Mixed inducible 
ischaemia and partial thickness 
myocardial infarction (MI) on 
stress (a) and rest (b) imaging 
and polar plots (c). A 45-year-old 
man with known previous MI, 
right coronary artery stenting 
but untreated mid-left anterior 
descending artery occlusion 
presents to clinic with dimin-
ished exercise tolerance but no 
chest pain. There is moderate 
reduction of tracer uptake in the 
apex and apical anterior and 
inferior walls (arrows) on stress 
imaging. Images acquired at rest 
show improvement in these 
areas, but the anterior wall and 
apex do not return to normal, 
indicating partial thickness 
myocardial damage (arrow-
heads). [Electronic version: ECG 
gating of the resting tomograms 
(video) shows mild reduction of 
wall motion and thickening in 
the apical anterior wall but 
normal regional function 
elsewhere]

Fig. 12.10 Cumulative hard event-free survival in patients with 
known or suspected CAD according to the number of ischaemic vas-
cular territories on 99mTc MPS. Adapted from Petix et al.23 with 
permission

1.0
0 vessels

1 vessel

2 vessels

3 vessels

0.9

0.8

0.7

0.6

0 10

Time (months)

C
u

m
u

la
ti

ve
 H

ar
d

 E
ve

n
t-

fr
ee

 S
u

rv
iv

al

20 30



  Stable Coronary Artery Disease 259

Fig. 12.11 (a) Rates of myocardial infarction and cardiac death 
according to severity of myocardial perfusion abnormalities. Adapted 
from Hachamovitch et al.10 with permission. (b) Cardiac death rates in 
patients with differing severities of myocardial perfusion abnormali-

ties, separated according to left ventricular ejection fraction (LVEF). 
Those with EF < 45% are at a markedly higher risk of death compared 
with those with normal left ventricular function. Adapted from Sharir 
et al.24 with permission
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Fig. 12.12 Prognosis defined by extent and severity of inducible 
myocardial ischaemia. Stress imaging (a, c) demonstrates severe 
reduction of counts in the apex and apical antero-septum, the whole 
lateral wall and adjacent inferolateral segments, and, finally, moder-
ate reduction of counts inferiorly and inferoseptally (arrows). Counts 
are poorest at the apex and inferolaterally (asterisks). Images at rest 
(b, d) show marked improvement in all areas, although the apex, 
inferior, and basal lateral and inferolateral walls do not return to nor-

mal, indicating partial thickness myocardial damage (arrowheads). Of 
note, the end-diastolic volume after stress is significantly larger than 
at rest (111 vs. 79 mL; TID ratio 1.41). This transient left ventricular 
cavitary dilatation is a marker of significant three-vessel coronary 
artery disease. The total amount of ischaemia demonstrated in this 
study is extensive and severe and suggests that the likelihood of 
future cardiac events is high. EDV end-diastolic volume
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with other PET tracers for measurements of myocardial per-
fusion and perfusion reserve,39 and is an attractive option for 
hospitals without easy access to a cyclotron. PET offers 
higher resolution images and provides quantification of per-
fusion in absolute terms (ml/g/min). The latter is partly due 
to the use of computed tomography (CT) to provide high-
quality attenuation maps employed to correct the PET 
images. PET may have better sensitivity and specificity than 
SPECT MPS for the detection of CAD, particularly where 
there is severe disease in all three coronary arteries.40 Despite 
demonstration of cost-effectiveness in high-throughput cen-
tres,41 the clinical utility of PET is constrained by high 
upfront cost and low availability compared with conven-
tional gamma cameras.

Current Guidelines

Myocardial perfusion imaging is heavily embedded in both 
European and US guidelines for the management of stable 
CAD (Table 12.2).29,  42 MPS and stress echocardiography are 
considered as equivalent tests for the assessment of myocar-
dial perfusion with regional availability and expertise defin-
ing ultimate choice. sECG remains the initial stress test of 
choice because of wide availability, ease of administration, 
and prognostic value of exercise variables. Stress MPS 
should be the initial investigation in patients who are unlikely 
to exercise adequately or where resting ECG abnormalities 
such as LBBB, preexcitation, left ventricular hypertrophy, or 
drug effects are likely to render the sECG uninterpretable 
(Class I indications). For symptomatic female patients, the 
high false positive rate of sECG argues in favour of MPS as 
a first line test, a strategy with a Class IIa indication in 

Fig. 12.13 Mean cost of diagnosis of coronary artery disease from 
the Economics of Myocardial Perfusion Imaging in Europe (EMPIRE) 
study. Four diagnostic strategies were employed: 1–Stress electrocar-
diography (sECG) followed by invasive coronary angiography (ICA),  
2 - sECG followed by myocardial perfusion scintigraphy (MPS), fol-
lowed by ICA, 3–MPS followed by ICA, 4–Direct referral to ICA. The 
most cost-effective strategy involved referral of patients with posi-
tive or equivocal sECG to MPS with subsequent ICA only in those with 
evidence of inducible ischaemia. The mean cost of diagnosis was sig-
nificantly lower in centres that were regular users of MPS (Scint) com-
pared with those that referred infrequently (Non-scint). Reproduced 
from Underwood et al.34 with permission
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table 12.2. ESC guidelines for the use of exercise stress with imaging techniques in the initial diagnostic assessment of stable angina.5 
Vasodilator stress should be used according to the same indications if the patient is unable to exercise adequately

(s)ECG (stress) electrocardiogram; LBBB left bundle branch block; CAD coronary artery disease; ICA invasive coronary angiography
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current ESC guidelines. As a secondary test, MPS should be 
performed either when the sECG is equivocal or further 
information on myocardial perfusion or function is required 
to assist management decisions. In those with established but 
stable CAD, MPS is recommended for those in whom symp-
toms develop (or persist) after revascularization. PET has a 
Class IIa indication as a first-line test for the diagnosis of 
CAD, but is favoured as a secondary test in those in whom 
SPECT is equivocal (Class I).

Future Directions

CT coronary angiography (CTCA) has been proposed as an 
alternative technique for the detection of CAD. In patients 
with low to intermediate likelihood of CAD, CTCA has an 
excellent negative predictive value (>97%),43 but is limited 
by a poorer positive predictive value. There is growing inter-
est in hybrid imaging using scanners combining PET or 
SPECT with multi-detector X-ray CT, but the exact role and 
clinical utility of these techniques are still under investiga-
tion. While it is attractive to combine anatomical and func-
tional assessment of the coronary arteries into a single test, 
the necessity of this approach in all patient is doubtful. 
Radiation exposure is a major issue, as is the cost-effective-
ness of combining two imaging modalities into a single 
imaging unit where one half of the unit may not be required.

Acute Coronary syndromes

Diagnosis

The ACS comprises a spectrum from unstable angina, 
through non-ST-elevation MI to ST-elevation MI. The hall-
mark of ACS is atherosclerotic plaque rupture and intra-
coronary thrombosis. In those with ST-elevation and chest 
pain, either immediate PCI or, if this is unavailable, throm-
bolysis is warranted. Patients without ST-elevation but with 
high-risk features may also require PCI. Patients who present 
with non-specific symptoms and equivocal electrocardio-
graphic changes are a diagnostic challenge, with many sub-
sequently found to have non-cardiac chest pain after substantial 
and ultimately unnecessary use of resources. Conversely, in 
some patients the diagnosis of MI may be missed with conse-
quent increase in morbidity and mortality.

MPS has the same sensitivity for the detection of acute 
MI as serial troponin analysis.44 However, while cardiac bio-
markers require 6–12 h to become abnormal, myocardial 
injury may be detected on resting MPS within 2 h of chest 

pain onset, making it a more sensitive test at the time of pre-
sentation.45 MPS is especially useful in patients with an 
intermediate likelihood of CAD and chest pain in the absence 
of diagnostic ECG changes.51 Abnormal resting MPS in this 
setting has a high sensitivity for acute infarction,52 particu-
larly if it is associated with regional wall-motion abnormali-
ties on gated imaging. Furthermore, as the technique provides 
information on both viability and regional myocardial blood 
flow at the time of injection, administration of tracer before 
and after thrombolysis or revascularization helps to define 
the extent of jeopardized myocardium and myocardial sal-
vage. MPS is also useful after primary PCI to evaluate the 
functional significance and need for treatment of intermedi-
ate non-culprit coronary artery stenoses. Normal resting 
MPS excludes acute infarction and suggests that either sECG 
or stress MPS should be the next diagnostic step. If tracer 
injection occurs during chest pain, normal MPS rules out an 
ACS and allows the patient to be discharged. MPS is there-
fore especially useful in the stratification of patients with 
symptoms suggestive of ACS, but without ECG changes to 
either admission or discharge.46

Prognosis

Patients with ACS are often referred directly for ICA. 
However, patients with preserved LV function and without 
high-risk indicators may do at least equally well with a con-
servative approach. In the stable post-infarction period, inten-
sive medical therapy alone is equally good at suppressing 
ischaemia when compared with coronary revascularization, 
and is associated with a similar incidence of death and non-
fatal MI at 1 year.47 This suggests that, in the absence of med-
ical instability, intensive medical therapy should be the 
primary treatment strategy. Cardiac catheterization can there-
fore be reserved for those with high-risk features or those 
who remain symptomatic despite optimal medical treatment.

The role of MPS early after infarction is reflected in both 
European and American guidelines.20,  29,  48 The technique is 
helpful in those with atypical presentation and positive tro-
ponins because an abnormal scan in this setting is associated 
with a sevenfold increase in risk of cardiac events at 6 
months.49 In patients without post-infarction angina, com-
plex arrhythmias, or congestive heart failure, early MPS 
using pharmacological stress is the test of choice for prog-
nostic assessment. It is better than sECG for risk stratifica-
tion and can be performed safely 2–4 days after infarction.50 
In addition to quantifying myocardial ischaemia, MPS allows 
measurement of left ventricular ejection fraction (LVEF), an 
important prognostic predictor of cardiac death after MI.51 
Early MPS allows the prompt discharge of lower-risk patients 
and appropriate referral of those at higher risk, such as those 
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with LVEF <35% or inducible ischaemia in >50% of the 
remaining viable myocardium, for ICA.59

Cost-effectiveness

MPS in the assessment of acute chest pain is cost-effective. 
Although the costs of initial MPS are greater than strategies 
that involve assessment of the ECG, biomarkers, and poten-
tially echocardiography, the downstream reduction in unnec-
essary treatment, hospital admission, and ICA leads to an 
overall reduction in cost. The use of normal resting MPS 
alone to exclude MI in patients with non-diagnostic ECG 
changes cost-effectively reduces unnecessary admissions 
irrespective of gender, age, or risk factors for CAD.52 When 
compared prospectively with usual care, acute resting MPS 
has no impact on the clinical decision-making in those with 
definitive acute cardiac ischaemia, but reduces unnecessary 
admissions by up to 20% in those without.61 This holds true 
even in patients with diabetes,53 a sub-population considered 
to have CAD-equivalent status. Importantly, discharge of 
these patients is safe.54, 55 When resting MPS is performed 
explicitly during an episode of chest pain, MPS allows more 
appropriate stratification to admission or discharge and, ulti-
mately, reduces total admissions.56 When used routinely in 
conjunction with early exercise testing in the emergency 
department, median costs are $1,843 (€1,400) lower and 
length of admission is shorter when an MPS strategy is 
used.57 Studies of cost-effectiveness of MPS in the acute set-
ting largely originate from the U.S., and it can be difficult to 
extrapolate such findings to Europe. Furthermore, the wider 
use of acute resting MPS in Europe is limited by local avail-
ability and experience. Nonetheless, the evidence suggests 
that acute resting MPS offers a safe, rapid, and cost-effective 
strategy for the exclusion of CAD as a cause for acute chest 
pain when ECG is non-diagnostic.

Guidelines

The use of resting MPS as an initial test in stabilized patients 
with ACS is supported in European guidelines (Table 12.3) for 
ACS, but it is not explicitly recommended.58 However, an ESC 
Task Force for the management of chest pain recommended 
MPS in patients with acute chest pain and equivocal clinical 
history, ECG, or cardiac biomarkers, where a low-risk study 
might prevent admission and unnecessary treatment.59 Resting 
MPS has a Class Ia indication in American Heart Association 
guidelines and Class IIb in those of the ESC for the assessment 
of prognosis in patients with suspected ACS, non-diagnostic 
ECG, and negative initial cardiac biomarkers.20 For the explicit 

diagnosis of CAD in the same cohort, MPS has class Ib and IIb 
indications in the ACC and ESC guidelines, respectively.

Both European and U.S. guidelines acknowledge the role 
of MPS for risk stratification after acute MI.20,  48,  58 In those 
admitted with NSTEMI, MPS is recommended to evaluate the 
presence, severity, and extent of inducible ischaemia either in 
patients with equivocal sECG or those who are unable to exer-
cise, or in women. The likelihood of future cardiac events is 
closely linked to the degree of MPS abnormality and, hence, 
has important implications for management. After STEMI, 
MPS is recommended for the definition of infarct size and 
residual ischaemia to guide management and assess progno-
sis. Those with high-risk features on MPS are candidates for 
revascularization, while those at low risk can be managed con-
servatively. MPS is also the initial test of choice to assess the 
functional significance of intermediate non-culprit coronary 
artery stenoses in patients who have already undergone ICA.

Future Directions

In the future, diagnosis of patients with acute chest pain may 
be undertaken through assessment of myocardial metabo-
lism. Under normal conditions, myocytes use fatty acids as 
the primary source of energy; during ischaemia, fatty-acid 
reserves are quickly exhausted and cellular metabolism 
switches to glucose. After resolution of ischaemia, there is a 
delay in the return of metabolism to normalcy (up to 24 h) 
with the continuation of glucose metabolism in preference to 
fatty acids. This is known as ischaemic memory; abnormal 
uptake of fatty acids during this time is a phenomenon that 
can be exploited by appropriately labelled radiotracers, the 
most common of which is iodine-123 b-methyl-p-iodophenyl-
pentadecanoic acid (BMIPP). Several studies have shown 
encouraging results and this could become an attractive 
option for the assessment of patients whose ischaemic insult 
may have occurred hours before presentation.

Conclusion

MPS has proven value for the diagnosis and prognosis of 
both stable CAD and ACS, and is additionally safe and cost-
effective in a wide variety of clinical settings. Experience 
with the technique has been gained over decades, and 
there is a large body of evidence to support the integration 
of MPS into diagnostic strategies for the investigation of 
CAD. The technique is, therefore, recommended in national 
European and American guidelines. Although less widely 
available and relatively more expensive, PET may be used 
to detect obstructive coronary disease, and allows absolute 
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quantification of myocardial perfusion. As with any test, 
appropriate referral depends upon local availability, pretest 
likelihood of CAD, the suitability of the patient to different 
forms of cardiac stress, and an understanding of the answers 
that MPS can provide. When used appropriately, MPS con-
tinues to be a powerful tool for the investigation of CAD.

References

 1. Goodman SN. Toward evidence–based medical statistics. 2: The 
Bayes factor. Ann Intern Med. 1999;130:1005–1013

 2. Diamond GA, Forrester JS. Analysis of probability as an aid in the 
clinical diagnosis of coronary-artery disease. N Engl J Med. 
1979;300:1350–1358

 3. Wilson PW, D’Agostino RB, Levy D, Belanger AM, Silbershatz H, 
Kannel WB. Prediction of coronary heart disease using risk factor 
categories. Circulation. 1998;97:1837–1847

 4. Mark DB, Shaw L, Harrell FE Jr, et al Prognostic value of a tread-
mill exercise score in outpatients with suspected coronary artery 
disease. N Engl J Med. 1991;325:849–853

 5. Fox K, Garcia MA, Ardissino D, et al Guidelines on the manage-
ment of stable angina pectoris: executive summary: the Task Force 
on the Management of Stable Angina Pectoris of the European 
Society of Cardiology. Eur Heart J. 2006;27:1341–1381

 6. Gershlick AH, de BM, Chambers J, et al Role of non-invasive 
imaging in the management of coronary artery disease: an assess-
ment of likely change over the next 10 years. A report from the 
British Cardiovascular Society Working Group. Heart. 
2007;93:423–431

 7. Wong Y, Rodwell A, Dawkins S, Livesey SA, Simpson IA. Sex dif-
ferences in investigation results and treatment in subjects referred 
for investigation of chest pain. Heart. 2001;85:149–152

table 12.3. Summary of European and US guidelines for the use of myocardial perfusion scintigraphy in acute coronary syndromes

Technique Condition Indication Class Level of evidence Issuing body

Rest MPS Diagnosis of CAD 
during acute chest pain

Intermediate pretest probability of 
CAD, absence of ST elevation on 
ECG, and negative initial cardiac 
enzymes

IIb B ESC

Detection of acute  
myocardial infarction

Intermediate pretest probability of 
CAD, absence of ST elevation on 
ECG, and negative initial cardiac 
enzymes

IIb B ESC

Unstable angina/
NSTEMI

Identification of the severity/extent 
of CAD in patients with ongoing sus-
pected ischaemia symptoms but non-
diagnostic ECG

IIa B ACC/AHA

Stress/rest MPS After acute STEMI Detection of inducible ischaemia and 
myocardium at risk after thrombolytic 
therapy without ICA

I B ESC ACC/AHA

Assessment of infarct size and residual 
viable myocardium

I B ESC ACC/AHA

Assessment of resting LV function I B ACC/AHA

Unstable angina/
NSTEMI

Identification of the severity/extent 
inducible ischaemia in patients without 
intermediate to high-risk features (risk 
stratification)

I C ESC ACC/AHA

Identification of the severity/extent 
of inducible ischaemia in patients in 
whom the diagnosis is uncertain

I A ESC ACC/AHA

Identification of haemodynamic signifi-
cance of coronary stenosis after ICA

I B ACC/AHA

Measurement of baseline LV function. I B ACC/AHA

Assessment of inducible ischaemia 4–7 
weeks after discharge if not performed 
prior to discharge

IIa C ESC

Adapted from refs19,  20,  29,  48,  58,  59

MPS myocardial perfusion scintigraphy; CAD coronary artery disease; ECG electrocardiogram; ICA invasive coronary angiography; (N)STEMI 
(non-)ST elevation myocardial infarction; LV left ventricular



264 Chapter 12 Nuclear Cardiology and Detection of Coronary Artery Disease  

 8. Marwick TH, Shaw L, Case C, Vasey C, Thomas JD. Clinical and 
economic impact of exercise electrocardiography and exercise 
echocardiography in clinical practice. Eur Heart J. 2003;24: 
1153–1163

 9. Kapur A, Latus KA, Davies G, et al A comparison of three radionu-
clide myocardial perfusion tracers in clinical practice: the ROBUST 
study. Eur J Nucl Med Mol Imaging. 2002;29:1608–1616

10. Hachamovitch R, Berman DS, Shaw LJ, et al Incremental prognos-
tic value of myocardial perfusion single photon emission computed 
tomography for the prediction of cardiac death: differential stratifi-
cation for risk of cardiac death and myocardial infarction. 
Circulation. 1998;97:535–543

11. Mowatt G, Vale L, Brazzelli M, et al Systematic review of the effec-
tiveness and cost–effectiveness, and economic evaluation, of myo-
cardial perfusion scintigraphy for the diagnosis and management of 
angina and myocardial infarction. Health Technol Assess. 2004;8: 
iii–iv; 1–207

12. Underwood SR, Anagnostopoulos C, Cerqueira M, et al Myocardial 
perfusion scintigraphy: the evidence. Eur J Nucl Med Mol Imaging. 
2004;31:261–291

13. Schuijf JD, Poldermans D, Shaw LJ, et al Diagnostic and prognos-
tic value of non-invasive imaging in known or suspected coronary 
artery disease. Eur J Nucl Med Mol Imaging. 2006;33:93–104

14. Paetsch I, Jahnke C, Wahl A, et al Comparison of dobutamine stress 
magnetic resonance, adenosine stress magnetic resonance, and ade-
nosine stress magnetic resonance perfusion. Circulation. 2004;110: 
835–842

15. Smanio PE, Watson DD, Segalla DL, Vinson EL, Smith WH, Beller GA. 
Value of gating of technetium–99m sestamibi single–photon emis-
sion computed tomographic imaging. J Am Coll Cardiol. 1997;30: 
1687–1692

16. Garcia EV. SPECT attenuation correction: an essential tool to real-
ize nuclear cardiology’s manifest destiny. J Nucl Cardiol. 2007;14: 
16–24

17. Boden WE, O’Rourke RA, Teo KK, et al Optimal medical therapy 
with or without PCI for stable coronary disease. N Engl J Med. 
2007;356:1503–1516

18. Shaw LJ, Berman DS, Maron DJ, et al Optimal medical therapy 
with or without percutaneous coronary intervention to reduce isch-
emic burden: results from the Clinical Outcomes Utilizing 
Revascularization and Aggressive Drug Evaluation (COURAGE) 
trial nuclear substudy. Circulation. 2008;117:1283–1291

19. Marcassa C, Bax JJ, Bengel F, et al Clinical value, cost–effective-
ness, and safety of myocardial perfusion scintigraphy: a position 
statement. Eur Heart J. 2008;29:557–563

20. Klocke FJ, Baird MG, Lorell BH, et al ACC/AHA/ASNC guide-
lines for the clinical use of cardiac radionuclide imaging – executive 
summary: a report of the American College of Cardiology/American 
Heart Association Task Force on Practice Guidelines (ACC/AHA/
ASNC Committee to Revise the 1995 Guidelines for the Clinical 
Use of Cardiac Radionuclide Imaging). Circulation. 2003;108: 
1404–1418

21. Abbott BG, Afshar M, Berger AK, Wackers FJ. Prognostic signifi-
cance of ischemic electrocardiographic changes during adenosine 
infusion in patients with normal myocardial perfusion imaging. 
J Nucl Cardiol. 2003;10:9–16

22. Hachamovitch R, Hayes S, Friedman JD, et al Determinants of risk 
and its temporal variation in patients with normal stress myocardial 
perfusion scans: what is the warranty period of a normal scan? J Am 
Coll Cardiol. 2003;41:1329–1340

23. Petix NR, Sestini S, Coppola A, et al Prognostic value of combined 
perfusion and function by stress technetium-99m sestamibi gated 
SPECT myocardial perfusion imaging in patients with suspected or 
known coronary artery disease. Am J Cardiol. 2005;95:1351–1357

24. Sharir T, Germano G, Kavanagh PB, et al Incremental prognostic 
value of post-stress left ventricular ejection fraction and volume by 

gated myocardial perfusion single photon emission computed 
tomography. Circulation. 1999;100:1035–1042

25. Abidov A, Bax JJ, Hayes SW, et al Transient ischemic dilation ratio 
of the left ventricle is a significant predictor of future cardiac events 
in patients with otherwise normal myocardial perfusion SPECT. 
J Am Coll Cardiol. 2003;42:1818–1825

26. Gill JB, Ruddy TD, Newell JB, Finkelstein DM, Strauss HW, 
Boucher CA. Prognostic importance of thallium uptake by the lungs 
during exercise in coronary artery disease. N Engl J Med. 
1987;317:1486–1489

27. Shaw LJ, Raggi P, Schisterman E, Berman DS, Callister TQ. 
Prognostic value of cardiac risk factors and coronary artery calcium 
screening for all–cause mortality. Radiology. 2003;228:826–833

28. Greenland P, LaBree L, Azen SP, Doherty TM, Detrano RC. 
Coronary artery calcium score combined with Framingham score 
for risk prediction in asymptomatic individuals. JAMA. 2004; 
291:210–215

29. Brindis RG, Douglas PS, Hendel RC, et al ACCF/ASNC appropri-
ateness criteria for single–photon emission computed tomography 
myocardial perfusion imaging (SPECT MPI): a report of the 
American College of Cardiology Foundation Quality Strategic 
Directions Committee Appropriateness Criteria Working Group 
and the American Society of Nuclear Cardiology endorsed by the 
American Heart Association. J Am Coll Cardiol. 2005;46: 
1587–1605

30. Anand DV, Lim E, Lahiri A, Bax JJ. The role of non-invasive imag-
ing in the risk stratification of asymptomatic diabetic subjects. Eur 
Heart J. 2006;27:905–912

31. Anand DV, Lim E, Hopkins D, et al Risk stratification in uncompli-
cated type 2 diabetes: prospective evaluation of the combined use 
of coronary artery calcium imaging and selective myocardial perfu-
sion scintigraphy. Eur Heart J. 2006;27:713–721

32. Hachamovitch R, Hayes SW, Friedman JD, Cohen I, Berman DS. 
Stress myocardial perfusion single-photon emission computed 
tomography is clinically effective and cost effective in risk stratifi-
cation of patients with a high likelihood of coronary artery disease 
(CAD) but no known CAD. J Am Coll Cardiol. 2004;43:200–208

33. Berman DS, Hachamovitch R, Kiat H, et al Incremental value of 
prognostic testing in patients with known or suspected ischemic 
heart disease: a basis for optimal utilization of exercise technetium–
99m sestamibi myocardial perfusion single-photon emission com-
puted tomography. J Am Coll Cardiol. 1995;26:639–647

34. Underwood SR, Godman B, Salyani S, Ogle JR, Ell PJ. Economics 
of myocardial perfusion imaging in Europe – the EMPIRE Study. 
Eur Heart J. 1999;20:157–166

35. Hachamovitch R, Berman DS, Kiat H, Cohen I, Friedman JD, 
Shaw LJ. Value of stress myocardial perfusion single photon emis-
sion computed tomography in patients with normal resting electro-
cardiograms: an evaluation of incremental prognostic value and 
cost–effectiveness. Circulation. 2002;105:823–829

36. Shaw LJ, Hachamovitch R, Berman DS, et al The economic conse-
quences of available diagnostic and prognostic strategies for the 
evaluation of stable angina patients: an observational assessment of 
the value of precatheterization ischemia. Economics of Noninvasive 
Diagnosis (END) Multicenter Study Group. J Am Coll Cardiol. 
1999;33:661–669

37. Shaw LJ, Heller GV, Travin MI, et al Cost analysis of diagnostic 
testing for coronary artery disease in women with stable chest pain. 
Economics of Noninvasive Diagnosis (END) Study Group. J Nucl 
Cardiol. 1999;6:559–569

38. Sharples L, Hughes V, Crean A, et al Cost-effectiveness of func-
tional cardiac testing in the diagnosis and management of coronary 
artery disease: a randomised controlled trial. The CECaT trial. 
Health Technol Assess. 2007 Dec; 11(49):iii-iv, ix-115

39. Lortie M, Beanlands RS, Yoshinaga K, Klein R, Dasilva JN, 
Dekemp RA. Quantification of myocardial blood flow with 82Rb 



  References 265

dynamic PET imaging. Eur J Nucl Med Mol Imaging. 2007;34: 
1765–1774

40. Nandalur KR, Dwamena BA, Choudhri AF, Nandalur SR, Reddy P, 
Carlos RC. Diagnostic performance of positron emission tomogra-
phy in the detection of coronary artery disease: a meta–analysis. 
Acad Radiol. 2008;15:444–451

41. Merhige ME, Breen WJ, Shelton V, Houston T, D’Arcy BJ, Perna 
AF. Impact of myocardial perfusion imaging with PET and (82)Rb 
on downstream invasive procedure utilization, costs, and outcomes 
in coronary disease management. J Nucl Med. 2007;48:1069–1076

42. Gibbons RJ, Abrams J, Chatterjee K, et al ACC/AHA 2002 guide-
line update for the management of patients with chronic stable 
angina – summary article: a report of the American College of 
Cardiology/American Heart Association Task Force on Practice 
Guidelines (Committee on the Management of Patients With 
Chronic Stable Angina). Circulation. 2003;107:149–158

43. Hamon M, Biondi-Zoccai GG, Malagutti P, et al Diagnostic perfor-
mance of multislice spiral computed tomography of coronary arter-
ies as compared with conventional invasive coronary angiography: 
a meta-analysis. J Am Coll Cardiol. 2006;48:1896–1910

44. Kontos MC, Jesse RL, Anderson FP, Schmidt KL, Ornato JP, 
Tatum JL. Comparison of myocardial perfusion imaging and car-
diac troponin I in patients admitted to the emergency department 
with chest pain. Circulation. 1999;99:2073–2078

45. Duca MD, Giri S, Wu AH, et al Comparison of acute rest myocardial 
perfusion imaging and serum markers of myocardial injury in patients 
with chest pain syndromes. J Nucl Cardiol. 1999;6:570–576

46. Udelson JE, Beshansky JR, Ballin DS, et al Myocardial perfusion imag-
ing for evaluation and triage of patients with suspected acute cardiac 
ischemia: a randomized controlled trial. JAMA. 2002;288:2693–2700

47. Mahmarian JJ, Dakik HA, Filipchuk NG, et al An initial strategy of 
intensive medical therapy is comparable to that of coronary revas-
cularization for suppression of scintigraphic ischemia in high–risk 
but stable survivors of acute myocardial infarction. J Am Coll 
Cardiol. 2006;48:2458–2467

48. Van de WF, Ardissino D, Betriu A, et al Management of acute myo-
cardial infarction in patients presenting with ST-segment elevation. 
The Task Force on the Management of Acute Myocardial Infarction 
of the European Society of Cardiology. Eur Heart J. 2003;24:28–66

49. Dorbala S, Giugliano RP, Logsetty G, et al Prognostic value of 
SPECT myocardial perfusion imaging in patients with elevated 

cardiac troponin I levels and atypical clinical presentation. J Nucl 
Cardiol. 2007;14:53–58

50. Brown KA, Heller GV, Landin RS, et al Early dipyridamole (99m)
Tc–sestamibi single photon emission computed tomographic imag-
ing 2–4 days after acute myocardial infarction predicts in–hospital 
and postdischarge cardiac events: comparison with submaximal 
exercise imaging. Circulation. 1999;100:2060–2066

51. Kroll D, Farah W, McKendall GR, Reinert SE, Johnson LL. 
Prognostic value of stress-gated Tc-99m sestamibi SPECT after 
acute myocardial infarction. Am J Cardiol. 2001;87:381–386

52. Heller GV, Stowers SA, Hendel RC, et al Clinical value of acute 
rest technetium-99m tetrofosmin tomographic myocardial perfu-
sion imaging in patients with acute chest pain and nondiagnostic 
electrocardiograms. J Am Coll Cardiol. 1998;31:1011–1017

53. Kapetanopoulos A, Heller GV, Selker HP, et al Acute resting myo-
cardial perfusion imaging in patients with diabetes mellitus: results 
from the Emergency Room Assessment of Sestamibi for Evaluation 
of Chest Pain (ERASE Chest Pain) trial. J Nucl Cardiol. 2004; 
11:570–577

54. Stewart RE, Dickinson CZ, Weissman IA, O’Neill WW, Dworkin HJ, 
Juni JE. Clinical outcome of patients evaluated with emergency 
centre myocardial perfusion SPET for unexplained chest pain. Nucl 
Med Commun. 1996;17:459–462

55. Weissman IA, Dickinson CZ, Dworkin HJ, O’Neill WW, Juni JE. 
Cost-effectiveness of myocardial perfusion imaging with SPECT in 
the emergency department evaluation of patients with unexplained 
chest pain. Radiology. 1996;199:353–357

56. Knott JC, Baldey AC, Grigg LE, Cameron PA, Lichtenstein M, 
Better N. Impact of acute chest pain Tc–99m sestamibi myocardial 
perfusion imaging on clinical management. J Nucl Cardiol. 2002; 
9:257–262

57. Stowers SA, Eisenstein EL, Th Wackers FJ, et al An economic 
analysis of an aggressive sestamibi myocardial perfusion imaging 
on clinical managementtesting in emergency department patients 
who present with chest pain but nondiagnostic electrocardiograms: 
results from a randomized trial. Ann Emerg Med. 2000;35:17–25

58. Bassand JP, Hamm CW, Ardissino D, et al Guidelines for the diag-
nosis and treatment of non-ST-segment elevation acute coronary 
syndromes. Eur Heart J. 2007;28:1598–1660

59. Erhardt L, Herlitz J, Bossaert L, et al Task force on the management 
of chest pain. Eur Heart J. 2002;23:1153–1176



J. L. Zamorano et al. (eds.), The ESC Textbook of Cardiovascular Imaging  
DOI: 10.1007/978-1-84882-421-8_13, © Springer-Verlag London Limited 2010 267 

Chapter 13

CardiaC CT  
and deTeCTion  

of Coronary  
arTery disease

Stephan Achenbach and Pim J. de Feyter

C o n t e n t s

Introduction 268

Coronary Ct Angiography: stenosis Detection 268

Imaging of Coronary Atherosclerotic Plaque 279

Limitations and outlook 283

References 283



268 Chapter 13 Cardiac CT and Detection of Coronary Artery Disease   

Introduction

Cardiac CT allows non-invasive imaging of the coronary 
arteries. Under certain circumstances, it can, therefore, play 
an important role for diagnosing coronary artery disease. 
Particularly in patients with a relatively low pre-test likeli-
hood of the disease, coronary CT angiography has been 
shown to allow for the detection of coronary stenoses with 
high sensitivity and is considered a useful technique to rule 
out coronary artery disease in selected clinical settings. 
Coronary artery imaging in patients with advanced disease 
or after coronary revascularization is more difficult and cur-
rently not considered a clinical indication for CT. In addition 
to detecting luminal stenosis, CT has the potential to visual-
ize and characterize non-stenotic coronary atherosclerotic 
plaque. Based on a large amount of prognostic data, coro-
nary calcium can be used for refined risk stratification con-
cerning future cardiovascular events. Imaging of non-calcified 
plaque is currently considered experimental, and should not 
be used for clinical decision-making. Future improvements 
in image quality are expected to expand the clinical role of 
cardiac CT in the assessment of coronary artery disease.

The high temporal and spatial resolution of cardiac CT 
allows non-invasive visualization of the coronary arteries in 
selected patients and, therefore, makes the method very 
interesting for the non-invasive workup of patients with sus-
pected coronary artery stenoses. However, spatial and tem-
poral resolutions of CT imaging, even with the latest scanner 
generations, are not similar to invasive coronary angiogra-
phy. Diagnostic accuracy is impaired when image quality is 
reduced, and image quality, in turn, is influenced by many 
factors such as the patient’s heart rate, body weight, ability 
to cooperate, and extent of coronary calcification. Therefore, 
the clinical utility of coronary CT angiography significantly 
depends on the specific clinical situation, and thorough con-
sideration of the advantages and disadvantages of CT angiog-
raphy is necessary when deliberating the use of CT imaging 
in the workup of patients with known or suspected coronary 
artery disease.

In addition to the visualization of coronary artery stenoses, 
CT also allows the detection of coronary atherosclerotic 
plaque. In non-enhanced scans, coronary calcification is 
readily detectable, and in contrast-enhanced coronary CT 
angiography data sets of high-quality, coronary atheroscle-
rotic plaques, including calcified and non-calcified compo-
nents, can be visualized. There is tremendous interest in 
using this information for risk stratification concerning the 
occurrence of future coronary artery disease events.

This chapter will outline the potential applications of CT 
imaging for coronary artery visualization, detection of coro-
nary artery stenoses, and risk stratification.

Coronary Ct Angiography: stenosis 
Detection

Imaging Protocols

For the assessment of symptomatic patients with chest pain, 
cardiac CT allows direct visualization of the coronary artery 
lumen (“coronary CT angiography”). As the small dimen-
sions and the rapid motion of the coronary vessels pose tre-
mendous challenges for non-invasive imaging, high-end CT 
equipment and adequate imaging protocols must be used. 
Currently, 64-slice CT is considered the “state of the art” for 
coronary artery imaging, and newer technology, such as Dual 
Source CT and scanners with 256 or 320 detectors, may pro-
vide further improved image quality.

Prerequisites for CT imaging of the coronary arteries 
include the ability to understand and follow breath-hold 
commands, because even slight respiratory motion during 
data acquisition will cause substantial artefact. Of further 
importance is a regular and, preferably, low heart rate (opti-
mally below 60/min, even though this is not as strictly 
required for Dual Source CT).1, 2 Patients usually receive pre-
medication with short-acting beta-blockers to lower heart 
rate, and nitrates are given to achieve coronary dilatation, 
which noticeably improves image quality. Iodine-based con-
trast agent is injected intravenously to achieve vascular 
enhancement during the scan. Typically, 50–100 mL of con-
trast agent is used. Data acquisition can follow various prin-
ciples (see details in Chap. 5). Retrospectively gated scans 
are acquired in spiral mode and usually provide for higher 
image quality, more flexibility to choose the cardiac phase 
during which images are reconstructed, as well as the ability 
to reconstruct “functional” data sets throughout the cardiac 
cycle to assess wall motion. Prospectively triggered scans 
are associated with substantially lower radiation exposure 
and, especially in patients with truly low heart rates, are often 
adequate to assess the coronary lumen. Less flexibility to 
reconstruct data at different time instants in the cardiac cycle 
as well as greater susceptibility to artefacts caused by 
arrhythmia sometimes impair image quality so that there is a 
trade-off for the advantage of lower dose. Currently, the pre-
ferred strategy for coronary CT angiography has not been 
defined; however, in young patients in whom radiation dose 
may be of major concern, prospectively triggered scans 
should be strongly considered (also see Chap. 1e).

Typical data sets for coronary artery visualization by CT 
consist of approximately 200–300 transaxial slices with a 
thickness of 0.5–0.75 mm (see Fig. 13.1). Data interpretation 
is usually based on interactive manipulation of these data sets 
using post-processing workstations. Useful post-processing 
tools include maximum intensity projections and multi-planar 
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Fig. 13.1 Visualization of the coronary arteries in contrast-enhanced 
coronary CT angiography (Dual Source CT). Spiral data acquisition 
with ECG-correlated tube current modulation and 100 kV tube cur-
rent was used to reduce radiation exposure (here: 4.7 mSv).  
(a) Transaxial slice at the level of the left main coronary artery. The left 
main divides into the left anterior descending coronary artery (large 
arrow) and left circumflex coronary artery (small arrow). In addition, a 
very small intermediate branch is present. The asterisk indicates a 
conus branch of the right coronary artery. (b) Transaxial slice at the 
level of the ostium of the right coronary artery (double arrows). In 
addition, cross sections of the left anterior descending coronary 
artery (at a bifurcation with a diagonal branch, large arrow) and of the 
left circumflex coronary artery (small arrow) can be seen. (c) Transaxial 
slice at a mid-ventricular level. Cross sections of the left anterior 
descending coronary artery (large arrow), obtuse marginal branch 
(small arrow, this branch is larger than the distal left circumflex), and 
right coronary artery (double arrows) can be seen. RA right atrium; RV 
right ventricle; LA left atrium; LV left ventricle. (d) Transaxial slice at 
the level of the distal right coronary artery (double arrows). The aster-
isk indicates a small right ventricular branch. (e) “Maximum intensity 

projection” in transaxial orientation, showing the left main and the 
proximal to mid-left anterior descending coronary artery. This image 
represents a 10 mm thick slice, and therefore visualized longer seg-
ments of the coronary arteries. (Large arrow: Left anterior descending 
coronary artery; small arrow: Left circumflex coronary artery, asterisk: 
conus branch) (f) “Maximum intensity projection” in transaxial orien-
tation, showing the distal right coronary artery (double arrows). The 
division of the right coronary artery into the posterior descending 
coronary artery and right postero-lateral branch is visible. The aster-
isk indicates a right ventricular branch. The arrowheads point at a ves-
sel that is situated below the diaphragm. Because of the projectional 
nature of “maximum intensity projections,” the exact position cannot 
be discerned in this image. (g) Oblique “maximum intensity projec-
tion,” which shows almost the entire course of the right coronary 
artery (double arrows) in a single image. The asterisk indicates the 
conus branch. (h) “Curved multi-planar reconstruction” of the right 
coronary artery (double arrows). These reconstructions allow visual-
ization of the entire vessel course in a single image. (i) 3D rendering 
of the heart and coronary arteries. While visually appealing, 3D recon-
structions are not helpful for the identification of stenoses

a b c
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reconstructions. 3D renderings allow fairly impressive visual-
ization of the heart and coronary arteries, but they are not 
accurate for stenosis detection and play no role in data inter-
pretation.3 It is of importance that the reading physician must 
interactively manipulate the data set and integrate all infor-
mation obtained by using the various post-processing tech-
niques. Mere assessment of single images prerendered by a 
technician or automated software is not adequate.

Accuracy

Clinical applications of coronary CT angiography will criti-
cally depend on its accuracy for detection of significant coro-
nary artery stenoses (see Figs. 13.2–13.4). Numerous recent 
studies have assessed the accuracy of coronary CT angiogra-
phy for stenosis detection in comparison with invasive, cathe-
ter-based coronary angiography. Using 40-slice CT,4–7 64-slice 
CT,8–17 or Dual Source CT,2, 18–23 the sensitivity for the detec-
tion of coronary artery stenoses has ranged from 86 to 100% 
and specificity has been reported between 91 and 98%. 
Accuracy values are not uniform across all patients. Several 
trials have demonstrated that high heart rates and extensive 
calcification negatively influence accuracy.24–27 Usually, 
degraded image will lead to false-positive rather than false-
negative findings,24 and specificity and positive predictive 
value will, therefore, be worst affected (see Fig. 13.5).

Most published trials on the accuracy of coronary CTA 
for stenosis detection were rather small and performed in 
single centres. To overcome the limitation of small study 
cohorts, several available meta-analyses analyzed the accu-
racy data for coronary CT angiography with various genera-
tions of CT technology.27–31 Table 13.1 lists the results of 
several meta-analyses that again rather uniformly show a 
high sensitivity, specificity, and negative predictive value, 
while the positive predictive value, as a consequence of the 
often low prevalence of disease, is often lower, especially on 
the per-segment level.

It has been criticized that most of the data on the accu-
racy of coronary CT angiography originate from single-
centre trials that were performed at experienced institutions. 
So far, only two multi-centre trials, both using 64-slice 
technology, have been published. One trial, which included 
230 patients studied at 16 different sites, reported a sensi-
tivity of 95% and specificity of 83% for the identification of 
patients with at least one coronary artery stenosis.26 The 
negative predictive value was high (99%), but positive pre-
dictive value was lower (64%). This is partly attributable to 
a low prevalence of disease in the patient cohort; only 25% 
of subjects had one or more stenoses of at least 50% lumi-
nal narrowing. Another multi-centre trial investigated a 

patient group with a substantially higher pre-test likelihood 
of the disease (prevalence of stenoses >50:56%) and a large 
fraction of patients with prior infarcts (20%) or previous 
coronary revascularization (10%).32 In this trial, accuracy 
was lower. Sensitivity was 85%, specificity was 90%, nega-
tive predictive value was 83%, and positive predictive value 
was 91%.

Another study provided further evidence that the accu-
racy of coronary CT angiography depends on the pre-test 
likelihood of the disease.33 In an analysis of 254 patients 
referred to invasive angiography and also studied by CT, it 
was demonstrated that coronary CT angiography performs 
best in patients with a low to intermediate clinical likelihood 
of coronary artery stenoses (negative predictive value: 100% 
in both groups), while accuracy was substantially lower in 
high-risk patients, most likely owing to the more challenging 
conditions for imaging (see Table 13.2).33

Over all, the good diagnostic performance of coronary 
CT angiography in patients who are not at high likelihood of 
having coronary artery stenoses, and especially the very high 
negative predictive value found for such patients indicate 
that coronary CTA may be a clinically useful tool in symp-
tomatic patients who have a lower or intermediate likelihood 
of coronary disease, but require further workup to rule out 
significant coronary stenoses. A negative coronary CT 
angiography scan, if of high quality, will obviate the need for 
further testing. Indeed, several recent observational trials 
clearly demonstrated that when coronary CT angiography 
was negative in symptomatic patients, they had a very 
favourable clinical outcome even without further additional 
testing.34–36 In one of these studies, 421 consecutive patients 
with chest pain and a positive SPECT myocardial perfusion 
scan indicating an intermediate degree of ischaemia were 
subjected to 64-slice coronary CT angiography. In 343 
patients, CT ruled out the need for invasive coronary angiog-
raphy and medical treatment was recommended. Over the 
course of the following 15 months, no infarct occurred, only 
six clinically driven coronary angiograms were performed, 
and only one revascularization occurred.34 Similarly, Min 
et al. identified 1,647 individuals in whom coronary CT 
angiography was performed without previously known coro-
nary artery disease.37 They showed that the rate of down-
stream catheterization was substantially lower if CT was 
performed than in patients in whom stress myocardial perfu-
sion imaging had been performed (1.7 vs. 9.6%), the rate of 
revascularization was 0.2 vs. 0.8%, but outcomes were not 
worse for CT angiography as the initial test, with a lower rate 
of hospitalization for CAD (0.7 vs. 1.1%) and a lower rate of 
angina (4.3 vs. 6.4%). Thus, emerging data are available that 
indicate that it is indeed safe to forego further testing in chest 
pain patients if coronary CT angiography demonstrates the 
absence of coronary artery stenoses.
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Fig. 13.2 Detection of a 
coronary artery stenosis in 
contrast-enhanced coronary CT 
angiography. (a) Cross-sectional 
images of the right coronary 
artery at three consecutive 
levels are shown (arrows). While 
the topmost image (left) shows 
a contrast-enhanced lumen, the 
next slice (middle) shows the 
vessel cross section, but it is not 
enhanced by contrast. A few 
mm further distal (right), the 
lumen is again contrast-
enhanced. (b) Maximum 
intensity projection in an 
oblique plane that shows a long 
segment of the right coronary 
artery. The stenosis is clearly 
visible (arrow). (c) Curved 
multi-planar reconstruction, 
which displays the right 
coronary artery along its 
centreline. Again, the short, 
concentric stenosis is clearly 
visible (arrow). (d) 3D recon-
struction, also showing the 
stenosis of the right coronary 
artery (arrow). (e) 
Corresponding invasive 
coronary angiogram (arrow = 
stenosis)

specific Clinical situations

Besides patients with stable chest pain, other clinical presen-
tations and situations are also often needed to rule out coro-
nary artery stenosis, even though the pre-test likelihood may 
not be high. Several studies have specifically addressed the 

accuracy of coronary CTA in such settings. For example, 
Andreini et al. studied 61 patients with heart failure of 
unknown aetiology and reported a sensitivity of 99% and 
specificity of 96% to identify patients with coronary artery 
stenoses using a 16-slice CT scanner.38 In a similar small 
study, Manghat et al. found 100% accuracy for the 
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identification of patients with coronary stenoses among 18 
patients presenting with cardiomyopathy.39 Gosthine et al. 
evaluated the accuracy of 64-slice coronary CT angiography 
in 66 patients with left bundle branch block and reported a 
sensitivity of 97%, specificity of 95%, as well as a negative 
predictive value of 97% for the detection of patients who had 
significant coronary artery stenoses.25

Two studies addressed the use of coronary CT angiogra-
phy to rule out coronary stenoses in patients who require 
non-coronary cardiac surgery. Notably, in a larger study, 
which comprised 105 consecutive patients with aortic valve 
stenosis who required surgery, 35 patients could not be 
scanned by CT because of atrial fibrillation, renal failure, or 
other reasons. In the remaining 70 patients, the authors found 
a sensitivity of 100% (18 of 18 stenoses detected) and speci-
ficity of 92% for the detection of coronary artery stenoses.40 
Thus, CT angiography is not an option for all of these 
patients, but if feasible, performs well (see Fig. 13.6). In the 
second trial of 50 patients requiring aortic valve replacement 
for severe regurgitation, 100% sensitivity and 95% specific-
ity for the identification of subjects who had significant coro-
nary stenoses was reported.41

Another situation in which the use of a non-invasive 
imaging technology to rapidly and reliably rule out coro-
nary stenoses could be of tremendous clinical value is the 
setting of acute chest pain. In particular, if the ECG is nor-
mal and myocardial enzymes are not elevated, the likeli-
hood of coronary disease is low, but the possibility of 
myocardial infarction requires a rapid and definite diagno-
sis. In initial trials, CT angiography has been shown to be 
both accurate and safe to stratify patients with acute chest 
pain and absence of ECG changes, as well as myocardial 
enzyme elevation13,  42–45 (see Fig. 13.7). One study demon-
strated a cost advantage of incorporating CT angiography in 
the workup of low-likelihood acute chest pain patients when 
compared with the standard of care.44

Imaging of Patients with Bypass Grafts  
and stents

Coronary CT angiography has substantial limitations in 
patients with previous coronary revascularization. In patients 

a b

c d

Fig. 13.3 Detection of a 
subtotal stenosis of the left 
anterior descending coronary 
artery. The vessel lumen is 
relatively small and there is 
some calcification. (a) 
Maximum intensity projection 
in a transaxial plane. The 
interruption of the contrast-
enhanced lumen of the left 
anterior descending coronary 
artery is clearly seen (arrow). 
There is some calcium in the 
lesion. (b) Curved multi-planar 
reconstruction. The vessel is 
relatively small. The arrow 
points at the high grade 
stenosis. (c) A cross section of 
the left ventricle shows 
thinning of the apical wall and 
a mural thrombus (arrows). 
Such morphologic information, 
along with detailed informa-
tion on left ventricular 
function, can easily be 
obtained from coronary CT 
angiography data sets.  
(d) Invasive angiogram, which 
shows the subtotal lesion of 
the mid left anterior descend-
ing coronary artery (arrow), 
with very poor flow into the 
distal vessel segments
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after bypass surgery, accuracy for the detection of bypass 
graft stenosis and occlusion is extremely high (see 
Fig. 13.8).46–51 However, assessing the native coronary arter-
ies can be extremely difficult because of their often small 
diameter and severe calcification (see Fig. 13.9). Consequently, 
accuracy for detecting and ruling out stenoses in non-grafted 
and run-off vessels is substantially lower.47,  49 A recent study 
performed by 64-slice CT found a sensitivity and specificity 

of only 86 and 76%, respectively, for the detection of stenoses 
in the native coronary arteries after patients with bypass 
surgery.49

Similarly, assessment of coronary artery stents is often 
unreliable (see Fig. 13.10). The dense metal of the stents can 
cause artefacts that impair the evaluability. The ability to 
assess stents concerning in-stent restenosis depends on many 
factors, which include stent type and diameter52 as well as 
the overall quality of the data set.53–57 Some recently pub-
lished studies suggest that the analysis of large stents (e.g. 
stents implanted in the left main coronary artery53) may be 
possible by CT (see Fig. 13.11). In some studies, sensitivities 
of up to 95% for the detection of in-stent restenosis have 
been reported.55–57 However, the overall number of included 
stents was small, and patients were heavily selected so that 
the results cannot be generalized. Also, the positive predic-
tive values were low (54–94%). A recent meta-analysis 
reported that 20% of stents were unevaluable by CT, and the 
sensitivity for stenosis detection was only 82% in evaluable 
stents.58 Imaging of patients with previously implanted stents 
should therefore not be routinely considered for coronary CT 
angiography.

Coronary CtA and Ischaemia

Coronary CTA, like invasive angiography, is a purely mor-
phologic imaging modality and cannot demonstrate the func-
tional relevance of stenoses (ischaemia). Particularly, in the 
case of lesions with borderline degree of stenosis, this may be 
a limitation. Not surprisingly, coronary CTA is a better pre-
dictor of angiographic findings than testing for ischaemia.59–61 
For example, an analysis of 114 patients with intermediate 
likelihood of coronary disease demonstrated that only 19 of 
33 patients in whom stenoses were demonstrated by coronary 
CTA had ischaemia in SPECT myocardial perfusion imag-
ing. On the other hand, 28 of the 33 patients had obstructive 
coronary lesions in invasive coronary angiography. However, 
all 25 patients who received invasive angiography, even 
though coronary CTA had ruled out the presence of obstruc-
tive stenoses, had, in fact, a “negative” coronary angiogram.59 
Similarly, a comparison of SPECT and CT in 38 patients 
revealed that ruling out coronary artery stenoses by CTA had 
a negative predictive value of 94%, but detecting stenoses by 
CT only had a positive predictive value of 32% to predict 
ischaemia in myocardial perfusion imaging.61

These results underscore that a “negative” coronary CTA 
result is a reliable predictor to rule out the presence of coronary 
artery stenoses and the need for revascularization, and that it 
may therefore be used as a “gatekeeper” to avoid invasive 
angiograms. On the other hand, coronary CTA – like invasive 
angiography – should not be performed in an unselected patient 

a

b

Fig. 13.4 Visualization of the left circumflex coronary artery in a 
patient with diffuse, severe disease. Data sets of patients with severe 
atherosclerosis can be substantially more difficult to interpret when 
compared with patients who have less burden of disease. (a) Curved 
multi-planar reconstruction of the left main and left circumflex coro-
nary artery (arrow), which shows multiple calcified plaques and sev-
eral high grade luminal stenoses. (b) Corresponding invasive coronary 
angiogram (arrows = left circumflex artery)
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a

c

bFig. 13.5 Severe calcifications 
can impair evaluability of 
coronary CT angiography data 
sets. Much more than causing 
false-negative findings, they 
tend to cause false-positive CT 
angiography results, such as in 
the case shown here. (a) Curved 
multi-planar reconstruction 
showing the left main and 
proximal left anterior descend-
ing coronary artery. A high-
grade stenosis seems to be 
present (arrow). Substantial 
calcifications can be seen.  
(b) In a maximum intensity 
projection (axial orientation), 
the true extent of calcification is 
appreciated. Again, there seems 
to be a high-grade luminal 
stenosis just before the origin of 
the diagonal branch (arrow).  
(c) Invasive angiography of the 
left anterior descending 
coronary artery shows severe 
atherosclerosis, but no 
high-grade stenosis (arrow)

population and not for “screening” purposes. A positive CT 
scan by itself does not strongly predict the need for 
revascularization.62

Coronary Ct Angiography for stenosis  
Detection: Guidelines and Recommendations

Obviously, the possibility to perform non-invasive coronary 
angiography with CT is immensely attractive, and there may 
be a tendency towards overuse, and potentially towards using 
this imaging method in patient groups who ultimately will not 
benefit from the test. There is the potential danger of creating 
a “new layer” of testing that may be added to the currently 
available tools, without replacing other testing procedures or, 
in the worst case, even leading to additional, unnecessary 
downstream testing. Also, the accuracy and clinical utility of 
coronary CT angiography do depend on the expertise of the 
investigator – at the current early stage of this technology, 
potentially more so than in the other, more established diag-
nostic imaging modalities that are used in cardiology. Finally, 

while there is rapidly accumulating evidence on accuracy, 
there are no data that link the use of CT angiography to 
improved outcomes. Consequently, official bodies and pro-
fessional organizations have been reluctant to issue guidelines 
that would support the use of CT imaging in the workup of 
coronary artery disease.

In a “Scientific Statement” on non-invasive coronary 
artery imaging issued by the American Heart Association,63 
the following comments are made regarding coronary CT 
angiography for the detection of coronary artery stenoses.

Neither coronary CT angiography nor coronary MR •	
angiography should be used to screen for coronary artery 
disease in patients who have no signs or symptoms sug-
gestive of coronary artery disease (Class III, level of evi-
dence C).
The potential benefit of non-invasive coronary angiogra-•	
phy is likely to be greatest and is reasonable for symptom-
atic patients who are at intermediate risk for coronary 
artery disease after initial risk stratification, including 
patients with equivocal stress-test results (Class II, level 
of evidence B). Diagnostic accuracy favours coronary CT 
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Studies/patients Sensitivity (%) Specificity (%) NPV (%) PPV (%)

Per-segment analysis

Vanhoenaker et al.27

16-slice CT 26 704 83 96 – –

64-slice CT 6 363 93 96 – –

Hamon et al.28

16-slice CT 16 1292 77 91 96 60

64-slice CT 12 695 88 96 98 79

Abdulla et al.29

64-slice CT 19 1251 86 96 97 83

Gopalakrishnan et al.30

16-slice CT 29 2214 84 94 97 72

40- to 64-slice CT 10 596 91 96 98 78

Mowatt31

64-slice CT 28 1286 90 97 99 76

Per-patient analysis

Vanhoenaker et al.27

16-slice CT 26 704 97 81 – –

64-slice CT 6 363 99 93 – –

Hamon et al.28

16-slice CT 16 1292 95 69 92 79

64-slice CT 12 695 97 90 96 93

Abdulla et al.29

64-slice CT 13 875 98  91 94 97

Gopalakrishnan et al.30

16-slice CT 29 2214 91 77 89 77

40- to 64-slice CT 10 596 96 91 96 93

Mowatt31

64-slice CT 28 1286 99 89 100 93

table 13.1. Results of meta-analyses that have evaluated the accuracy of coronary CT angiography for stenosis detection in comparison to 
invasive coronary angiography

Pre-test probability* N Sensitivity (%) Specificity (%) Positive predictive 
value (%)

Negative predictive 
value (%)

Predictive value

High 105 98 74 93 89

Intermediate 83 100 84 80 100

Low 66 100 93 75 100

table 13.2. Diagnostic performance of 64-slice CT depending on the clinical pre-test likelihood of coronary artery disease in 254 patients33

*Estimated with the Duke Clinical Risk Score
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angiography over MR angiography for these patients 
(Class I, level of evidence B).

A report by a Writing Group deployed by the Working 
Group Nuclear Cardiology and Cardiac CT of the European 

Society of Cardiology and the European Council of Nuclear 
Cardiology on “Cardiac computed tomography: indica-
tions, applications, limitations, and training require-
ments” states the following concerning coronary CT 
angiography.64

a

b

c

e

d
Fig. 13.6 Use of coronary CT 
angiography to rule out 
coronary artery stenoses in a 
patient with aortic valve 
stenosis. (a) Curved multi-planar 
reconstruction of the left main 
and left anterior descending 
coronary artery. Stenoses can 
be ruled out. Arrow = cross 
section of a pacemaker 
electrode, which causes some 
artefact. (b) Curved multi-planar 
reconstruction of the small left 
circumflex coronary artery. 
Again, stenoses can be ruled 
out. (c) Curved multi-planar 
reconstruction of the right 
coronary artery. Some small 
atherosclerotic plaques are 
present in the proximal 
segment, but significant luminal 
narrowing can be ruled out. (d) 
Visualization of the aortic valve 
in diastole. The tricuspid valve is 
calcified. Some artefacts are 
present, which are caused by 
the pacemaker lead (outside the 
field of view). (e) Visualization of 
the aortic valve in systole. 
Opening is impaired (orifice 
area: 0.8 cm2)
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Detection of Coronary Artery Stenoses

In summary, the clinical application of coronary CT angiog-•	
raphy to detect or rule out coronary artery stenoses seems 
most beneficial and, according to current data, can be recom-
mended in patients with intermediate risk of CAD in whom 

the clinical presentation – stable or with acute symptoms – 
mandates the evaluation of possible underlying CAD.
The use of coronary CT angiography should be restricted •	
to patients in whom diagnostic image quality can be 
expected (e.g. absence of arrhythmias), and scans need to 
be expertly performed and interpreted.

a

d

c

b

Fig. 13.7 Coronary CT angiography in a patient with acute chest 
pain. (a) Curved multi-planar reconstruction of the right coronary 
artery. Besides some calcification, a luminal stenosis of the proximal 
right coronary artery is visible (arrow). (b) Corresponding invasive 
coronary angiography (arrow = stenosis). (c) In CT angiography, the 
lesion of the right coronary artery shows some characteristics that 

are often observed in acute coronary syndromes. A typical finding is 
positive re-modelling as seen in this enlarged view (arrows). (d) 
Another typical finding – but not observed in all cases – is ring-like 
enhancement (around a central thrombus, large arrow). The small 
arrow points at the cross section of a side branch
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Coronary Stent Imaging

Although in single, carefully selected cases (e.g. large •	
diameter stents in a proximal vessel segment, low and 
stable heart rate, and absence of excessive image noise) 
coronary CT angiography may be a possibility to rule 

out in-stent restenosis, routine application of CT to 
assess patients with coronary stents is currently not 
recommended.

a

b

Fig. 13.8 CT visualization of bypass grafts. (a) 3D reconstruction in a 
patient with an internal mammary artery graft to the left anterior 
descending coronary artery (double arrows) and a vein graft from the 
aorta to a diagonal branch (large arrow). (b) Curved multi-planar 
reconstruction of the bypass graft to the diagonal branch which 
shows the body of the bypass graft (large arrow), the coronary anas-
tomosis (small arrow), and the distal lumen of the diagonal branch

a

b

Fig. 13.9 Native coronary arteries in patients after bypass surgery are 
often severely calcified, which makes their evaluation by CT angiogra-
phy difficult. (a) Curved mulitplanar reconstruction of a bypass graft 
to the left anterior descending coronary artery (large arrow). The 
bypass lumen is clearly visualized. However, there is substantial calci-
fication of the distal left anterior descending coronary artery. Along 
with the small vessel lumen, this can cause problems with interpreta-
tion (small arrow). (b) Invasive coronary angiogram of the same 
patient, showing the bypass graft to the left anterior descending cor-
onary artery and the distal vessel. No stenosis is present
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Visualization of the stent lumen is often affected by arte-•	
facts, and especially, the positive predictive value is low.

Coronary Artery Bypass Grafts

Although the clinical application of CT angiography may •	
be useful in very selected patients in whom only bypass 

graft assessment is necessary (e.g. failed visualization of 
a graft in invasive angiography), the inability to reliably 
visualize the native coronary arteries in patients post-
CABG poses severe restrictions to the general use of CT 
angiography in post-bypass patients.

A group of U.S.-based professional societies (both cardiol-
ogy and radiology) jointly issued a statement of 
Appropriateness Criteria for cardiac CT and MR imaging in 
the year 2006. The document lists several situations in which 
coronary CT angiography is considered to be of clinical 
value.65 Such situations include the use of CT coronary 
angiography to rule out coronary artery stenoses in patients 
who are symptomatic, but who have a non-interpretable or 
equivocal stress test, who are unable to exercise, or who 
have a non-interpretable ECG. Furthermore, the document 
considers the use of coronary CT angiography appropriate 
for patients with new onset heart failure, and for patients 
who present with acute chest pain and an intermediate pre-
test likelihood of coronary artery disease, but who have a 
normal ECG and absence of enzyme elevation (see Table 
13.3).65 Finally, the use of CT angiography is considered 
“appropriate” to evaluate patients with anomalous coronary 
arteries.65

Imaging of Coronary Atherosclerotic Plaque

Coronary Calcification

Using cardiac CT, calcium deposits in the coronary arteries 
can be detected and quantified in low-radiation, non-enhanced 
image acquisition protocols (see Fig. 13.12). Tissue within 
the vessel wall with a CT number of 130 HU or more is 
defined as “calcified.” The so-called Agatston Score, which 
takes into account the area and the CT density of calcified 
lesions, is most frequently used to quantify the amount of 
coronary calcium in CT, and large population reference data-
bases are available.66

Coronary calcifications, with the possible exception of 
patients with renal failure,67 are always due to coronary ath-
erosclerotic plaque. In fact, the amount of calcium roughly 
correlates with the overall plaque volume.68 On the other 
hand, not every atherosclerotic coronary plaque is calcified, 
and calcification is neither a sign of stability nor of instabil-
ity of an individual plaque.69

In several trials, the absence of coronary calcium has proven 
highly predictive to rule out the presence of significant coro-
nary artery stenoses.70, 71 Clinical experience, however, teaches 
that especially younger patients with more recent onset of 
symptoms may have significant coronary artery stenoses in the 
complete absence of calcification. Therefore, the lack of cal-
cium in clinical practice does not reliably eliminate the 

a

b

Fig. 13.10 Imaging of coronary artery stents by CT angiography. (a) 
Visualization of a stent implanted in the proximal left anterior 
descending coronary artery. No artefacts are present and the in-stent 
lumen can be assessed very clearly (arrows). (b) In this case, motion 
artefacts are present, which make it impossible to assess the lumen 
of two stents implanted in the proximal right coronary artery
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a

b

c

Fig. 13.11 Visualization of focal in-stent stenosis. (a) Transaxial 
image showing a stent in the right coronary artery (arrow). (b) For the 
assessment of stents, if image quality is sufficient, longitudinal recon-

structions of the stent lumen are best suited. Here, a curved multi-
planar reconstruction shows two focal in-stent stenoses (arrow).  
(c) Corresponding invasive coronary angiogram

possibility of coronary artery stenoses. On the other hand, it is 
also very important to note that even substantial amounts of 
coronary calcium are not necessarily associated with the pres-
ence of haemodynamically relevant luminal narrowing. Even 
very high calcium scores can be found in the absence of coro-
nary stenoses. Therefore, the detection of coronary calcium, 
even in large amounts, should not prompt invasive coronary 
angiography in otherwise asymptomatic individuals.

Numerous prospective trials have demonstrated that the 
presence of coronary calcium in asymptomatic individuals is 
a prognostic parameter with strong predictive power for 
future hard cardiac events.72–83 While the predictive power of 
coronary calcium is undisputed, the effect of performing 
“calcium screening” on downstream coronary artery disease 
events has not been prospectively investigated. It is expert 
consensus that calcium assessment to risk stratification will 
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most likely be clinically useful in individuals who seem to be 
at intermediate risk for coronary events (1.0–2.0% annual 
risk) based on traditional risk factor analysis.70, 71 Unselected 
“screening” or patient self-referral is uniformly not recom-
mended, and clinical utility of calcium scoring in individuals 
with very low (<1.0% annual risk) or very high risk (>2.0% 
annual risk) has not been clarified.

Follow-up studies have shown that the degree of progres-
sion of coronary calcium is approximately 20–40% per year. 
Only preliminary studies are available that have linked the 
progression of coronary calcium to cardiac event rates.84 
Results concerning the influence of lipid-lowering therapy 
on the progression of coronary calcium have not been homo-
geneous.85–89 In addition, the variability of coronary calcifi-
cation measurements is high. Therefore, there is broad 
consensus that repeated coronary calcium score measure-
ments for the purpose of assessing calcium progression are 
not useful and cannot be recommended.70, 71

Plaque in Coronary Ct Angiography

In data sets that are free of artefact and provide high image 
quality, coronary CT angiography allows to visualize non-
stenotic, non-calcified coronary atherosclerotic plaque (see 
Figs. 13.13 and 13.14). Obviously, the detection and charac-
terization not only of calcified, but also of non-calcified plaque 
components is perceived as an extremely promising tool for 
improved risk stratification. However, the ability of CT to pro-
vide such information is limited. In comparison with IVUS, 
the accuracy for detecting non-calcified plaque has been found 
to be approximately 80–90%.90–92 To a certain extent, coronary 

CT angiography allows plaque characterization: On an aver-
age, CT attenuation within “fibrous” plaques is higher than 
within “lipid-rich” plaques (mean attenuation values of 91–116 
HU vs. 47–71 HU).93–96 However, the variability of density 
measurements within plaque types is large,96 and density mea-
surements within plaque are heavily influenced by contrast 
attenuation in the adjacent lumen.97 Therefore, accurate clas-
sification of plaque composition by coronary CTA is not 

Detection of CAD with prior test results - evaluation of chest pain 
syndrome

Uninterpretable or equivocal stress test result (exercise, perfusion, 
or stress echo)

Detection of CAD: symptomatic - evaluation of chest pain syn-
drome

Intermediate pre-test probability of CAD, ECG uninterpretable or 
unable to exercise

Detection of CAD: symptomatic - acute chest pain

Intermediate pre-test probability of CAD, no ECG changes, and 
serial enzymes negative

Evaluation of coronary arteries in patients with new onset heart 
failure to assess aetiology

Detection of CAD: symptomatic

Evaluation of suspected coronary anomalies

table 13.3. “Appropriate” indications for CT coronary angiography 
according to an Expert Consensus Document [65] a

b

Fig. 13.12 Detection of coronary calcification by CT. (a) CT scans to 
detect coronary calcification are performed without contrast 
enhancement and with lower spatial resolution when compared with 
coronary CT angiography. Here, a calcification of the proximal left 
anterior descending coronary artery is visible (arrow). (b) Calcification 
of the right coronary artery (same patient as in (a))
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currently possible. On the other hand, some parameters that 
are more readily available from CT might contribute to the 
detection of “vulnerable” plaques. They include plaque vol-
ume and the degree of re-modelling (see Fig. 13.15).98–100

The clinical utility of these observations is uncertain. 
Very few prospective studies have analyzed the predictive 
power of plaque seen in coronary CT angiography. In a 

single-centre cohort study of 1.127 symptomatic patients 
with chest pain who were studied by coronary CT angiogra-
phy and followed for 15 months, the authors demonstrated 
that the presence of any stenosis of ³70% diameter reduc-
tion, the presence of stenoses in the left main coronary 
artery, as well as the presence of plaque, whether obstructive 
or non-obstructive, in five or more coronary artery segments 

a

b

Fig. 13.13 Detection of non-calcified plaque by contrast-enhanced 
CT angiography. (a) In this curved multi-planar reconstruction of the 
left main and left anterior descending coronary artery, several small 
coronary calcifications can be detected (small arrows) and, in addition, 
a larger non-calcified plaque is present. These atherosclerotic lesions 
do not cause a significant coronary artery stenosis. (b) Corresponding 
invasive coronary angiogram

a

b

Fig. 13.14 Visualization of partly calcified plaque by coronary CT 
angiography. (a) A transaxial image shows a partly calcified, partly 
non-calcified plaque at the distal left main and very proximal left 
anterior descending coronary artery. (b) Cross-sectional view of the 
same lesion. Contrast-enhanced lumen and an eccentric plaque with 
non-calcified and calcified components (arrow) can be appreciated
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was significantly predictive of all-cause mortality.101 
Importantly, very small amounts of plaque were not predic-
tive of mortality in this study (which had a relatively short 
follow-up period). Because of the lower overall event rates, 
predicting acute coronary syndromes in asymptomatic indi-
viduals is more difficult. In fact, a trial of 1,000 middle-aged 
asymptomatic Korean individuals (among whom 22% had 
detectable plaque in CT) was not able to identify any prog-
nostic value of coronary CT angiography during a 17-month 
follow-up period.102

Because of the difficulty in reliably detecting non-calcified 
plaque, because of the high prevalence of plaques and low 
consecutive event rates, and because of the lack of ultimate 
proof that non-calcified plaque allows for risk stratification 
concerning future cardiovascular events in asymptomatic 
individuals, let alone better risk stratification than coronary 
calcium measurement, it is currently not recommended to per-
form coronary CT angiography in asymptomatic individuals.

Limitations and outlook

In spite of the impressive image quality, which continues to 
improve, coronary CT angiography will not be a general 
replacement for invasive, catheter-based diagnostic coronary 
angiography in the foreseeable future. Spatial resolution and 
temporal resolution are substantially lower than those obtained 

by invasive angiography. In addition, arrhythmias – most 
prominently atrial fibrillation – high heart rates, and inability 
to perform a sufficiently long breath-hold may preclude CT 
angiography in a significant number of patients who require a 
workup for coronary artery disease. Similarly, in patients with 
diffuse, severe disease, with substantial coronary calcification 
or with small coronary arteries (as often encountered, for 
example, in patients with diabetes), the spatial resolution of 
CT may not be high enough to allow reliable interpretation of 
the coronary system. For challenging cases like these, inva-
sive angiography will remain the best diagnostic option.

However, in many other situations, coronary CT angiog-
raphy, if expertly performed, constitutes a reasonable tool to 
rule out coronary artery stenoses and avoid further testing. 
Care needs to be taken to identify these situations and to 
avoid the use of coronary CT angiography when it is not 
likely to lead to changes in patient management or to replace 
other testing procedures. Accumulating evidence will help to 
better understand the clinical settings in which CT angiogra-
phy is most useful. In addition, CT technology continues to 
evolve at an impressive pace, and improvements in image 
quality are likely to translate into broader applications of 
coronary CT angiography in the future.
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Introduction

Dobutamine-cardiovascular magnetic resonance (dobutamine-
CMR) and perfusion-CMR are readily available to assess 
patients with suspected coronary artery disease or to deter-
mine the haemodynamic relevance of patients with intermedi-
ate coronary artery stenoses. Both tests have good diagnostic 
accuracy (with dobutamine-CMR being more specific and 
perfusion-CMR being more sensitive) and provide prognosti-
cally relevant information. Patients with normal MR stress 
studies show an excellent prognosis (0.7% event rate per year 
for the first 2 years) and in most patients with negative studies, 
no further examinations need to be performed. In combination 
with scar imaging and the assessment of LV and RV function 
and mass, a rapid and complete work-up of a large group of 
patients can be offered.

CMR imaging has moved from niche applications to the 
centre of cardiovascular decision-making, especially for 
complex patients, and standardized procedures are available. 
The evidence on a large variety of indications, including the 
diagnosis and assessment of ischaemic heart disease, has 
accumulated rapidly over the last years. This chapter will 
focus on the diagnosis of ischaemia. CMR imaging offers 
several options for understanding patients with known or 
suspected coronary artery disease (CAD); it has been shown 
to yield prognostic value, and it may also be used to visualize 
and characterize coronary plaque in the future.

Detection of Ischaemia and Coronary Artery 
stenoses

With CMR, three different options are available to assess 
patients for the presence of significant coronary artery lesions. 
The first option is the direct assessment of ischaemia, i.e. the 
assessment of dobutamine-induced wall motion abnormali-
ties during dobutamine-CMR. The second option relies on the 
assessment of myocardial perfusion during vasodilator-
induced hyperaemia by perfusion-CMR, and the third option 
is based on the visualization of the coronary arteries—mag-
netic resonance coronary angiography (MRCA).

The first two options provide physiological information on 
the haemodynamic consequences of stenoses, whereas the last 
option provides identical information to the interventionalists 
as they are used to invasive angiography (location and degree 
of coronary artery stenosis). The main indications for the use 
of MR in suspected CAD are patients with intermediate pre-
test likelihood of CAD who are unable to exercise and who 
have interpretable ECGs, and patients with intermediate 

stenoses by luminography (CT or catheterization).1 In these 
patients, dobutamine-CMR or perfusion-CMR are recom-
mended and regarded as interchangeable, even though specific 
differences may exist (discussed below). The direct visualiza-
tion of the coronary arteries with MRI is only recommended 
for coronary artery anomalies1 (e.g. abnormal proximal course), 
is more a domain of CT, and will not be discussed in this chap-
ter. Even though ischaemia imaging might be less intuitive 
than stenosis visualization, the assessment of haemodynamics 
rather than stenosis degree has several advantages. Most 
importantly, the severity of a luminal narrowing is only weakly 
related to the amount of blood flow reduction. Also, the evi-
dence is excellent demonstrating the strong predictive value of 
ischaemia for future cardiac events.2 Accordingly, confirmed 
ischaemia is a Class 1A indication for revascularization.3 
Nevertheless, such testing appears strongly underused, as only 
45% of patients had ischaemia detection before interventions 
in the United States.4 The COURAGE trial results are in good 
accordance with this finding, and further underline the need for 
adequate ischaemia testing to optimize outcome.5

Both DSMR and myocardial perfusion imaging are based 
on the fundamental concept that a decrease in myocardial 
perfusion represents the first of several events in the progres-
sion of myocardial ischaemia, which is known as the ischae-
mic cascade. Wall motion abnormalities follow perfusion 
defects a little later in the ischaemic cascade, but occur much 
earlier than ECG changes in anginal pain. However, wall 
motion abnormalities only occur with the induction of myo-
cardial ischaemia, whereas perfusion defects show a maldis-
tribution of blood flow. Consequently, wall motion 
abnormalities are less sensitive, but more specific for the 
detection of coronary artery stenoses.6 A major advantage for 
wall motion imaging with CMR is that it is technically much 
less challenging than perfusion-CMR. In addition, it may be 
superior in more complex patients, such as post bypass sur-
gery, after myocardial infarction, and those with reduced 
coronary flow reserve owing to micro-vascular disease.

Dobutamine-CMR

State-of-the-art scanners allow for rapid switching of the 
magnetic field resulting in very short measurement times. 
This allows us to perform high-resolution cine imaging of 
the heart at rest and under stress conditions up to heart rates 
of 200 beats per minute. Today’s standard sequences (steady 
state free precession, SSFP) provide an excellent visualiza-
tion of the endocardial border owing to a high contrast 
between blood and myocardium without the need for con-
trast medium (CM) injection. Image quality is independent 
of limiting acquisition windows.



  Dobutamine-CMR 289

stress Agents

The limited space within the scanner necessitates the appli-
cation of pharmacological stress agents (usually dobutamine) 
for the detection of inducible wall motion abnormalities. 
Pharmacological stress is a well-documented alternative 
stress method to ergometry, and is superior in patients who 
are not able to exert themselves adequately. Even though 
vasodilator (adenosine/dipyridamole) stress has been sug-
gested for the induction of ischaemic wall motion abnormal-
ities and is considered interchangeable with dobutamine 
stress, a significantly lower diagnostic accuracy for the detec-
tion of epicardial coronary stenoses, both with CMR and 
echocardiography, has been reported for vasodilator vs. dob-
utamine stress.6

Dobutamine-CMR Protocol

The pharmacological stress protocol for CMR follows the 
standard high-dose dobutamine/atropine regimen as used in 
stress echocardiography (Fig. 14.1). The myocardium is 
divided into 17 segments. At rest, each of these segments is 
visualized in two standard views (apical, mid, and basal 
short-axis view; 4-chamber, 2-chamber, and 3-chamber 
view). Dobutamine is infused intravenously at 3-minute 
intervals at doses of 10, 20, 30, and 40 µg/kg/min, and imag-
ing is repeated in all views at each stress level. If target heart 
rate (age-predicted submaximal heart rate ([220 − age] × 
0.85) is not reached at the maximal dobutamine dose, a 

maximal dose of 2 mg atropine is applied in 0.25 mg frac-
tions. Termination criteria are identical to those of dobu-
tamine stress echocardiography.7

safety of Dobutamine-CMR

A report on the safety of high-dose dobutamine-CMR in 
1,000 consecutive patients showed a safety profile similar to 
dobutamine stress echocardiography: one patient suffered 
sustained ventricular tachycardia with successful conver-
sion, and no cases of death or myocardial infarction occurred. 
The patients included in this study reflect the clinical prac-
tice with an intermediate pre-test likelihood and >50% posi-
tive findings.8

Imaging technique

MR cine imaging is usually performed with the patient in the 
supine position (Fig. 14.2). Surface coils with several ele-
ments (usually four to eight) are placed on the thorax for 
signal detection. SSFP sequences in combination with paral-
lel image acquisition and retrospective ECG gating are rou-
tinely used. During an expiratory breath-hold of 4–6 s, a cine 
loop of >25 phases/cardiac cycle can be acquired up to heart 
rates of 200 beats per minute. The in-plane spatial resolution 
of MR cine scans is usually between 1.5–2 mm × 1.5–2 mm 
with a slice thickness of 8 mm.

Fig. 14.1 Time sequence of high-dose dobutamine-atropine stress cardiovascular magnetic resonance. Reproduced from Wahl et al.8
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0 10 20 30 40 50 Time (min)

Surveys and
Resting Scans 10

20

30

40 ± Atropine

Dobutamine i.v. infusion
(µg.kg-1 .min-1)

Recovery
(Patient out of scanner)

Image Interpretation

Fig. 14.2 Left panel. Overview 
of the 1.5 T clinical whole body 
MR tomograph (ACS NT, Philips, 
Best, The Netherlands) used for 
the study. The inset shows 
vector-ECG and respiratory 
monitoring, which is displayed 
both at the scanner (arrow) and 
on the operator’s console. Right 
panel. Infusion pumps and 
blood-pressure monitoring 
system. Reproduced from Wahl 
et al.8
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Fig. 14.3 (a) Cine images of the DSMR examination (apical short axis 
and 4-chamber view) in a patient with single-vessel disease of the 
LAD. The four readers showed perfect agreement regarding newly 
developed wall motion abnormalities in the anterior and antero- 
septal segment and the apex (segment 17). (b) Cine images of the 
DSMR examination (apical short axis and 4-chamber view) in a patient 

with triple-vessel disease (significant stenoses of the first diagonal 
branch, proximal left circumflex, and distal RCA). The four readers 
detected newly developed wall motion abnormalities in the lateral 
wall (apical and equatorial segments). The development of a mitral 
regurgitation jet owing to ischaemic papillary muscle dysfunction is 
depicted as well. Reproduced from Paetsch et al.12

Image Display

During the pharmacological stress procedure, the examiner 
evaluates the MR cine images for the presence of new or 
worsening wall motion abnormalities. Cine images are dis-
played within 1 s after data acquisition and can be simultane-
ously transferred to an independent viewing station.

Diagnostic Criteria

Standard assessment of wall motion and wall motion 
abnormalities is performed visually for all 17 segments 
using a synchronized display of different dobutamine dose 
levels simultaneously (Figs. 14.3 and 14.4). First, the 
image quality is graded as good, acceptable or bad, and the 
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number of diagnostic segments is reported. Segmental wall 
motion is classified as normokinetic, hypokinetic, akinetic, 
or dyskinetic and assigned 1–4 points. The sum of the 
points is divided by the number of analyzed segments and 
yields a wall motion score. Normal contraction results in a 
wall motion score of 1, a higher score is indicative of wall 
motion abnormalities. During dobutamine stress with 
increasing doses, a decrease or no change in wall motion or 
systolic wall thickening are regarded as pathological 
findings.

Diagnostic Performance (Table 14.1)

In single-centre trials, dobutamine-CMR has been shown to 
be superior to dobutamine stress echocardiography for the 

detection of inducible wall motion abnormalities in patients 
with suspected CAD,9 in patients with wall motion abnor-
malities at rest,10 and in patients not well suited for second 
harmonic echocardiography.11 The superiority of dobu-
tamine-CMR has been attributed primarily to the consis-
tently high endocardial border visualization inherent to the 
MR cine sequences, which is independent of limited acquisi-
tion windows, thereby allowing for the detection of subtle 
wall motion abnormalities. Thus, the gain in diagnostic 
accuracy is particularly high in those patients with inade-
quate acoustic windows or limited echocardiographic image 
quality despite the use of second harmonic imaging. The 
consistently high endocardial border visualization also leads 
to a high inter-observer reproducibility, as recently shown in 
a multi-centre read.12 In a recent review, a meta-analysis of 
dobutamine-CMR for identifying coronary atherosclerosis 
resulted in a sensitivity of 87% with a specificity of 83%.13

Fig. 14.4 4-chamber and mid-ventricular short-axis views at rest, 
and at intermediate- and peak-dose dobutamine stress (steady state 
free precession technique). Both end-diastolic (ED) and end-systolic 
(ES) frames are shown. Note the development of mid-lateral akinesia 

(arrows) at peak dobutamine stress. In this patient, invasive coronary 
angiography demonstrated a left circumflex coronary artery stenosis. 
Reproduced from Wahl et al.8
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Functional Assessment of Viable Myocardium

In addition to the assessment of ischaemia, dobutamine-CMR 
offers the possibility of detecting viable myocardium after 
myocardial infarction. This information can be extracted 
from every dobutamine stress test and is based on the con-
tractile response to low-dose dobutamine stimulation. Low-
dose dobutamine stimulates recruitment of hibernating 
myocardium at a dose of 10–20 µg/kg/min. Thus, in areas 
with viable myocardium, typically a “biphasic response” can 
be observed with a wall motion abnormality at rest, improve-
ment at low dose, and deterioration at high-dose dobutamine. 
When low-dose dobutamine stimulation was compared with 
scar imaging, it was found that low-dose dobutamine is supe-
rior to scar imaging in predicting recovery of function after 

revascularization.14 This observation was most pronounced in 
segments with non-trans-mural scaring. As an explanation, it 
was suggested that even though scar imaging depicts the area 
of myocardial fibrosis, it does not assess the functional state 
of the surrounding (potentially viable) myocardium, and thus, 
its capability for the prediction of functional recovery of non-
trans-murally scarred myocardium is limited. For a detailed 
discussion of viability imaging, readers can refer to.15

Prognostic Value of Dobutamine-CMR

Several single-centre studies have been presented on the prog-
nostic value of dobutamine-CMR. Hundley et al.16 found that 

Author Year Journal # Characteristics Sens Spec Comment

Dobutamine stress

Pennell et al.51 1992 AJC 25 Suspected CAD 91 100 Non-breath-hold

van Rugge et al.52 1993 JACC 45 Suspected CAD 81 100 Non-breath-hold

Baer et al.53 1994 Radiology 35 Known CAD 84 – Non-breath-hold

van Rugge et al.54 1994 Circulation 39 Suspected CAD 91 83 Non-breath-hold

Hundley et al.11 1999 Circulation 41 Suspected CAD 83 83 Poor acoustic windows 
on TTE

Nagel et al.9 1999 Circulation 172 Suspected CAD 86 86 Superior to dobutamine 
stress echo

Schalla et al.55 2002 Radiology 220 Suspected CAD 81 83 Real time imaging  
technique

Paetsch et al.6 2004 Circulation 79 Suspected or known CAD 89 81 Superior to perfusion 
imaging

Wahl10 2004 Radiology 160 Wall motion abnormalities 89 84 Patients with WMA  
at rest

Jahnke et al.56 2006 Radiology 40 Suspected or known CAD 89 75 4D single breath-hold 
technique

Paetsch et al.12 2006 EHJ 150 Suspected CAD 78 88 Multi-centre read

Vasodilator stress (adenosine or dipyridamole)

Pennell et al.57 1990 British Heart 
Journal

40 Suspected CAD 62 100 Non-breath-hold

Baer et al.58 1992 AJC 23 Known CAD 78 – Non-breath-hold

Zhao et al.59 1997 Magn Res 
Imaging

16 Known CAD 80* 75* *Analysis by coronary 
territory

Paetsch et al.6 2004 Circulation 79 Suspected or known CAD 40 96 Inferior to dobutamine 
stress

Treadmill exercise stress

Rerkpattanapipat et al.60 2003 AJC 27 Suspected CAD 79 85 Treadmill exercise stress

table 14.1. Diagnostic accuracy of stress wall motion studies
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the presence of inducible wall motion abnormalities during 
dobutamine-CMR identifies patients at risk of myocardial 
infarction and cardiac death, independent of the presence of 
traditional risk factors for CAD. A low cardiac event rate was 
demonstrated in case of a negative dobutamine-CMR testing 
(2% over 2 years for patients with LVEF >40% and 0% over 2 
years for patients with LVEF ³60%). Recently, Jahnke et al.17 
reported a follow-up of 513 patients with known or suspected 
CAD for a median duration of 2.3 years. A normal dobutamine-
CMR resulted in a cumulative event rate (death or myocardial 
infarction) of 1.2, 2.6, and 3.3% in the first 3 years, whereas 
patients with an abnormal dobutamine-CMR had a significantly 
higher event rate (7.3, 10.3, and 18.8% in the first 3 years).

Limitations

Dobutamine-CMR has several limitations, most of which are 
similar to dobutamine stress echocardiography.

1. Since the test is stopped, whenever a diagnostic wall 
motion abnormality occurs, the haemodynamically lead-
ing stenosis is detected. Potentially, other stenoses that 
cause significant ischaemia, but to a lesser extent, might 
be overlooked.

2. No quantification is performed and previous attempts to 
quantify regional wall motion have not been successful. 
One might draw conclusions on the severity of a stenosis 
from the stress level at which the wall motion abnormal-
ity occurs, however, since the haemodynamic response to 
the same dose of dobutamine is very different between 
different patients and even between two examinations of 
the same patient, this only provides a rough estimate.

3. Up to now, no multi-centre studies on dobutamine-CMR 
have been performed. This might be less important for 
dobutamine-CMR than for other techniques, e.g. perfu-
sion-CMR, as the data acquisition is highly standardized 
and robust, and the variability of data interpretation has 
been assessed in a multi-centre read with good inter-
observer variability. However, a multi-centre trial would 
enhance the evidence for this technique.

Conclusions

Dobutamine-CMR can be regarded the imaging method of 
choice in patients with moderate or worse echocardio-
graphic image quality. It provides prognostically relevant 
information and can be used for pre-operative assessment of 
patients scheduled for non-cardiac surgery. In addition, 
functional assessment of viable myocardium with low-dose 

dobutamine-CMR is superior to myocardial scar imaging if 
scar trans-murality is <75%. This information is readily at 
hand in all patients with resting wall motion abnormalities 
referred for ischaemia testing with dobutamine-CMR.

CMR and Detection of Coronary Artery 
Disease: Perfusion-CMR

While dobutamine-CMR directly visualizes the functional 
consequences of ischaemia, i.e. impaired systolic thickening, 
perfusion-CMR utilizes a CM injection to probe myocardial 
perfusion. Consequently, for dobutamine-CMR, a direct pro-
portional relation exists between ischaemia and function, i.e. 
a reduced function is directly indicative for the presence of 
ischaemia, and its measurement is only minimally dependent 
on the MR-acquisition technique. This is different for perfu-
sion-CMR. Here, the relationship between perfusion and sig-
nal response in the myocardium is not linear; it might even be 
inverse and it depend on a variety of factors involving the 
type of the MR pulse sequence, the type and dose of CM, and 
other factors. Therefore, validation studies in the field of per-
fusion-CMR are of paramount importance. For example, one 
should keep in mind that a T1-weighted MR perfusion pulse 
sequence combined with a rather low dose of a Gd-based CM 
will induce a signal increase during first-pass conditions, 
while in the same heart, a T2-weighted perfusion sequence 
combined with a higher dose of the same Gd-based CM will 
induce a signal drop during first-pass conditions.18 Many of 
these issues have been addressed in past studies, and the fol-
lowing discussion will only focus on the T1-weighted approach 
in combination with Gd-based CM.

This chapter will not explicitly address other perfusion 
techniques like BOLD (blood–oxygen level dependent imag-
ing)19 or arterial spin labelling, which aim at perfusion mea-
surements with endogenous CM. These techniques typically 
provide a rather flat relationship between myocardial signal 
and perfusion, and therefore appear limited at least with cur-
rent approaches.

The “classical” T1-weighted first-pass perfusion approach 
utilizing Gd-based conventional CM has now been vali-
dated in a large number of single-centre6,  20–25,  48 and multi-
centre studies4, 26–28 against quantitative coronary angiography 
for its diagnostic performance in detecting coronary 
stenoses. The large multi-centre trials under the guidance of 
regulatory authorities26–28 yielded evidence for a reliable and 
robust test for ischaemia detection and based on these stud-
ies, some Gd-chelates are officially approved for CMR use 
in many European countries. In centres with adequate exper-
tise in perfusion-CMR, this technique is now an integral 
part of the work-up of patients with known or suspected 
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CAD. In patients with impaired LV function and suspicion 
of the presence of hibernating myocardium, the perfusion-
CMR study is typically combined with a viability assess-
ment. This viability assessment can be achieved by either 
low-dose dobutamine-CMR or the late gadolinium enhance-
ment (LGE) CMR technique, with the first one demonstrat-
ing the functional reserve of hibernating myocardium upon 
inotropic stimulation and the second one directly differenti-
ating scar tissue from viable myocardium, based on differ-
ent CM distribution characteristics in the tissue.29–31

Perfusion-CMR: How It Is Used in the  
Detection/Monitoring of CAD

Principle of Perfusion-CMR and CMR Protocols

The perfusion-CMR approach in principle monitors the sig-
nal evolution in the myocardium during the first-pass of an 
MR-CM. To achieve this, a conventional Gd-based CM is 
injected into a brachial vein (injection rate about 5 mL/s) 
and simultaneously, the MR acquisition is started to acquire 
the perfusion data. At that point in time, the patient is 
instructed to hold his breath to eliminate motion artefacts in 
the data. To detect relevant hypo-perfusion, CM first-pass is 

assessed during hyperaemia (induced, e.g. by a standard 
dose of adenosine of 0.14 mg/kg/min over 3 min). A typical 
example is given in Fig. 14.5. As the first-pass situation dur-
ing hyperaemic condition is as short as a few seconds, perfu-
sion data acquisition is one of the most demanding tasks 
even for high-end state-of-the-art MR scanners. To obtain 
meaningful first-pass information, the LV myocardium must 
be covered with several short-axis slices every one to two 
heart beats, its spatial resolution must be adequate to differ-
entiate trans-mural perfusion differences in the LV wall, and 
its sensitivity to the CM must yield a several-fold increase in 
signal vs. baseline during first-pass.20 Accordingly, a huge 
variety of technical approaches was proposed for this goal.32 
Currently, the most precise and reliable results are obtained 
with a 90°-magnetization preparation applied for each slice, 
and read-out typically involves a type of hybrid-echoplanar 
pulse sequence. To further improve spatial and/or temporal 
resolution, this technique can be combined with parallel 
imaging strategies, and most recently, with temporo-spatial 
acceleration strategies25, 33 allowing to acquire perfusion 
information in the 1-mm range.25 It should be kept in mind 
that the nominal spatial resolution of the MR pulse sequence 
is preserved because motion of the heart is eliminated dur-
ing acquisition by ECG-triggering (eliminates cardiac con-
traction) and by breath-holding (eliminates respiratory 
motion).

Fig. 14.5 In this patient with a stenosis in the right coronary artery 
(arrow in g), the transit of CM through the left ventricular myocar-
dium during hyperaemia (time resolution, four slices every 1.2 s) 
demonstrates delayed wash-in in the subendocardium of sectors 4 
through 6 (arrowheads in d-f). In the corresponding pixelwise para-
metric slope map (i), the perfusion deficit is demonstrated in blue 
(colour-coding as in Fig. 14.1G). In (k), a polar map represents perfu-
sion in the subendocardium (with the apex located in the centre of 
the map and the anterior, lateral, inferior, and septal wall represented 

by sectors 1, 3, 5, and 6–8, respectively). The sub-endocardial perfu-
sion deficit in the territory of the right coronary artery extends from 
base to apex, whereas the perfusion deficit in the anterior and septal 
wall (sectors 1, 7, and 8) extends from the mid-ventricular level to the 
apex (slices 3 and 4), in concordance with the stenosis in the mid-
portion of the left anterior descending coronary artery (arrow in h). 
Reproduced from Schwitter et al.48 with kind permission from the 
American Heart Association
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While induction of hyperaemia by adenosine is straightfor-
ward and duplicates the approach already established for sin-
gle-photon emission computed tomography (SPECT), the 
determination of the optimum CM dose is more challenging. 
The dose should be as high as possible with the aim to increase 
signal during first-pass. A higher dose (at the same injection 
speed) will also allow for a higher number of heart beats to be 
sampled during the first-pass, and thus, will provide more data 
points on a given signal-intensity—time curve. At higher CM 
doses, it is of particular importance to assure that the pulse 
sequence used is not susceptible for magnetic field inhomoge-
neities that can be induced by the high CM concentrations in 
the LV cavity during first-pass. Multi-centre data demonstrated 
an absence of susceptibility artefacts at the LV subendocardium 
up to a dose of 0.15 mmol/kg for a given MR pulse sequence.27 
Currently, doses of 0.075–0.10 mmol/kg are recommended.

Two types of protocols are mainly pursued when perfu-
sion-CMR is performed. With both the protocols, detection 
of CAD is achieved by a stress-only protocol. In the case 
where a perfusion abnormality is present during hyperaemia, 
an LGE study is added to differentiate whether the perfusion 
deficit is located in viable myocardium or not. If the perfu-
sion deficit resides in viable myocardium, this myocardial tis-
sue would most likely experience ischaemia during physical 
stress. If such areas represent a substantial amount of myo-
cardium, the corresponding coronary artery should undergo 
revascularization.3 On the other hand, if the perfusion deficit 
resides in scar tissue, i.e. the LGE study is depicting this 
myocardial tissue with a high signal, such hypo-perfused, but 
scarred tissue is not expected to benefit from revasculariza-
tion (see example in Fig. 14.6). This stress-only perfusion-
CMR/LGE protocol corresponds to the principle of the 

a

d e f

b c

Fig. 14.6 In a 48-year-old woman with atypical chest pain and dysp-
nea during exercise, a first-pass perfusion MR study (a) reveals a per-
fusion deficit in the sub-endocardial layer of the inferior wall 
extending into the basal portion of the septum and the lateral wall. A 
parametric map (b) demonstrates contrast medium wash-in kinetics 
for the slice shown in (a). On this parametric map, linear upslope data 
above/below the threshold (mean of controls − 1.75 SD) are encoded 
in shades of red and blue, respectively. The sub-endocardial zone of 
hypo-perfusion is also detected by the computer algorithm. 
Subsequent conventional X-ray coronary angiography confirmed 
stenosis of the right coronary artery (c). In the same patient, delayed 
enhancement MR imaging (d) revealed a small sub-endocardial 

infarction in the lateral wall (bright zone), while viable myocardium 
appears dark. A polar map representation of perfusion is shown in (e) 
(with colour-encoding as given in b). In addition, the zone of infarc-
tion is depicted as black area in the lateral wall. Note that polar map 
representation of perfusion and viability/scar is given for the sub-
endocardial layer (inner half of myocardial wall). In addition to the 
stenosis in the right coronary artery (c), conventional X-ray coronary 
angiography demonstrates an occluded branch of the circumflex 
coronary artery (arrows) with retrograde filling (f). Reproduced from 
Fuster et al.50 with kind permission from the International Society on 
Thrombosis and Haemostasis
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scintigraphic approach, with the scintigraphy demonstrating 
ischaemic territories with the stress study and the rest injec-
tion study visualizing scar tissue through re-distribution of 
the radio-tracer. A more detailed description of these con-
cepts is available elsewhere.32 Alternatively, perfusion-CMR 
can involve a stress-rest protocol. This strategy follows the 
concept applied in PET imaging, where myocardial territo-
ries with (severely) reduced coronary flow reserve (CFR) are 
assigned to coronary vessels with haemodynamically signifi-
cant stenoses.34 CFR is calculated as flowhyperaemia/flowrest, 
which requires perfusion quantification and correction of 
determinants of oxygen demand at rest35 that renders this 
approach less attractive for perfusion-CMR.36 The stress-rest 
CMR protocol is then completed by an LGE study for assess-
ment of viability, whereas the corresponding PET approach is  
completed typically by a metabolic PET study utilizing19 
F-fluorodeoxy-glucose.37,  32 These various perfusion-CMR 
strategies (involving various pulse sequences, CM doses, 
protocols) have consequences with respect to the reading and 
analysis/post-processing of the data.

Reading and Perfusion Data Analysis

The acquisition of adequate perfusion data requires a high-
end scanner, operator skills, and patient cooperation with 
respect to both the cessation of medication and caffeine intake 

as well as breath-holding during first-pass. Consequently, 
before perfusion data can be read or analyzed, a check for 
adequate image quality is crucial. It is certainly advantageous 
that the CMR data allow, in most cases, to decide whether 
artefacts are present or not. Or, in other words, artefacts such 
as motion during first-pass, extra-systoles, or ECG mistrig-
gering during first-pass, ghosting, and wrap-around artefacts 
can be readily identified as such. The presence of a suscepti-
bility artefact (signal drop in the subendocardium during high 
CM concentration in the LV cavity) is a pulse sequence/CM 
feature, and thus, is not expected to differ substantially among 
patients. This type of artefact should, therefore, be eliminated 
by adequate tailoring of the pulse sequence, shimming of the 
magnet, and administration of a correct CM dose.

In a recent multi-centre study, a blinded read identified 
15% of data as inadequate in quality.27 In the remaining 85% 
of data, semi-automatic analysis with comparison vs. a nor-
mal database, yielded an excellent area under the ROC curve 
(AUC) of 0.91 for the detection of CAD (>50% diameter 
stenoses) corresponding to a sensitivity and specificity of 91 
and 78%, respectively.27 The influence of data quality on 
diagnostic performance is illustrated in Fig. 14.7.

Figure 14.8 shows the various levels for data analysis, 
and it also addresses the issue of observer interference with 
the data. Clearly, a fully automatic analysis yielding a 100% 
reproducibility per definition would be desirable. As such, 
analysis tools would work reliably only in data sets of 

Fig. 14.7 ROC curves of MR upslope data are shown for the detection 
of coronary artery disease (³50% diameter stenosis in ³1 vessel by 
quantitative coronary angiography). MR upslope data from the sub-
endocardial layer are highly reliable for the detection of disease when 
analysis is restricted to the three slices with minimal motion and the 
patients with adequate image quality. Numbers within the plots rep-

resent area under the ROC curve ± standard error for doses 1, 2, and 3 
(=D1, D2, D3, respectively). AUC of dose 2 for the entire data (all slices, 
all quality scores, (b) was worst (p < 0.05 vs. dose 2 in a). A dose of 0.05 
mmol/kg (=D1) performed inadequately in all analyses. Reproduced 
from Giang et al.27 with kind permission from the European Society of 
Cardiology
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excellent quality; further improvement and standardizations 
for perfusion-CMR techniques are needed to allow for a 
semi-automatic or even fully automatic analysis of such data 
on a broad basis in clinical practice.

Diagnostic Performance

In the 1990s, the concept of first-pass perfusion MRI was 
successfully proven in animal studies.38-40 Soon thereafter, 
first single-centre studies on humans confirmed the feasibil-
ity of this approach in a clinical setting. Inversion recovery 
preparation and single-slice strategies are nowadays replaced 
by saturation recovery preparation with identical delay times 
in multi-slice approaches (see Table 14.2 and Fig. 14.9). 
Also, higher CM doses in the range from 0.1 to 0.15 mmol/
kg performed best.27 With this setting, detection of CAD 
(defined anatomically by QCA) is typically achieved with 
sensitivities and specificities ranging from 75 to 90% as 
shown in Table 14.2. As a publication bias may influence this 
evidence, large multi-centre, multi-vendor trials are highly 
valuable for performance assessment, particularly, when 
these trials are monitored by official regulatory bodies.26–28 
The MR-IMPACT is the largest trial currently available and 
yielded a high AUC of 0.86, although 18 centres participated 
in this study involving all major MR machine types.28 In this 
MR-IMPACT, which closely matches the real clinical situa-
tion, a sensitivity and specificity of 85% (95% CI: 69–93%) 
and 67% (95% CI: 35–89%) was achieved, respectively. 
Also, the perfusion-CMR proved robust with only 2.2% 
exclusion rate, and it was safe. The most severe adverse event 
in the 241 patients of this trial was angina over several min-
utes, most likely induced by the adenosine infusion; how-
ever, no death and no serious adverse events occurred.28

This diagnostic performance of perfusion-CMR is com-
parable with other imaging modalities such as stress echocar-
diography or SPECT.41 Perfusion-CMR was compared with 
SPECT in the MR-IMPACT.28 There was a significant supe-
riority of perfusion-CMR to SPECT. However, no signifi-
cance was found if perfusion-CMR was compared with 
gated-SPECT only (Fig. 14.10).28 This data was confirmed 
in MR-IMPACT II,42 which was performed in 33 centres. 
A sub-analysis of the MR-IMPACT II data also confirmed 
the superiority of perfusion-CMR over SPECT for both men 
and women.42 The performance of perfusion-CMR in women 
is of particular importance, as women are more susceptible 
for radiation-induced cancer than men.43–45

A normal perfusion-CMR test also predicts a low event 
rate. This event rate, defined as cardiac death or non-fatal 
MI, was as low as 0.7% in the first year after a normal perfu-
sion test and was 0.8%/year for a 3-year period after a nor-
mal test.17 Thus, perfusion-CMR appears to be an excellent 
test to exclude prognostically relevant CAD, although evi-
dence is not as large as for the scintigraphic techniques. Also, 
in the acute setting, perfusion-CMR confers prognostic 
information. A negative perfusion-CMR showed a 100% 
sensitivity, and a positive perfusion-CMR demonstrated a 
91% specificity to predict future adverse cardiac events (MI, 
death, CAD on invasive coronary angiography, pathological 
SPECT during a 1-year follow-up).46

On considering the high diagnostic accuracy for the detec-
tion of CAD and also taking into account the data demon-
strating the prognostic yield of perfusion-CMR, this new 
CMR application can be recommended as a valuable tool in 
the work-up of suspected or known CAD, at least in sites 
with adequate experience in this method. It is expected that 
for perfusion-CMR, similar indications will be established in 
future guidelines as for SPECT imaging.

Data Analysis

Quantitative
Evaluation

Absolute
Perfusion:

Unit:
ml/min/g

Visual
Read

Linked to
Perfusion:
Parameters:

Semi-automatic

Semi-automatic

automatic

automatic
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- MTT
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Fig. 14.8 Schematic for 
perfusion data analysis. MTT 
mean transit time
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MR: subendocardial

MR: trans-mural
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Fig. 14.9 ROC curves of MR upslope data are shown for the detection 
of coronary artery disease defined anatomically by quantitative coro-
nary angiography (³1 artery with ³50% diameter stenosis; n = 57). MR 
upslope data, particularly from the sub-endocardial layer, are highly 
reliable in the detection of haemodynamically significant disease. In 
the detection of ³50% diameter stenoses, the diagnostic perfor-
mance of MR and PET are comparable. Numbers in parentheses rep-
resent sensitivity, specificity, and area under the ROC curve, 
respectively. Reproduced from Schwitter et al.48 with kind permission 
from the American Heart Association
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MR-IMPACT:

Comparison of perfusion-CMR vs Single-Photon Emission Computed Tomography for the Detection of Coronary Artery Disease

Fig. 14.10 MR-IMPACT: The area under the ROC curve for CMR is 
larger than for single-photon emission computed tomography (0.86 
+ 0.06 vs. 0.67 + 0.5 entire SPECT population, p = 0.013) for the detec-
tion of coronary artery disease. The difference between perfusion-
CMR and gated-SPECT did not reach statistical significance. For 
multi-vessel disease in (b), performance of perfusion-CMR is superior 
vs. the entire multi-vessel disease SPECT population (area under the 

ROC curve: 0.89 + 0.06 vs. 0.70 + 0.5, p = 0.006). The performance of 
perfusion-CMR in this trial is in good agreement with an earlier 
smaller multi-centre single-vendor trial as shown in (c), assessing the 
doses of 0.10 and 0.05 mmol/kg (thin dotted lines).29 Numbers indi-
cate mean + SE of the area under the receiver operating characteris-
tic curve. Reproduced from Schwitter et al.28 with kind permission 
from the European Society of Cardiology

There is an increasing utilization of perfusion-CMR not 
only to detect obstructive coronary lesions. This technique 
has also been applied successfully to explore syndrome X,47 
as it discriminates more subtle sub-endocardial from trans-
mural perfusion deficits.47, 48

Current Problems of the Technique  
and Future Developments

Perfusion-CMR is still a demanding technique, and, with an 
increasing request for such studies, the need for well-trained 
cardiac imagers will increase, and with it the need for ongoing 
standardization of this CMR application. Generally accepted 
protocols are now available and will be updated as the tech-
nique progresses.61 Another limitation of CMR today is its 
restricted availability. Fortunately, common efforts are planned 
involving cardiac imagers from various fields, i.e. radiology, 
cardiology, and nuclear medicine, to address these issues. 
Along with this exists a heterogeneous and sometimes inade-
quate situation in Europe with regard to reimbursement of 
CMR studies. While CMR faces such “political” obstacles, 
there are also contraindications for CMR, as given in 
Table 14.3. With regard to pacemakers, the first MR-compatible 
pacemaker obtained approval from the European Medicines 
Agency (EMEA) for marketing in December 2008. Certainly, 
an increasing number of MR-compatible electronic devices 
will be available in the near future.
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Technically, there is still a trend towards higher-resolu-
tion perfusion-CMR.25 Most likely, this will not substan-
tially improve diagnostic performance, but it may be 
beneficial for (semi)automatic analysis of perfusion data, 
which would consequently improve post-processing repro-
ducibility. An increase in field strength by moving from 1.5 
to 3 T is accompanied by a better signal-to-noise ratio, 
which could be particularly useful for fast imaging as 
needed for perfusion-CMR. However, the techniques at 1.5 
T are already very mature, and it seems difficult to outper-
form even at 3 T, as demonstrated in a recent study where 
the AUC for 3 and 1.5 T were not different for the detection 
of CAD (see Fig. 14.12).25

A new era in MR imaging is likely to be based on novel 
hyperpolarized CM. Hyperpolarization of 13C-carbon is able 
to increase the magnetization by a factor of up to 10,000.49 
These CM will allow for better perfusion imaging, but most 
importantly, for real-time metabolic imaging as demonstrated 
in animal models.32

Conclusion

Perfusion-CMR has emerged as a novel and reliable tech-
nique for the assessment of CAD. It detects and excludes 
CAD with a high diagnostic performance, which as been con-
firmed in large multi-centre, multi-vendor trials (MR-IMPACT 
I and II). These trials also showed superiority of perfusion-
CMR over SPECT. The evidence is now robust to recom-
mend perfusion-CMR for the work-up of patients with 
suspected or known CAD, at least in centres with adequate 
experience. As perfusion-CMR lacks radiation exposure of 
patients, repetitive examinations can be ordered, even in 
women of lower age. Contraindications for perfusion-CMR 
are those of MR in general, in addition to the contraindica-
tions for CM and adenosine infusion. In patients with impaired 
resting LV function, a full work-up typically includes a 
 viability test (LGE technique or low-dose dobutamine- 
CMR) that is added to ischaemia testing achieved by either 
perfusion-CMR or dobutamine-CMR.

Absolute Contraindications

 Active devices such as pacemakers, ICDs, insulin pumps, and 
other electronic devices

 Metallic foreign bodies in the eyes perform orbita X-ray in 
unclear cases

Relative Contraindication

 Claustrophobia

MR-Conditional

 Most of currently implanted stents, heart valves, sternum suture 
wires, cardiac closure and occluder devices, filters, embolization 
coils (at least up to 1.5 T)

Contraindications for Dobutamine-CMR

 Severe arterial hypertension (> 220/120 mmHg)

 Unstable angina pectoris

 Acute myocardial infarction

 Severe aortic stenosis (AVA < 1 cm2)

 Hypertrophic obstructive CMP

 Acute perimyocarditis or endocarditis

 Glaucoma

Contraindications for Perfusion-CMR

 Contraindications for adenosine or dipyridamole infusion

 AV-Block 2/3, trifascicular block, chronic obstructive pulmonary 
disease

 Allergy against vasodilator

 Allergy against contrast medium

 Contraindication for gadolinium-chelate contrast mediaa

 Severe renal impairment (GFR < 30 mL/min/1.73 m2)

 Relative contraindication: (GFR 30–60 mL/min/1.73 m2)

table 14.3. Contraindications for CMR

Adapted with permission from Schwitter61

aGd-chelates (primarily linear compounds) can cause nephrogenic sys-
temic fibrosis (NSF) in patients with severe renal impairment. 
Approximately 270 cases of NSF were reported until June 2007 out of 
a total of approximately 110 Mio., administrations. For more informa-
tion, see Schwitter61
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2003 2003 2008
99mTc-SPECT 2-3mm x 2-3mm 1.4mm x 1.4mm

Fig. 14.11 This figure illustrates the impact of spatial resolution of 
perfusion data. A SPECT acquisition to the left (a) shows no clear per-
fusion deficit in this patient with a proven stenosis of >50% in the 
distal circumflex coronary artery. In the same patient, a perfusion-
CMR study with higher spatial resolution (b) can resolve signal from 
the hypo-perfused lateral wall and the anterior papillary muscle. The 
nominal resolution of perfusion-CMR is preserved owing to the elimi-
nation of cardiac and respiratory motion during acquisition (ECG-
triggering and breath-holding). Newer perfusion-CMR techniques 

exploiting temporo-spatial correlations of data allow for high-resolu-
tion imaging at 1.5T (c). This allows for excellent discrimination of 
intra-mural perfusion differences (patient in c is not the same as in a 
and b). The arrowhead marks the anterior insertion of the right ven-
tricular wall into the interventricular septum. Reproduced from Plein 
et al.25 and Schwitter et al.28 with kind permission from the European 
Society of Cardiology and the American Society of Radiology, 
respectively
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Fig. 14.12 A comparison of perfusion-CMR at 1.5 vs. 3 T yielded 
excellent results for both tests for the detection of coronary artery 
disease. With current techniques, the perfusion data at 1.5 T are of 
high quality, and the 3 T approach yielded similar results (area under 
the ROC curve not different, a). In (b), an example is shown in a 

patient with perfusion deficits inferior and lateral, and a small deficit 
anterior. The coronary angiography confirmed a high-grade stenosis 
in the LCX, occluded RCA, and several minor lesions in the LAD. 
Reproduced from Plein et al.25 with kind permission from Radiology
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evaluation of Left Ventricular Function  
in the Diagnosis of Heart Failure

Parameters of systolic Function

The severity of left ventricular (LV) systolic dysfunction is a 
strong predictor of the clinical outcome for a wide range of 
cardiovascular diseases. Assessment of LV function is prob-
ably the most frequently requested indication to perform 
echocardiography and is an integral part of magnetic reso-
nance imaging (MRI) and radionuclide studies. Visual esti-
mates of global and regional function are supplemented by 
quantitative analysis of function. LV function is evaluated 
best from multiple tomographic planes, typically including 
parasternal long-axis, parasternal short-axis, apical 4-cham-
ber, apical 2-chamber, and apical long-axis views. Systolic 
function relates to the function during the interval of the car-
diac cycle lasting from mitral valve closure to aortic valve 
closure. LV diameters as well as ejection fraction and related 
volumes are the parameters normally determined to give a 
description of global LV function.

LV Dimensions and Volumes

The normal shape of the left ventricle is symmetric with two 
short axes of relatively similar length and a long axis from 
base to apex. Analysis of LV dimensions should consider 
gender and body surface area of the patient.1 Table 15.1 
shows the normal values for LV dimensions as well as the 
volumes and function.1

Global Systolic Function

The classic parameter of global systolic function is the ejec-
tion fraction, calculated from the end diastolic (LVEDV) 
and end systolic (LVESV) volumes of the left ventricle (EF 
= [LVEDV−LVESV]/LVEDV). The volumes provide clues 
to increased LV preload (increased end-diastolic volume) as 
well as increased afterload or impaired myocardial contrac-
tility (increased end-systolic volume). Using 2D echocar-
diography, the volumes should be determined using the 
modified Simpson’s rule, applied monoplane on the apical 
4-chamber view or biplane on the apical 4- and 2-chamber 
view. Typical difficulties in the analysis of these parameters 
using 2D echocardiography relate to a foreshortening of the 
apical views as the true apex is not visualized. This results 
in the under-estimation of systolic and diastolic volumes, 
while the analysis of ejection fraction is less affected. 3D 
echocardiography has been shown to result in significantly 

less under-estimation of LV volumes and high accuracy in 
the analysis of ejection fraction compared with the mea-
surements obtained by MRI.2 Another difficulty of current 
2D echocardiographic techniques is the potential impair-
ment of endocardial contours definition, in particular, using 
apical views resulting in inaccuracies with regard to defini-
tion of LV volumes. Administration of contrast agents may 
improve the accuracy in the analysis of volumes and ejec-
tion fraction.3

Doppler echocardiography allows evaluation of global 
LV systolic function based on the calculation of stroke 
volume and cardiac output. Using Doppler and 2D echo 
data, stroke volume is calculated as cross-sectional area of 
flow times the velocity-time integral of flow through that 
area: SV = CSA × VTI. However, the method is limited by 
potential inaccuracies related to the multiple required 
measurements.

Regional Systolic Function

Regional function abnormalities occur most frequently 
owing to coronary artery disease causing myocardial infarc-
tion, acute ischaemia, myocardial stunning, or hibernation. 
Dilative cardiomyopathy and myocarditis are less frequent 
causes. Regional LV function is normally evaluated consid-
ering a 16-segment model of the left ventricle (Fig. 15.1) as 
recommended by the American Society of Echocardiography, 
although a 17-segment model adding an apical segment has 
been suggested by the American Heart Association to 
homogenize with the myocardial scintigraphic perfusion 
analysis. Regional systolic function is characterized by wall 
thickening and endocardial inward motion. In clinical prac-
tice, regional function is evaluated visually using a qualita-
tive score ranging from:

Women Men

LV diastolic diameter (cm) 3.9–5.3 4.2–5.9

LV diastolic diameter/ 
BSA (cm/m2)

2.4–3.2 2.2–3.1

LV diastolic volume (mL) 56–104 67–155

LV diastolic volume/  
BSA (mL/m2)

35–75 35–75

LV systolic volume (mL) 19–49 22–58

LV systolic volume/  
BSA (mL/m2)

12–30 12–30

Ejection fraction (%) >55 >55

table 15.1. Normal values of the left ventricle
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Normokinesia: Normal inward motion and normal •	
thickening
Hypokinesia: Reduced but not absent inward motion and •	
thickening
Akinesia: Absent inward motion and thickening•	
Dyskinesia: Systolic outward motion of the ventricular wall•	

Visual qualitative analysis of regional function on native 2D 
echocardiography has been found to be observer-dependent with 
only moderate to fair inter-observer agreement. A special diffi-
culty relates to segments with poor visibility in which there is 
pronounced insecurity of the observers on the correct analysis of 
function. Application of left heart contrast agents enhances the 
visibility of endocardial systolic motion, and thereby improves 
accuracy of function analysis as well as agreement between dif-
ferent observers on regional function analysis4 (Fig. 15.2). 
Owing to its superb image quality, MRI is known to allow high-
quality assessment of LV function in almost all patients.

Several approaches for the quantification of regional sys-
tolic function have been suggested. Myocardial deformation 
imaging is based either on tissue Doppler velocity analysis 

or on speckle tracking within 2D echocardiograms, which 
are currently the preferred modalities for quantification5,  6 
(Fig. 15.3). However, derived strain and strain rate data may 
be affected by artefacts and noise, particularly in cases of 
impaired image quality.

Other Derived Indexes of Systolic Function

In addition to conventional parameters to describe global LV 
function, several other indexes have been suggested recently.

The longitudinal shortening of the left ventricle signifi-•	
cantly contributes to the ejection. A high correlation 
between the long-axis amplitude of the mitral annulus 
motion determined in apical views and the ejection frac-
tion could be proven.
Myocardial deformation imaging has been used to define a •	
parameter of global LV function called global strain. This 
parameter obtained by speckle tracking analysis within 2D 
echocardiograms describes the degree of myocardial  

Fig. 15.1 16-segment model of the left ventricle according to the American Society of Echocardiography. The perfusion areas of the LAD (left 
anterior descending artery) and the joint territory of the RCA (right coronary artery) and LCX (left circumflex artery) are indicated

LAD

LCx

RCA
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OnR vs offR1/2

1.0

0.8

0.6

0.4

0.2

0.0

Kappa

Mean
Kappa-Value

(95% CI)

OnR vs. offR1/2 OnR vs. offR1/2 OnR vs. offR1/2OffR 1 vs 2 OffR 1 vs 2 OffR 1 vs 2OffR 1 vs. 2

0.41
(0.30-0.52)

0.56
(0.45-0.66)

0.43
(0.28-0.58)

0.77
(0.69-0.85)

Fig. 15.2 Inter-observer agreement between three readers on cineventriculography, magnetic resonance imaging, echocardiography with-
out and with contrast enhancement

Fig. 15.3 Speckle tracking image showing circumferential strain of a patient with akinesia of the posterior wall

systolic shortening within all the segments of an apical 
view. This parameter has been found to have a high cor-
relation with the LV ejection fraction (Fig. 15.3).
Based on the analysis of a mitral insufficiency, early sys-•	
tolic pressure increase (dP/dt) can be calculated. Although 

this analysis is not based on the real LV pressure but a 
pressure difference between left ventricle and atrium, it 
provides a global parameter of LV contractility (normal 
>1,000 mmHg/s). To determine this parameter, the time 
interval between a regurgitant velocity of 1 m/s (equivalent 
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 to a ventriculoatrial pressure difference of 4 mmHg) and 
3 m/s (equivalent to a ventriculoatrial pressure difference 
of 36 mmHg) is defined (Fig. 15.4).
The myocardial performance index (MPI or Tei-index) •	
provides a parameter of systolic and diastolic function.7 It 
is based on the analysis of the Doppler mitral inflow and 
the aortic outflow signal to determine the time interval 
between the end of mitral inflow from a first cardiac cycle 
and the start of mitral inflow from the next cardiac cycle 
(A), as well as the duration of the ejection period (B). The 
MPI is calculated as A-B/B (Fig. 15.5). Myocardial dis-
eases prolong the isovolumetric contraction and relax-
ation time. Thus, the value of MPI which is normally 
<0.49 increases.

Parameters of Diastolic Function

In a substantial number of patients with cardiac heart fail-
ure (CHF), a preserved systolic function is observed; 
therefore, it is also extremely important to evaluate the 
diastolic function. Diastolic dysfunction, estimated to be 
present in 15–45% of the patients with CHF, has been 
recently defined as heart failure with preserved ejection 
fraction (HFPEF) instead of diastolic heart failure.8 In fact, 

for a precise definition of diastolic dysfunction, ascribing 
which part of the alteration is owing to the active and pas-
sive part of the diastole, a complex invasive pressure/vol-
ume relationship curve with cardiac catheterization should 
be performed. However non-invasive imaging techniques, 
and especially Doppler echocardiography, are able to 
observe several diastolic surrogates that give insight into 

pLV- pLA t1= 4 mm Hg

pLV- pLA t2= 36 mm Hg

∆t = 60 msec

dp/dt = 36−4 mmHg/ 60ms 

dp/dt = 533 mmHg/sec

Fig. 15.4 Calculation of left ventricular 
pressure rise dP/dt from the mitral 
regurgitant jet

Tei-Index

MPI

a - b
b =

=

= +(ICT + IRT)
ET

ICT = (a - b) - IRT

ICT 
ET

IRT
ET

>0.55 bad prognosis
<0.55 good prognosis

a - b
b

b
ET

IRT

mitral inflow mitral inflow

a

ICT

Fig. 15.5 Schematic illustration demonstrating the “myocardial per-
formance index” from mitral inflow and left ventricular outflow 
profile
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the diastolic function and identify a common clinical path-
way (Table 15.2).

Normal Transmitral Inflow Velocities

In patients with stable sinus rhythm without significant mitral 
dysfunction, the spectrum of transmitral inflow velocities 
along the cardiac cycle and the calculation of time intervals 
allows for the estimation of the pressure gradients between 
left atrium and left ventricle, and thus, the dynamics of the 
LV filling and diastolic properties.9

The correct measurement of the transmitral inflow veloci-
ties is obtained by placing the sampling cursor parallel to the 
blood transmitral inflow (mostly in apical 4-chamber view), 
guided with the transmitral colour Doppler (Fig. 15.6). In 
patients with a marked LV dilation, it is useful to employ a 
4-chamber view, with slightly modified positioning of the 
transducer laterally to the cardiac apex, to obtain a better 
alignment with the transmitral blood inflow (Fig. 15.7).

The sample volume has to be placed at the tip of the mitral 
leaflets during their opening to obtain the best spectrum and 
the highest E-wave and A-wave velocities (Fig. 15.8).

After optimization of the transmitral velocity spectrum, it 
is possible to divide the diastole into its four phases:  
(a) Isovolumic relaxation, when the LV relaxation begins 
and the intra-ventricular pressure declines after aortic valve 
closure (A2); (b) the rapid LV filling phase, after the mitral 
valve opening, owing to the left atrial pressure exceeding the 
LV pressure, with the early transmitral inflow (E-wave) 
observed at Doppler echocardiography; (c) the diastasis 
period, characterized by the equalization of atrial and ven-
tricular diastolic pressure; and (d) the atrial contraction, with 

the second increase in the LV filling (A-wave), owing to the 
new raise in the atrial pressure (Fig. 15.9).

Thus, the transmitral velocity spectrum can be used to 
calculate the E-wave velocity, A-wave velocity, deceleration 
time of E-wave, and isovolumic relaxation time (between the 
end of the LV ejection and the beginning of E-wave).

Abnormal Patterns of Transmitral Inflow Velocities

The first stage of diastolic dysfunction corresponds to the 
abnormal relaxation patterns (diastolic dysfunction stage I), 
with a delayed beginning of LV early filling (prolonged 
IVRT) and a reduced and prolonged early velocity (small 
E-wave with long deceleration time). Owing to this reduced 
early LV filling, the heart compensates with an increase in 

Diastolic heart failure 
owing to:

Primary cardiomyopathies (dilative, 
hypertrophic, restrictive, or non-
compaction)

Hypertension

Infiltrative cardiomyopathy

Right heart failure  
owing to:

Severe pulmonary hypertension

Right ventricular infarct

Arrhythmogenic right ventricular 
dysplasia

Severe valvular stenosis 
and/or regurgitation

–

Cardiac tamponade –

Constrictive pericarditis –

Pulmonary vein stenosis –

Congenital heart diseases –

table 15.2. Causes of heart failure with preserved left ventricular 
ejection fraction (HFPEF)

Fig. 15.6 Placement of the sampling cursor parallel to the blood 
transmitral inflow (in apical 4-chamber view), guided by the transmi-
tral colour Doppler imaging

Fig. 15.7 A 4-chamber view with the correct positioning of the 
transducer, slightly lateral to the cardiac apex owing to LV dilation, 
for the best alignment with the transmitral blood inflow
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atrial contraction, causing an increased A-wave velocity (the 
E/A ratio is reduced with values <1).

With further disease progression, there is a reduction in 
LV compliance and the LV filling pressure begins to increase; 
at the transmitral flow, there is an increased early filling 
(there is normalization of the E/A with values >1) and the 
pseudonormalization pattern can be observed (diastolic dys-
function stage II). With this pattern, the study of pulmonary 
venous flow and mitral annular velocities is particularly use-
ful for the diagnosis of pseudonormalization.

When the LV compliance is severely depressed and the 
LV filling pressure increases markedly, the diastolic restric-
tive pattern can be observed (diastolic dysfunction stage III). 
There is a high-velocity E-wave owing to the vigorous early 
filling (the E/A ratio is > > >1), with a brief IVRT, a steep 
(shortened) deceleration time, and very little additional LV 
filling during mid-diastole and atrial contraction.

If, additionally, in this restrictive pattern, the E/A ratio is 
fixed and cannot be reversed to a value <1 with the Valsalva 
manoeuvre, then the patient is considered to be in diastolic 
dysfunction stage IV with the highest LV filling pressure and 
the worst prognosis.

Pulmonary Venous Flow

The flow in the pulmonary and hepatic veins is used to com-
plement the study of diastolic filling of the respective ven-
tricles. The pulmonary venous flow, contrary to the hepatic 
one, does not change with respiration phases, unless in cases 
of cardiac tamponade, constrictive pericarditis, obstructive 
lung disease, and right ventricular infarction. It is recorded in 
4-chamber apical view by placing the PW Doppler sample 
volume usually 1–2 cm into the lumen of the right upper 
pulmonary vein (refer to Table 15.3).

Normal pulmonary venous flow shows a systolic wave (s) 
higher than the diastolic (d) wave and a small amount of 
atrial reversal flow (AR) (Fig. 15.10). During relaxation 
abnormalities, the s-wave and the atrial reversal increase. 
During restrictive filling, the s-wave is limited by the high 
atrial pressure and the flow is predominantly diastolic; 

Fig. 15.8 Schematic diagram illustrating the positioning of the sam-
ple volume along the Doppler cursor. The correct positioning (letter 
D) is at the tip of the mitral leaflets during their opening, obtaining 
the best spectrum, and the highest E-wave and A-wave velocities

a

b

Fig. 15.9 Schematic illustration showing the deceleration time 
(Dec T) and isovolumic relaxation time (IRT) in the transmitral Doppler 
envelope from a subject with “normal diastolic pattern” (E/A > 1, Dec 
T = 185 ms and IRT = 85 ms) (a) and from a patient with “abnormal 
relaxation pattern” (b) (E/A < 1, Dec T = 277 ms and IRT = 120 ms). 
Range of values in different diastolic patterns are supplied in (c)
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moreover, the atrial reversal wave has a higher velocity and 
a longer duration than in the normal subjects. A high and 
long atrial reversal wave is the most important point to dif-
ferentiate abnormal diastolic patterns (including pseudonor-
malization) from the normal one.

Doppler Tissue Imaging of Mitral Annulus  
and Other Derived Indices of Diastolic Dysfunction

Several other derived indices can be useful in the detection of 
diastolic dysfunction, and besides, the execution of the Valsalva 
manoeuvre can be used to differentiate the “pseudonormal” 
from “normal” pattern in patients with an E/A wave ratio >1.

Using Doppler tissue imaging, the pulsed wave sample 
volume is placed in the medial or lateral mitral annulus to 
assess its systolic motion (S’-wave), early (E’-wave), and 
late/atrial (A’-wave) diastolic motion (refer to Table 15.3). 
The E’-wave velocity is relatively load-independent and 
correlates with the invasive measures of myocardial relax-
ation; a value of <8.5 cm/s is considered to be a rather accu-
rate sign to detect “pseudonormal” pattern in patients with 
an E/A wave ratio of >1. When the E’-wave velocity is 
analyzed in conjunction with the E-wave of transmitral 
flow, the ratio between the transmitral flow E-wave veloc-
ity and mitral annulus early velocity E’ (E/E’ ratio) should 
be calculated. The E/E’ ratio is an indicator of LV end dia-
stolic pressure10: when its value is >15, it accurately 

identifies patients with advanced diastolic dysfunction 
(pseudonormal or restrictive pattern); when its value is <8, 
there is no diastolic dysfunction; and in the grey zone with an 
E/E’ ratio between 8 and 15, other echocardiographic tech-
niques should be used to determine the diastolic dysfunction11 
(Fig. 15.11).

Comparison of strengths and Weaknesses  
of Different Modalities and techniques

When a clinician has to choose the best imaging technique to 
evaluate the left and right ventricular function, he/she has to 
take into account the accuracy of different imaging tech-
niques in calculating the exact function, the eventual pres-
ence of contraindications, and to balance the advantages and 
limitations in that particular subset of patients. The availabil-
ity of a particular imaging technique is often the first reason 
for the selection, especially in patients with limited mobility, 
while the absence of ionizing radiations is important in 
young patients and in those who need frequent reevaluations 
of ventricular function. The knowledge of all the characteris-
tics, advantages, and limitations of different imaging tech-
niques, summarized in Table 15.4, must guide the wise 
clinician to the right patient diagnostic management.

table 15.3. Imaging tips in the study of diastolic function with Doppler measurements

General suggestions Use a colour flow guided imaging to align the Doppler cursor along flow propagation

For the setting (to maximize axial and lateral flow resolution), use the lowest Doppler frequency (e.g. 2 MHz)

The lowest Doppler filter

A low Doppler gain

The smallest sample volume (sized at 1 mm)

The optimized velocity scale (maximized)

For time intervals and deceleration time measurement, use higher sweep speeds (100 cm/s)

For respiratory variations in flow patterns assessment, use shorter sweep speeds

For the study of mitral 
inflow velocity

Place PW sample volume at MV leaflet tip

In patients with marked ventricular dilation position, the transducer laterally to the cardiac apex (for the best 
alignment with the blood inflow)

For the study of pul-
monary venous flow 
velocity

Optimize the visualization of the roof of the left atrium in apical 4-chamber view

Use a larger sample volume for pulsed Doppler (3–5 mm)

Place the pulsed Doppler sample volume 1–2 cm into the lumen of the right upper pulmonary vein

For the study of Mitral 
annulus E’ velocity

Use lateral and septal mitral annular E’ velocities

Use the cursor for Doppler interrogation aligned along the line of annular motion

Place the pulsed Doppler sample volume (3–5 mm) where the spectrum of annular motion is clear
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echocardiography

Owing to its portability and immediate availability, Doppler 
echocardiography is considered as the technique of first 
choice (and very often, the single one utilized) to assess the 
regional and global LV function. Its features are also funda-
mental in all the uses in the emergency department and in the 
intensive care unit for the ancillary anatomic information. 
This widespread use as initial imaging diagnostic test is 

indeed owing to its capability of thoroughly detecting pathol-
ogies like ischaemic or non-ischaemic cardiomyopathies, 
valvular, pericardial, and other cardiac and extracardiac dis-
eases. In a limited number of patients with unsatisfactory 
acoustic windows, the adoption of the tissue harmonic imag-
ing, sometimes in conjunction with intravenous echo- contrast 
administration, can improve the wall motion and volumes 
analysis. The echocardiography has the highest temporal 
resolution among imaging techniques, and the spatial resolu-
tion is second only to last-generation MRI.

Analysis of regional wall motion is mainly based on sub-
jective visual assessment. This qualitative analysis is limited 
by significant inter-observer variability. Administration of 
left heart contrast agents is able to improve endocardial bor-
der definition, and thereby can increase the observer’s ability 
to define regional LV function. Using contrast-enhanced 
echocardiography, high inter-observer agreement and accu-
racy in the definition of regional wall motion could be dem-
onstrated, which is comparable with MRI.

It is quick and useful for the estimation of RV function, 
although the 3D reconstruction of right ventricular volumes 
is still investigational. Conversely, the measurement of LV 
thickness and the calculation of LV mass are very precise 
with many confirmations in the medical literature. As exten-
sively described, this technique has the greatest number of 
parameters to estimate the diastolic function.

The calculation of the ejection fraction and volumes is very 
accurate, especially when using echo-contrast and 3D echocar-
diography, although it is highly operator-dependent and the 
automatic analysis of these parameters is still suboptimal.

The patient’s safety of echocardiography is at the highest 
level among different imaging techniques, because there is no 
use of ionizing radiation or nephrotoxic contrast material, and 
hence, it can be used for frequent follow-up examinations. In 
the end, with important practical implications, echocardiogra-
phy is the most useful single technique in the cardiac imaging 
scenario when analyzing the cost/effectiveness ratio.

Cardiac Magnetic Resonance Imaging

Cardiac MRI has recently become the clinical gold standard 
for the quantitation of left and right ventricular volumes and 
mass, owing to its 3D nature.

The analysis of the regional function of left and right ven-
tricle is very precise owing to the highest spatial resolution, 
the information on wall thickening, and the operator-indepen-
dent imaging acquisition. However, the evaluation of the data 
obtained with MRI is found to be operator-dependent and 
does not reveal the best reproducibility, perhaps owing to the 
moving scanning plane (as stated in the previous paragraph).

MRI can supply information only partially achievable 
with novel echocardiographic techniques, such as the 

Fig. 15.10 Normal pulmonary venous calculated by positioning the 
PW Doppler sample of volume of 1.5 cm into the lumen of the right 
upper pulmonary vein (upper panel) with a pulmonary venous flow 
systolic wave (s) higher than the diastolic one (d), and a small amount 
of atrial reversal flow (A)
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myocardial perfusion (obtained with gadolinium contrast) 
and the differential analysis of sub-endocardial, midwall, and 
sub-epicardial function (obtained with the tagging MRI). 
With high-speed MRI, it is possible to obtain the anatomical 
information and myocardial perfusion at the same time.

Similar to echocardiography, but with an increased spa-
tial resolution, the MRI supplies ancillary anatomic infor-
mation on ventricles and other cardiac and paracardiac 
structures that can be fundamental for a complete clinical 
diagnosis. It can also be very useful in the diagnosis of 
complex congenital heart disease and to visualize the coro-
nary arteries, especially in their proximal part. Concerning 
the study of diastolic function, owing to the rotational and 
translational motion of the ventricle obtained with MRI 
tagging, the untwisting motion can be calculated in its time 

and direction and is a precise estimation of the diastolic 
properties of the LV.

Another important advantage of this technique is its clini-
cal safety owing to the absence of ionizing radiation and the 
use of gadolinium contrast agent, with limited toxicity. 
However, several disadvantages of this technique still limit 
its utilization in clinical practice. The cost of a single MRI 
exam is still high, while the availability is limited (especially 
for cardiac-dedicated machine) and with no portability of the 
equipment. Patients with metallic prosthesis, pacemakers, 
implanted defibrillators, and other devices have to be 
excluded from the resonance analysis. Finally, there is a 
small percentage of subjects suffering from claustrophobia 
(especially during the pharmacologic stress test), which 
increases when analyzing elderly and severely ill patients.

Fig. 15.11 Example from a normal subject showing a normal trans-
mitral Doppler tracing (a) and a normal Doppler tissue imaging (PW 
sample volume placed in the lateral mitral annulus, (b) with a high 
early diastolic motion (E’-wave = 17.5 cm/s) realizing a E/E’ ratio of 4.5 
(indicator of a normal LV end diastolic pressure). In the patient with 

diastolic dysfunction, the transmitral Doppler tracing shows an 
“abnormal relaxation pattern” (c) and an abnormal Doppler tissue 
imaging (d) with a low early diastolic motion at the PW sample vol-
ume of the lateral mitral annulus (E’-wave = 3.56 cm/s)

a b
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nuclear techniques

Two nuclear techniques can be used to evaluate left and right 
ventricular global and regional function: the radionuclide 
angiography (RNA), also known as radionuclide ventricu-
lography, and the ECG-gated SPECT (single-photon emis-
sion computed tomography), for the simultaneous analysis 
of LV function and perfusion.

The RNA can be performed by first-pass or by equilib-
rium-gated modalities (often referred to as MUGA scan-
ning), obtaining similar results, but using different tracings 
and data acquisitions.

The first-pass RNA has the advantages of great rapidity 
(the analysis is performed in 2–7 cardiac beats for right and 
left ventricle), a high signal-to-noise ratio, and a clear sepa-
ration of left and right ventricle (with very rapid and clear 
definition of the right ventricular function).

The equilibrium-gated RNA, which is performed more 
commonly in clinical practice, has the advantage of identify-
ing rapid changes during different conditions (stress-induced 
abnormalities) of multiple projections and high count density.

Both the RNA techniques determine the changes in the 
radionuclide counts in the left and right ventricles over the 
cardiac cycle generating time-intensity curves. Ventricular 
volumes can then be obtained with the comparison of the 
abovementioned counts with the counts in a blood sample 
of known volume. Thus, both the quantitative ejection 
fraction and volumes obtained in this way are not affected 
by any assumption of ventricular geometry. This point 
takes to the great advantage of RNA technique of high 
accuracy and reproducibility in the calculation of volumes 
and ejection fraction, used in several studies for accurate 
long-term follow-up calculations (e.g. in chemotherapy 
toxicity, ventricular re-modelling post-infarction, valvul-
opathy). Moreover, with RNA, it is also possible to obtain 
the LV time-activity curve, representative of the volume 
changes along the cardiac cycle. The computation of this 
curve derives several parameters of diastolic filling, which 
are well-related to Doppler echocardiographic diastolic 
measurements.

The major limitation of this technique is the lack of infor-
mation on regional systolic thickening to supplement the 

c d

Fig. 15.11 (continued)
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regional wall motion, and the lack of anatomic information 
supplementary to those on volumes and function.

The second nuclear method to evaluate ventricular function 
is the ECG-gated SPECT imaging, a recent and important evo-
lution incorporated in the SPECT myocardial perfusion imag-
ing, which enables the simultaneous analysis of LV function 
and perfusion. With this technique, every R-R interval at ECG 
is divided into several “frames” (generally eight), and owing to 
the synchronized gate openings of the detector, the myocardial 
wall is studied and reconstructed in each of these frames. A 
computed analysis rejects the ECG cycles above or below the 
limit of ±15% of the mean cycle length (such as in premature 
beats and atrial fibrillation). After a complex reconstruction, 
obtained with the gating of many cardiac cycles, the machine 
represents the LV wall in each frame, and it is possible to 

analyze the global and regional wall motion, calculating the 
end systolic and end diastolic volumes and ejection fraction.

This method has been studied mostly to supplement the 
myocardial perfusion study with regional and global wall 
motion, significantly improving both the sensitivity and 
specificity of this technique in determining stress-induced 
abnormalities (summation of perfusion and wall motion 
regional defects). Therefore, the major advantages of this 
technique are those related to the perfusion imaging, such as 
the study of myocardial infarction necrosis area, the amount 
of viable myocardium, and the presence of stress induced 
perfusion defects. A limitation of this technique is the imper-
fect spatial resolution in the presence of severe perfusion 
abnormalities, which interfere with the detection of the 
blood-endocardial edge of a part of the ventricular contour.

Echocardiography Cardiac magnetic  
resonance

Nuclear radionuclide 
angiography (RNA)

Nuclear ECG-gated 
SPECT imaging

Operator skill (acquisition 
or evaluation)

Important in acquisition 
and evaluation

Important in evaluation Mostly independent Important in evaluation

Reproducibility Dependent on acoustic 
window; excellent with 
contrast

Excellent in global func-
tion, good in regional

High High

Spatial and temporal 
resolution

High Highest spatial resolution Intermediate Limited with extensive 
perfusion defects

Perfusion Investigational with con-
trast

Optimal resolution (also 
viability)

– Largest data (also viabil-
ity)

Regional systolic thick-
ening

Largest data in literature Includes different layers 
analysis (tagging)

– Possible

Function during stress Optimal Optimal (expensive) Feasible Feasible

Diastolic dysfunction Optimal Untwisting study (tag-
ging)

Quantitative LV filling –

Three-dimensional analy-
sis

Novel technique Optimal No –

Ancillary structural info Excellent Excellent Limited No

LV hypertrophy and mass Very good Excellent No No

RV function assessment Good (estimate) Optimal Accurate (direct) No

Safety (ionizing radiation/
contrast media)

Safe Contrast (limited toxicity) Ionizing radiation Ionizing radiation

Portability and avail-
ability

Optimal Limited Limited Limited

Cost Lowest High Low Low

Peculiar characteristics Most useful and con-
venient as first /unique 
technique

Proximal coronary arter-
ies visualization

Large literature data for 
function follow up

Simultaneous info on 
perfusion and function

Other limitations Claustrophobia No  
metallic objects

table 15.4. Characteristics, advantages, and limitations of different imaging techniques to manage the diagnosis at best
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Both the nuclear techniques have the advantage of being 
mostly operator-independent. However, they share the disad-
vantages of the lack of portability of the machine and the 
patient’s exposure to ionizing radiation.

Imaging to Guide the treatment

As congestive heart failure is affected by high morbidity and 
mortality, it is very important to find information supplemen-
tary to those obtained in the clinical scenario to guide thera-
peutic management. Cardiac imaging has a great role in the 
diagnosis of systolic and diastolic dysfunction, both in 
patients with overt heart failure and with asymptomatic LV 
dysfunction.

First, in overt heart failure management, an individual-
ized echocardiography-guided strategy that monitors the 
haemodynamic profile is able to evaluate the therapeutic 
effects much better than a conventional clinically oriented 
strategy. When echocardiography is used to guide pharmaco-
logic therapy protocols in patients with heart failure and LV 
systolic dysfunction, mortality and hospitalization is reduced. 
In these patients, a larger amount of high-dose loop diuretics 
and vasodilators were used and a reduction in the pulmonary 
artery systolic pressure and systemic vascular resistance 
index was observed at echocardiography.

Second, besides the overt heart failure, cardiac imaging 
(mostly echocardiography) is able to identify a substantial 
number of subjects with asymptomatic LV dysfunction in the 
community, mostly owing to hypertensive cardiomyopathy 
and silent coronary artery disease.12, 13 This syndrome has 
recently been classified by the AHA/ACC as stage B in the 
continuum of heart failure.14 It acts progressively, often 
beginning with asymptomatic LV dysfunction and culmi-
nates in the overt CHF with symptoms and signs from fluid 
overload and poor end organ perfusion. Patients can remain 
in this asymptomatic stage because of the compensatory 
mechanisms involving the autonomic nervous system, neu-
rohormones, and re-modelling of cardiac structures and 
functions. At this point, the early identification of the sub-
group of patients who can deteriorate despite these adapta-
tions is essential to establish the appropriate therapy. In fact, 
in patients with asymptomatic LV dysfunction, a reduction in 
the progression rate to symptomatic heart failure with ACE 
inhibitors and beta-blocker therapy has been demonstrated in 
large-scale clinical trials.15

As a third goal, cardiac imaging can also guide therapeu-
tic changes in patients with clinical syndrome of congestive 
heart failure and preserved systolic function, implying that 
abnormal LV diastolic function is the mechanism responsible 
for producing congestive symptoms. In fact, as the approach 
to treatment may differ depending on whether systolic or 

diastolic dysfunction is predominant, the recent guidelines 
recommend performing a cardiac imaging test (preferring 
echocardiography as a screening test) in all patients with sus-
pected congestive heart failure.15,  16 In these patients,cardiac 
imaging is essential in the diagnosis of heart failure with pre-
served EF and its aetiology (ischaemia, re-modelling, dys-
synchrony, etc.). In fact, as patients with heart failure, both 
with reduced- and preserved-EF, have a mixture of systolic 
and diastolic abnormalities, the aetiological diagnosis and 
the knowledge of the mechanisms involved are very useful. 
However, in the subset of patients with preserved-EF heart 
failure, the presence of diastolic dysfunction of moderate to 
severe grade at echocardiography is an independent factor 
for increased death rate and hospital admission and can guide 
the use of diuretics, ACE, and angiotensin inhibitors. On the 
other side, cardiac imaging is very useful to evaluate systolic 
and diastolic changes after therapy to evaluate its efficacy 
and to estimate overall prognosis.

Imaging to Guide the Follow-Up

Multiple pharmacologic and device-based treatment modali-
ties have become available for the treatment of patients with 
systolic LV dysfunction. Sequential studies are required to 
define the impact of specific new treatment modalities and to 
determine the spontaneous development of a disease process 
as well as the efficacy of a selected treatment on left ven-
tricular function in individual patients. High reproducibility 
in the analysis of LV volumes and function is required for a 
reliable analysis of changes induced by treatment. The qual-
ity of repeated analysis of LV function is assessed either as 
intra- and inter-observer variability, which relates to the 
repeated measurement of a single dataset, or as test-retest 
reproducibility, which involves repetition of the entire acqui-
sition and analysis.17 As previously mentioned, the different 
imaging techniques show different potential in reproducibil-
ity as well as in safety and costs.

LV systolic and diastolic volume as well as ejection frac-
tion are the conventional quantitative parameters to deter-
mine LV function during follow-up studies. Newer parameters 
such as left atrial size and tissue Doppler imaging parameters 
have also been described for serial clinical testing of LV func-
tion. Subjective visual assessment of LV ejection fraction is 
effective for single assessments, but insufficiently reliable for 
sequential analysis. Conventional echocardiographic param-
eters based on 2D echocardiography have also been shown to 
have limited test-retest reproducibility. Major limiting factors 
are poor image quality, geometric issues related to volume 
calculations, and the performance of off-axis cuts. In a study 
on 50 patients, test-retest correlation of LV ejection fraction 
was found to be only moderate (r = 0.66) using quantitative 
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analysis based on 2D echocardiography.18 In contrast, 3D 
echocardiography has been proven to have high test-retest 
correlation (r = 0.92). Intra- and inter-observer variability of 
real-time 3D echocardiography derived LV volumes and 
ejection fraction have also been shown to be only in the range 
of 5.1–7.6%. Thus, using 3D echocardiography intra- and 
inter-observer variability in the analysis of LV function can 
be similar to that obtained with MRI 17–19. In a study on 346 
patients, newer measurements of LV function such as tissue 
Em, LA area, and E/Em ratio have been evaluated with 
respect to variability. High variability in all of these measure-
ments was reported, which was not better than the one 
observed for ejection fraction. Thus, these parameters are not 
recommended for sequential LV assessment. Considering the 
high intra- and inter-observer agreement as well as the low 
test-retest variation for 3D echocardiographic analysis of LV 
function parameters, 3D echocardiography should be used as 
the modality of choice if accurate echocardiographic analysis 
of LV function during follow-up studies is required.

Role of Imaging in specific Groups  
of Patients

evaluation of LV Function in the Heart  
for transplantation

Several important points have to be investigated by cardiac 
imaging in patients prior to and after cardiac transplantation. 
First, how to select a well-functioning heart is of general 
interest, because every hospital can host a potential donor. In 
addition to clinical and general examination, it is very impor-
tant to define global and regional systolic function. In fact, 
regional wall motion abnormalities can be observed in up to 
50% of potential donors. Generally, a septal or localized 
hypokinesia, or global mild hypokinesia is observed; how-
ever, sometimes, there can be real akinesia or dyskinesia. 
Among the aetiological hypothesis formulated in addition to 
the classical coronary artery disease, there are the myocar-
dial contusion and the cerebral haemorrhage with a high 
level of cathecolamine. Very often, hypokinesia disappears 
after the transplantation, confirming that pretransplantation 
hypokinesia is functional. However, in cases of donor age of 
>45 years or in presence of clear wall motion abnormalities, 
it is much safer to study the donor’s heart with coronary 
arteriography.

After transplantation, the transplanted heart shows LV 
wall thickness and mass increase in comparison with normal 
subjects, while it shows normal regional and global systolic 
function, except for a possible post-surgical “paradoxical 
motion” of the inter-ventricular septum. Concerning the 

evaluation of patients for acute rejection (in the first year 
after transplantation), the diagnosis is performed with the 
invasive catheter myocardial biopsy, because the appearance 
of LV systolic dysfunction is present only in the advanced 
stage of acute severe rejection. On the other hand, diastolic 
abnormalities are often present, but with a limited sensitivity 
and specificity for the diagnosis of acute rejection.

The most important post-transplantation diagnosis is car-
diac allograft vasculopathy, the main factor limiting long-term 
survival, which is angiographically documented in 40–50% of 
patients surviving 5 years after transplantation. Very often, 
because of the absence of warning anginal symptoms owing to 
heart denervation, the clinical manifestations of allograft vas-
culopathy are ventricular arrhythmias, silent myocardial infarc-
tion, or sudden death. Conversely, as the performance of a 
yearly based coronary arteriography is invasive and yields a 
low sensitivity because of the diffuse concentric nature of the 
disease, several non-invasive techniques have been suggested.

Dobutamine stress echocardiography shows a good sensi-
tivity (about 80%) when compared with coronary angiogra-
phy, a specificity of up to 88% compared with intra-vascular 
ultrasound as “gold standard”, and a good predictive value 
for clinical outcome. Similarly, a combination of resting 
echocardiography and quantitative stress 99mTc sestamibi 
SPECT has a high negative predictive value and can be used 
for non-invasive monitoring, reserving coronary angiogra-
phy for patients with resting wall motion abnormalities or 
perfusion defects. Echocardiographic new techniques, like 
perfusion defects at contrast echocardiography or reduced 
coronary flow reserve at trans-thoracic echo-Doppler, appear 
as reliable markers for coronary stenosis allograft vasculopa-
thy and related to major cardiac events.

Also, the use of multi-detector CT is highly sensitive 
(over 80%) and specific (over 90%) for angiographic steno-
sis detection, with CT eventually being superior to identify 
non-obstructive vessel wall disease. However, bad image 
quality owing to high heart rate of patients even when treated 
with beta-blockers, distal pruning of small coronary arteries, 
risk for worsening of renal insufficiency owing to contrast, 
and high radiation exposure are among the several limitations. 
Initial data with gadolinium contrast-enhanced magnetic reso-
nance or with 31P chemical shift imaging of high-energy phos-
phates appear promising for a non-invasive detection of 
allograft vasculopathy without any radiation exposure.

Use of LV Assist Devices

Cardiac imaging to study the LV function is of paramount 
importance for both short- and long-term ventricular assist 
devices in all the different phases of the device utilization 
(pre-, intra-, and post-operative) 20.
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In the period preceding the device insertion, it is essential 
to evaluate the heart and large vessels to exclude significant 
aortic regurgitation, tricuspid regurgitation, mitral stenosis, 
patent foramen ovale, atherosclerotic aortic disease, or other 
cardiac abnormality that could lead to right-to-left shunt 
after left VAD placement. The study of systolic and diastolic 
LV function is fundamental to indicate the assist device 
implantation; the right ventricular function needs to be 
assessed to identify patients at risk for severe right ventricu-
lar failure (requiring right mechanical support) and those 
needing LV support alone. Severe LV dysfunction requires 
an accurate search for thrombi, owing to the high risk of api-
cal thrombus formation, especially if located near the inflow 
cannula insertion site. All these data can be obtained with 
echocardiography or by adding cardiac MRI/CT, when a 
more complete detection of cardiovascular anatomy and 
function is required.

During device implantation, at the beginning of circula-
tory support, the trans-oesophageal echocardiography has an 
essential role to guide cannula positioning and to evaluate 
the device functioning immediately after implantation. The 
examination of the device aims to confirm heart de-airing, 
cannula alignment, and patency and competency of device 
valves using 2D, colour, continuous, and pulsed-wave 
Doppler modalities.

When the LV is unloaded with a reduction in its size to 
approximately normal, echocardiography has to show a neu-
tral inter-ventricular septum position (indicating an adequate 
LV filling and right ventricular function), a good LV unload-
ing with adequate LV filling, and (especially in case of con-
tinuous flow pumps) absence of echo contrast enhancement 
or intra-cardiac clot formation. When there is a device mal-
functioning (insufficient device ejection or cannula obstruc-
tion), then LV is not decompressed after the implantation, 
and a rightward septum shift can be seen. Conversely, in case 
of excessive decompression owing to high pump speed or 

right ventricular dysfunction, a leftward septal shift can be 
observed.

After the insertion of assistance device, the cardiac imag-
ing is necessary for the reassessment of the heart and large 
vessels, investigating the same parameters studied in the pre- 
and intra-operative phases.

As the assistance device favours LV unloading, LV func-
tion is not accurately assessed during the device function. 
When a correct evaluation of LV function is necessary, usu-
ally to plan the device explantation, it is necessary to analyze 
several echocardiographic indices during temporary inter-
ruption of the ventricular assistance. The LV indices studied 
in this particular setting go from the classical ejection frac-
tion, fractional shortening, or end diastolic LV diameter to 
novel complex Doppler indices (pre-ejection period divided 
by ejection time, heart rate corrected ejection time divided 
by the LA pressure, and the end systolic elastance). The only 
dependable index of ventricular function during the device 
function is the fractional shortening of the LV obtained when 
the systole coincides with device filling. This is the “pump-
on” reliable information on intrinsic LV performance, and 
can be used as a guide to LV recovery.

Acute Dyspnea in the emergency Room

Patients with acute respiratory distress represent a major part 
of patients presenting to emergency rooms. Echocardiography 
provides the ideal imaging modality for immediate bedside 
assessment of cardiac pathologies resulting in acute dyspnea. 
The major differential diagnoses are given in Table 15.5. 
Acute coronary syndromes resulting in impairment of 
regional and global LV function are the most frequent causes 
of acute respiratory distress. Potential complications of myo-
cardial infarction, such as papillary muscle dysfunction or 

LV RV Doppler

Acute coronary syndrome Regional WMA, impaired global 
LV function

Enlarged in right ventricular 
infarction

Diastolic dysfunction,  
functional MR

Congestive heart failure,  
myocarditis,

Impaired global LV function Functional MR, diastolic  
dysfunction

Valvular dysfunction Valvular regurgitation, dysfunc-
tion of valvular prosthesis

Pulmonary embolism Enlarged Increased right ventricular  
pressure

Pericardial effusion Respiratory changes in LV  
and RV inflow

table 15.5. Major differential diagnosis among patients with acute dyspnea in the emergency room

LV left ventricle; MR mitral regurgitation; RV right ventricle; WMA wall motion abnormality
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disruption resulting in acute mitral regurgitation and ven-
tricular septal defect, are important causes of acute aggrava-
tion of dyspnea. Congestive heart failure owing to a variety 
of myocardial diseases resulting in systolic and diastolic 
dysfunction can be defined by 2D echocardiography, Doppler 
analysis of the LV inflow signal, and tissue Doppler imag-
ing. Acute mitral or aortic regurgitation resulting in signifi-
cant haemodynamic and respiratory distress may be due to 
endocarditis, papillary muscle disruption, or degenerative 
causes of leaflet disruption. In patients with valvular prosthe-
sis, thrombotic dysfunction resulting in valvular stenosis or 
central regurgitation, degenerative distorsion of biopros-
thetic valvular leaflets, as well as significant paravalvular 
leakage owing to partial distachment of the valvular prosthe-
sis are major causes of acute valvular dysfunction. 
Enlargement of the right ventricle and increased right ven-
tricular pressures are important signs of pulmonary embo-
lism and are associated with impaired prognosis even in 
haemodynamically stable patients.
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Introduction

The prevalence of heart failure (HF) is increasing worldwide 
mainly as the result of coronary artery disease (CAD), 
responsible for almost two-thirds of cases of left ventricular 
(LV) dysfunction. Established treatment options for ischae-
mic HF include medical therapy, revascularization, and car-
diac transplantation. Cardiac resynchronization therapy 
(CRT) has been recently introduced as a treatment modality 
of HF, but other treatment strategies remain investigational.1 
Despite significant therapeutic advances, outcome of medi-
cal therapy in severe HF is poor.2,  3 In specific subsets of 
patients, the potential benefits of revascularization must be 
weighed against the potential high peri-procedural risks.

Dysfunctional Myocardium  
in Coronary Artery Disease

Systolic LV dysfunction owing to CAD is the complex result 
of necrosis and scarring, as well as of functional and morpho-
logical adaptive abnormalities of the viable myocardium. 
Preservation of myocardial viability refers to the tissue capac-
ity for survival. Although viable myocardium encompasses 
normally contracting and hypocontractile tissue, the term 
“viability” has been used interchangeably with “contractile 
recovery”. Hence, in the setting of chronic LV dysfunction, 
this definition usually refers to the downregulation of con-
tractile function in surviving myocardium in response to peri-
odic or sustained reduction in coronary blood flow, which 
may be potentially reversed if normal blood flow is restored.

Viable myocardium exists as a spectrum, from complete 
trans-mural infarction with no viability, to trans-mural hiber-
nation or stunning with the potential of full recovery. 
Moreover, patients can have various mixtures of stunned, 
hibernating, ischaemic and fibrotic myocardium, in a variety 
of arrangements. As approximately 40% of myocardial seg-
ments with resting wall motion abnormalities after acute 
myocardial infarction (AMI) have viable tissue that may 
recover contractile function if revascularised, detection of 
viable myocardium is clinically relevant.

Myocardial stunning describes the post-ischaemic meta-
bolic and contractile compromise in viable myocardium after 
a transient coronary occlusion (i.e. post-successful reperfu-
sion in AMI). In stunned myocardium, blood flow may be 
restored but contraction may not return to baseline. 
Pathogenesis likely involves oxygen-free radicals, calcium 
overload and structural changes in the collagen fibres of 
myocyte to myocyte struts. Dysfunction might persist from 
hours to weeks, but generally improves with time. An 

exception is repetitive stunning, defined as repeated episodes 
of ischaemia producing prolonged post-ischaemic contractile 
dysfunction,4 which is similar to hibernation in that revascu-
larization has the potential to improve contractile function.

Myocardial hibernation is a chronic state of contractile 
dysfunction at rest in non-infarcted myocardium as the result 
of persistently reduced blood flow, which has the potential to 
improve function after restoration of myocardial blood supply. 
Observations suggest that hibernation may be a temporal pro-
gression of chronic repetitive stunning, with an initial state of 
near-normal blood flow but reduced flow reserve, finally lead-
ing to decreased resting flow. The term jeopardised myocar-
dium has been proposed to include the entire spectrum from 
repetitive stunning to hibernation. The deprived hibernating 
myocytes spend energy to preserve cellular integrity at the 
expense of contractile function. Biopsy studies demonstrated 
that hibernating myocardium develops histological changes of 
cellular dedifferentiation and an embryonic phenotype, includ-
ing expression of foetal isoforms of structural proteins, disor-
ganization of the cytoskeleton, depletion of myofilaments, 
loss of sarcoplasmic reticulum and T tubules, finally leading 
to progressive apoptosis and interstitial fibrosis.4 The improve-
ment of myocardial oxygen supply/demand relationship with 
revascularization (and to a lesser extent with medical therapy) 
leads to functional recovery of the hibernating myocardium. 
However, the ability to recover systolic function after revascu-
larization depends on the severity of structural abnormalities, 
i.e. the correction of cellular changes and the amount of tissue 
fibrosis.5 These observations and evidence that apoptosis is 
important in hibernation underscore the importance of early 
revascularization in this dynamic transition from reversible to 
irreversible contractile dysfunction.4,  6

Theoretically, hibernation and stunning are different 
pathophysiologic states, but practically, they are often indis-
tinct, appear to co-exist in varying degrees in the same patient 
or myocardial region and represent a continuum of the same 
process.7 However, the timing of functional recovery after 
revascularization appears to differ between stunned and 
hibernating myocardium. Stunned myocardium recovery 
appears to be early after revascularization and more com-
plete, while recovery of hibernating myocardium is late and 
often incomplete.6

Revascularization in Ischaemic Cardiomyopathy

Randomised controlled trials of coronary revascularization 
in patients with HF and LV systolic dysfunction are lacking 
but studies are ongoing. Decisions are largely based on sur-
gical studies performed 20 years ago. In Coronary Artery 
Surgery Study registry (420 medical patients and 231 surgi-
cal patients)8 and Duke University Cardiovascular Database 
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(409 medical patients and 301 surgical patients),9 CABG 
provided a significant long-term survival advantage over 
medical therapy, but surgical survival benefits were seen in 
patients with the most severe LV systolic dysfunction,  exten-
sive CAD and  severe angina. Although these and other 
smaller studies, overall, favoured surgery over medical ther-
apy, important limitations include the selection bias for 
revascularization, inadequate medical therapy in both medi-
cal and surgical groups, outdated surgical techniques,10 small 
number of patients (particularly with predominant HF symp-
toms) and lack of pre-operative viability assessment.11

Peri-operative mortality for CABG in LV systolic dys-
function vary, from approximately 5%–30% depending on 
age, severity of LV, systolic dysfunction and co-morbidities,12 
Furthermore, in patients undergoing Percutaneous Intervention 
before stents, 18.2% of patients with LVEF between 25 and 
35% experienced non-fatal myocardial infarction and acute 
closure.13

Limitations in study design and higher peri-procedural 
risk have created uncertainty about the optimal treatment 
strategy. This has provided the rationale for non-invasive 
viability testing, which has potential value in moderate-to-
severe ischaemic cardiomyopathy, identifying patients whose 
symptoms and natural history may potentially improve with 
revascularization.

Assessment of Myocardial Viability

The main goal of myocardial viability assessment is to detect 
dysfunctional myocardium, which would improve function if 
normal blood supply were restored. Several observational 
studies demonstrated that patients with ischaemic LV dys-
function with extensive areas of viable myocardium have 
lower peri-operative mortality, greater regional and global LV 
function recovery, fewer HF symptoms and improved survival 
after revascularization (fivefold lower annual mortality rate 
when compared with medical treatment alone). After revascu-
larization, the annual mortality rate in patients with viable 
myocardium was half as high as in patients without viable 
myocardium. Conversely, in those patients without significant 
myocardial viability, there was a trend towards a higher mor-
tality following revascularization. Hence, it seems that sur-
vival benefit is obtained when the need for revascularization is 
guided by pre-operative assessment of myocardial viability.

A number of non-invasive imaging procedures have been 
developed to evaluate myocardial viability and to identify 
markers of functional recovery, including dobutamine stress 
echocardiography (DSE), myocardial contrast echocardiog-
raphy (MCE), single-photon emission computed tomogra-
phy (SPECT), positron emission tomography (PET) and 
cardiovascular magnetic resonance (CMR) imaging.

The currently available imaging techniques assess distinct 
characteristics of viable and dysfunctional myocardium, hav-
ing different limitations and diagnostic accuracy. Comparison 
of the clinical utility of each in the assessment of myocardial 
viability is currently limited by the lack of randomised pro-
spective trials. Besides, there is uncertainty about the best cri-
terion to determine the clinical benefit of the assessment of 
myocardial viability, by which they should be compared. 
Several studies evaluated their accuracy for the prediction of 
segmental improvement, but of greater clinical relevance is 
the global LV functional recovery after revascularization. 
Theoretically, the best method should be the one with the 
optimal sensitivity (Sn) and specificity (Sp) for detection of 
viability. However, as the amount of hibernating myocardium 
is the critical determinant of global functional recovery, even 
methods of moderately high Sn may eventually identify those 
patients with great benefit. The precise extent of viability nec-
essary to predict benefit from revascularization is unclear and 
may vary in different clinical circumstances. Most studies 
suggested that a substantial amount of viable myocardium (at 
least 20–30% of LV mass) is required for the improvement of 
LVEF. Hence, both identification and quantification of the 
extent of viable myocardium are required for a careful selec-
tion of patients who have a higher likelihood of benefit from 
revascularization. However, several authors showed that sur-
vival rates after coronary artery bypass surgery were similar 
whether or not function improved after intervention, suggest-
ing that relevant clinical benefits may occur even without 
LVEF recovery. Preservation of small viable areas may 
improve clinical outcome by reducing the risk of subsequent 
ischaemic events, improving LV re-modelling processes, pre-
venting additional LV dilatation, promoting electrical stabil-
ity and eventually improving symptoms and functional 
capacity. Hence, large-scale prospective head-to-head com-
parisons of the available imaging modalities are needed to 
determine their independent value for the detection of viable 
myocardium and to evaluate their accuracy in predicting the 
patient’s response to therapy, regarding LV function recovery, 
symptoms and survival.

As the use of a single viability test may not be optimal, the 
value of sequential multi-modality imaging should also be 
evaluated. Multi-modality imaging approach may theoretically 
enhance the prediction of functional recovery after revascular-
ization in selected patients with ischaemic LV dysfunction.

Rest echocardiography

Resting echocardiographic examination is the single most 
useful test in the assessment of HF, because structural 
abnormality, systolic dysfunction, diastolic dysfunction or 
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a combination of these abnormalities need to be obtained 
for the diagnosis of HF. Moreover, resting echocardiogra-
phy provides valuable information that may guide the 
choice of imaging technique to use and assist in its interpre-
tation. If there is adequate image quality, allowing full visu-
alization of endocardial border and wall thickening in all 
myocardial segments, DSE may be the test of choice. If the 
acoustic window is insufficient to provide a high degree of 
diagnostic certainty, despite contrast enhancement, another 
imaging approach should be used. Moreover, the wall 
motion score and LVEF at rest differently affect the accu-
racy of the several imaging methods used to assess viabil-
ity. Severe dysfunction at rest reduces the predictive 
accuracy of stress tests (either DSE or dobutamine-CMR), 
and in such patients delayed-enhancement CMR may be 
preferable.

The assessment of LV end-diastolic wall thickness can be 
used to obtain a first evaluation of myocardial viability: 
thinned (<6 mm) and dense myocardial segments typically 
reflect scar tissue and have particularly low probability of 
improvement in function, while dysfunctional segments with 
preserved wall thickness (³6 mm) may be viable. The 
involvement of >4 ventricular wall segments by scarring is 
associated with low probability of global functional recovery 
after revascularization. Furthermore, the degree of LV re-
modelling and dilatation may be an additional guide to 
 predict functional recovery post-revascularization. The like-
lihood of significant recovery of global LV function is 
inversely related to the ventricular volume. End-diastolic 
volume of >220 mL is unlikely to show significant functional 
recovery, as the likelihood of significant scar tissue is high in 
the severely re-modelled LV.

Until recently, resting echocardiography was considered 
of limited utility in discriminating viable from non-viable 
myocardium. However, myocardial velocity assessment with 
tissue Doppler imaging (TDI) and speckle tracking-derived 
parameters may unmask viable myocardium.

TDI allows accurate assessment of regional myocardial 
function during all the phases of the cardiac cycle. 
Experimental and clinical studies showed that TDI-derived 
analysis of ejection systolic velocities, strain and strain rate 
allow accurate definition of trans-murality of myocardial 
infarction. TDI-based longitudinal strain and strain rate are 
reduced in segments with sub-endocardial scarring, although 
the relationship is non-linear as the sub-endocardium gov-
erns the trans-mural contraction and longitudinal function. 
However, angle dependency (incapacity to assess shorten-
ing or thickening whenever the principal vector of contrac-
tion is not aligned with the ultrasound beam) significantly 
impairs their accuracy. Other TDI-derived parameters may 
be useful to assess the myocardial viability, particularly, the 
detection of myocardial positive pre-ejection velocity 

occurring during isovolumic contraction. Penicka et al.14 
demonstrated high accuracy of TDI-derived myocardial 
positive pre-ejection velocity qualitatively assessed by 
pulsed TDI to predict recovery of contractile function in 
patients with chronic CAD, wall motion abnormalities and 
global systolic dysfunction submitted to revascularization. 
The presence of positive pre-ejection velocity predicted 
improvement of regional function after revascularization 
(Sn: 93%; Sp: 77%) and the presence of positive pre-ejec-
tion velocity in ³5 dysfunctional segments had a high accu-
racy to predict moderate (Sn: 92%; Sp: 79%) and marked 
(Sn: 93%; Sp: 60%) recovery of global systolic function. 
Moreover, in another group of similar but non-revascular-
ized patients, Penicka et al. showed a good agreement 
between positive pre-ejection velocity and detection of via-
ble myocardium at DES, FDG-PET and DE-CMR. However, 
the incremental value of positive pre-ejection velocity over 
reference techniques in the evaluation of myocardial viabil-
ity was not assessed.

Speckle tracking is a new technique that tracks frame-to-
frame movement of natural acoustic markers or speckles 
identified on standard 2D ultrasound tissue images. Local 2D 
tissue velocities are derived from spatial and temporal data of 
each speckle. Myocardial strain can be assessed from tempo-
ral differences in the mutual distance of neighbouring speck-
les, allowing the evaluation of circumferential, radial and 
longitudinal strain. Recently, Becker et al. showed that myo-
cardial deformation imaging in rest, based on speckle track-
ing, allows the assessment of trans-murality, as radial and 
circumferential strain impairment is proportional to the trans-
mural scarring extent. Moreover, they also found that peak 
systolic radial strain identifies reversible myocardial dys-
function and predicts regional and global functional recovery 
at 9 ± 2 months follow-up. Segments with functional recov-
ery had significantly higher baseline peak systolic radial and 
circumferential strain values and a peak systolic strain of 
>17.2% predicted segmental functional recovery (Sn: 70.2%; 
Sp: 85.1%). Besides, a positive correlation was found 
between the number of segments with a peak systolic strain 
of >17.2% and LVEF improvement after surgical or percuta-
neous coronary revascularization. Moreover, the predictive 
value was similar to that achieved by contrast-enhanced 
CMR15 (Fig. 16.1).

Myocardial Contrast echocardiography

MCE is a technique that uses micro-bubbles during echocar-
diography. These micro-bubbles remain exclusively within 
the intra-vascular space and their presence within 
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any myocardial territory denotes the status of micro-vascular 
perfusion within that region. The volume of blood present in 
the entire coronary circulation (arteries, arterioles, capillar-
ies, venules and veins) is approximately 12 mL/100 g of car-
diac muscle; approximately one-third of this is present within 
the myocardium itself and is termed “myocardial blood vol-
ume”.12 The predominant (90%) component of the myocar-
dial blood volume resides within the capillaries. Myocardial 
contrast intensity reflects the concentration of the micro- 
bubbles within the myocardium. When a steady state of 
micro-bubble concentration has been achieved in the myo-
cardium, during a continuous infusion of contrast, the 
observed signal intensity denotes the capillary blood vol-
ume.16, 18 Any alteration in signal intensity in this situation 
thus occurs principally as a result of a change in the capillary 
blood volume. Furthermore, it has been shown that after the 
destruction of micro-bubbles in the myocardium with high-
energy ultrasound, myocardial contrast replenishment, both 
during low and high power, reflects myocardial blood veloc-
ity.18 The product of these two components denotes myocar-
dial blood flow at the tissue level.18, 19 MCE can thus detect 
capillary blood volume and by virtue of its temporal resolu-
tion, can also assess myocardial blood flow.

Myocardial Contrast echocardiography  
for the Detection of Myocardial Viability

Assessment of myocardial viability is based on the assump-
tion that myocardial viability necessitates a preserved 
micro-vasculature, which can be assessed by MCE. With 

its excellent spatial resolution (<1 mm axially), MCE can 
accurately depict the presence of micro-vascular integrity. 
Kloner et al. showed that with myocardial infarction, myo-
cyte loss was associated with a loss of micro-vasculature.20 
Thus, absence of myocardial contrast enhancement on 
MCE should define regions that lack myocardial viability. 
In patients with ischaemic cardiomyopathy undergoing 
coronary artery bypass grafting, Shimoni et al.21 in an 
important study, demonstrated an excellent correlation 
between contrast signal intensity and capillary density 
obtained from myocardial biopsies of the same region. 
Moreover, contrast signal intensity was inversely related to 
the extent of fibrosis. Peak contrast signal intensity after 
micro-bubble destruction denotes capillary volume, which 
in turn is a measure of myocardial viability. Peak contrast 
intensity obtained in this manner has also been shown to 
correlate with the extent and severity of myocardial necro-
sis, as assessed by gadolinium-enhanced CMR imaging 7 
days after AMI, in a study by Janardhanan et al.22 (Figs. 
16.2 and 16.3). Both studies evaluated the usefulness of 
peak contrast intensity as a measure of myocardial viabil-
ity. Once the contrast agent has reached a steady state, dur-
ing continuous intravenous infusion, high-energy impulses 
are used to achieve micro-bubble destruction within the 
myocardium. The replenishment of contrast can then be 
visualised using either high-power (mechanical index 0.9–
1.0) or low-power (mechanical index 0.1–0.2) techniques. 
Myocardial replenishment is then observed over 10–15 car-
diac cycles; fully replenished myocardium, which is of 
homogeneous contrast intensity, indicates the presence of 
myocardial viability. Normal contrast intensity by qualita-
tive MCE has been shown to have a predictive value of 
almost 90% for the presence of contractile reserve, whereas 
the absence of contrast enhancement predicts a lack of con-
tractile reserve in approximately 90% of cases.22

The concept underlying this is that in a low-flow state, 
such as the one that occurs after AMI, myocardial blood flow 
in the infarcted muscle is reduced either because of severe 
flow limiting stenosis, capillary plugging or an occluded 
infarct-related artery (IRA), with the myocardium being sup-
plied by collateral blood flow. Using an experimental model, 
Coggins et al., in a novel study, showed that after occlusion, 
infarct size was best determined when contrast replenish-
ment is observed 15 s after a destructive impulse.23 In other 
words, collateral blood flow, which is usually low, maintains 
myocardial viability despite an occluded IRA. This was also 
shown in a human study in which Swinburn et al.24 studied 
96 patients after AMI. MCE was performed 3–5 days after 
AMI; the authors found that the absence of homogenous 
contrast replenishment within 10 s of myocardial micro- 
bubble destruction resulted in the non-recovery of these seg-
ments in 84% of cases (Fig. 16.4).

Trans-mural extent of Infarction (TEI)
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Fig. 16.1 Short-axis radial strain images in a patient with previous 
history of postero-lateral acute myocardial infarction, showing a low 
peak systolic radial strain of the posterior, inferior and lateral 
segments
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Fig. 16.2 Quantitative myocardial contrast echocardiography  
in relation to trans-mural extent of infarction (TEI) in dysynergic 
 segments. (a) Peak contrast intensity. (b) Micro-bubble velocity.  
(c) Myocardial blood flow21

Fig. 16.3 Images from a 62-year-old patient who presented with an 
anterior myocardial infarction. (a) CMR demonstrates a full thickness 
apical infarct (red arrows), which extends to the mid-septum with 
greater than 50% myocardial wall involvement again implying low 
likelihood of viability. (b) The MCE apical 3-chamber view demon-
strates not only an absence of contrast uptake at the apex but also 
severely reduced opacification extending to the mid-septum.  
(c) Although the SPECT images clearly demonstrate an apical full-
thickness infarct, they only show a mild reduction in tracer uptake in 
the septum as demonstrated in the mid-apical short-axis view imply-
ing £50% TEI with significant viability in the infarct related territory
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Fig. 16.4 (a) End-systolic frames of the apical 3-chamber view show-
ing: (i) Akinetic mid-anterior septum and apex (arrows); (ii) complete 
destruction of myocardial contrast immediately after a high mechani-
cal index pulse on MCE; (iii) lack of contrast opacification of the dysyn-
ergic segments, even at 15 cycles (arrows); (iv) lack of functional 
recovery at 12 weeks despite revascularization (arrows). (b) End-systolic 

frames of the apical 4-chamber view showing: (i) Akinetic mid-septum, 
apex and mid-lateral segments (arrows); (ii) complete destruction of 
myocardial contrast immediately after a high mechanical index pulse 
on MCE; (iii) homogenous contrast opacification of the dysynergic seg-
ments by 15 cardiac cycles (arrows); (iv) Functional recovery at 12 weeks 
after revascularization (arrows). Adapted from Janardhanan et al.46
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Detection of Myocardial Viability After Acute 
Myocardial Infarction

A number of studies have demonstrated the important role that 
MCE plays in assessing the viability and predicting the recov-
ery of regional and global systolic function post-AMI. It was 
noted that patients with a patent IRA and good contrast opaci-
fication demonstrated an improvement in contractile function 
compared with those with a poor or absent contrast opacifica-
tion 1 month after AMI. Such studies have established the 
importance of an intact micro-vasculature after AMI, as 
assessed by MCE, to predict the myocardial viability. In post-
AMI patients treated with thrombolysis, Jeetley et al.25 (in the 
first study to show that real-time intravenous MCE can predict 
LV re-modelling after AMI and thrombolysis) first demon-
strated that the extent and severity of contrast perfusion defects 
predicted adverse LV re-modelling. Furthermore, in that study, 
among all the clinical, biochemical, electrocardiogram and 
MCE markers that affect LV re-modelling, the contrast perfu-
sion score index (PSI) was the only independent predictor of 
LV re-modelling. Low-dose dobutamine echocardiography 
(DSE) is widely used to assess myocardial viability. Huang 
et al.26 recently published a comparison between MCE and 
low-dose DSE for the prediction of LV functional recovery in 
patients after AMI. The 92 patients were divided into three 
groups (post-operative cardiac ischaemia, 34; thrombolysis, 30 
and conservative, 28). They found that there was good concor-
dance between MCE and low-dose DSE in predicting func-
tional recovery (kappa = 0.3, p < 0.001) and that the MCE PSI 
had a strong correlation with LV functional recovery (r = 
−0.75, p < 0.1). Senior and Swinburn20 specifically addressed 
the incremental value of MCE in patients undergoing low-
dose DSE for the assessment of myocardial viability after 
AMI. The study clearly established the incremental value of 
MCE in predicting myocardial viability in myocardial seg-
ment deemed non-viable by DSE. The authors demonstrated 
that the presence of contrast enhancement even in segments 
that lacked contractile response during dobutamine resulted in 
an improvement in regional function compared with those 
with no contrast enhancement. This is probably because after 
thrombolysis, a significant number of patients demonstrate 
residual IRA stenosis, which prevents the occurrence of con-
tractile response in viable segments. As MCE is performed at 
rest, the uptake of contrast is unaffected in these patients.

Hickman et al.27 compared MCE with SPECT for evaluat-
ing myocardial viability in post-AMI patients treated with 
thrombolysis. In this study of 56 patients, they found that 
90% of segments showing homogenous contrast opacifica-
tion on MCE demonstrated viability, whereas only 45% 
demonstrating normal radionuclide tracer uptake showed 
viability. Conversely, 85% of segments without contrast 
opacification on MCE did not show recovery of function; 
however, 25% of patients subsequently demonstrated 

recovery of function despite a severe reduction in tracer 
uptake on SPECT. This is probably because SPECT has a 
lower spatial and temporal resolution compared with MCE 
(Fig. 16.3).

Several MCE studies have demonstrated high Sn (75–90%), 
but poorer Sp (50–60%) in identifying the recovery of contrac-
tile function after AMI. The majority of the studies consisted 
of patients studied early after reperfusion and only assessed 
during rest. The combination of reactive hyperaemia, dynamic 
changes in the micro-circulation early after AMI and the fact 
that myocardial infarction involving more than 20% of the 
subendocardium can render the myocardium akinetic despite 
significant epicardial and mid-myocardial viability28 tends to 
make MCE less specific for the detection of myocardial viabil-
ity if viability is defined in terms of the recovery of systolic 
function. Technical factors such as the inability to distinguish 
micro-bubble signature from the underlying tissue can also 
contribute to the low Sp of MCE. Recent studies have, how-
ever, shown that assessing patients 3–5 days after AMI and an 
assessment of contractile reserve using background subtrac-
tion techniques, either on-line (low-power or high-power 
imaging) or off-line, considerably improved the Sp (75–80%) 
and positive predictive value (75–80%) of MCE.29, 30 The study 
by Main et al.30 is an important paper that demonstrates the 
impact of technological advances in imaging techniques on the 
accuracy of MCE in identifying stunning and in the prediction 
of recovery of function after myocardial infarction. Balcells 
et al.31, whose study elegantly demonstrated the optimal timing 
of performing MCE for the accurate prediction of myocardial 
viability, assessed the grades of perfusion 3–5 days after PCI 
and correlated them with contractile reserve assessed 1 month 
later. Almost all segments with good perfusion demonstrated 
contractile reserve; conversely, almost all segments with no 
perfusion failed to show contractile reserve. The authors also 
observed a threshold myocardial perfusion beyond which there 
was a strong correlation between perfusion and contractile 
reserve. The key to improved accuracy for determining viabil-
ity in a reperfused territory after AMI is to perform MCE at 
least 24 h after reperfusion. The Sn and Sp of MCE for predict-
ing myocardial viability are 83 and 75%, respectively.

Recent data indicated that the extent and severity of con-
trast perfusion defect after AMI predicted the mortality and 
combined mortality re-infarction, independent of clinical 
factors, ECG parameters, cardiac biomarkers and resting 
LVEF32 (Fig. 16.5).

Detection of Myocardial Viability in Chronic 
Coronary Artery Disease

MCE using direct intra-coronary injections of micro-bubbles 
has also been compared with SPECT and DSE for predicting 
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the recovery of resting function after revascularization.33 
Similar to thallium uptake, the normalised peak contrast 
intensity of dysfunctional segments that recovered function 
was significantly higher than the segments that did not 
improve after revascularization. Both perfusion modalities 
were found to have comparable Sn, but a lower Sp compared 
with DSE. Other studies have confirmed the excellent Sn of 
MCE and also found a lower Sp for predicting the recovery 
of function after revascularization.34,  35 It has been noted that 
a combined assessment of perfusion and contractile reserve 
provides the most optimum Sn and Sp.35

Intravenous MCE was recently assessed for the detection 
of myocardial viability by Shimoni et al.36 in the first human 
study, using quantitative MCE for the detection of myocar-
dial hibernation. The authors studied 20 patients with CAD 
and LV systolic dysfunction; the patients underwent MCE, 
DSE and rest-distribution thallium-201 scintigraphy 1–5 

days before bypass surgery. They found that the Sn of quan-
titative resting intravenous MCE for predicting the recovery 
of function was 90% and was similar to thallium-201 scintig-
raphy (92%) and superior to DSE (80%); the Sp was higher 
than for thallium-201 and also for DSE (63, 45 and 54%, 
respectively; p < 0.05). A recent paper by Hummel et al.37 
demonstrated the application of viability assessment by 
MCE in patients with ischaemic cardiomyopathy undergoing 
CRT. The authors found an MCE-based assessment of via-
bility, a PSI based on a visual assessment of contrast opacifi-
cation correlated with an acute improvement in the LVEF  
(p = 0.003), stroke volume (p = 0.02) and end systolic vol-
ume (p = 0.05). In a multi-variate model, PSI provided incre-
mental predictive value to the degree of dyssynchrony, 
measured by TDI, for predicting an improvement in the 
LVEF. At 6 months, PSI remained positively correlated with 
an improvement in ventricular performance and with a reduc-
tion in LV end-diastolic volume. Furthermore, patients with 
a higher PSI subsequently tended to have a lower New York 
Heart Association class, a better 6 min walking distance, an 
improved quality-of-life score and fewer hospital admissions 
for HF after CRT. In summary, MCE is reliable for the detec-
tion of myocardial viability after AMI and chronic HF. 
However, more outcome data is required to establish this 
technique as a robust marker of myocardial viability.

stress echocardiography

Stress echocardiography is based on evaluation of contrac-
tile reserve, a characteristic feature of viable myocardium, 
which may be elicited by catecholamine stimulation. The 
underlying principle is that adrenoreceptor stimulation by 
dobutamine will augment function before ischaemia is 
engendered by increased myocardial work and metabolic 
demands. Typically, inotropic response primarily occurs at 
low doses and tachycardia potentially eliciting ischaemia 
usually only develops at higher doses.

Standard DSE exam involves various stages of either low- 
or high-dose protocols, with increments from 5 to 40 mg/kg/
min, with each stage lasting 3 min. Some advocate using an 
even lower starting dose of 2.5 mg/kg/min, because in patients 
with critical coronary stenosis, myocardial ischaemia may be 
elicited with doses as low as 5 mg/kg/min. Infusions of low-
dose dobutamine (5–10 mg/kg/min) increase contractility in 
dysfunctional but viable myocardium usually without signifi-
cant tachycardia. A combination of low and high (³20 mg/kg/
min) doses has been shown to provide the greatest diagnostic 
information and accuracy for the prediction of functional recov-
ery after revascularization. This is ascribed to the ability of 
high-dose dobutamine infusion to recognise ischaemia with 
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Fig. 16.5 (a) Kaplan–Meier survival curve (unadjusted) using a cut-
off of CDI of 1.86 for the prediction of cardiac death. (b) Kaplan–Meier 
survival curve using a cut-off of CDI of 1.67 for the prediction of car-
diac death or non–fatal AMI
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higher accuracy. Echocardiographic second harmonic images 
are acquired at each stage to determine new wall motion abnor-
malities, worsening of pre-existing wall motion abnormalities 
or enhanced wall motion. Clear endocardial definition is crucial 
for optimal regional function evaluation, which is performed 
using a 5-point wall  motion scoring system (1 = normokinesis, 
2 = mild  hypokinesis, 3 = moderate or severe hypokinesis, 4 = 
akinesis and 5 = dyskenesis) for the 16- or 17-segment model 
of the LV. As with conventional echocardiography, patient-
dependent factors such as obesity and lung disease may lead to 
poor acoustic windows and reduce diagnostic accuracy. In 
those patients, contrast-enhanced endocardial border detection 
may be additionally used during the DSE to improve endocar-
dial border detection. Moreover, evaluation of wall motion 
abnormalities may be challenging in patients with previous 
myocardial infarction, in whom passive tethering motion is a 
confounding variable. Finally, signal dropout can cause subop-
timal images, leading to misdiagnosis in some patients.

During dobutamine infusion, there are four possible 
responses of regions with abnormal resting function:  
(1) biphasic response – at low levels of dobutamine stimula-
tion, systolic wall thickening increases and starts earlier, 
improving contractile function, but at higher levels, the 
increase in myocardial demand cannot be matched by further 
increases in blood flow, leading to ischaemia and systolic 
function deterioration; (2) sustained functional improvement 
at low doses that persisted or further improved until peak 
dose; (3) worsening of resting wall motion during dobu-
tamine infusion without any improvement and (4) no change 
in function. The stress echocardiographic sign of myocardial 
viability is a stress-induced improvement of contractile func-
tion during low levels of stress in a region that is abnormal at 
rest. However, the pattern of response is predictive of post-
revascularization functional improvement. A biphasic 
response, indicating that the tissue is not only viable but also 
supplied by a stenosed artery, has greatest predictive accu-
racy for recovery – in a recent study, 72% of segments with 
biphasic response recovered function. A uniphasic response 
with sustained improvement has limited Sp to predict func-
tional recovery, as augmentation alone may occur not only 
with non-jeopardised myocardium (stunned), but also in 
areas of non-trans-mural infarction without hibernating myo-
cardium (sub-endocardial scar) or in re-modelled myocardium. 
Finally, about 20–25% of viable segments do not improve 
functionally during inotropic stimulation, as they have an 
almost exhausted blood flow reserve and extensive structural 
abnormalities. However, those viable segments without 
improvement with dobutamine stimulation usually do not 
recover contractile function after revascularization.

Laboratory experiences revealed that the DSE using visual 
wall motion assessment demonstrated a mean Sn of 85% and 
Sp of 79% in regional functional recovery prediction.38 
Identification of contractile reserve by DSE is highly specific, 

but may lack Sn, as some myocardial segments without ino-
tropic reserve may demonstrate recovery of function follow-
ing revascularization. Moreover, owing to the subjectivity of 
visual wall motion interpretation, DSE is an experience-
dependent technique with high degree of inter- and intra-
observer variability. However, in clinical setting, the 
diagnostic accuracy of DSE is generally adequate for the pre-
diction of regional recovery after revascularization.

In addition, various studies demonstrated that LVEF 
improved only in patients with substantial viability on DSE. 
A linear relation was present between the number of viable 
segments and the likelihood of recovery of overall LV func-
tion after revascularization and the identification of ³4 viable 
segments accurately predicted LVEF improvement (e.g. 
³5%) after revascularization (Sn: 86%; Sp: 90%), improve-
ment in HF symptoms and reduction in event rate.38

Alternative protocols for echocardiographic assessment 
of myocardial viability include dipyridamole, low level exer-
cise and more recently, levosimendan. Exercise induces cat-
echolamine stimulation, but the early development of 
tachycardia may provoke ischaemia and mask the inotropic 
response. Dipyridamole stress has been used for myocardial 
viability assessment, mainly in Europe, but the pathophysi-
ology of dipyridamole response is less clear. Dipyridamole 
induces endogenous adenosine accumulation. It has been 
proposed that the stimulation of adenosine receptors, which 
induces regional vasodilatation, may cause an increase in tis-
sue turgor and produce a reflex increase in the regional func-
tion. Exercise, dobutamine and dipyridamole show similar 
diagnostic accuracy in the induction of ischaemia. However, 
DSE is the most extensively studied and the most widely 
used test for the assessment of myocardial viability.

Recently, Cianfrocca et al.39 compared the accuracy of 
levosimendan stress echocardiography with conventional 
DSE. Levosimendan enhances cardiac contractility via Ca2+ 
sensitization without increasing myocardial oxygen con-
sumption and induces vasodilatation through the activation 
of adenosine triphosphate-sensitive potassium channels. 
They found that levosimendan was more reliable than dobu-
tamine in predicting reversible dysfunction, having higher 
Sn (75 vs. 59%; p = 0.026) and similar Sp (80%). Of note, a 
further improvement in the prediction of functional recovery 
was found when wall motion response during levosimendan 
stress echocardiography was complemented by the measure-
ment of peak systolic strain rate based on TDI (Sn: 93%).

Similarly, Karagiannis et al.40 proved the additional value 
of evaluating the recovery phase of DSE after acute b-blocker 
administration, identifying some additional ischaemic seg-
ments otherwise classified as normal. Dobutamine stimulates 
b1, b2 and a1-adrenergic receptors. Acute b-blockade at the 
peak dose of DSE leaves unopposed a1-adrenergic vasocon-
striction, reducing the coronary flow reserve, which can par-
adoxically enhance the ischaemic response in the recovery 
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phase. This method applied to DSE increased Sn for viability 
estimation from 72 to 85% (p < 0.001), while Sp remained 
unchanged (78%). However, some concerns remain regard-
ing the potential risk of myocardial infarction and arrhyth-
mias induced by acute b-blockade, which should be further 
addressed in larger trials.

The state-of-the art diagnosis of ischaemia and myocardial 
viability in DSE remains the qualitative analysis of regional 
wall motion. The major potential drawback for the use of this 
index is semi-quantitative assessment of wall motion, which 
is limited by subjectivity and technical challenges. Inter- and 
intra-observer wall motion score variability is even greater in 
those patients with previous myocardial infarction owing to 
pre-existing wall motion abnormalities and intra-ventricular 
conduction defects. In the last years, quantitative parameters 
have been studied to provide objective and reproducible 
information on global and regional wall function during 
stress. The most important methods aimed to improve DSE 
diagnostic accuracy and to reduce its operator dependency 
are: (1) automatic contour techniques including acoustic 
quantification and colour kinesis and (2) tissue Doppler myo-
cardial velocity derived parameters. In this context, myocar-
dial tissue velocity, strain and strain rate evaluated by TDI 
have emerged as promising echocardiographic tools for the 
quantitative assessment of regional ventricular function. The 
ventricular systole is a complex three-dimensional deforma-
tion process, in which the apex stays relatively stationary, 
while the base of the heart is moving downward making a 
global twist and resulting in longitudinal and circumferential 
shortening as well as radial thickening. TDI measures low-
frequency, high-amplitude signals of myocardial tissue 
motion allowing for the assessment of myocardial velocities. 
However, myocardial velocity profiles are unable to discrimi-
nate passive motion from active deformation. During the pre-
ejection period, the LV does not change in shape and the 
tethering effect is thus minimised. Aggeli et al.41 showed that 
pre-ejection longitudinal tissue velocity change and peak sys-
tolic longitudinal velocity change assessed by pulsed-wave 
TDI during low-dose dobutamine are reliable parameters of 
myocardial viability, as their increase during the stress test 
strongly predicts recovery after revascularization. However, 
evaluation of myocardial velocities by pulsed-wave TDI dur-
ing DSE is a very time-consuming technique without proven 
incremental value and is impracticable in everyday practice.

The post-processing of colour-coded tissue Doppler data 
allows quantification of myocardial deformation by measur-
ing strain and strain rate. These new TDI-derived techniques 
assess velocity gradients between different points in space, 
allowing the evaluation of active contraction of a given seg-
ment, independent of local tethering of the neighbouring 
regions. Strain and strain rate reflect the percentage of defor-
mation and intrinsic rate of deformation of the analyzed myo-
cardial segment, respectively. These parameters are less 

dependent on image quality and less subjective than the visual 
assessment of endocardial border motion. During DSE, cir-
cumferential strain and strain rate are significantly lower in 
segments with myocardial infarction, compared with both 
sub-endocardial infarcts and normal myocardium, thus assess-
ing the degree of trans-murality. Hanekom et al.42 demonstrated 
that the assessment of strain rate imaging as an adjunct to rou-
tine visual wall motion scoring during conventional DSE pro-
vides incremental value to predict regional and global 
functional recovery following revascularization, increasing 
Sn from 73 to 83% compared with visual assessment alone, 
without affecting the Sp. A strain rate increment of 0.25/s dur-
ing DSE was the optimal cut-off for functional recovery pre-
diction (Sn 80%; Sp 75%). Further experimental and clinical 
studies have validated strain-rate imaging for the assessment 
of myocardial viability and suggested that strain rate is a bet-
ter quantitative parameter for the prediction of functional 
recovery compared with strain.39 However, SRI is limited by 
signal noise, low reproducibility and angle dependence, as the 
TDI evaluation of apical myocardial segments is unreliable.

Cianfrocca et al.39 compared the accuracy of two different 
pharmacological stress protocols, full-dose dobutamine and 
levosimendan, with and without the combination of strain rate 
analysis to the conventional subjective wall motion evaluation. 
As previously discussed, levosimendan stress protocol was 
more reliable than dobutamine in predicting reversible dys-
function. Moreover, the peak strain rate assessment was better 
than wall motion analysis in detecting inotropic recruitment 
during pharmacological stress testing, with either dobutamine 
or levosimendan. Besides, an increment in peak strain rate > 
-0.29/s after levosimendan had the highest Sp (93%) for pre-
dicting segmental function recovery after revascularization.

Although myocardial deformation imaging based on 
speckle tracking has been validated in various circumstances, 
there are few studies supporting its use in stress echocardiog-
raphy. Since 2D strain analysis allows accurate assessment 
of regional myocardial function, it may theoretically improve 
DSE accuracy in the assessment of myocardial viability, 
through quantification of the regional function during stress 
in viable segments (Fig. 16.6). Recently, Hane Kom et al. 48 
compared TDI strain rate and 2D strain in patients undergo-
ing DSE and coronary angiography, and they found that both 
techniques are feasible and accurate, particularly in the 
assessment of ischaemia in left anterior descending territory. 
However, neither 2D strain nor TDI strain rate provided 
incremental accuracy to wall motion conventional analysis.

Recent advances in this technology raised the prospect 
that SRI may become a routinely employed modality for 
quantitative assessment of viability during DSE. However, it 
should be underscored that strain rate analysis is time-con-
suming, requiring 15–25 min of additional analysis.

Finally, technological advances in transducer and computer 
technology led to introduction of real-time 3D echocardiography 
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during stress, but no data currently show the additional value of 
this technique over conventional DSE.

Comparison with other Modalities

single-Photon emission Computed  
tomography

Among the radionuclide imaging techniques available to 
assess myocardial viability, the most commonly used is 
SPECT, either using thallium-201 or Tc-99m sestamibi. 
There are several SPECT protocols to evaluate myocardial 
viability, in stress and/or rest, which include imaging from 8 
to 72 h after stress injection, re-injection of tracer at rest on 

the same day as the stress injection, a resting injection on a 
separate day or adjuncts such as nitrates.

Thallium-201 is a potassium analogue that is actively 
transported through the intact cell membrane of the myo-
cyte. Thus, the initial uptake of thallium is determined by 
myocardial perfusion (either during stress or at rest) and is 
unaffected by hypoxia, hibernation or stunning, unless 
myocardial infarction is present. Conversely, delayed reten-
tion in the redistribution phase is dependent on cell mem-
brane integrity, which is flow-independent. Thus, areas 
without thallium uptake in early rest image that fill-in in the 
redistribution phase represent hibernating myocardium, 
whereas fixed defect areas represent scars. Several proto-
cols have been proposed with thallium-201 being the most 
frequently used rest-redistribution and stress-redistribution 
re-injection. The former assesses only myocardial viability 
and the latter assesses myocardial ischaemia and viability 

Fig. 16.6 Example of strain curves at rest (a) and with low dose dobutamine (b) in a patient with previous lateral acute myocardial infarction, 
showing improvement in the basal lateral segment demonstrating the presence of a viable segment
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and is the recommended STECT imaging modality. Both 
protocols have high Sn for predicting regional function 
recovery after revascularization (86%), but have a rela-
tively low Sp (50%).38

Myocardial uptake and retention of technetium-99m ses-
tamibi/tetrofosmin is dependent on regional perfusion and 
requires mitochondrial membrane integrity, thus reflecting 
myocardial viability. Technetium-STECT also has high Sn 
(79%) but a relatively low Sp (58%) for the prediction of 
post-revascularization improvement of regional ventricular 
function.38

Nitrates administration increases antegrade and collateral 
blood flow to areas of reduced resting perfusion and there-
fore improves tracer delivery, either thallium or sestamibi, to 
viable regions of the myocardium. Thus, nitrate-enhanced 
rest perfusion imaging and gated-SPECT has higher accu-
racy for the detection of myocardial viability.

SPECT, either with thallium or technetium tracers, is 
more sensitive for detecting recoverable myocardium than 

DSE. Baumgartner et al.43 effectively showed that the mini-
mum critical mass of viable myocardium needed for the 
detection by DSE is higher than that required by thallium-
SPECT or fluorodeoxyglucose-PET. By histological exami-
nation of 12 hearts of patients with CAD and severely 
reduced ventricular function referred for cardiac transplanta-
tion and previously submitted to the various imaging proce-
dures, it was found that segments with <25% viable myocytes 
showed echocardiographic evidence of viability in only 19% 
of cases, compared with 33% for fluorodeoxyglucose-PET 
and 38% for thallium-SPECT. However, DSE is more spe-
cific for predicting functional improvement after revascular-
ization, as the little amounts of viable tissue additionally 
recognised by nuclear modalities are frequently unable to 
contribute to regional function recovery.

Finally, the integrated biological risk-benefit balance of 
the examination method should be taken into account when-
ever SPECT is considered. Current protection standards and 
practices are based on the premise that ionising radiation can 

Fig. 16.6 (continued)
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result in serious detrimental health effects. These include 
long-term development of cancer and genetic damage. At a 
patient level, the effective dose of a single nuclear stress 
imaging ranges from 10 to 27 mSv, which is equivalent to 
the exposure to 500 chest X-rays (sestamibi-SPECT) or 
1,200 chest X-rays (thallium-SPECT). As in practical terms 
SPECT and DSE accuracies are relatively similar, DSE 
should be preferred because of lower cost, wider availability, 
absence of environmental impact and lack of biological 
effects justified by its radiation-free nature.

Positron emission tomography

PET allows the evaluation of myocardial viability by qualita-
tive and quantitative assessment of myocardial function, per-
fusion and metabolism. The assessment of function identifies 
regions with contractile dysfunction, which may potentially be 
viable myocardium. For the assessment of perfusion, several 
tracers are available, including N-13 ammonia, O-15 labelled 
water and rubidium-82. For the assessment of metabolism, 
F-18-fluorodeoxyglucose (FDG) is the most extensively used 
tracer owing to the central role of glucose metabolism in myo-
cardial ischaemic areas, particularly if given under conditions 
that encourage glucose metabolism, such as oral glucose load, 
nicotinic acid or insulin and glucose infusion. The viable tissue 
is metabolically active, having preserved or increased glucose 
consumption, whereas scarred tissue is metabolically inactive. 
FDG and ammonia studies have been combined to achieve the 
maximum accuracy for the detection of viability. Normal tis-
sue shows normal function, perfusion and metabolism. Stunned 
myocardium shows diminished function but relatively normal 
perfusion and metabolism. Hibernating myocardium can be 
identified by reduced perfusion with preserved or increased 
metabolism (metabolism-perfusion mismatch). Conversely, 
scar tissue has reduced function, perfusion and metabolism 
(metabolism-perfusion match).

Several non-randomized retrospective studies showed 
that FDG-PET predicts recovery of regional function after 
revascularization with high Sn (71–100%) but a relatively 
low Sp (33–91%).38 PET systems generally have better Sn 
and spatial resolution than SPECT systems and provide more 
accurate attenuation correction. When compared with DSE, 
FDG-PET has higher Sn, identifying the uptake of the tracer 
in 30–50% of presumably non-viable segments. However, 
the identification of islets of viable myocytes in segments 
without contractile reserve does not necessarily results in 
regional recovery. That explains why Sp of FDG-PET is 
lower than the achieved by DSE. Furthermore, as PET 
demands significant exposure to radiation without relevant 
additional benefit, alternative imaging methods without bio-
logical adverse effects should be preferred.

Cardiovascular Magnetic Resonance Imaging

CMR is a rapidly emerging non-invasive imaging technique 
providing information on cardiac anatomy, function and per-
fusion with great spatial resolution in any desired plane and 
without radiation. CMR consists of several techniques that 
can be performed separately or in various combinations dur-
ing a patient examination. The two most important CMR 
techniques to assess myocardial viability are the delayed 
enhancement CMR (DE-CMR) and the dobutamine CMR.

DE-CMR is a newly established technique to detect areas 
of acute or chronic infarct, which is presented as bright regions 
in inversion recovery images acquired 5–20 min after the 
intravenous administration of an extracellular gadolinium-
based contrast agent. In the setting of AMI, the contrast agent 
passively diffuses into the intracellular space owing to the loss 
of membrane integrity of the necrotic cells, resulting in an 
increased tissue level contrast concentration and, therefore, in 
hyper-enhancement of the affected areas. In chronic infarcts, 
the increased interstitial space between collagen fibres and the 
delayed washout owing to reduced capillary density accounts 
for contrast enhancement in the scar tissue. Hence, in chronic 
CAD, hyper-enhanced areas correspond to fibrotic tissue 
within the myocardial wall. Conversely, viable myocardium, 
either stunned or hibernating, has normal distribution volume 
of the contrast medium, and therefore retention of contrast 
does not occur. Owing to its superior special resolution, 
DE-CMR has the unique ability to assess small volumes of 
irreversibly injured myocardium, as low as 2 g and to measure 
the trans-mural extent of myocardial infarction.

DE-CMR has been extensively validated in animal models 
of ischaemic injury as well as in a variety of patient cohorts. 
Clinical studies demonstrated that DE-CMR is effective in 
identifying the presence, location and trans-mural extent of 
myocardial scarring and found a strong correlation between 
DE-CMR, thallium-SPECT and FDG-PET. Moreover, the 
extent of contrast enhancement on a segmental basis is useful 
for the prediction of improvement in contractile function after 
revascularization in CAD patients. Regional wall motion 
improvement can be expected in dysfunctional segments with 
a hyper-enhancing portion of up to 50% of the wall thickness, 
with the chance of functional improvement lower in those seg-
ments with higher trans-mural extension of hyper-enhancement. 
Besides, unlike stress tests (either DSE or dobutamine CMR), 
which appear to have reduced accuracy if more severe dys-
function is present, DE-CMR seems to have greater accuracy 
in segments with the most severe dysfunction. Although there 
are no head-to-head comparisons of DSE and DE-CMR in the 
assessment of myocardial viability, historical studies suggest 
that DE-CMR may have higher Sn (»90%) but lower Sp 
(»50%), which is mainly because of the variable functional 
recovery in myocardial segments with 25–75% hyper-enhance-
ment. Theoretically, in those patients with intermediate levels 
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of hyper-enhancement, the predictive value of DE-CMR is 
likely to increase by the combination of low-dose dobutamine, 
but no comparative studies have been performed yet.

Dobutamine-CMR assesses contractile reserve during 
low dose dobutamine stress testing. Similar to echocardiog-
raphy, CMR allows the visualization of regional wall motion 
and systolic wall thickening, but is characterised by superior 
endocardial border definition. Regional function is qualita-
tively assessed as normal, hypokinetic, akinetic or dyski-
netic. The improvement of contractile function during 
low-dose dobutamine stress is indicative of myocardial via-
bility. The majority of studies suggest that dobutamine-CMR 
has a relatively modest Sn but high Sp for the prediction of 
regional recovery after revascularization, ranging from 50 to 
90% and 73 to 94%, respectively.

The diagnostic performance of dobutamine-CMR is compa-
rable to DSE and is superior in patients with poor acoustic win-
dows. Moreover, DE-CMR appears to have a greater accuracy 
than dobutamine-CMR, even in segments with severe dysfunc-
tion, does not require pharmacological test, is technically easier 
as well as less observer dependent for interpretation. Thus, 
DE-CMR will probably become the routine procedure for CMR 
assessment of myocardial viability. However, in those patients 
with multiple segments having intermediate trans-murality 
(25–75%), complementary use of DE-CMR and dobutamine-
CMR may be the optimal CMR strategy for predicting post-
revascularization functional recovery.

When compared with DSE, CMR (either DE-CMR or 
dobutamine-CMR) disadvantages include higher costs, lower 
availability, need for breath-holding sequences during acqui-
sition, lower temporal resolution, poor images with irregular 
rhythms and is unemployable in patients with implanted 
metallic devices. However, owing to the absence of ionising 
radiation, CMR is an excellent option when stress echocar-
diography is inconclusive or not feasible.

Multi-slice Computed tomography

Advances in multi-detector computed tomography, particu-
larly with the introduction of ECG-gated multi-slice spiral 
computed tomography (MSCT) have radically changed the 
role of computed tomography in cardiac imaging. MSCT 
assessment of myocardial morphology, myocardial perfu-
sion imaging and delayed myocardial contrast enhancement 
were introduced, with the latter evolving as the key concept 
of MSCT viability imaging.

On delayed enhanced MSCT, myocardial infarction shows 
increased attenuation values when compared with healthy 
myocardium, which is explained by a combination of delayed 
wash-in and wash-out contrast kinetics and an increased vol-
ume of distribution of the contrast in the expanded interstitial 
compartment of the fibrous scar.

Several studies in animals as well as in patients proved 
the reliability of enhanced MSCT to detect and characterise 
scar tissue. The majority of these clinical studies evaluated 
the accuracy of MSCT in detecting viable segments as iden-
tified by DSE, SPECT or CMR, in patients with previous 
myocardial infarction (1–6 months). Chiou et al.44 recently 
showed that increasing segmental extent of MSCT late-
enhancement is associated with an increase in segments clas-
sified as non-viable by both SPECT and DSE, and that the 
concordance between MSCT and DSE reached 91.1% when 
the segmental extent was >75%.

Cardiac MSCT is a promising non-invasive imaging tech-
nique that offers a better spatial resolution than CMR. However, 
it is coupled with a relevant radiation exposure, which seriously 
limits its clinical application. Moreover, MSCT usefulness for 
predicting contractile function recovery after revascularization 
in patients with chronic CAD was never evaluated.

Future Perspectives

Molecular imaging is a very new and promising area of research. 
It aims to develop techniques applicable to echocardiogra-
phy, computed tomography or magnetic resonance, enabling 
the assessment of physiological and metabolic processes with 
these diagnostic modalities. In a simplistic view, molecular imag-
ing will enable the study of physiological processes that are cur-
rently assessed only by PET/SPECT, without the drawbacks of 
the nuclear techniques and with higher spatial resolution. For 
example, ligands or antibodies can be attached to the surface of 
contrast echocardiography micro-bubbles, resulting in their bind-
ing to specific epitopes up-regulated on the endothelial surface.

Molecular imaging is still predominantly in the preclinical 
research phase. Recent studies in animal models have presented 
particularly promising results for ultrasound detection of arterio-
genesis (desintegrins conjugated with micro-bubbles), severity 
and extent of post-ischaemic inflammation (phosphatidylserine 
incorporated into micro-bubbles) or remote ischaemic areas 
(P-selectins attached to micro-bubbles).45

Integrated Imaging in Clinical Practice

DSE, SPECT, DE-CMR, dobutamine-CMR and MCE have 
been proven to be useful for detecting myocardial viability 
and predicting overall LV function recovery, HF symptoms 
reduction and clinical outcome improvement in retrospective 
non-randomised studies. The absence of randomised clinical 
trials for head-to-head comparison of those imaging modali-
ties limits the choice of the optimal diagnostic strategy and 
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one should exercise some care in their application to patient 
management. Nonetheless, considering the diagnostic accu-
racy, availability and risk of adverse effects, a pragmatic 
approach may be proposed (Table 16.1 and Fig. 16.7).

The assessment of myocardial viability should start with 
a resting echocardiographic study, evaluating the acoustic 
window, endocardial borders and wall thickening in all seg-
ments, severity of wall motion abnormalities and LVEF. In 
those patients with adequate acoustic window and without 
severe LV dysfunction at rest, myocardial viability may be 
evaluated by DSE.

Severe LV dysfunction at rest reduces the predictive accu-
racy of DSE. Poor image quality despite contrast enhancement 
of a non-stress diagnostic modality is preferable in such patients. 
For detecting viable myocardium in such patients, SPECT, PET, 
CMR and MCE may be useful. DE-CMR may be a preferred 
alternative owing to its radiation-free nature and good diagnos-
tic accuracy. In those patients with multiple segments having 
intermediate trans-mural hyper-enhancement (25–75%), com-
plementary use of DE-CMR and dobutamine-CMR may be rel-
evant. MCE may also be a reasonable alternative, but larger 
outcome data are required. SPECT is a well-established modal-
ity, readily available and with proven usefulness. However, it 
entails significant exposure to radiation, which can result in det-
rimental health effects. Thus, it is likely that the growth of MRI 
and MCE in the coming years may make them the preferred 
diagnostic modality for patients who cannot be adequately 
assessed by DSE. The choice of diagnostic modality should to a 
great extent depend on the expertise of the medical centre.

Fig. 16.7 Algorithm for the 
assessment of myocardial 
viability

Resting Echocardiography

Adequate image quality

LV systolic function not severely compromised

Inadequate image quality

Severe LV systolic dysfunction 

Dobutamine Stress Echocardiography (DSE) or

Myocardial Contrast Echocardiography (MCE)
- DE-CMR (if 25–75% hyper-enhancement 

  complemented by dobutamine-CMR)

- SPECT (thallium or sestamibi)

- PET

³4 Major criteria

Three major plus 1 minor

Two major plus 2 minor

Major criteria

LV wall thickness £5 to 6 mm

No response to low-dose DSE

SPECT negative for viability

>50% of wall thickness hyper-enhancement in DE-CMR

PET negative for hibernating myocardium

No myocardial enhancement on MCE

Minor criteria

LVEF £20%

LV volumes: 1 or more of the following

  By angiography: LVEDVI ³200 mL/m2 and/or LVESVI ³120 
mL/m2

  By echocardiography: LVEDVI ³170 mL/m2 and/or LVESVI 
³90 mL/m2

 Echocardiographic dimension: LVEDDI ³5.5 cm2/m2

table 16.1. Criteria indicating low probability of improvement  
with revascularization in patients with global LV dysfunction and 
multi-vessel disease

Adapted from Rahimtoola et al.47

LVEDVI left ventricle end-diastolic volume/index; LVEDDI left ven-
tricle end-diastolic dimension/index; LVESI left ventricle end-systolic 
volume/index
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Introduction

Evaluation of myocardial viability by cardiac imaging plays 
a critical role in the decision-making therapeutic strategies 
for patients with ischaemic left ventricular (LV) dysfunction. 
Application of cardiac imaging for viability assessment fol-
lows distinct pathophysiological approaches, namely regional 
assessment of perfusion by either single-photon emission 
computed tomography (SPECT) or positron emission tomog-
raphy (PET), regional assessment of perfusion and metabo-
lism by PET, verification of residual contractile reserve in 
dysfunctional myocardium using dobutamine stimulation, or 
direct visualization of necrotic myocardium by magnetic 
resonance imaging (MRI) or multi-detector computed tomog-
raphy (MDCT). Identification of viability bears relevant 
implications because it has been repeatedly reported that in 
patients with viability remaining in medical therapy, mortal-
ity is substantially higher than in those with viability under-
going revascularization.

For predicting the recovery of regional or global LV sys-
tolic function at rest, nuclear techniques (PET and SPECT) 
demonstrate very high sensitivity but reduced specificity, 
which in clinical terms translates into overestimation of 
potential for recovery of systolic function, whereas an oppo-
site behaviour is reported by techniques assessing contractile 
reserve. MDCT, like MRI, directly evaluates the presence of 
necrotic tissue using late enhancement (LE) after injection of 
a contrast agent. Although no sufficient clinical experience has 
yet been reported, MDCT has the potential for a comprehen-
sive anatomic and tissue characterization within a single test.

The concept of myocardial viability was established in the 
early 1970s when several clinical studies reported the obser-
vation that areas of dysfunctional myocardium at rest par-
tially or completely recovered contraction following coronary 
revascularization. These observations led to the innovative 
conclusion that lack of contraction of the myocardium does 
not necessarily indicate irreversible myocyte damage due to 
myocardial necrosis, but may be a reversible phenomenon 
exhibiting recovery of function upon revascularization.1 This 
new pathophysiological condition was conceptualized later 
by Rahimtoola, and termed hibernating myocardium.2 Almost 
in parallel with the recognition of hibernation, the identifica-
tion of stunned myocardium, a distinct pathophysiological phe-
nomenon leading to transient and spontaneously reversible 
regional contractile dysfunction immediately following an 
acute ischaemic insult, was gaining growing clinical relevance 
as it was repeatedly demonstrated in several clinical conditions 
spanning from chronic stable coronary artery disease to acute 
coronary syndromes.3 Thus, three distinct pathophysiological 
conditions listed in Table 17.1 may be responsible for LV dys-
function in patients with ischaemic cardiomyopathy. For clini-
cal purposes, the concept of viable myocardium refers to the 

potential recovery of regional myocardial contractile function 
at rest independently on its pathophysiological substrate. 
Although useful and simple for clinicians, the introduction of 
such a broad clinical definition of viability reflects the diffi-
culty of characterizing the substrate of regional contractile dys-
function in humans, which is very rarely sustained by a unique 
condition, but is more often the sum of admixture of viable 
dysfunctional (either stunning or hibernating) necrotic and nor-
mal myocardium. The original concept of hibernation has 
also been challenged in several aspects since the evidence of 
reduced blood flow yielded conflicting results in human stud-
ies.4 Moreover, the possibility that the phenomenon could also 
be due to repetitive episodes of stunning because of reduced 
coronary flow reserve has been postulated.5 In addition, the 
postulate of preserved albeit transient contractile reserve, 
despite reduced blood flow, has also been questioned because 
it was demonstrated that contractile reserve is abolished in 
metabolically viable myocardium where coronary reserve is 
severely reduced or absent,6 which explains the reduced sensi-
tivity for predicting functional recovery of techniques that 
evaluate contractile reserve in dysfunctional myocardium sup-
plied by occluded coronary vessels.7 Finally, more recent histo-
pathologic studies have demonstrated progressive ultrastructural 
changes in hibernating myocardium characterized by an embry-
onic phenotype and apoptotic damage,8 challenging the con-
cept of a long-term smart adaptation to chronic hypo-perfusion 
and emphasizing the need for prompt revascularization to pre-
vent irreversible impairment of the contractile machinery 
and obtain recovery of function.9 Experimental data further 
challenged the benign conception of hibernation demonstrat-
ing a propensity for fatal arrhythmias in animals with hiber-
nation, despite lack of necrosis. This provides a potential 
explanation for the negative prognosis of patients with evi-
dence of viable myocardium undergoing medical therapy.10

Clinical outcomes and the “Gold standard” 
of Viability

From histopathologic and pathophysiological viewpoints, 
myocardial viability is the absence of myocardial necrosis; 
however, from a clinical point of view and when assessing 

Condition Resting 
perfusion

Metabolic 
activity

Contractile 
reserve

Recovery

Stunning Normal Enhanced ++ ++

Hibernation Reduced Enhanced ± ±

Scar Reduced Absent – –

table 17.1. Pathophysiology of left ventricular regional contractile 
dysfunction
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the value of tests for identification of myocardial viability, 
several targets for assessing myocardial viability may be 
considered. Traditionally, the concept of viability refers to 
the identification of reversible regional dysfunction at rest, 
and all techniques so far evaluated for the identification of 
viable myocardium in humans have been tested against this 
end point. However, although it is intuitive that an increase 
of LV ejection fraction (EF) is a favourable effect in patients 
with depressed LV function, lack of EF increase may not 
necessarily indicate absence of favourable prognostic effects 
of revascularization.11 In fact, EF at rest is not the only deter-
minant of prognosis in patients with ischaemic LV dysfunc-
tion. Re-modelling, especially an increase in end-systolic 
volume, has been demonstrated to be a powerful predictor of 
mortality in patients with LV dysfunction, independent of 
EF.12 Reduction of LV volumes may occur after revascular-
ization without changes in EF, but this end point has never 
been adopted to test accuracy of techniques assessing viabil-
ity. Yet, it has been demonstrated that the extent of viable 
myocardium directly correlates with the degree of LV re-
modelling and predicts inverse re-modelling, i.e. reduction of 
end-systolic and end-diastolic LV volumes, after revasculariza-
tion.13 Actually, in patients with severe LV dysfunction under-
going resynchronization therapy, it has been reported that 6 
months reduction of LV end-systolic volumes predicts short-
term survival improvement, suggesting that changes in LV 
volumes may represent a valuable surrogate end point to pre-
dict the effects of therapies on prognosis. Interestingly, simi-
lar data are not available for EF at rest. Apart from reduction 
in ventricular volumes, there are several additional favour-
able effects that may be determined by revascularization 
without affecting EF (Table 17.2).

From the patient’s point of view, the most important 
parameter to consider might be improvement of heart failure 
symptoms. This parameter can be assessed either subjec-
tively (NYHA class) or objectively (maximal VO2 or 6 min 
walking test), yet it has very infrequently been assessed. A 
final important end point is improvement of survival. In fact, 
there are actual data that suggest that areas of viable myo-
cardium, although not large enough to impact global LV 
function, may represent territories of electrical instability 
potentially accounting for the development of malignant 
arrhythmias, as recently reported using MRI.13 Therefore, it 

has been repeatedly reported that the presence of viable 
myocardium represents an independent unfavourable deter-
minant of survival in patients with ischaemic LV dysfunc-
tion. Although only single-centre non-randomized studies 
are available, pooling of data clearly indicates that patients 
with evidence of viable myocardium treated with medical 
therapy have a substantially worse survival when compared 
to those with viable myocardium undergoing revasculariza-
tion (Figs. 17.1 and 17.2).14 As revascularization of viable 
myocardium was shown to favourably affect the different 
outcomes previously discussed, demonstration of viability 
in patients with ischaemic LV dysfunction is currently con-
sidered among the indications for revascularization. An 
important point that is still not completely understood is the 
minimal amount of viable myocardium that should prompt 
revascularization. Indeed, clinicians are often challenged by 
patients with evidence of small areas of viable myocardium, 
of which the clinical relevance is doubtful. Information from 
small studies indicates that a substantial improvement of EF 
at rest following revascularization may ensue when at least 
four (in a model dividing the myocardium in 17 segments) 
(Fig. 17.3) severely dysfunctional segments demonstrate 
preserved contractile reserve during dobutamine adminis-
tration.16 Retrospective data from patients with LV dysfunc-
tion undergoing medical therapy, in whom viability was 
evaluated by PET, indicate that mortality deeply rises when 
the amount of viable myocardium exceeds 15% of LV 
surface.17

However, despite consistency of several retrospective 
studies, the true impact of imaging assessment of viability on 
mortality and morbidity in patients with LV dysfunction suf-
fers from the lack of large randomized trials. In fact, the only 

Recovery of resting ejection fraction

Recovery of diastolic function

Prevention of inducible ischaemia

Prevention/stabilization of adverse re-modelling

Prevention of ventricular arrhythmias

table 17.2. Favourable effects of revascularization of viable myo
cardium

3.2

0

5

10

D
ea

th
 R

at
e 

(%
/y

r)

15

20

Viable

Revascularized Medical Therapy

Non-viable Viable Non-viable

7.7

-58.4%

p < 0.0001
x2 = 33

16.0

6.2

158%

P = 0.0001
x2 = 10

Fig. 17.1 Death rates for patients with ischaemic LV dysfunction under
going medial therapy or revascularization, subgrouped according to 
the presence of viable or nonviable myocardium. Revascularization of 
patients with viability is associated with a 79% yearly difference in mor
tality. Reproduced from Allman et al.14 with permission
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Fig. 17.3 Segmentation of the left ventricle for cardiac imaging anal
ysis recommended by the principal cardiac and nuclear medicine 
associations. The left ventricle is divided in 17 myocardial segments 

derived from three short axis planes (basal, midventricular and apical) 
with an additional apical segment from either longhorizontal or long
vertical axis. Reproduced from Cerqueira et al.15 with permission

available study that randomized patients with LV ischaemic 
dysfunction to a PET assisted therapeutic management vs. a 
non-imaging assisted management reported no significant 
differences in outcomes.18

Imaging techniques to Assess Viability

Table 17.3 summarizes currently available imaging tech-
niques to evaluate non-invasively myocardial viability in 
patients with ischaemic cardiomyopathy. As it appears from 
the grouping of different modalities, there are three distinct 
pathophysiological approaches to distinguish viable from 

Assessment of perfusion and metabolism
Positron emission tomography
Single-photon emission computed tomography
Contrast echocardiography

Assessment of systolic function and contractile reserve
Dobutamine echocardiography
Dobutamine magnetic resonance imaging
Dobutamine gated single-photon emission computer tomography
Doppler tissue imaging

Imaging of necrotic myocardium
Magnetic resonance delayed enhancement imaging
Multi-slice computed tomography delayed enhancement imaging

table 17.3. Current noninvasive techniques for assessing myocardial 
viability

Fig. 17.2 Decrease in mortality 
in patients with ischaemic LV 
dysfunction undergoing 
revascularization and with 
evidence of viability evaluated 
by PET FDG, Tl SPECT, or 
dobutamine echocardiography. 
Data shown as mean value with 
95% confidence limits. No 
measurable difference in test 
performance was observed. 
Reproduced from Allman et al.14 
with permission
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non-viable dysfunctional myocardium. One is represented 
by the demonstration of membrane cell and mitochondrial 
integrity within areas of dysfunction. Nuclear techniques, 
including PET and SPECT, are used for this purpose because 
uptake of perfusion and metabolic nuclear tracers indicates 
presence of viable myocytes. The second approach relies on 
the documentation of contractile reserve within areas of 
dysfunction, and is based on the imaging of dysfunctional 
myocardium using echocardiography or MRI during stimu-
lation with dobutamine, an inotropic synthetic agent. The 
third approach is more recent and relies on the direct docu-
mentation of necrotic myocardium by MRI, and, more 

recently, by MDCT. As it is evident from Table 17.3, it has 
to be noted that, due to recent technical progresses, each 
imaging technique has the potential to assess more than one 
aspect of viability, on a regional as well as global basis, dur-
ing the same study. In addition, comparison among different 
techniques has been made more reliable by the recom-
mended use of a standard segmentation of the left ventricle 
(Fig. 17.3).

PET and SPECT represent the most used nuclear tech-
niques for viability assessment, both relying on the docu-
mentation of cell integrity using a combination of metabolic 
and perfusion tracers or of perfusion tracers, respectively. 
Commonly used perfusion and metabolic tracers are listed in 
Table 17.4, and the mechanism of action of principal meta-
bolic PET tracers is reported in Fig. 17.4.

Pet

PET has been a valuable technique for clinical detection of 
myocardial viability. By allowing to quantitatively measure 
physiological parameters such as absolute myocardial perfu-
sion (using 13N-ammonia and 15O-water) and oxidative (using 
11C-acetate) and glucose metabolism (using 18Fluoro-
deoxyglucose) (FDG) in dysfunctional myocardium, the 
technique has also provided important insight into the 
pathophysiology of dysfunctional hibernating myocardium.19

SPECT perfusion tracers
201-thallium
99m-technetiun sestamibi
99m-technetium tetrofosmine
PET perfusion tracers
15O-water
13N-ammonia
82Rb-rubidium
PET metabolic tracers
18F-fuorodeoxyglucose (glucose metabolism)
11C-acetate (oxygen metabolism)
11C-palmitate (fatty acids metabolism)

table 17.4. Perfusion and metabolic radionuclide tracers employed 
for clinical use

mitochondria

TCA
cycle

pyruvate

Glycolysis

β - oxidation

glycogen

hexokinase

GLUT

Glycogenosynthesis

Cardiomyocyte

18FDG

18FDG 18FDG-P

11C-palmitate

11C-palmitate

11C-acetate11CAcyl-COa

11CAcyl-COa

11CO2

Fig. 17.4 Mechanism of action 
of different metabolic PET 
tracers
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Insights into the Pathophysiology of Hibernating 
Myocardium and Principles of Detection  
of Viability by PET Imaging

Quantitative measurements of myocardial blood flow, using 
13N-ammonia and 15O-water PET, challenged the initial 
hypothesis that hibernating myocardium might result from a 
chronic state of resting myocardial hypo-perfusion due to 
(sub)occlusion of an epicardial coronary artery. In fact, both 
in patients with a pure state of collateral dependent dysfunc-
tional hibernating myocardium without necrosis and with 
infarcted dysfunctional myocardium recovering function after 
revascularization, measurements of absolute resting myocar-
dial perfusion using PET were found to be normal or near 
normal.4 This suggested that in order to avoid irreversible 
myocardial necrosis, resting perfusion in hibernating myocar-
dium must be maintained close to normal. Measurements of 
maximal absolute myocardial blood flow reserve in dysfunc-
tional myocardium using PET demonstrated reduced flow 
reserve, indicating a potential role for repeated stress-induced 
ischaemia and post-ischaemic stunning in the genesis of 
chronic myocardial hibernation.5 Recently developed animal 
models mimicking human hibernation have shed a new light 
on both the mechanisms and the temporal progression of 
reversible ischaemic dysfunction. These studies suggest that 
development of chronic myocardial hibernation is a progres-
sive phenomenon. During the first weeks after the onset of 
dysfunction, endocardial blood flow must remain normal or 
only marginally decreased, otherwise myocardial necrosis 
will occur. At that point of time, repetitive episodes of myo-
cardial stunning were suggested as being the most likely 
mechanism for inducing dysfunction, a hypothesis that is fur-
ther supported by the strong relationship existing between the 
reduction in sub-endocardial flow reserve and the severity of 
dysfunction. With time, and presumably also due to progres-
sion in the physiological significance of the underlying coro-
nary stenosis, some of the dysfunctional segments that 
appeared “chronically stunned” on early examination eventu-
ally develop morphological abnormalities, such as reduction 
of myocardial contractile proteins. It is currently believed that 
these alterations, which occur in the transition from repeated 
stunning to chronic hibernations, reduce metabolic demand 
of oxygen and myocardial perfusion.20 It is noteworthy that 
the transition from chronic stunning to chronic hibernation 
only occurs for threshold reductions in myocardial flow 
reserve. The critical nature of coronary flow reserve reduction 
required to produce hibernating myocardium likely explains 
why not all studies have demonstrated a progression to hiber-
nating myocardium distal to a chronic stenosis.

Studies of myocardial glucose metabolism using FDG 
PET have also been important for our understanding of myo-
cardial hibernation. The normal myocardium can use a vari-
ety of substrates for metabolism depending on dietary 

conditions. Under fasting conditions, when plasma insulin 
and glucose levels are low, free fatty acids are the preferred 
substrates of the myocardium. In the fed state when plasma 
glucose and insulin levels are high, glucose becomes the pre-
ferred substrate of the myocardium. Dysfunctional hibernat-
ing myocardium was found to have higher uptake rates of 
FDG than normal myocardium, especially under fasting con-
ditions. Initially this was interpreted as indicating a shift 
from normal metabolism to anaerobic glycolysis in hibernat-
ing myocardium surviving under conditions of chronic low 
flow ischaemia. This view was, however, challenged by stud-
ies demonstrating maintained overall oxidative metabolism 
using 11C-acetate in human hibernating myocardium, as well 
as by biopsies of human hibernating myocardium demon-
strating increased rather than decreased glycogen storage. 
Experimental studies in animals demonstrated that the 
repeated aggression of ischaemia and reperfusion in the 
hibernating myocardium induces a series of changes in gene 
and protein expression. Among these are changes in mem-
brane glucose transporters, with a shift from Glut 4 (insulin 
dependent) to Glut 1 (insulin non-dependent) transport mol-
ecules. It is believed that this increase of Glut 1 transporters 
allows higher inflow of FDG under low insulin (fasting) con-
ditions into the hibernating myocardium compared to the 
normal myocardium, explaining the higher uptake of FDG 
in  dysfunctional hibernating myocardium under fasting 
conditions.19

Clinical Assessment of Myocardial Viability Using PET

The typical assessment of myocardial viability using PET 
relies on a combination of semi-quantitative assessment of 
myocardial perfusion using an extractable perfusion tracer 
(either 13N-ammonia or 82Rubidium) and glucose extraction 
using FDG (Fig. 17.5). Diagnosis of myocardial viability is 
based on the comparison of relative 13N-ammonia and FDG 
uptake in the dysfunctional area relative to the remote normally 

scan
Transmission

0’ 15’ 30’ 35-60’ 60-90’

Emission Emission

metabolism

18FDG
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15O-water
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Fig. 17.5 Typical study protocol for 13Nammonia FDG PET viability 
study. First, a transmission scan is performed to allow correction of emis
sion studies for attenuation. Myocardial perfusion is assessed using 
13Nammonia (or 15Owater or 82Rb, as an alternative). After decrease of 
radioactivity, glucose metabolism is assessed after injection of FDG. To 
allow better image quality, FDG imaging is best performed either during 
euglycemic glucose clamp or after oral administration of nicotinic acid
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contracting myocardium. The following three different 
13N-ammonia FDG patterns have been described in dysfunc-
tional myocardium and are related to the recovery of myocar-
dial function (Fig. 17.6):

1. Normal perfusion and FDG uptake. As discussed previ-
ously, the preservation of perfusion and glucose metabolism 
in dysfunctional myocardium is indicative of maintained 
myocyte viability.

2. Reduced perfusion with concomitant reduced or absence 
of FDG uptake (perfusion-metabolism match) pattern. 
Such severe reduction of perfusion and metabolism is 
incompatible with myocardial survival, and is thus indic-
ative of myocellular death and absence of viability.

3. Reduced perfusion with increased FDG uptake (perfusion-
metabolism mismatch pattern). This pattern is observed 
mainly if studies are performed under fasting condition or 
during glucose load. Under such conditions, with low 
plasma insulin, glucose uptake in normal myocardium is 

reduced. As previously discussed, the increased FDG 
uptake translates into a maintained metabolic viability 
and higher expression of Glut 1 transporters, allowing 
preferential use of glucose rather than free fatty acids as 
metabolic substrate in dysfunctional stunned and hiber-
nating myocardium.

Initially, PET studies were performed either after overnight 
fasting conditions or after an oral glucose load. This approach 
resulted, however, in poor image quality in diabetic patients 
and in patients with insulin resistance. Therefore, it is cur-
rently proposed to perform studies during hyper-insulinemic 
euglycemic glucose clamp or after administration of nico-
tinic acid, which blocks lipid utilization by the heart. This 
approach improves image quality, but somewhat reduces the 
incidence and magnitude of mismatch pattern vs. normal 
FDG uptake in dysfunctional segments by the fact that nor-
mal myocardium also presents high FDG uptake during 
insulin stimulation.

normal
(viable)

mismatch
(viable)

match
(non-viable)

NH3 FDG

a

b

c

Fig. 17.6 Different 13Nammonia 
FDG PET patterns associated to 
dysfunctional myocardium.  
(a) Normal perfusion and 
metabolism. (b) Perfusion 
metabolism mismatch pattern, 
i.e. reduced 13Nammonia uptake 
and increased/maintained FDG 
uptake. (c) Perfusion metabolism 
match pattern, i.e. reduced 
13Nammonia uptake and 
proportionally reduced FDG 
uptake
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Clinical Value of 13N-Ammonia FDG PET

Several studies have evaluated the diagnostic accuracy of 
13N-ammonia FDG PET for predicting recovery of regional 
dysfunction after revascularization. According to one meta-
nalysis,21 combined information on perfusion and FDG 
uptake had a mean sensitivity of 88% and mean specificity of 
74%, respectively (Table 17.5, Fig. 17.7). Recovery of global 
EF after revascularization is clinically more relevant than 
recovery of regional function, but has been addressed in 

fewer studies. In a multi-centre study involving six European 
countries,23 sensitivity of PET during glucose clamp to pre-
dict significant (>5%) increase of EF was high (79%), but 
specificity was low (55%). Bax et al.24 suggested that critical 
amount of at least four dysfunctional segments with viability 
needs to be present to obtain a significant improvement of 
LV EF (>5%) after revascularization. Other studies indicated 
a direct relationship between the number of dysfunctional 
viable segments by PET and the magnitude of recovery of 
EF after revascularization.25

Several studies have examined the value of detection of 
viability by 13N-ammonia FDG PET for predicting progno-
sis in patients with poor LV function in relation to medical 
or surgical treatment. Pooled analysis of these studies14 
demonstrated improved survival for patients with dysfunc-
tional viable myocardium undergoing revascularization 
rather than medical treatment (Fig. 17.2). The major limita-
tion of these studies was, however, their observational retro-
spective non-randomized design. So far there is only one 
study18 that, in a randomized design, assessed whether PET-
assisted management of patients with LV dysfunction may 
affect outcome. Unfortunately, this study did not demon-
strate a significant reduction in cardiac events in patients 
with LV dysfunction and suspected coronary disease for 
FDG PET-assisted management vs. standard evaluation. 
This was probably related to the fact that revascularization 
management was not always dictated by PET findings. 
However, in the subgroup of patients managed according to 

Technique Sensitivity 
(%)

Specificity 
(%)

PPA 
(%)

NPA 
(%)

Positron emission tomography

Mismatch 93 58 71 86

Thallium-201

Re-injection 86 50 57 83

Rest-redistribution 88 59 69 80

99-Tecnetium 
 sestamibi

81 66 71 77

Dobutamine 
 echocardiography

81 80 77 85

table 17.5. Accuracy of nuclear techniques to predict recovery of 
regional contractile function in patients with left ventricular dysfunction. 
NPA: negative predictive value; PPA: positive predictive value
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Fig. 17.7 Diagnostic accuracy 
of nuclear imaging techniques 
compared to dobutamine 
echocardiography and MRI. 
Modified from Bax et al.22 DE: 
dobutamine echocardiography; 
201TlRR: 201Thallium 
 restredistribution; 201TlRI: 
201Thallium reinjection; 
99Tc:99mTecnetium; PET: proton 
emission tomography; cMR: 
contrast magnetic resonance
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PET findings, significant benefits were observed. Ongoing 
trials will allow the assessment of the value of viability test-
ing in the survival of patients randomized to revasculariza-
tion vs. medical treatment.

PET Strengths and Weaknesses

As opposed to other techniques, PET has significant strengths. 
Its major advantage is the ability to correct for attenuation of 
photons and to quantify perfusion and metabolism in abso-
lute terms, making it an ideal tool for studying the pathophys-
iology of dysfunctional myocardium. Also, as opposed to 
traditional nuclear imaging techniques, PET has higher 
image quality and higher spatial resolution not hampered by 
attenuation effects. Therefore, it has higher diagnostic accu-
racy than traditional nuclear imaging techniques. The major 
limitation of PET is its high cost related to isotope produc-
tion and the length of acquisition. In addition, kinetic model-
ling to quantify perfusion in absolute terms is very 
time-consuming and difficult to perform, and therefore has 
not been used routinely in clinical practice.

sPeCt

201Thallium (Tl) Imaging

Tl is a potassium analogue that was first used for the evalua-
tion of viability with SPECT. It is actively transported by the 
Na+/K+ ATPase pump through an intact cell membrane of the 
myocardial cells. Its initial uptake is mostly dependent on 
perfusion level, whereas late accumulation is dependent on 
cell integrity. At variance with more recently 99mtechnetium 
(Tc) tracers, uptake of Tl is not irreversible, but is influenced 
by gradients concentration across the cell membrane. The 
consequence of this characteristic that greatly influences 
imaging protocols and interpretation is that collected images 
always represent the uptake at the time of image acquisition 
and not at the time of injection, as is the case for Tc agents. 
Therefore, areas of dysfunctional hypo-perfused yet viable 
myocardium where uptake of Tl is initially reduced com-
pared to normally perfused myocardium may show enhanced 
uptake at later imaging (usually at least 3–4 h following ini-
tial administration) due to slow accumulation of Tl with par-
tial or complete disappearance of the initial perfusion defect. 
This phenomenon, pertaining only to Tl, is termed redistri-
bution and represents the basis for viability evaluation using 
this tracer. The two most used protocols to evaluate viability 
are represented by stress-redistribution-reinjection and  
rest-redistribution imaging.

StressRedistributionReinjection

With this protocol, images are acquired immediately after 
pharmacologic or physical stress and again after 3–4 h. If in 
this last set of images persistent fixed and severe defects are 
observed, a second dose of Tl is administered and a third set 
of images acquired immediately thereafter. This approach was 
developed from the observation that fixed defects at 3–4 h 
redistribution may not necessarily represent necrotic myocar-
dium, as they frequently show preserved metabolic activity by 
PET or residual contraction with potential for recovery of 
function following revascularization26 (Fig. 17.8). The identi-
fication of viability using this protocol is based on the demon-
stration of significant redistribution (usually an increase of at 
least 10% from initial uptake) or on the presence of at least 
>50% of maximal tracer uptake in a dysfunctional segment.

Fig. 17.8 Abnormal myocardial region (arrow) with reduced FDG 
activity by PET, normal enddiastolic wall thickness, and presence of 
systolic thickening by MRI. SPECT images demonstrate a correspond
ing fixed defect on stress and redistribution images that improves 
after reinjection. ST stress; RD redistribution; RI reinjection. Reproduced 
from PerroneFilardi et al.27 with permission
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Data from 11 studies enrolling 301 patients using this pro-
tocol reported high sensitivity (weighted mean 86%, range 
33–100%), but reduced specificity (weighted mean 50%, 
range 16–80%)22 (Table 17.5, Fig. 17.7), indicating an over-
estimation of functional recovery in a substantial number of 
dysfunctional segments. Similarly, high sensitivity but sub-
optimal specificity has been reported when improvement of 
global EF was considered.22 However, the advantage of this 
approach is that it also takes into account the presence of 
inducible ischaemia that is an additional determinant of 
prognosis representing a clinically relevant aspect for thera-
peutic management. As for PET, the prognostic independent 
role of this imaging approach has been reported in clinical 
studies14 (Fig. 17.2).

RestRedistribution

Using this approach, Tl is injected at rest and images are 
acquired immediately thereafter and following 3–4 h of 
redistribution. Therefore, inducible ischaemia is not evalu-
ated. Viability is defined when a dysfunctional segment 
shows significant redistribution (>10% increase in Tl uptake) 
or a relative uptake >50% of maximal activity. With these 
criteria, mean sensitivity for prediction of regional functional 
recovery averaged 88% (range 44–100%) and mean specific-
ity was 59% (range 22–92%) in a pooled analysis of 22 stud-
ies reporting 557 patients22 (Table 17.5, Fig. 17.7). Acquiring 
a third late set of images 24 h after injection to allow a 
prolonged redistribution time and fill-in of severely hypo-
perfused myocardium did not prove to be useful for pre-
dicting recovery of regional function.27 The value of this 
protocol imaging to predict changes in global EF has been 
investigated in few clinical studies reporting high sensitivity 
but suboptimal specificity. The prognostic value of resting Tl 
imaging was tested in small clinical studies in which both the 
amount of viable myocardium and that of necrotic myocar-
dium were identified to influence mortality and morbidity in 
patients with ischaemic LV dysfunction.14

TcLabelled Agents

Two compounds, i.e. Tc-sestamibi and Tc-tetrafosmine, are 
currently used for clinical purposes, although only the for-
mer has been adequately tested for viability evaluation. At 
variance with Tl, Tc agents are trapped almost irreversibly in 
mitochondria after intravenous injection and flow-dependent 
distribution to myocardial cells, and they do not undergo a 
clinically significant redistribution process. Therefore, the 
images reflect the uptake of the tracer at the time of injection 
and not at the time of acquisition, as it is for Tl. When 
only viability needs to be evaluated, a single set of images is 

sufficient, usually obtained after sublingual nitrate adminis-
tration to maximally enhance uptake in hypo-perfused myo-
cardium. However, for a more comprehensive evaluation of 
viability and ischaemia, two sets of images, and therefore 
two separate injections of the tracer, are needed, one during 
maximal physical or pharmacologic stress and a second one 
at rest or after nitrate administration. The criterion for defin-
ing viability is represented by a relative uptake >50% of 
maximal tracer activity in a dysfunctional segment. Pooled 
analysis of 13 studies using this approach and enrolling 308 
patients reported average sensitivity of 79% (range 62–100%) 
and average specificity of 58% (range 30–86%), similar to 
other nuclear techniques using Tl22 (Table 17.5, Fig. 17.7). 
Seven studies (reporting 180 patients) in which tracer uptake 
was maximized with nitrate administration reported a sensi-
tivity of 86% and increased specificity of 83% to predict 
regional functional improvement.21

22An additional relevant advantage derived from favour-
able physical properties of these agents is represented by the 
opportunity to acquire ECG-gated images that allow the 
evaluation of regional and global function, particularly 
regional wall thickening, end-systolic and end-diastolic vol-
umes, and LV EF. Thus, gated Tc SPECT is also suitable for 
dobutamine studies assessing, at the same time, global and 
regional contractile reserve and perfusion reserve. The accu-
racy of this approach to predict recovery of global LV func-
tion has been evaluated only in a small, single-centre study 
reporting a promising 79% sensitivity and 78% specificity.22 
As for Tc-tetrofosmine, which was less investigated than 
Tc-sestamibi, available studies reported a good agreement 
between the two tracers with similar accuracy for prediction 
of functional recovery after revascularization.22

MDCt

Principles of Detection of Myocardial Viability by MDCT

The ability of contrast enhanced computed tomography (CT) 
to detect myocardial infarction, and thus myocardial viabil-
ity, was demonstrated in experimental animal models more 
than 30 years ago. However, the poor image quality of single 
slice CT without cardiac gating resulted in numerous arte-
facts and prohibited clinical use for in vivo cardiac imaging 
at that time. The technique was only recently matured to clin-
ical use in humans with the advent of fast spiral MDCT 
imaging systems, which allow fast ECG gated cardiac imag-
ing without motion artefacts. The principles underlying 
detection of myocardial viability by MDCT resemble very 
closely those of MRI. As a matter of fact, although iodinated 
contrast agents employed for MDCT imaging have com-
pletely different molecular structure than Gadolinium-based 
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contrast agents employed for MRI, they have surprisingly 
similar molecular weight and extra-vascular distribution vol-
ume. Therefore, they present similar kinetics in acutely and 
chronically infarcted myocardium as Gadolinium-based con-
trast agents28 and, like contrast-enhanced MRI, MDCT can 
characterize infarcted myocardium with different contrast 
enhancement patterns depending on the time when imaging 
is performed with respect to contrast injection. On images 
performed immediately after contrast injection, acute infarcts 
can be revealed by the areas of reduced contrast enhance-
ment situated in the core of the infarcted area. As for 
Gadolinium-DTPA enhancement, these areas correspond to 
the acutely infarcted regions with micro-vascular obstruction 
and no reflow. They represent, therefore, only a part of the 
total infarcted area. In addition, with later infarct detersion, 
these areas of no reflow disappear when infarcts become 
chronic.

On images performed at later time (5–10 min) after con-
trast injection, MDCT can, similar to Gadolinium-based 
contrast agents, demonstrate areas of increased contrast, i.e. 
hyper-enhancement. Late enhancement occurs both in acute 
and chronic infarcts, and is explained by the increased vol-
ume of distribution of the extra-vascular space, where con-
trast agent localizes, in the infarcted area compared to 
normal myocardium. In acute infarcts, such increase in 
extra-vascular volume results from disruption of cell mem-
branes allowing access to the contrast agent. (Fig. 17.9) In 
chronic infarcts, it can be explained by replacement of myo-
cytes by fibrous tissue with low cell content and high extra-
vascular protein (collagen and elastin) concentrations.

Therefore, a typical imaging protocol for assessment of 
myocardial viability by MDCT requires imaging at two time 
points (Fig. 17.10). Early images are typically obtained at the 
time of coronary imaging immediately after contrast injec-
tion. A second acquisition is performed 5–10 min later to 
reveal late hyper-enhancement. Late hyper-enhancement of 
MDCT requires typically a higher dose of contrast than that 
given for coronary imaging alone (total dose 120–140 mL). 
This dose can either be given as bolus injection or during  
a slow infusion. According to experimental studies that 
evaluated the time course of MDCT enhancement in 
infarcts, late hyper-enhancement appears to be feasible at 
any time point between 4 and 24 min after contrast injec-
tion, but the optimal time varies between studies and 
appears to depend on the contrast agent. Late imaging is 
typically performed with lower tube voltage (80–90 kV) to 
reduce radiation dose exposure and increase contrast to 
noise of images.

Extravascular Volume ±20% Extravascular Volume ±100% Extravascular Volume 50-70%

Normal myocardium Acute Infarct
Rupture of membranes

Chronic Infarct
Fibrotic Scar Tissue

Fig. 17.9 Principles underlying MDCT contrast enhancement on late 
imaging. Iodinated contrast agents (star) have extravascular distribu
tion volume. At equilibrium, in normal myocardium, the distribution 
volume is relatively small (approximately 20% of total cardiac volume). 
In acute myocardial infarct, due to rupture of cell membranes, distri

bution volume increases to almost the entire myocardial volume. In 
chronic infarcts, muscle is replaced by fibrous scar tissue. This tissue 
has large amounts of extravascular proteins, such as collagen and 
elastin, and low concentrations of cells. Therefore, the distribution 
volume of the iodinated contrast agent is also increased
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Fig. 17.10 Typical study protocol for assessment of myocardial via
bility by MDCT
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Clinical Results Using MDCT

Several studies have compared infarct imaging by MDCT to 
histology and to Gadolinium-enhanced MRI, both in experi-
mental animal models and in humans. In animals, the loca-
tion and size of early defects by MDCT were found to 
correlate closely to histological measurements of no reflow 
area, while size of LE was found to correlate closely to areas 
of myocardial necrosis at histology. In addition, in humans 
the location and extent of contrast enhancement patterns by 
MDCT corresponded closely to those detected by contrast-
enhanced MRI patterns (Fig. 17.11). While the quality of 
early images of MDCT was found to be about comparable to 
that of MRI, late images by MDCT were found to be of 
lower quality than late contrast-enhanced MRI images. This 
is mainly related to the ability to null signal of normal myo-
cardium. Since the technique is relatively new, only few 
clinical studies evaluated the ability of late MDCT imaging 
to predict recovery of function in acute myocardial infarc-
tion.29 So far, no study has been performed in the setting  
of chronic contractile dysfunction. Similar to MRI, non-
ischaemic cardiomyopathies show either no LE or LE with 
atypical mid-ventricular or epicardial patterns. Therefore, it 

was suggested that combination of coronary and LE MDCT 
imaging might be useful to characterize aetiology of heart 
failure.30

MDCT Strengths and Weaknesses

MDCT has some unique advantages over other viability 
techniques as follows: (1) the technique is more available 
and less technically demanding than PET and MRI; (2) via-
bility assessment by MDCT is substantially faster (10 min) 
than by LE MRI (30 min), or by SPECT and PET (1–2 h); (3) 
MDCT has the ability to combine assessment of myocardial 
viability with non-invasive coronary (and functional) imag-
ing in a single test (Fig. 17.12); (4) finally, LE MDCT images 
can be acquired if contrast is injected for other purposes, for 
instance, to perform angioplasty procedure for acute myo-
cardial infarction. Thus, viability imaging by MDCT can be 
performed immediately after the revascularization procedure 
without additional contrast injection.

MDCT viability imaging has, however, some significant 
limitations. The single most important limitation is that 
image quality for LE imaging is currently qualitatively 

Fig. 17.11 Examples of late MDCT and corresponding CE MRI images in a patient with acute myocardial infarction 25 days earlier. CE contrast 
enhanced. Reproduced from Gerber et al.28 with permission
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inferior to that of MRI. An additional major limitation is that 
LE MDCT imaging causes extra (3–4 mSv) dose exposure 
in addition to the already high radiation burden (12–15 mSv) 
related to non-invasive coronary imaging. Currently, there is 
a concern that MDCT-induced radiation exposure may 
increase lifelong risk of cancer.31 Although this concern may 
certainly be appropriate in asymptomatic young patients 
undergoing MDCT for screening purposes, the risk of radia-
tion-induced cancer is probably negligible when balanced to 
disease-related prognosis in patients with low EF (up to 50% 
mortality at 5 years) requiring viability testing. Furthermore, 

the radiation dose exposure of MDCT is comparable to that 
of nuclear imaging techniques (SPECT and PET) used for 
viability imaging. Radiation dose can be reduced by lower-
ing X-ray power during less important portions of the car-
diac cycle (e.g. systole), an approach termed tube current 
modulation or dose modulation. In addition, the advent of 
even faster MDCT scanners with 128–356 detector rows 
will allow prospective gating acquisitions, which will reduce 
radiation exposure by about 3–4 times (to <5 mSv). A final 
limitation of MDCT is related to the potential toxicity of 
iodinated contrast agents, which may aggravate renal  
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Fig. 17.12 Example of combined coronary (I) and late MDCT (III and V ) 
to differentiate aetiology of heart failure in five representative 
patients and their correlations to coronary anatomy (II) and LEMRI 
(IV and VI ). (a) No coronary artery disease and absence of LE. (b) No 
coronary artery disease and midventricular LE. (c) Occlusion of the 
proximal left descending coronary artery (yellow arrow) with trans

mural LE in the apex, septum, and anteroseptal region (red arrows) 
and mural thrombus (green arrows). (d) Absence of coronary artery 
disease with transmural inferior necrosis. (e) Proximal and midleft 
descending coronary artery and first diagonal stenosis (yellow 
arrows) without LE. Reproduced with permission from le Polain de 
Waroux et al.30 LE late enhancement
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function, especially in diabetic patients and in patients with 
pre-existing renal function impairment.

Pet–Ct/sPeCt–Ct Fusion and Hybrid Imaging

In recent years it has been attempted to combine nuclear and 
CT imaging. Such image fusion can be obtained by register-
ing the two image techniques from separate acquisitions, 
although with the risk of some image misalignment. 
Therefore, hybrid imaging scanners that allow simultane-
ously acquiring SPECT or PET and CT images in a single 
exam have been introduced. While these techniques were 
primarily developed for oncology imaging, encouraging 
approaches for cardiac imaging have also been proposed. As 
a matter of fact, combining CT with SPECT imaging allows 
for a reliable CT-based attenuation correction of SPECT 
imaging, thereby minimizing attenuation artefacts. Whether 
this might allow for increased specificity of SPECT for via-
bility detection has not yet been evaluated. Hybrid imaging 
also allows registering information of coronary anatomy and 
regional contractile function obtained from CT with myocar-
dial perfusion or metabolism by SPECT or PET (Fig. 17.13). 
For the purpose of myocardial viability assessment, this 
might allow better definition of the localization and size of 
the dysfunctional area with respect to the location of coro-
nary obstruction. Because of their recent introduction, the 
value of these techniques for assessment of myocardial via-
bility as compared to conventional SPECT or PET imaging 

has not yet extensively been studied. The major limitation of 
PET and SPECT CT hybrid imaging is that CT adds signifi-
cant additional radiation dose (15 mSV) to that of nuclear 
imaging. Indeed, for hybrid SPECT CT acquisitions, total 
dose exposures up to 43 mSV have been reported. An addi-
tional limitation of most current hybrid PET and SPECT CT 
systems is that the integrated CT component is not as techni-
cally advanced and the quality of non-invasive coronary 
imaging is not as high as the one obtained with the most 
recent stand alone MDCT systems.

Which Is the optimal test for Assessment 
of Myocardial Viability? Comparison  
Among techniques

Several studies have compared the diagnostic accuracy of 
SPECT and PET for detection of myocardial viability vs. 
other imaging techniques. Results have been summarized in 
a metanalysis.21 No significant difference between Tl and Tc 
SPECT tracers was reported, yet Tc tracers allow better 
image quality than Tl with reduced radiation exposure. PET 
appears to have higher sensitivity for detection of myocar-
dial viability than SPECT, but similar suboptimal specificity. 
Pooled analyses suggest, furthermore, that nuclear imaging 
techniques (SPECT and PET) have higher sensitivity and 
negative predictive values, but lower specificity and positive 
predictive value than dobutamine echocardiography. More 

Tetrofosmin SPECT-CT FDG SPECT-CT

Fig. 17.13 Example of 3D 
volumerendered fusion image 
generated from MDCT and 
SPECT with Tctetrofosmin at 
rest. (a) Arrow denotes an 
occluded stent in the proximal 
circumflex artery, and arrow-
heads demarcate the associated 
myocardial scar. (b) Fusion 
image of the same patient 
generated from MDCT angiogra
phy and PET with FDG. 
Arrowheads indicate a lack of 
viability in the posterolateral 
region, associated with 
occlusion of the circumflex stent 
(arrow). Reproduced with 
permission from Gaemperli 
et al.32
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recently, LE MRI was found to have similar good diagnostic 
performance as PET and SPECT. The major advantage of 
MRI is higher spatial resolution, allowing differentiation of 
sub-endocardial vs. trans-mural scar. Furthermore, MRI ben-
efits from greater availability, less cost, and faster imaging 
than PET, without radiation exposure. Therefore, MRI has 
challenged PET as the gold standard for assessment of myo-
cardial viability in clinical practice. However, in clinical 
practice, PET and MRI appear to perform similarly well for 
detection of myocardial viability.

As opposed to prediction of functional outcome, for pre-
dicting improvement of survival, all imaging techniques, i.e. 
dobutamine echo, MRI, SPECT, and PET, appear to have 
similar high value (Fig. 17.2).14 However, only head-to-head 
comparisons of SPECT and dobutamine echocardiography, 
but not of other techniques, were reported for this purpose. 
Also, none of the studies were performed in a prospective 
randomized design. Obviously, the decision about which test 
to choose for assessment of myocardial viability in an indi-
vidual patient will depend on several factors. The decision 
must be individually targeted to the patient and will not only 
depend on diagnostic performance of the test, but also on 
patients’ preferences, potential contraindications, availabil-
ity, and local experience with different techniques, as well as 
with concomitant medical therapy and coronary anatomy.7

Conclusions

Both SPECT and PET are established and well-validated 
techniques for assessment of myocardial viability. PET offers 
higher image quality and diagnostic accuracy than SPECT, 
but is more costly and less available. MDCT viability imag-
ing has recently been introduced and could be an interesting 
alternative to MRI or nuclear imaging. Hybrid SPECT/CT 
and PET/CT imaging offers new opportunities of integrating 
coronary anatomy and function with myocardial perfusion 
and metabolism in a single exam, and might improve the 
ability of nuclear imaging techniques to characterize the 
areas of dysfunction in chronic coronary artery disease. 
However, it is still too early to predict whether these appeal-
ing technical advances in cardiac imaging will translate into 
more accurate decision-making process for individual 
patients At this time, no optimal imaging technique exists 
that can accurately describe the very complex pathophysio-
logical substrate that often determines LV dysfunction and 
the potential for its reversibility. As a consequence, decision 
about revascularization of patients with ischaemic LV dys-
function remains challenging in most cases, requiring inte-
gration of different imaging modalities with clinical and 
anatomic information.
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Introduction

This chapter will discuss how cardiovascular magnetic reso-
nance (CMR) can assess myocardial viability in patients 
with chronic heart failure, and help to identify those who will 
derive improvement in left ventricular (LV) function and 
(potentially) prognosis from revascularization. We will dis-
cuss the following CMR parameters as markers of viability:

End-diastolic wall thickness• 
Dobutamine stress ventriculography• 
Late gadolinium enhancement and trans-murality of • 
infarction
New techniques (including MR spectroscopy and myo-• 
cardial tagging)

Heart Failure and Coronary Disease

Coronary artery disease is the greatest underlying cause of 
myocardial dysfunction, accounting for at least 70% of all 
cases of heart failure.1 Following myocardial infarction, re-
modelling occurs owing to abnormal loading conditions, not 
just in the infarcted segments, but also in the surrounding 
areas of myocardium. This leads to dilatation of the ventricle 
with an alteration in shape to a more spherical, less efficient 
pump with an adverse effect on contractile function (Fig. 18.1). 
Revascularization can improve function and outcome, but it 
is important to be able to distinguish viable and hibernating 

myocardium from non-viable scar to target patients appropri-
ately for intervention, for a positive risk benefit ratio.

Viability and Hibernation

Before considering revascularization of a coronary artery ter-
ritory subtended by a diseased or occluded epicardial coro-
nary artery, it is essential to know if the underlying myocardial 
tissue is viable. Viable and hibernating myocardium can be 
characterized as dysfunctional myocardium with limited or no 
scarring, which has evidence of preserved but down- regulated 
metabolic activity in the presence of impaired coronary blood 
supply during stress, and also the potential for functional 
recovery following successful revascularization. The concept 
of hibernation was initially proposed by Rahimtoola.3 There 
has been much debate about whether hibernating myocardium 
has normal resting blood flow and oxygen consumption. 
Current data indicate that myocardial perfusion is signifi-
cantly impaired during stress when compared with normally 
perfused myocardium (reduced or abolished coronary flow 
reserve), but that resting myocardial perfusion is normal or 
near normal. Resting perfusion to hibernating areas may be 
mildly reduced as a direct consequence of reduced demand, 
because non-contractile myocardium has a lower oxygen (and 
therefore perfusion) requirement. However, there is no clini-
cal evidence of a major reduction in perfusion to the level that 
is required in animal models to produce akinesia. Hibernation 
is distinct from myocardial stunning, which is transient, 
 post-ischaemic myocardial dysfunction; however, the physi-
ological induction of hibernation may result from repeated 
episodes of stunning owing to reduced myocardial perfusion 

Fig. 18.1 Ventricular re-modelling after acute infarction. At the time 
of an acute myocardial infarction, there is no clinically significant 
change in overall ventricular geometry. Within hours to days, the area 
of myocardium affected by the infarction begins to expand and 

become thinner. Within days to months, global re-modelling can 
occur, resulting in wall thinning, overall ventricular dilatation, 
decreased systolic function, mitral valve dysfunction, and the forma-
tion of an aneurysm. Reproduced from Jessup and Brozena2
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reserve. Hibernation can only be confirmed retrospectively 
once revascularization has been successful and objective evi-
dence of contractile improvement is seen.

The current options available for clinical viability testing 
include[14F] fluorodeoxyglucose positron emission tomogra-
phy (FDG-PET), single photon emission computed tomogra-
phy (SPECT) with an injectable myocardial perfusion tracer, 
dobutamine stress ventriculography imaged by echocardiog-
raphy (DSE), or cardiovascular magnetic resonance (CMR). 

Although the “gold standard” for the presence of viability has 
been considered to be evidence of preserved metabolic activ-
ity using FDG-PET, the development of CMR techniques may 
challenge this. FDG-PET has a positive predictive accuracy of 
82% and a negative predictive accuracy of 83% for recovery 
of regional function after revascularization, but CMR is the 
only technique with high resolution which can determine the 
trans-murality of infarction and detect small sub-endocardial 
infarcts that are missed by SPECT (Figs. 18.2 and 18.3).

Base

SPECT

CMR

Histology

Midventricular Apex

Fig. 18.2 Comparison of SPECT images in a canine model of infarc-
tion (top row), late gadolinium enhancement CMR images (middle 
row), and histological slides stained for infarction using TTC (bottom 

row). Sub-endocardial infarcts that are detected by CMR and con-
firmed by tissue staining are missed by SPECT owing to its inferior 
resolution. Reproduced from Wagner et al.5
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Improvement in LV Function and Prognosis 
Following Revascularization

Recovery of contractile function in patients with LV dysfunc-
tion owing to chronic ischaemic heart disease occurs in some, 
but not all, patients who undergo revascularization. The recov-
ery in function is not immediate but follows a progressive 
course over the weeks and months following the procedure. 
Recovery appears to be faster in stunned myocardium rather 
than hibernating myocardium, which can take longer (up to 
14 months) to recover function.6 It is frequently observed that 
those with the most severely impaired ventricular function gain 
important functional recovery, and, therefore, these patients 
may especially benefit from revascularization (Fig. 18.4).

A meta-analysis of 24 studies looking at the impact of 
revascularization on prognosis in patients with coronary 
artery disease and LV dysfunction showed a strong associa-
tion between myocardial viability on non-invasive testing 
and improved survival; however, these were not randomized 
trials, and none of the studies included CMR assessment.8 In 
patients with evidence of viability, there was a 76% reduc-
tion in annual mortality in those who underwent revascular-
ization when compared with medical therapy. There was also 
a direct relationship between the severity of LV dysfunction 
and the magnitude of benefit from revascularization. In con-
trast, absence of viability was associated with no significant 
difference in the outcomes (Fig. 18.5).

CMR Assessment of Ventricular Function, 
Regional Wall Motion, and Valves

Baseline steady state free precession (SSFP) cine images of 
the left ventricle provide the current “gold standard” for the 
measurement of volumes and function, and these allow an 

excellent appreciation of regional function and systolic 
thickening. Regional function at rest can, however, be mis-
leading for the assessment of infarction. Contraction may 
appear normal even in infarcted myocardium with approxi-
mately 50% trans-mural extent of infarction.9 This may 
either represent true contraction or artefact because of tether-
ing to normally functioning neighbouring segments or 
through-plane motion giving the appearance of wall thicken-
ing. These effects can result in an under-estimation of infarct 
size and, therefore, wall motion at rest cannot be relied upon 
in isolation to exclude myocardial infarction.

CMR assessment of LV function can also provide infor-
mation regarding the risks associated with surgery. Patients 
with very poor systolic function are known to be at higher 
peri-operative risk of death, and those with severe LV dilata-
tion (end-systolic volume ³140 mL) are less likely to show 
improvement in LV ejection fraction despite evidence of via-
bility.10 The detection of LV aneurysms, which may require 
reconstructive surgery (Fig. 18.6, Video 18.6), and of the 
presence of mitral regurgitation (owing to annular dilatation), 
which may require mitral annuloplasty, also helps to guide 
surgical management. Additional findings (such as ventricu-
lar thrombus) may also be identified (Fig. 18.7, Video 18.7).

Wall thickness

In view of the thinning that occurs in chronic myocardial 
infarction, end-diastolic wall thickness has been used as a 
surrogate marker for the assessment of myocardial viability, 
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and it is known to be an important parameter that can predict 
recovery of myocardial function. Echocardiographic studies 
have suggested that dysfunctional myocardial segments with 
end-diastolic wall thickness of less than 6 mm are signifi-
cantly scarred and show little improvement with revascular-
ization. The re-modelling, which occurs in the first weeks 
following myocardial infarction, leads to wall thinning in 
regions with significant degree of trans-murality of infarc-
tion and scar with compensatory hypertrophy of other areas 

of the ventricle. Changes in the longitudinal and circumfer-
ential extent of infarction are variable but may result in 
expansion of the infarcted territory. Even with better treat-
ment of acute myocardial infarction, the use of ACE inhibi-
tors, statins, and beta-blocker therapy, re-modelling is still 
frequently seen, albeit to a lesser extent than before.

Early CMR trials examined end-diastolic wall thickness 
to assess whether this was related to the presence of viability 
in thinned, akinetic areas of myocardium. Baer et al. 

Fig. 18.6 The Dor procedure 
can be used to reconstruct the 
ventricular geometry. Pre-
operatively, there was a large 
antero-apical aneurysm 
following anterior myocardial 
infarction (left upper and lower 
panels). At operation, a purse 
string suture was inserted 
between the muscular and 
fibrotic zones of the infarct and 
the resulting oval defect was 
closed with a patch of collagen-
impregnated Dacron. The 
residual LV wall was closed over 
this patch. The aneurysmal part 
of the ventricle is therefore 
excluded and will eventually 
thrombose (right upper and 
lower panels). Video 18.1 shows 
the improvement in ejection 
fraction

Fig. 18.7 Apical LV thrombus. 
(a) Thrombus appears as a dark 
filling defect in the early phase 
after gadolinium injection 
(white arrow). (b) Still image 
from SSFP cine (see Video 18.2). 
There is also a pleural effusion 
(arrowhead)
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compared CMR with both FDG-PET and SPECT.11, 12 A 
value of <5.5 mm end-diastolic wall thickness was taken as 
the cut-off for identifying non-viable myocardium based on 
the normal range of wall thickness in healthy volunteers 
(5.5 mm = mean normal wall thickness − 2.5 standard devia-
tions). This correlated well with technetium SPECT perfu-
sion defects and autopsy specimens of hearts with 
full-thickness infarcts, which showed that regions with trans-
mural scar measured <6 mm. When compared with FDG-
PET, regions were graded as viable if [14F] fluorodeoxyglucose 
uptake was ³50% of the maximum uptake in a viable region 
of myocardial infarction with normal wall motion. Using 
these criteria, there was an 83% agreement between the CMR 
measurement of wall thickness and viability on FDG-PET. 
End-diastolic wall thickness of >5.5 cm was found to have 
72% sensitivity, 89% specificity, and 91% positive predic-
tive value for residual metabolic activity.

In a prospective study using CMR before and after bypass 
surgery, segments that remained akinetic after revasculariza-
tion had a significantly lower end-diastolic wall thickness 
than those that showed an improved systolic wall thickening 
(6.0 ± 3.1 mm vs. 9.8 ± 2.6 mm, p < 0.001). The presence of 
end-diastolic wall thickness of <5.5 mm meant that the cor-
responding myocardial segment was highly unlikely to show 
functional improvement at follow-up (with a negative pre-
dictive value of 90.4%). Baer et al. concluded that the pres-
ence of significantly reduced end-diastolic wall thickness 
reliably indicated irreversible myocardial damage, and that 
dobutamine stress CMR could be restricted to those who had 
preserved LV end-diastolic wall thickness.13 It was felt that if 
the myocardium was thin, this essentially excluded the pres-
ence of a clinically relevant residual amount of viable myo-
cardium. It was noted, however, that preserved LV end-diastolic 
wall thickness was not sufficient on its own to predict the 
functional improvement of dysfunctional segments, as meta-
bolic activity was present in some akinetic regions with 
reduced end-diastolic wall thickness.14

Reliance on LV end-diastolic wall thickness alone as a 
measure of viability is, therefore, suboptimal, and it has since 
been demonstrated that improvement in function can occur 
even in the presence of severe wall thinning, which itself can 
thicken after revascularization in a poorly understood process 
or reverse re-modelling (see Fig. 18.17). The poor predictive 
value with respect to functional recovery may result because 
wall thickness cannot assess the degree of trans-murality of 
infarction, which corresponds to the degree of scarring. A 
more recent study combining end-diastolic wall thickness 
with measurement of late gadolinium enhancement has con-
firmed that while wall thickness is an independent predictor 
of functional recovery, combination with other techniques of 
viability assessment adds incremental value (Fig. 18.8).16 The 
development of the late-enhancement technique has shown 
that areas <5-mm thick (which would have previously been 

considered dead) do have the potential for functional recov-
ery, especially if there is no evidence of late enhancement.

Dobutamine stress CMR

The evaluation of contractile reserve is another option for the 
assessment of viability (Fig. 18.9, Videos 18.9E-H). SSFP 
cine sequences generate excellent blood pool-myocardial 
definition and this can be exploited for the assessment of wall 
thickening in response to low-dose dobutamine stress (with 
doses of 5–10 mg/kg/min). Segmental analysis is used to 
assess contractile reserve, which simulates the effect of revas-
cularization. During low-dose dobutamine infusion, systolic 
wall thickening increases in viable myocardium but not in 
irreversibly scarred areas. If contractile reserve can be elic-
ited, the myocardium is more likely to improve after revascu-
larization. With high-dose dobutamine infusion (20–40 mg/
kg/min), additional information using CMR can be obtained 
regarding the presence of ischaemia and prognosis.17  High-dose 
dobutamine CMR is accurate for the detection of inducible 
wall motion abnormalities that occur with ischaemia.
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The use of dobutamine stress CMR to assess patients with 
coronary artery disease was first described in 1992.18 Baer 
et al. subsequently demonstrated that an inotropic response to 
dobutamine was present in ischaemic, viable, but akinetic 
myocardium when compared with FDG-PET, and that this 
response was a better predictor of viability than end-diastolic 
wall thickness. When combined with wall-thickness measure-
ments, response to dobutamine predicted viability with a sen-
sitivity of 88%, specificity of 87%, and positive predictive 
accuracy of 92%.11 Dobutamine-induced systolic wall thick-
ening also proved to be a better predictor of LV functional 
recovery than end-diastolic wall thickness.13 They further 
investigated this dobutamine-induced contraction reserve in 
103 patients with previous myocardial infarction before and 
after successful revascularization using trans-oesophageal echo 
and CMR. Patients had a mean LV ejection fraction of 38.7 ± 
12.5% and, while there was no statistical difference between 
the two techniques, dobutamine CMR gave a positive predic-
tive accuracy of 92% and negative predictive accuracy of 
85%, predicting an overall increase of 13 ± 7% in predomi-
nantly viable regions when compared with only 2 ± 7% in 
regions graded as scar.19 Sandstede et al. also tested the diag-
nostic value of dobutamine CMR for predicting the recovery 
of regional myocardial contractility after revascularization. 
On a per-segment analysis, they reported 61% sensitivity, 
90% specificity, and 87% positive predictive value for the 

recovery of function, but if a patient-based analysis was per-
formed, this was improved to 76% sensitivity with 100% 
specificity and positive predictive value.20 Despite these 
encouraging results, the inotropic response to dobutamine 
depends on the presence of viable myocardium that has not 
undergone severe ultrastructural change with myofibrillar 
degeneration, which would prevent contractile improvement 
with inotropic stimulation. The technique is more sensitive 
for lesser grades of trans-mural infarction (Fig.  18.10).21

Developments in Quantification  
of Wall-Motion Assessment

Tagging, coupled with 3D strain analysis, allows quantita-
tive assessment of regional myocardial contractility, and, 
although still a research tool, it has promise in the detection 
of viability using dobutamine stress. Sensitivity of detection 
of viability may be improved with the use of tagging, 
because true myocardial contraction is assessed rather than 
wall motion, with its inherent limitations. Specialized post-
processing analysis software is available, and advanced tech-
niques have made tagging much more approachable for 
clinical use (Fig. 18.11). These include harmonic phase 
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(HARP) tagging and DENSE (Displacement Encoding with 
Stimulated Echoes) imaging.

Late Gadolinium enhancement

An alternative approach to the assessment of contractile 
reserve is the delineation of infarcted from normal myocar-
dium. Accurate delineation of infarcted myocardium can 
now be achieved using gadolinium chelates, which are rou-
tinely used as CMR contrast agents. These contrast agents 
are given as a bolus injection via a peripheral vein and are 
distributed in the extracellular space, altering the relaxation 

properties of the tissues by predominantly shortening the T1 
recovery time. Gadolinium chelates do not enter cells with 
an intact cell membrane, but in areas of non-viable tissue, 
they exhibit delayed wash-in/wash-out kinetics and an 
increased volume of distribution. In normal myocardium, 
wash-in and wash-out rates are rapid. This means that late 
after injection, once gadolinium has mainly washed out of 
viable myocardium, the concentration remains increased in 
both acutely infarcted and chronically infarcted regions.23

In acute infarction, the disruption of myocyte sarcomere 
integrity and cell membrane rupture allows gadolinium to 
enter the previous intracellular space. In chronic infarct tis-
sue, replacement fibrosis causes an increase in the interstitial 
space, and, hence, in the volume of distribution of gadolin-
ium. Therefore, depending on the dose of gadolinium given, 
approximately 5–15 min after initial injection, a time win-
dow exists where the concentration of gadolinium in infarcted 
tissue is higher than the surrounding normal viable myocar-
dium (Fig. 18.12).

The higher gadolinium concentration results in higher 
signal on T1-weighted MR sequences, and this can be high-
lighted to the maximum by imaging the gadolinium distribu-
tion using an inversion recovery technique. This sequence 
relies on allowing the T1 recovery of normal myocardium to 
pass through the point of zero signal (a technique known as 
nulling of the normal myocardium), which creates intense 
signal contrast between normal and infarcted myocardium 
(Fig. 18.13). This created the aphorism “bright is dead,” 
although this is now known to be an oversimplification in 
other conditions such as cardiomyopathy. This single breath-
hold technique produces strongly T1-weighted images and 
allows good differentiation between injured and normal 
regions of myocardium with up to 500% difference in signal 
intensity and high resolution, such that trans-mural depiction 
of viability is now possible.4 Images have an in-plane resolu-
tion of 1.5–2 mm, which approximates to 1 g of tissue. This 
late gadolinium enhancement technique has been shown to 
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correlate very accurately with the area of infarction. 
Quantitative analysis software can be used to estimate the 
volume of infarcted tissue (Fig. 18.14).

the Use of Late Gadolinium enhancement 
to Identify Infarcted Myocardium

As proof of concept, Kim et al. described the ligation of the 
left anterior descending or circumflex artery in a canine 
model causing acute myocardial infarction.23 The area of late 
enhancement revealed a high correlation with the infarct dis-
tribution when the ex vivo hearts were stained with 2,3,5- 
triphenyltetrazolium chloride (TTC). The TTC stain forms a 
red precipitate in areas of viable myocardium, but necrotic 
areas fail to stain. In areas of myocardium subtended by cor-
onary arteries where only transient ischaemia was induced, 
there was no evidence of infarction by either CMR or tissue 
staining. The accuracy of the late-enhancement technique to 
delineate infarct from viable tissue has been confirmed: the 
spatial extent of enhancement is near identical to the spatial 
extent of infarction at every stage of healing. The injection of 
fluorescent micro-particles into the left atrium during coro-
nary artery occlusion confirms that the ischaemic area at risk 
can be reliably distinguished from the infarct zone as detected 
by late enhancement (Fig. 18.15). Further support that 
regional elevation in gadolinium chelate concentration is 
exclusively associated with areas of irreversible ischaemic 
injury has been provided in animal experiments using TTC 
histology combined with electron probe X-ray micro- analysis 
(EXPMA) to simultaneously determine the concentrations of 
gadolinium, sodium, phosphorous, sulphur, chlorine, potas-
sium, and calcium. These areas of enhancement, representing 
sub-endocardial or trans-mural infarction, have significantly 
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altered electro-mechanical properties when assessed using 
endocardial voltage mapping. Klein et al. investigated 31 
patients with poor LV systolic function secondary to ischae-
mic heart disease using late gadolinium enhancement CMR 
and FDG-PET. There was close agreement (r = 0.91, 
p < 0.0001) between the techniques, but importantly, 11% of 
the segments that were defined as viable according to PET 
criteria had evidence of late enhancement on CMR. This is 
likely to be the result of the superior resolution of CMR.25

Use of Late Gadolinium enhancement 
to Assess Recovery After Revascularization

When correlated with coronary angiographic data, nearly all 
patients with confirmed myocardial infarction have the hall-
mark finding of sub-endocardial or trans-mural enhancement 
in the relevant corresponding coronary artery territory. In 

Fig. 18.14 Quantitative analysis of infarct volume. This example 
shows an antero-septal myocardial infarction. Top left: Thresholding 
delineates enhanced areas of scar (pink shading). Top right: 16-seg-
ment model bull’s eye plot depicting trans-murality of scar in each 
segment [no scar = 0% (white), trans-mural scar = 100% (black)]. 
Bottom left: Radial chords superimposed on the image allow 

 measurement of degree of trans-murality of infarct. Bottom right: 
Bull’s eye viability plot. The threshold for viability is set at 50%. Any 
areas over 50% trans-mural scar are graded as non-viable (red). LV mass 
= 259 g, Calculated scar tissue volume = 115 mL (46%). Analysis per-
formed with QMassMR. (Medis Medical Imaging Systems B.V, Leiden, 
The Netherlands)
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patients with heart failure owing to ischaemic heart disease, 
there is almost invariable evidence of sub-endocardial or 
trans-mural enhancement; however, in cases of dilated car-
diomyopathy, there is usually either no enhancement or a dif-
fuse mid-wall pattern of enhancement that does not follow 
coronary artery territory. Accordingly, 13% of patients with 
presumed idiopathic dilated cardiomyopathy demonstrate a 
pattern of enhancement that identifies ischaemic heart dis-
ease as the underlying cause for LV dysfunction.26 The pat-
tern of enhancement is therefore extremely useful in 
determining the underlying aetiology of LV impairment, dif-
ferentiating those with coronary artery disease from cardio-
myopathy in which revascularization would not result in an 
improvement in LV function.

In animal models and human studies, myocardial salvage 
with recovery in function following acute infarction has been 
shown to be inversely related to the degree of trans-murality 
of enhancement. In a canine model of acute infarction, myo-
cardial segments with < 25% enhancement at day 3 post-MI 
showed 87% spontaneous recovery by 1 month, but if there 
was complete trans-mural enhancement, no recovery was 
seen.27 In patients undergoing successful reperfusion therapy 
for acute MI, either with primary percutaneous coronary 

intervention or thrombolysis, the degree of improvement was 
again inversely related to the trans-murality of enhancement. 
The best predictor of improvement in segmental function at 
2–3 months following acute infarction has been found to be 
late enhancement of <25% of the LV wall thickness.28 Patients 
who undergo primary percutaneous coronary intervention to 
treat acute MI also have greater predicted recovery of myo-
cardial contraction with lesser degrees of enhancement.

In chronic heart failure, the likelihood of functional improve-
ment with revascularization had been previously described in 
histological studies looking at degree of fibrosis in needle 
biopsy specimens taken at the time of surgery. Viable areas of 
myocardium showed a lower degree of fibrosis, which in turn 
was an independent predictor of functional recovery. Having 
identified that the extent of late gadolinium enhancement 
exactly mirrors the infarcted tissue, researchers further inves-
tigated whether this technique could predict recovery of func-
tion following revascularization. In a landmark study, Kim 
et al. prospectively studied patients with established myocar-
dial dysfunction and chronic coronary artery disease to assess 
the likelihood of recovery of akinetic or dysfunctional myo-
cardial segments following revascularization. This study 
demonstrated that, in the context of chronic infarction, the 

Fig. 18.15 Comparison of late 
enhancement (left upper panel), 
TTC staining (left middle panel), 
and the myocardium at risk 
(region without green fluorescent 
micro-particles, left lower panel ) 
in a dog with a 1-day-old 
reperfused infarction. Light 
microscopy views of region 1 
(not at risk, not infarcted), 
region 2 (at risk but not 
infarcted), and region 3 
(infarcted) are shown on the 
right panels. Arrows point to 
contraction bands. This shows 
that the area of delayed 
enhancement correlates exactly 
with the area of infarction. 
Reproduced from Fieno et al.24
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likelihood of functional recovery with successful surgical or 
percutaneous revascularization declined with increasing 
trans-murality of enhancement, such that patients with 50% 
or less trans-mural gadolinium enhancement showed a good 
degree of recovery, whereas those with 75% showed far less 
recovery and those with 100% virtually showed no response 
(Fig. 18.16).29 Similar studies have since replicated these 
findings. It is clear that improvement in myocardial function 
is highly likely if there is < 25% trans-murality of enhance-
ment and very unlikely if there is > 75% enhancement. 
Between these two extremes, there is a grey zone with vari-
able recovery, but even up to 75% enhancement, there is evi-
dence of some improvement in function with revascularization, 
and some groups therefore recommend dobutamine CMR for 
this cohort. The absence of late gadolinium enhancement 
(even in thinned myocardial wall segments that were previ-
ously felt to be scarred and unlikely to respond) is strongly 
associated with improvement in contractility and functional 
recovery after revascularization (Fig. 18.17).

Interestingly, the response to beta-blockade in patients 
with impaired LV function as a result of coronary artery dis-
ease can also be predicted by the extent of gadolinium 
enhancement. Improvement in contractile function with 
carvedilol or metoprolol is inversely related to the trans-
murality of enhancement.30 Infarct size, measured by CMR, 
may also be of prognostic significance following myocardial 
infarction; those with large amounts of scar being more likely 

to have inducible monomorphic ventricular tachycardia and 
hence, a higher theoretical risk of sudden arrhythmic death.31 
Kwong et al. looked at late gadolinium enhancement in 
elderly patients with suspected coronary disease, but no 
known myocardial infarction and found that the degree of 
late enhancement predicted worse event-free survival.32

Another way of viewing the relationship of infarction to 
functional recovery is to assess the thickness of the residual 
epicardial rim of viable tissue overlying the infarction. 
Kneusel et al. compared CMR with FDG-PET and showed 
that viable myocardial segments on CMR correlated well 
with FDG uptake. The segments with a viable rim of > 4.5 
mm were found to have FDG uptake of ³50% (a positive 
predictor of recovery). These thick, metabolically active seg-
ments had a high likelihood of recovery (85%) following 
revascularization, whereas segments that had a thin viable 
rim of tissue (albeit metabolically active) were less likely to 
recover (36%). In contrast, only 13% of thin non-viable seg-
ments improved (Fig. 18.18, Video 18.18).33

When using direct measurements of infarction, it is impor-
tant to note that the results apply mainly to chronic infarction, 
that is months after the acute event. The relative thickness of 
the infarction and the epicardial rim varies with time after 
acute myocardial infarction owing to infarct resorption and 
hypertrophy of the epicardium. Even without revasculariza-
tion, the thickness of the viable epicardial rim is a predictor of 
improvement in myocardial contractility between the acute 
convalescent phase (within the first week) and the chronic 
state following a myocardial infarct a few months later.

Micro-vascular obstruction

The presence of micro-vascular obstruction (demonstrated 
by a region of dense signal void at the endocardial surface of 
the ventricle surrounded by gadolinium-enhanced myocar-
dial tissue) signifies a poorer likelihood of recovery of ven-
tricular function following an acute myocardial infarction.

Practical Aspects of Late Gadolinium 
enhancement Imaging

timing of Image Acquisition

One of the pitfalls to be aware of is the problem of imaging 
too early after gadolinium injection. It has been confirmed 
that imaging at 5–30 min after injection gives the best diag-
nostic correlation between the presence of trans-mural 
enhancement and non-viable myocardium, which is unlikely 
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Fig. 18.16 Relationship between the trans-mural extent of late 
enhancement before revascularization and the likelihood of increased 
contractility after revascularization. Data are shown for all dysfunc-
tional segments and separately for the segments with at least severe 
hypokinesia and segments with akinesia or dyskinesia. There was an 
inverse relation between the trans-mural extent of late enhancement 
and the likelihood of improvement in contractility. Reproduced from 
Kim et al.29
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to show functional improvement.34 If images are acquired 
too early with very short inversion times, the intermediate 
wash-in kinetics in viable peri-infarct border zones will give 
rise to enhancement, and delayed contrast kinetics in the core 
of an infarct may mean that this area is relatively hypo-
intense. As a result, infarct size may be wrongly estimated.

optimizing Inversion time

The optimal inversion time (TI) must be chosen to allow the 
best contrast enhancement of the infarcted region with nulling 
of normal viable ventricular myocardium.4 As the concentra-
tion of gadolinium in normal myocardium constantly changes 

Fig. 18.17 Marked recovery of function following revascularization 
in an 81-year-old lady with severe left main stem disease and an 
occluded right coronary artery. The upper left panel shows the vertical 
long-axis late gadolinium enhancement image next to the systolic 
and diastolic frames before (pre) and after (post) revascularization. 
The lower left panel shows the four-chamber late gadolinium 

enhancement image next to diastolic and systolic frames before and 
after revascularization. On these late gadolinium images, there was 
very little enhancement and despite the severely dilated, thinned 
ventricle, there was remarkable recovery following successful revas-
cularization. Reproduced from John et al.
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owing to the dynamic nature of wash-in/wash-out kinetics, the 
T1 will lengthen with time, and therefore, the TI needs to be 
progressively lengthened throughout the scan to ensure that 
normal viable myocardium is nulled. If the TI is too short or 
too long, normal myocardium will appear grey rather than 
black, which can lead to poor discrimination of infarcted tissue 
from normal myocardium (Fig. 18.19). Many centres use a TI 
scout sequence that acquires a preliminary set of images with a 
range of inversion times, allowing the best value to be chosen. 
With experience, it is usually possible to predict the inversion 
time needed (bearing in mind that inversion times will vary 
with different gadolinium chelates). A typical range of values 
starting from 260 ms up to about 400 ms may be needed.

A newer pulse sequence that is less dependent on choos-
ing the correct inversion time has been developed (Fig. 18.20). 
This phase-sensitive inversion recovery (PSIR) sequence 
consistently achieves good contrast and decreases back-
ground noise leading to an improved contrast-to-noise ratio 
between areas of high signal intensity (such as infarct tissue) 
and low signal intensity (such as normal myocardium which 
is nulled).35

Comparison with Cine Images

When interpreting late gadolinium enhancement images, it is 
often very useful to compare with a cine at the same slice 
position. The nature of balanced SSFP cine sequences gives 
very good blood/myocardial contrast, which allows the mea-
surement of the thickness of corresponding wall segments as 
well as assessing regional function, including wall thicken-
ing (Fig. 18.21, Video 18.21). This is important when assess-
ing hibernation, which by definition only occurs in segments 
that have resting contractile dysfunction.

Artefact or true enhancement?

Artefacts can also be a problem when deciding whether there 
is evidence of enhancement or not. These artefacts occur in the 
phase-encode direction and may be owing to high signal from 
the chest wall, fat, or cerebrospinal fluid. Saturation bands 
applied over areas of high signal will help, but if artefacts are 

Fig. 18.19 The effect of inversion time on nulling of normal myocar-
dium. (a) With the inversion time set too low, there is high signal both 
from normal myocardium and the lateral wall infarct. (b) Inversion 
time is still too low. (c) Correctly adjusted inversion time gives good 

differentiation between normal and enhanced myocardium.  
(d) When the inversion time is too high, there is once again high sig-
nal in both infarct tissue and normal myocardium

Fig. 18.18 Extensive myocardial infarction involving the antero- 
septal wall, anterior wall, lateral wall, and apex. There is at least 75% 
trans-murality. The corresponding video clip shows extensive wall 

motion abnormality with dyskinetic anterior wall and akinetic sep-
tum. The likelihood of recovery of function in this situation is low
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projected onto the myocardium, it can be difficult to see if 
there is true enhancement. Acquiring images in two orthogo-
nal phase-swapped sets will mean that any artefact seen will 
be in a different position in each series (Fig. 18.22).

Assessment of Viability Using Magnetic 
Resonance spectroscopy

Myocardial cells require adenosine triphosphate (ATP) and 
phosphocreatine (PCr) for their energy supply. Alterations in 
cardiac high-energy phosphate metabolism are present in 
patients with coronary artery disease and heart failure, and 
this can be directly observed using magnetic resonance spec-
troscopy (MRS). Phosphorous [36P] MRS can directly mea-
sure ATP and PCr to allow assessment of the energetic state 
of the heart. Neubauer et al. demonstrated that PCr/ATP ratio 
correlated well with the severity of heart failure in the 

context of LAD stenosis and chronic myocardial infarction.37 
Although it has a potential use in the assessment of viability, 
MRS remains challenging owing to the inherently low sig-
nal-to-noise ratio as well as cardiac and respiratory motion. 
It requires a different radiofrequency (RF) coil from that 
used for conventional proton imaging, presents technical dif-
ficulties, and scan times are long. As a result, this technique 
has not found clinical use but may become more useful with 
higher field strength systems at 3 T.

Magnetic Resonance Protocols 
for the Investigation of Myocardial Viability

A combination of CMR techniques can be used to assess 
viability to give the optimal prediction for recovery of func-
tion (Table 18.1). All patients should undergo a standard 

Fig. 18.20 The phase-sensitive 
inversion-recovery sequence 
generates two sets of images, 
the magnitude image (a) and 
the phase image (b), both of 
which need to be correctly 
windowed to visualize areas of 
enhancement such as this 
trans-mural antero-septal infarct

Fig. 18.21 Sub-endocardial 
infarction. (a) The inversion-
recovery T

1
-weighted image 

following gadolinium shows a 
limited area of sub-endocardial 
enhancement. (b) Comparison 
with the identical slice SSFP cine 
allows accurate measurement of 
the extent of trans-murality 
(graded as 25–50% enhance-
ment) in the severely hypoki-
netic antero-septal wall
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protocol including cine imaging for volumes and function, 
and unless there are contraindications, late gadolinium 
enhancement should be performed. Selected patients may 
then require dobutamine stress CMR for further evaluation 

(Fig. 18.23). This could be applied to those in whom the late 
enhancement CMR is not conclusive. Some groups recom-
mend that this is used for patients with predominantly 
25–50% trans-mural infarction.

Fig. 18.22 Differentiating 
artefacts from true enhance-
ment. (a) Artefact from the 
anterior chest wall is superim-
posed on the septum in the 
four-chamber view. (b) If the 
phase-encode direction is 
changed, the area of high signal 
in the septum is no longer 
visible and it becomes clear that 
this was an artefact. The white 
arrow shows the phase-encode 
direction

Ventricular volumes and function:
identify dysfunctional segments in 

the presence of significant CAD

Late enhancement
gadolinium study

Degree of enhancement

<25-50% 50-75% >75%<25%

Viable and likely to 
exhibit functional

recovery

Likely to be viable with
functional recovery

Lower likelihood of 
functional recovery

 Revascularisation

Evidence of
contractile

reserve

Consider:
Dobutamine stress study

if doubt persists
re:evidence of viability

No
contractile

reserve Medical therapy

Probably non-viable and 
unlikely to recover function

after revascularisationFig. 18.23 Suggested protocol 
for the use of CMR to assess 
viability in ischaemic LV 
dysfunction. CAD coronary 
artery disease; PCI percutaneous 
coronary intervention

Number of 
patients

Sensitivity (%) 95% CI 99% CI Specificity 
(%)

95% CI 99% CI

End-diastolic wall 
thickness

100 95 91–99 90–100 41 31–50 28–53

Dobutamine stress 259 73 68–78 66–80 83 78–87 77–89

Late gadolinium 
enhancement

132 95 91–99 90–100 45 37–54 34–56

table 18.1. Sensitivity and specificity of different CMR techniques (based on weighted mean values from pooled CMR trials)

Reproduced from Kaandorp TAM, et al.38
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Failure of Recovery Following 
Revascularization and Peri-procedural 
Infarcts

Despite the best available evidence of viability, some myo-
cardial segments do not recover function when revascular-
ized. The reasons for this are not always clear, but possible 
factors include myocardial damage at the time of surgery or 
incomplete revascularization. The presence of extensive 
ventricular re-modelling, especially in those with dilated 
ventricles and end-systolic volume of ³140 mL, may also be 
a factor.10 Approximately 38% of patients who have coro-
nary artery bypass surgery and 28% of those undergoing per-
cutaneous coronary intervention have evidence of new areas 
of gadolinium enhancement secondary to peri-procedural 
myocardial necrosis. Areas of new enhancement following 
PCI or surgery will worsen the outcome and this may also be 
the cause of non-recovery in functional status after revascu-
larization.36 The presence of new areas of late enhancement 
following the procedure is a negative predictor for improve-
ment in global LV ejection fraction and volumes. This high-
lights the need for myocardial protection and optimal 
technique during these procedures. Further data on clinical 
rather than functional outcome is awaited.

Conclusion

In conclusion, CMR is a valuable tool in the assessment of 
myocardial viability in heart failure. It is becoming more 
widely available and has several major areas of strength. 
There is excellent spatial resolution and it is highly repro-
ducible for the measurement of LV volumes and function, 
allowing serial evaluation of ventricular re-modelling 
together with the assessment of regional function. The trans-
mural extent of infarction can be assessed, quantification of 
the total infarct burden can be performed, and the presence 
of micro-vascular obstruction can be identified. Dobutamine 
stress also allows for the assessment of contractile reserve.
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Introduction

Increasing data support the use of cardiac innervation imag-
ing to risk-stratify patients with heart failure. Cardiac sym-
pathetic imaging can help to improve the understanding of 
the pathophysiology of heart failure and how sympathetic 
hyperactivity exerts its deleterious actions, which may result 
in better therapy and outcome for patients with heart failure. 
Assessment of cardiac sympathetic activity would also con-
tribute to more appropriate use of ICD, and may help predict 
and prevent further lethal cardiac episodes.

The heart, like most internal organs, is innervated by the 
autonomic nervous system (ANS) in a highly integrated cir-
cuitry at multiple levels. The ANS provides innervation 
through fibers originating from the autonomic ganglia located 
outside the central nervous system (CNS) in response to the 
preganglionic cholinergic stimulation from the CNS. The 
ANS has great influence on cardiovascular physiology by 
controlling the cardiac performance (contractility, conduc-
tion, and heart rate) to respond quickly and effectively to the 
changing demands on cardiovascular performance.

The ANS is divided into two efferent components, the 
sympathetic system (adrenergic or cervicothoracic, SNS) 
and the parasympathetic system (cholinergic or craniosacral, 
PNS). The main differences between the SNS and PNS are 
summarized in Table 19.1.

The SNS is dominant in the heart, principally in the ven-
tricles, where the PNS is scarce. Sympathetic fibers travel 

along the vascular structures, penetrating into the myocar-
dium from the epicardium towards the endocardium. There 
is a gradient distribution of nerve terminals from the base to 
the apex of the left ventricle (LV). Parasympathetic fibers are 
distributed throughout the atrial and ventricular walls, with a 
gradient from the former to the latter, where they predomi-
nate in the inferior wall.

Neurotransmitters are synthesized, stored, and metabo-
lized within the nerve terminal. Upon neurostimulation, neu-
rotransmitters are released by exocytosis within the synaptic 
cleft. Only a small portion of the released neurotransmitter is 
actually available to interact with the post-synaptic receptors 
in the myocardial cell, leading to the cellular response.

Most of the released norepinephrine (NE), the neurotrans-
mitter of the SNS, undergoes re-uptake in the presynaptic neu-
rons by the NE transporter (NET), a saturable and sodium 
energy and temperature-dependent transport protein, which is 
cocaine- and desipramine-sensitive, with high affinity to cate-
cholamines and catecholamine analogs, in a process known as 
uptake-1. In addition, there is NE uptake by a second, corticos-
terone- and clonidine-sensitive, low-affinity, high-capacity, 
extra-neuronal transport system, known as uptake-2. Uptake-1 
predominates at low concentrations of catecholamines, 
whereas uptake-2 predominates at higher concentrations, but 
its contribution in humans is low.

Once NE is again inside the nerve terminal, it is either 
metabolized by monoamine oxidase (MAO) or stored in the 
vesicles by the vesicular monoamine transporter (VMAT), a 
proton-dependent transport protein localized in the vesicle 
membrane. Neuronal uptake-1 regulates the concentration of 

Sympathetic nervous system Para-sympathetic nervous system

Principal neurotransmitter released 
by post-ganglionic fibers

Norepinephrine Acetylcholine

Location of the ganglia Near the spinal cord, either paravertebral (22 pairs) or 
prevertebral (unpaired)

Near or within the end innervated organs

Degree of divergence and conver-
gence of pre-ganglionic input to 
post-ganglionic neurons

Considerable Very little

Post-synaptic receptors Adrenoreceptors (predomination of b1 in heart) Muscarinic

Second messenger mechanism of 
cellular response

Interaction with guanosine triphosphate-associated 
stimulatory proteins (Gs proteins), leading to stimula-
tion of adenyl cyclase or phospholipase C, resulting 
in increases in cAMP and calcium levels, which in 
turn result in activation of different protein kinases. 
The resultant protein phosphorylation modifies the 
activity of enzymes and the function of other cellular 
proteins.

Interaction with G inhibitory proteins (Gi 
proteins), leading to inhibition of adenylate 
cyclase or phospholipase C, resulting in 
decreases in cAMP and calcium levels, 
which in turn result in inactivation of dif-
ferent protein kinases, with no protein 
phosphorylation and no modification of 
the activity of enzymes and other cellular 
proteins.

Functional role Stimulatory Inhibitory

table 19.1. Main differences between sympathetic and para-sympathetic nervous systems
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the adrenergic neurotransmitters in the synaptic cleft, play-
ing important physiologic and pathophysiologic roles in 
modifying the signal transduction and extra-neuronal cate-
cholamine concentration. It is of paramount importance in 
protecting the heart from the deleterious effects of elevated 
levels of circulating catecholamines.

On the other hand, most of the released acetylcholine 
(ACh), the neurotransmitter of the PNS, is degraded by 
acetylcholinesterase.

Cardiac neurotransmission imaging can be performed by 
positron emission tomography (PET) and single photon 
emission computed tomography (SPECT), because these are 
the only imaging techniques with sufficient sensitivity to 
assess processes that take place at picomolar concentrations 
in the human heart.1–3

Radiopharmaceuticals for cardiac 
neurotransmission Assessment

Tracers for radionuclide imaging of cardiac neurotransmis-
sion have been developed by radiolabelling of true neuro-
transmitters or their structural analogs (false neurotransmitters). 
Radiolabelled true neurotransmitters follow the entire meta-
bolic pathways, whereas radiolabelled analogues often are 
resistant to specific steps of metabolism. Binding character-
istics, selectivity, and binding reversibility determine the 
suitability of a given agent. Furthermore, radiochemical 
purity and specific activity required to minimize occupation 
of binding sites by non-labelled molecules, as well as the 
pharmacologic effects in patients, have to be defined in the 
process of validation of neurotransmission by radiopharma-
ceuticals for in vivo imaging.

Of the many radiopharmaceuticals that have been designed 
and tested to assess cardiac neurotransmission, the most 
commonly used are, at a pre-synaptic level, 18F-fluorodopamine, 
to assess NE synthesis; and 11C-hydroxyephedrine (11C-
HED), 11C-ephedrine, and 123I-metaiodobenzylguanidine 
(123I-MIBG), to assess pre-synaptic re-uptake and storage. At 
a post-synaptic level, b-blockers such as 11C-CGP12177 and 
11C-CGP12388 are available to assess b-adrenoceptor expres-
sion and density. All except 123I-MIBG are PET tracers.1,  3

tracers of sympathetic Pre-synaptic  
neuronal Function

Before the administration of these tracers, it is necessary to 
withdraw drugs known to interfere with the neuronal 
uptake-1, amine vesicular uptake and storage, and cellular 

calcium handling (tricyclic anti-depressants, cocaine, 
labetalol, reserpine, tetrabenacine, NE, serotonin, guanethi-
dine, sympathicomimetic amines, and calcium antagonists), 
taking into account their respective blood half-lives.

18F-6-Fluorodopamine

18F-6-Fluorodopamine is taken up mainly via the pre-synaptic 
uptake-1 in the sympathetic nerve terminals, and trans-
ported into axoplasmic vesicles where it is converted into 
18F-fluoroNE and stored. During sympathetic stimulation, 
18F-fluoroNE is released from the sympathetic nerve termi-
nals similar to 3H-NE. Because of the half-life of 110 min for 
18F, tracer clearance from the heart can be surveyed over a 
longer period of time than with 11C-labelled tracers (half-life 
of 20 min). 18F-6-Fluorodopamine has been proposed as a 
tracer of cardiac sympathetic innervation and function 
because it permits measurement of tracer uptake and clear-
ance, but its application remains limited because of complex 
synthesis at often low specific activity, as well as difficulties 
in modelling of its complex metabolic fate.1,  3,  4

11C-HED

11C-HED, the most frequently used PET tracer for the map-
ping of sympathetic neurons, is a false neurotransmitter that 
has the same neuronal uptake mechanism as NE (neuronal 
uptake-1), but is resistant to enzymatic metabolism. Addi-
tionally, the storage and release properties of 11C-HED seem 
to differ from those of NE. Non-specific myocardial uptake 
of 11C-HED is low. Although some vesicular storage seems 
to occur, binding inside the vesicles is reduced because of a 
higher lipophilicity of 11C-HED when compared with NE. 
11C-HED is believed to undergo continuous release and re-
uptake by the sympathetic neurons.1,  3,  4

11C-Epinephrine

11C-epinephrine may be a more physiologic tracer for the 
evaluation of pre-synaptic sympathetic nerve function regard-
ing the uptake mechanism, vesicular storage, and metabolism. 
11C-epinephrine is rapidly transported into the pre-synaptic 
nerve terminal through uptake-1 and is stored in the vesicles 
similar to NE. Although 11C-epinephrine is vulnerable to 
MAO degradation, efficient vesicular intra-neuronal storage 
causes very slow clearance of radioactivity from the heart. 
11C-epinephrine shows high myocardial retention and may be 
more sensitive to neuronal abnormalities as a result of more 
physiologic behaviour.1,  3,  4
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123I-MIBG

MIBG is an iodinated aromatic analogue of the hypotensive 
false neurotransmitter guanethidine, which, in its turn, is an 
artefacts of NE. MIBG and NE have similar molecular struc-
tures, and both utilize the same uptake, storage, and release 
mechanisms in the sympathetic nerve endings; however, 
MIBG is neither metabolized nor interacts with the post-
synaptic receptors. Therefore, the labelling of MIBG with 
123I enables in vivo scintigraphic visualization of the sympa-
thetic post-ganglionic presynaptic fibers, thus allowing the 
assessment of both anatomic integrity and function of the 
nerve terminals.1, 2

tracers of Post-synaptic Adrenergic Receptors

The synthesis of receptor ligands for cardiac imaging is chal-
lenging because it requires ligands capable of being radiola-
belled easily and reproducibly, with high selectivity and 
affinity, low lipophilicity (to avoid binding to inactive inter-
nalized receptors), high metabolic stability, low toxicity, 
and high-specific and low-non-specific binding. 11C-[4-(3-t-
butylamino-2-hydroxypropoxy)-benzimidazol-1] (11C-CGP12177) 
is a non-selective, hydrophilic b-receptor antagonist of difficult 
synthesis and the only adrenoreceptor tracer used in clinical 
studies. Recently, 11C-CGP12388, another non-selective 
b-adrenoceptor antagonist of easier synthesis, has shown 
promise in isolated perfused rat hearts and also in human 
beings, but the strength of its application will need to be 
demonstrated in further clinical studies.3

A number of other subtype-specific or non-specific trac-
ers for adrenergic receptors have been developed, but 
most of them have shown inappropriateness for clinical 
imaging mainly because of high-non-specific binding or 
lipophilicity.3

tracers of Parasympathetic Innervation

Few tracers of the PNS are available. Imaging of presynaptic 
neurons is problematic because the density of cholinergic 
neurons within the ventricular myocardium is low, the mech-
anisms of parasympathetic neurotransmitter uptake and stor-
age are highly specific for ACh, and cholinergic substances 
are rapidly degraded. 18F-fluoroethoxybenzovesamicol, a 
tracer derived from vesamicol (which specifically binds to 
the receptors on parasympathetic neuronal vesicles and 
inhibits storage of ACh) has shown low-specific binding, 
consistent with low parasympathetic neuronal density, and 
high-non-specific binding and wash-out in isolated perfused 

rat hearts. Considerable flow dependency of uptake has fur-
ther limited its usefulness.3

Post-synaptic parasympathetic muscarinic receptors were 
the first myocardial receptors targeted with PET. 
11C-methylquinuclidinyl benzilate (11C-MQNB) is a highly 
specific hydrophilic antagonist of muscarinic receptors, with 
no metabolization, but with few studies performed in human 
beings.3

Imaging techniques

Planar and sPect Imaging with 123I-MIBG

Usually, 123I-MIBG (185–370 MBq) is IV administered 30 
min after thyroid blockade by oral administration of 500 mg 
potassium perchlorate, though this could be avoided consid-
ering that 123I is a gamma emitter with a short half-life (13 h). 
Planar and SPECT images of the thorax are acquired 15 min 
(early image) and 4 h (late image) after injection, using a 
low-energy high-resolution parallel hole collimator. A 20% 
window is usually used, centred over the 159 keV 123I photo-
peak. Planar images are acquired for 10 min in the anterior 
and 45° left anterior oblique views and stored in 128 × 128 
or 256 × 256 matrixes. SPECT images are acquired by a 
single pass of 60 steps at 30 s per step (64 × 64 matrix), start-
ing at 45° right anterior oblique projection and proceeding 
anticlockwise to the 45° left posterior oblique projection. 
The data are reconstructed in short axis, horizontal long axis, 
and vertical long axis tomograms, and scatter or attenuation 
correction may be applied.

123I-MIBG uptake is semi-quantified by calculating a heart-
to-mediastinum ratio (HMR), after drawing ROIs over the 
heart (including or not including the cavity) and the upper 
mediastinum (avoiding the thyroid gland) in the planar ante-
rior view. The average count per pixel in the myocardium is 
divided by the average count per pixel in the mediastinum. 
The myocardial wash-out rate (WR), from initial to late 
images, is also calculated and expressed in percentage as the 
rate of decrease in the myocardial counts over time between 
early and late imaging (normalized to mediastinal activity) 
(Fig. 19.1). The late HMR reflects the relative distribution of 
the sympathetic nerve terminals, offering the global informa-
tion about neuronal function resulting from uptake, storage, 
and release. The WR reflects the neuronal integrity or sympa-
thetic tone, mainly representing the uptake-1. More studies 
are needed to establish the differences in early HMR, late 
HMR, and WR. Intra-observer and inter-observer variability 
of these calculations are <5%. Normal values for late HMR 
and WR are ³2.5 ± 0.3 and £20% ± 10, respectively, but vary 
related to age (inversely to the late HMR; directly to the WR). 
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Moreover, these parameters fluctuate significantly owing to 
the lack of validation and standardization of acquisition 
parameters such as acquisition duration and type of collima-
tion used (in relation to the additional photo peak of 123I at 
529 keV, capable of septal penetration when using the com-
mon low-energy collimators). Improved standardization of 
cardiac 123I-MIBG imaging parameters would contribute to 
increased clinical applicability of this procedure.

SPECT images can be scored using a point scale for visual 
evaluation of 123I-MIBG concentration in the given cardiac 
segments, comparable with the myocardial perfusion imag-
ing scoring approach. Careful interpretation should be per-
formed, with the knowledge of normal variants and potential 
artefacts. Normal cardiac 123I-MIBG distribution includes a 
relatively low uptake in the inferior wall, which is more pro-
nounced in the elderly. In addition, there may be substantial 
123I-MIBG uptake in the liver, which overlaps the inferior LV 
wall. Moreover, scattering from the lung field to the lateral 
LV wall may also occur. Polar maps can be generated from 

SPECT data and can be compared with those of normal indi-
viduals. Scores of the extension and severity of 123I-MIBG 
eventual defects and calculation of the mean global and 
regional WR of the LV are feasible. However, it has to be 
taken into account that in some pathophysiologic conditions, 
cardiac 123I-MIBG uptake may be severely reduced, hamper-
ing the acquisition and processing of the tomographic 
slices.2

Pet Imaging

PET imaging protocols vary according to the radiotracer 
characteristics and the available instrumentation. Typically, 
PET imaging of cardiac neurotransmission uses dynamic 
imaging and is technically more demanding than SPECT 
imaging with 123I-MIBG.

The obtained volumetric datasets are realigned according 
to standardized axes. Physiologic parameters such as quanti-
fication of neurotransmitter synthesis and transport can be 
assessed by applying tracer kinetic modelling to quantitative 
datasets. Typically, pre-synaptic NE re-uptake function is 
assessed by the calculation of the distribution volume of 
tracers using compartment models and non-linear regression 
analysis, to calculate influx and efflux rate constants. 
Myocardial adrenoceptor density (Bmax) can be measured 
by the injection of different amounts of radioactivity and 
cold substance, assessment of input function and estimation 
of metabolites, and graphic analysis.

Region-of-interest analysis of the activity concentration 
inside the LV cavity yields the time-activity curve of arterial 
blood, and allows assessment of the arterial input function.

Continuous thoracic PET scanning is performed for up 
to 3 h after 18F-fluorodopamine infusion. The total scan-
ning time is divided into intervals of 5–30 min, and the 
tomographic results of each interval are assessed. Scan 
sequences may consist of 5 frames × 1 min, 5 frames × 5 
min, 4 frames × 15 min, and 3 frames × 30 min. Cardiac 
18F-fluorodopamine images can be analyzed by drawing 
regions of interest within the ventricular wall using a com-
posite of the images for each plane. In computing time-activ-
ity curves, the logs of the concentrations of radioactivity, 
adjusted for the dose per kilogram of body weight, in the LV 
and arterial blood, can be expressed as a function of time 
after injection of the radiotracer. The specific activity of 
18F-fluorodopamine at the time of injection and the assayed 
plasma concentrations of 18F-fluorodopamine can be used to 
estimate the proportions of the total plasma radioactivity that 
are owing to 18F-fluorodopamine and its metabolites. 
Exponential curve fitting may be used to describe the rela-
tionships between time and radioactivity concentrations in 
myocardium, blood, and plasma. The differences between 
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Fig. 19.1 Semi-quantification of 123I-MIBG activity on the planar 
anterior view. Heart-to-mediastinum ratio (HMR) and myocardial 
wash-out rate (WR) are calculated after drawing an ROI over the heart 
(H) and the upper mediastinum (M) in the early and late images
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the estimated and empiric values can be assessed graphically. 
The reported mean concentration of 18F-fluorodopamine in 
the LV peaks at 5–8 min after infusion, and has been found 
to be 10.2 ± 67 nCi × kg/mL × mCi in healthy volunteers.

PET scanning of 11C-HED and 11C-epinephrine usually 
lasts for 60 min. Scan sequences may consist of 15 frames: 
6 × 30 s, 2 × 60 s, 2 × 150 s, 2 × 300 s, 2 × 600 s, and 1 × 
1,200 s. After correction for the contribution of 11C-labelled 
metabolites, the calculated fraction of the intact tracers can be 
plotted as a function of time. The corrected blood time- 
activity curve is used as the arterial input function for the 
calculation of myocardial retention of tracers in absolute 
terms. The retention fraction (L/min) can be calculated for 
each region by dividing the tissue 11C concentration at 60 min 
by the integral of the radiotracer concentration in the arterial 
blood from the time of injection to the end of the last scan: 
retention = Ct(T1:T2)/∫

T2Cb(t)dt, where Ct(T1:T2) is the tissue 
activity in the image frame between T1 and T2 (MBq/mL tis-
sue), and Cb is the blood activity (MBq/mL blood) integrated 
from time = 0 to time = T2. Cardiac images can be analyzed 
by volumetric sampling procedures to generate time-activity 
curves and polar maps, to assess the homogeneity of myocar-
dial tracer distribution. Volume distribution for 11C-HED in 
healthy volunteers has been reported to be 71 ± 19 mL/g of 
tissue. Myocardial retention fractions of 11C-HED and 
11C-epinephrine in healthy volunteers at 5 min after injection 
have been reported to be 0.24 ± 0.02 and 0.29 ± 0.02, respec-
tively. In contrast to SPECT imaging with 123I-MIBG, where 
lower uptake in the inferior LV wall has been observed, dis-
tribution of 11C-HED throughout the LV myocardium in 
healthy normal individuals is regionally homogeneous with 
high uptake in all myocardial segment.

With 11C-CGP, continuous thoracic scanning, recording 
data in the list mode is typically performed for 1 h after infu-
sion. To quantitatively assess the concentration of the recep-
tor sites, mathematic models need to be used. The model 
parameters, including the receptor concentration and the 
kinetic rate constants, can be derived from experimental data 
using a kinetic or graphical method. The kinetic method is 
based on a fitting procedure and needs to measure the input 
function, which is hampered by the presence of metabolites. 
Furthermore, the kinetic method needs to maintain a balance 
between the respective complexities of the model structure 
and the experimental protocol, and is more complex than the 
graphical method, which circumvents issues related to 
metabolites. The graphical method requires a dual-injection 
protocol with doses of high- and low-specific activity, and 
does not require measurement of the input function. With 
this approach, values of Bmax have been reported to be 10 ± 
3 pmol/g of tissue in healthy volunteers, with a dissociation 
constant of 0.014 ± 0.002/min.

LV muscarinic receptors can be quantified after PET 
imaging with a mathematic model that allows for the 

quantification of receptor concentration, association, and 
dissociation constants. The model is based on a multi-injec-
tion protocol of labelled and unlabelled MQNB. The input 
function can be derived from a region of interest drawn 
within the LV cavity. Time-activity curves can be generated 
for different LV regions after correction for decay and 
expressed as pmol/mL after dividing by specific radioactiv-
ity at time 0. After compartmental modelling, the Bmax val-
ues reported in healthy volunteers were 25 ± 7.7 pmol/L, 
with a dissociation constant of 2.2 ± 1 pmol/mL without sig-
nificant differences in the septal, anterior, and lateral regions 
of the LV.1

Radionuclide Imaging of sympathetic 
cardiac Innervation in Heart Failure

Pathophysiology

HF is a complex clinical syndrome characterized by dysp-
noea, fatigue, and fluid retention, which results from any 
structural or functional cardiac disorder that impairs the abil-
ity of the LV to fill with or eject blood. It is a common, costly, 
disabling, and potentially fatal disorder. The prevalence and 
incidence of HF are increasing rapidly in the Western world 
because of the aging population and an ever-increasing num-
ber of survivals to acute coronary syndromes (CAD is the 
most prevalent underlying aetiology, affecting about 70% of 
cases), despite the advances in different pharmacological 
and non-pharmacological therapies.

The development of HF initiates with some injury to, or 
stress on, the myocardium, which usually produces progres-
sive changes in the geometry and structure of the LV, with 
pathologic hypertrophic growth. This pathologic re-modelling 
involves a shift towards glycolytic metabolism, disorganiza-
tion of the sarcomere, alterations in calcium handling, changes 
in contractility, loss of myocytes with fibrotic replacement, 
LV dilatation, systolic or diastolic dysfunction, and electrical 
re-modelling (i.e. alterations in the expression or function of 
ion-transporting proteins, or both), with propensity to malig-
nant ventricular arrhythmia.

Patients with HF have elevated circulating or tissue levels 
of NE, angiotensin II, aldosterone, endothelin, vasopressin, 
and cytokines. Initially, after the onset of HF, enhanced SNS 
activity is responsible for the increase in heart rate, contrac-
tility, venous return, and systemic arterial constriction, thus 
supporting the cardiovascular system to preserve organ per-
fusion. However, chronic activation of endogenous neuro-
hormonal systems has deleterious effects on the cardiovascular 
system. Activation of the renin-angiotensin system not only 
increases haemodynamic stresses and energetic requirements 
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of the LV by causing sodium retention and peripheral vaso-
constriction, but may also exert direct noxious effects on car-
diomyocytes (apoptosis and regression to a fetal phenotype) 
and changes in the nature of the extracellular matrix (stimu-
lation of myocardial fibrosis), which can further alter the 
architecture and impair the performance of the failing heart.

The hyperadrenergic state in HF results in the down- 
regulation and uncoupling of cardiac b-adrenergic receptors, 
which contributes to progressive impairment of LV systolic 
function, by altering the post-synaptic signal transduction.5

Detrimental effects of prolonged sympathetic hyperactiv-
ity in chronic HF are confirmed by the beneficial effects of 
treatment with angiotensin converting enzyme inhibitors 
(ACEIs) and b-adrenoceptor antagonists. Accordingly, 
reduction in the sympathetic nervous activity is an important 
target for drug treatment of HF. Furthermore, in HF, the 
increased sympathetic tone is directly linked to disease pro-
gression, prognosis, and risk of sudden cardiac death (SCD). 
Therefore, non-invasive strategies to determine the state of 
cardiac autonomic regulation are of significant interest.

In HF patients, global sympathetic denervation has been 
demonstrated with 11C-HED PET. The reduction in cardiac 

11C-HED uptake is associated with reduced LV function, indi-
cating a link between altered innervation and LV function.3 In 
vivo studies using 11C-CGP12177 PET confirmed the down-
regulation of b-receptors that have been observed to be 
 associated with decreased contractile responsiveness to dobu-
tamine, indicating the relationship between changes in the 
receptor number and its biological function.6 Muscarinic 
receptor density, measured by PET and 11C-MQNB, was 
found to be up-regulated as a potential adaptive mechanism.7

Consistent with PET studies with 11C-HED, planar and/or 
SPECT studies with 123I-MIBG show reduced 123I-MIBG 
activity in the myocardium (low HMR and high WR) in 
patients with HF (Fig. 19.2). Reduced tracer uptake is more 
extensive in patients with HF than in patients with ischaemic 
heart disease in whom reduced uptake is mainly localized in 
ischaemic or infarcted myocardial segments as a result of 
direct neuronal ischaemic damage. In patients with HF, 
reduced tracer uptake can result from either a reduced 
uptake-1 of 11C-HED/123I-MIBG/catecholamines and/or an 
increased release of 11C-HED/123I-MIBG/catecholamines 
into the synaptic cleft. All mechanisms would lead to an 
enhanced catecholamine concentration in the synaptic cleft 

Fig. 19.2 123I-MIBG planar and SPECT studies of a patient with ischaemic dilated heart disease and LVEF of 20%. Heart-to-mediastinum ratios: 
early 1.25, late 1.15; wash-out rate 30%. SPECT images correspond to early and late standardized axes slices with respective polar maps
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with subsequent downregulation of the post-synaptic b-adre-
noceptor density. This pathophysiological condition may 
predispose to abnormal conduction and dispersion of refrac-
toriness, which may trigger and maintain ventricular arrhyth-
mias. In particular, the association of decreased 123I-MIBG 
activity with normal myocardial perfusion is common in 
many different arrhythmogenic cardiac diseases, and sug-
gests that 123I-MIBG imaging, together with myocardial per-
fusion, may also serve as an indicator of increased individual 
risk of future arrhythmic events.8

Assessment of Prognosis

In HF, the prognostic value of 123I-MIBG imaging is sup-
ported by numerous studies. Merlet et al.9 evaluated 90 
patients with ischaemic and non-ischaemic HF; these patients 
underwent 123I-MIBG imaging in addition to routine care, 
including echocardiography and radionuclide LVEF assess-
ment. During a follow-up period of a maximum of 27 months, 
ten patients underwent cardiac transplantation and 22 died. 
Among all clinical and imaging variables, cardiac 123I-MIBG 
activity, using a threshold value to identify reduced 123I-MIBG 
uptake, was the only predictor of event-free survival. The 
same group10 subsequently evaluated 112 patients with HF 
and dilated cardiomyopathy (NYHA class II-IV, LVEF 
<40%, LV end-diastolic diameter 70 ± 8 mm, and pulmonary 
capillary wedge pressure 19 ± 8 mmHg). Among all the vari-
ables, only cardiac 123I-MIBG activity and the LVEF were 
predictive for long-term survival. Cohen-Solal et al.11 evalu-
ated 93 HF patients with 123I-MIBG imaging and demon-
strated that the reduction in cardiac 123I-MIBG uptake was 
related to LVEF, cardiac index, pulmonary wedge pressure, 
and peak oxygen uptake. Reduced 123I-MIBG uptake and 
peak oxygen uptake were predictive of death or cardiac 
transplantation over subsequent follow-up. Nakata et al.12 
evaluated 414 patients with 123I-MIBG imaging, with 173 
having symptomatic HF. Over a mean follow-up of 22 
months, 37 cardiac deaths occurred. Five main predictors of 
death were identified including cardiac 123I-MIBG activity, 
LVEF, NYHA class III or IV, age >60 year, and a history of 
myocardial infarction. Wakabayashi et al.13 compared the 
prognostic value of cardiac 123I-MIBG imaging in patients 
with ischaemic (n = 76) and non-ischaemic cardiomyopathy 
(n = 56). Over a maximum period of 55 months, 69 cardiac 
deaths occurred. Both in the patients with ischaemic and 
 non-ischaemic cardiomyopathy, cardiac 123I-MIBG activity 
was the strongest predictor of survival.

Not only does the assessment of cardiac 123I-MIBG uptake 
brings prognostic information, the evaluation of the early 
and late uptake after injection and calculated WR from the 
myocardium may also be helpful. Ogita et al.14 evaluated 79 

HF patients with LVEF <40% with 123I-MIBG imaging, and 
found that the 123I-MIBG WR from the myocardium was a 
strong predictor of survival. Yamada et al.15 also observed 
that the 123I-MIBG WR was the strongest predictor of sur-
vival in 65 HF patients with LVEF <40%, followed by a 
mean period of 34 months. Anastasiou-Nana et al.16 evalu-
ated 52 HF patients with LVEF <40%, and observed that the 
early 123I-MIBG HMR was the best predictor for long-term 
(2 years) outcome. Wakabayashi et al.21 demonstrated in 132 
patients that the late 123I-MIBG HMR provided superior 
prognostic information over the early HMR and the subse-
quent 123I-MIBG WR. Kioka et al.17 recently reported the 
prognostic value of 123I-MIBG imaging for predicting SCD 
in 97 patients with chronic HF. In patients with abnormal 
WR (³27%), SCD was significantly more frequently 
observed than in the group with normal WR. Moreover, 
multi-variate analysis showed that WR was the only inde-
pendent predictor of SCD. A recent meta-analysis performed 
by Verbene et al.18 on 18 studies with a total of 1,755 patients 
has shown that patients with HF and decreased cardiac 
123I-MIBG uptake or increased WR have a worse prognosis 
when compared with patients with normal 123I-MIBG 
parameters.

Larger studies have been providing standardization of car-
diac 123I-MIBG data acquisition and analysis. Agostini et al.19 
recently reported the results of a recent retrospective study 
on 290 HF patients (121 ischaemic and 169 non-ischaemic 
cardiomyopathy, NYHA class II-IV, 262 patients with LVEF 
<50%, obtained in six European centres) who underwent 
cardiac 123I-MIBG imaging, and were analyzed in a core lab-
oratory. Blind review and prospective quantitative re-analy-
sis of the late HMR with follow-up data for 2 years permitted 
the identification of potential late HMR threshold values for 
defining groups with high and very low likelihood of major 
cardiac events. A total of 67 patients (23% of the population) 
experienced an event, including 18 cardiac deaths, 44 car-
diac transplantations, and 5 potentially lethal ventricular 
arrhythmias. The mean HMR was significantly different 
between patients with and without events (1.51 vs. 1.97). 
Based on receiver operating characteristic (ROC) curve 
analysis, a threshold value for MHR of 1.75 yielded a sensi-
tivity of 84% with a specificity of 60% to predict events. 
Based on this threshold value, the 2-year event-free survival 
was 62% for late HMR <1.75, vs. 95% for late HMR ³1.75 
(p < 0.001). Logistic regression showed late HMR and LVEF 
as the only significant predictors of major cardiac events. 
When the late HMR were divided into quartiles, the 2-year 
event-free survival rates in the lowest quartile (1.45) and the 
highest quartile (2.17) were 52% and 98%, respectively. 
These data further support the use of cardiac 123I-MIBG 
imaging for prognostic purposes in HF patients.

Similar to 123I-MIBG imaging, a prognostic value has been 
suggested for quantitative 11C-HED PET imaging in HF. 
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Pietila et al.20 found that reduced global 11C-HED retention 
was an independent predictor of adverse outcome in 46 
NYHA class II-III HF patients. Over a mean follow-up period 
of 55 months, 11 cardiac deaths occurred and two patients 
underwent heart transplantation. Multi-variate analysis dem-
onstrated that peak oxygen uptake, LV end-diastolic volume, 
and 11C-HED retention were the only predictors of outcome.

Assessment of treatment

Cardiac innervation imaging can be used to monitor thera-
peutic effects of medical treatment in patients with HF. 
Recently, Kasama et al.21, taking into account that 123I-MIBG 
imaging improves by the current medical treatment for HF, 
analyzed the usefulness of serial 123I-MIBG studies for prog-
nostication in 208 patients with stabilized mild-to-moderate 
HF and LVEF <45%, of both ischaemic and non-ischaemic 
origin. 123I-MIBG and echocardiographic studies were per-
formed once patients were stabilized and after 6 months of 
treatment, which included ACEIs, angiotensin receptor 
blockers, b-blockers, loop diuretics, and spironolactone. 
Treatment did no change during the follow-up period of 4.5 
years. Fifty-six patients experienced fatal cardiac events 
(13 died from SCD). Clinical characteristics were similar in 
both non-cardiac death and cardiac death group, and only the 
use of b-blockers was significantly higher in the non-cardiac 
death group. The variation in the WR between the sequential 
123I-MIBG (∆-WR) was the only independent predictor of 
cardiac death. The ∆-WR was significantly lower in the non-
cardiac death group (< - 5%) than that in the cardiac death 
group (≥ - 5%). Moreover, this parameter was also useful 
for predicting SCD in patients with HF, indicating that serial 
123I-MIBG imaging is useful for predicting cardiac death and 
SCD in stabilized patients with HF.

In addition, the merits of 123I-MIBG in predicting the effi-
cacy of b-blockers and ACEIs have been studied by Nakata 
et al.22, who compared 88 HF patients treated with b-block-
ers and ACEIs, with 79 HF patients treated conventionally 
without b-blockers and ACEIs during a follow-up of 43 
months, with cardiac death as the primary endpoint. Forty-
two cardiac deaths occurred. The prevalence of cardiac death 
was significantly lower in patients treated with b-blockers 
and/or ACEIs when compared with the control group (15% 
vs. 37%, p= 0.002). After the patients were divided into two 
groups by applying a threshold value of 1.53 for the late 
HMR (which was the median of the late HMR in patients 
with cardiac death), it was shown that treatment with 
b-blockers and/or ACEIs reduced the risk of death from 36% 
to 12% if the HMR was ³1.53 (p< 0.05). If the HMR was 
<1.53, the risk of death was decreased from 53% to 37% 
(p <0.05). Survival in the patients treated with b-blockers 

and/or ACEIs remained dependent on the severity of impair-
ment of cardiac 123I-MIBG activity.

In recent years, cardiac resynchronization therapy (CRT) 
has become an option for patients with drug-refractory end-
stage HF. Recently, it has been shown that CRT has a benefi-
cial effect on cardiac sympathetic innervation as reflected by 
improved 123I-MIBG uptake, which supports the value of 
123I-MIBG imaging in the assessment of the efficacy of CRT 
in patients with HF.23

IcD: selection of candidates

The efficacy of the ICD in reducing SCD incidence is sup-
ported by evidence from randomized trials of both primary 
and secondary prevention. Absolute mortality reduction 
achieved after ICD implantation was 5.6% in MADIT 2 at 
5 years, and 7.2% in SCD-HeFT. However, ICD implanta-
tion is costly (the number of ICDs that need to be implanted 
to save one life is 18) and, in addition, can have negative 
effects on the quality of life. More recently, two different 
trials, the Coronary Artery Bypass Graft (CABG) Patch 
trial and Defibrillator in Acute Myocardial Infarction Trial 
(DINAMIT) trial, have produced neutral results and have 
generated interesting questions regarding the mechanisms of 
SCD and the role of the ICD in the primary prevention of 
SCD. The degree of impairment of LVEF is used as the main 
indication for the implantation of ICDs in patients post- 
myocardial infarction. However, LVEF is not an ideal risk-
stratification test on which to base the prophylactic ICD 
therapy. Multiple factors interact with LVEF to influence the 
mortality of patients with similar degrees of LV dysfunction. 
Thus, attention has been focussed on the methods to identify 
patients at high and low risk of ventricular tachyarrhythmia 
to determine the benefit of ICD prophylaxis. New data are 
emerging to indicate the potential of cardiac sympathetic 
imaging for the selection of patients who are at greater risk 
for SCD and who could benefit most from ICD use. Bax 
et al.24 have recently assessed the relationship between the 
abnormalities of ventricular sympathetic innervation delin-
eated by 123I-MIBG and inducible ventricular tachyarrhyth-
mias in patients with LV dysfunction and previous myocardial 
infarction. In a multi-variable analysis, the 4 h 123I-MIBG 
SPECT defect score was the only variable that showed a sig-
nificant difference between patients with positive electro-
physiological testing.

Nagahara et al.25 recently investigated if alterations of car-
diac autonomic innervation demonstrated with cardiac 
123I-MIBG imaging are related to lethal cardiac events, defined 
as an appropriate ICD shock against potentially fatal ventric-
ular arrhythmias, and if sympathetic imaging in combina-
tion with conventional variables is useful for the selection of 
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patients who are at a higher risk for cardiac death and have 
the greatest need for ICD implantation. They prospectively 
followed 54 patients after 123I-MIBG imaging, plasma con-
centration of brain natriuretic peptide (BNP), and LVEF mea-
surements. The patients were divided into two groups based 
on the presence (n = 21) or absence (n = 33) of appropriate 
ICD discharge during a 15-month period. Patients with appro-
priate discharge had a significantly lower level of 123I-MIBG 
activity and a higher plasma BNP level than those without 
such discharge. Univariate analysis revealed late 123I-MIBG 
HMR, BNP level, and medication to be significant predictors. 
Multi-variate analysis showed late 123I-MIBG HMR to be an 
independent predictor. 123I-MIBG HMR <1.95 with a plasma 
BNP level >187 pg/mL or a LVEF <50% had significantly 
increased power to predict ICD shock. These data suggest 
that cardiac 123I-MIBG imaging, in combination with plasma 
BNP concentration or cardiac function, can help in the iden-
tification of patients who are at greater risk of fatal arrhyth-
mias and who would benefit most from an ICD.

conclusions

In conclusion, a growing body of evidence supports the use 
of cardiac sympathetic innervation imaging to risk-stratify 
patients with HF, in particular, by using cardiac 123I-MIBG 
imaging. Cardiac sympathetic imaging can help to improve 
the understanding of the mechanisms responsible for 
increased sympathetic activity in HF and how this hyperac-
tivity exerts its deleterious actions, which may result in bet-
ter therapy and outcome for patients with HF. Assessment of 
cardiac sympathetic activity would also contribute to more 
appropriate use of ICD implantation and may help to predict 
and prevent further lethal cardiac episodes.
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Introduction

Cardiac resynchronization therapy (CRT) is an established 
therapy for patients with advanced heart failure (HF), 
depressed left ventricular function, and wide QRS complex. 
A significant number of patients do not respond to CRT. 
Recent studies suggest that assessment of mechanical dys-
synchrony may allow identification of potential CRT 
responders. In addition, the presence of scar tissue and 
venous anatomy may play a role in the selection of candi-
dates. In this chapter the role of various cardiac imaging 
modalities addressing these issues in the selection of poten-
tial CRT candidates is discussed extensively.

Over the past decades, chronic HF has demonstrated an 
exponential increase, with a poor long-term outcome.1 
Despite the advances in pharmacological therapy, including 
ACE inhibitors, beta-blockers, and spironolactone, mortality 
remains high. After the first admission for HF, the 1-year 
survival is 63% and the 5-year survival is only 30%.1–6 HF 
patients die either from progressive HF or sudden cardiac 
death.7 In addition to the high mortality, morbidity is also 
substantial, with frequent re-hospitalizations for decompen-
sated HF3 and extensive co-morbidity.

Recently, non-pharmacological treatment options for end-
stage HF patients have been explored, including exercise 
training, mitral valve surgery, surgical ventricular restora-
tion, and device therapy.8–10 More than a decade ago, atrial 
synchronized biventricular pacing or CRT has been intro-
duced. In large randomized trials, CRT was associated with 
improved survival and reduced morbidity as compared to 
optimized medical therapy.11–13 In the CARE-HF trial, 813 
end-stage HF patients with depressed left ventricular ejec-
tion fraction (LVEF, £35%), NYHA class III–IV, and wide 
QRS complex were randomized to CRT or optimized medi-
cal therapy.13 Significant reductions in HF deaths (10%) and 
re-hospitalizations for HF (52%) were observed in the CRT 
arm.

“Classic” selection Criteria for CRt  
and the Role of Cardiac Imaging

Current European Society of Cardiology guidelines14 recom-
mend CRT in a well-defined subgroup of HF patients pre-
sented in Table 20.1. Biventricular pacing without ICD 
backup has a class I indication (level of evidence A), whereas 
patients who have a life expectancy >1 year have a class I 
indication (level of evidence B) for a biventricular pace-
maker combined with an ICD.

Accordingly, adequate information on LVEF and/or LV 
dimensions is needed. LV internal diameters should be mea-
sured at the level of the mitral chordae using 2D or M-mode 
echocardiography.15 For the echocardiographic assessment 
of LVEF, the biplane method of discs (Simpson’s rule) is the 
currently recommended method of choice.15 However, 2D 
approaches for the assessment of LV volumes (and EF) are 
based on geometric assumptions. To avoid this problem, sev-
eral 3D echocardiographic techniques have been developed 
over the last decade. One possibility is the so-called tri-plane 
approach, in which apical 2-, 3-, and 4-chamber views are 
acquired during a single heart beat. With the use of end-sys-
tolic and end-diastolic still frames, and endocardial border 
tracings, a tri-plane method of discs algorithm is used to cal-
culate LV volumes and EF (Fig. 20.1a). Alternatively, a true 
full 3D volume can be acquired, from which LV volumes 
and EF are derived (Fig. 20.1b). Accuracy and reproducibil-
ity of this approach can be further improved with intrave-
nous contrast for LV endocardial border opacification (Fig. 
20.1a).16 Other non-invasive imaging modalities that can 
provide LV volumes and EF are gated single photon emis-
sion computed tomography (SPECT), magnetic resonance 
imaging (MRI), and multi-slice computed tomography 
(MSCT). The available gated SPECT processing software 
can measure the LV volumes and EF with high accuracy and 
reproducibility.17 MRI is considered the gold standard for 
quantification of LV volumes and EF, with high accuracy 
and reproducibility in normal and dilated hearts.18 MSCT 
can also reliably measure LV volumes and EF; due to the 
radiation and contrast burden, MSCT should currently not be 
used as a first-line imaging modality to assess LV volumes 
and EF.

The majority of the CRT trials used the “classic” selection 
criteria (Table 20.1), but resulted in 70% response rate to 
CRT.19,  20 The non-response has been related to the lack of 
cardiac dyssynchrony, but also to the presence of extensive 
scar tissue in the left ventricle. In addition, venous anatomy 

Symptomatic heart failure patients (NYHA classes III–IV) despite 
optimal medical treatment

Left ventricular ejection fraction £35%

Left ventricular dilatation, defined as:

 Left ventricular end-diastolic diameter >55 mm 

 Left ventricular end-diastolic diameter >30 mm/m2

 Left ventricular end-diastolic diameter >30 mm/m (height)

Normal sinus rhythm

Wide QRS complex (³120 ms)

table 20.1. European Society of Cardiology criteria for cardiac 
resynchronization therapy
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is important in response to CRT. These issues can be evalu-
ated with different non-invasive imaging techniques.

Mechanical Dyssynchrony

Dyssynchronous activation of the heart is a common prob-
lem in HF patients and can be divided into three types 
(Table 20.2).

Atrio-ventricular dyssynchrony is the result of a pro-
longed atrio-ventricular conduction time. This delay reduces 
the diastolic filling period leading to suboptimal ventricular 
filling, which can be reversed by CRT.21 In HF patients, 
delayed activation of the LV results in a timing difference 
between the activation of the left and right ventricle: inter-
ventricular dyssynchrony. Finally, a notable portion of HF 
patients exhibit substantial dyssynchrony within the LV 
intra-ventricular dyssynchrony. All these forms of cardiac 
dyssynchrony affect LV haemodynamics and pumping effi-
ciency.22 Particularly LV dyssynchrony has been considered 
as an important component in the response to CRT.

The presence of LV dyssynchrony has clear prognostic 
implications. Bader and colleagues evaluated 104 HF patients 
and demonstrated that patients with severe intra-ventricular 
dyssynchrony were at increased risk of cardiovascular 
events, irrespective of LVEF.22 The following section will 
summarize the various non-invasive imaging modalities to 
evaluate inter and intra-ventricular dyssynchrony.

echocardiographic evaluation  
of Mechanical Dyssynchrony

Various echocardiographic techniques have been proposed 
for the evaluation of mechanical dyssynchrony (Table 20.3).

Conventional Techniques

Pitzalis and co-workers proposed a simple M-mode tech-
nique to evaluate LV dyssynchrony by measuring the delay 
between the systolic excursion of the septum and the poste-
rior wall (Fig. 20.2), the so-called septal to posterior wall 
motion delay (SPWMD).23 In the initial study (20 patients), 
the SPWMD was significantly larger in responders than non-
responders to CRT. A cut-off value of 130 ms yielded 100% 
sensitivity and 63% specificity to predict CRT response. In a 
subsequent study, the same authors demonstrated that the 
cut-off value of 130 ms was a strong predictor of prognosis 
after CRT.24 Marcus et al., however, obtained less favourable 

Atrio-ventricular dyssynchrony

Inter-ventricular (LV vs. RV) dyssynchrony

Intra-ventricular (within LV) dyssynchrony

table 20.2. Types of mechanical dyssynchrony

Fig. 20.1 (a) Using tri-plane imaging, apical 2-, 3-, and 4-chamber 
views are acquired during one single heartbeat. With the use of man-
ual tracing of the endocardial borders at end-systole and end-dias-
tole, LV volumes are generated using the tri-plane method of discs. 
Note that intravenous contrast was used in this particular patient to 

improve LV endocardial border opacification. (b) Example of a dilated 
LV generated from a full volume 3D data set; end-diastolic volume 
(EDV), end-systolic volume (ESV), stroke volume (SV) and ejection 
fraction (EF) are reported automatically
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results with this technique.25 The authors applied the SPWMD 
in 79 HF patients (72% ischaemic cardiomyopathy) and 
reported a sensitivity of 24% with a specificity of 66% to 
predict response to CRT. Importantly, in half of the patients, 
the SPWMD could not be assessed. Bleeker et al. demon-
strated in 98 patients scheduled for CRT that the poor inter-
pretability of SPWMD was the result of the absence of a 
clear systolic motion on M-mode echocardiography due to 
akinesia of the inter-ventricular septum and/or posterior 
wall, or a poor acoustic window in the para-sternal view.26

Pulsed wave Doppler echocardiography is the method of 
choice for assessment of inter-ventricular dyssynchrony. 

For this purpose, pulsed wave recordings across the aortic 
and pulmonary valves are obtained; aortic and pulmonary 
pre-ejection times are defined as the intervals between the 
onset of the QRS complex and the onset of aortic and pul-
monary flow, respectively (Fig. 20.3). The difference 
between the aortic and pulmonary preejection times is con-
sidered a measure of inter-ventricular dyssynchrony.27 Ghio 
et al. (using a cut-off value of 40 ms) reported that 72% 
of patients with QRS duration >150 ms exhibited inter- 
ventricular dyssynchrony.28

Tissue Doppler Imaging

Tissue Doppler imaging (TDI) is perhaps the most widely 
studied technique for assessment of LV dyssynchrony. TDI 
enables measurement of peak systolic velocities in different 
regions of the myocardium and, more importantly, the time 
intervals between electrical activity (QRS complex) and 
mechanical activity (segmental peak systolic velocity). The 
myocardial velocity curves can either be constructed online 
using pulsed wave TDI, or reconstructed offline from 2D 
colour-coded TDI. Because colour-coded TDI has some 
important practical advantages compared to pulsed wave 
TDI (Table 20.4), this section will primarily focus on colour-
coded TDI techniques (Fig. 20.4).

Opposing Wall Technique

Bax et al. evaluated 85 HF patients who underwent CRT 
implantation with follow-up data obtained up to 1 year.29 
Intra-ventricular dyssynchrony was defined as the time dif-
ference between the peak systolic myocardial velocities of 
the septal and lateral wall, respectively (Fig. 20.5). Receiver 
operating characteristic curve analysis revealed that intra-
ventricular dyssynchrony ³65 ms was highly predictive of 
both clinical response (sensitivity/specificity 80%) and LV 
reverse re-modelling (sensitivity/specificity 92%). Penicka 
et al. defined LV dyssynchrony as the maximal electrome-
chanical delay between three basal LV segments (septal, lat-
eral, and posterior wall).30 The authors described a cut-off 
value of 102 ms (88% accuracy) to predict CRT response 
defined as a relative increase in LVEF >25%. Gorcsan et al. 
studied 29 patients who underwent CRT with colour-coded 
TDI.31 Differences in baseline time-to-peak velocities of 

Fig. 20.2 The septal to posterior wall motion delay (SPWMD) mea-
surement by M-mode echocardiography obtained from the short-
axis view: a delay of 330 ms indicates significant intra-ventricular 
dyssynchrony

Possibility for offline analysis

Possibility of analyzing multiple segments during one heart beat

More accurate display of peak myocardial systolic velocities

table 20.4. Advantages of colour-coded TDI

Conventional techniques
M-mode: septal to posterior wall motion delay (cut-off 130 ms)
Pulsed wave Doppler: inter-ventricular dyssynchrony (cut-off 40 ms)

Tissue Doppler imaging (TDI)
Opposing wall technique: difference between (antero-)septal and 
(postero-)lateral peak myocardial systolic velocity (cut-off 65 ms)
Multiple segments techniques: utilizes standard deviation of time 
to peak myocardial systolic velocity in multiple LV segments (cut-
off 34.4 ms)
Automated tissue Doppler techniques: tissue synchronization imaging
Tri-plane TDI

Strain (rate) imaging
Tissue Doppler derived strain
2-dimensional strain or speckle tracking: delay in time to peak 
systolic radial strain among six mid-ventricular segments in the 
parasternal short-axis view (cut-off 130 ms)

Real-time 3D echocardiography
Standard deviation of the time to reach minimal regional volume 
in 17 LV segments, systolic dyssynchrony index (cut-off 6.4%)

table 20.3. Overview of echocardiographic techniques available to 
quantify dyssynchrony (for some techniques cut-off values to predict 
response to CRT are indicated)
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Fig. 20.3 (a) The aortic 
pre-ejection time is measured as 
the time difference between the 
onset of the QRS complex and 
the onset of aortic flow as 
obtained with pulsed wave 
Doppler imaging. (b) The 
pulmonary pre-ejection time is 
measured as the time difference 
between the onset of the QRS 
complex and the onset of 
pulmonary flow. The difference 
between the aortic and 
pulmonary pre-ejection times is 
a measure of inter-ventricular 
dyssynchrony: >40 ms indicates 
significant inter-ventricular 
dyssynchrony

Fig. 20.4 (a) Mechanical 
activation time of a left 
ventricular segment can be 
assessed by measurement of 
the time interval between onset 
of QRS complex on the ECG and 
peak myocardial systolic 
velocity (290 ms) by colour-
coded tissue Doppler imaging. 
(b) Assessment of mechanical 
activation by pulsed wave TDI 
uses the time interval between 
onset of QRS on the ECG and 
onset of mechanical contraction 
in the ejection phase, (280 ms) 
instead of peak myocardial 
systolic velocity
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opposing ventricular walls were larger in patients with an 
acute haemodynamic improvement. A delay ³ 65 ms between 
the anterior septum and the posterior wall had 87% sensitiv-
ity and 100% specificity for predicting an acute response.

Multiple Segment Techniques

Other studies have used a multiple segments approach to cre-
ate various models of intra-ventricular dyssynchrony in order 
to predict a favourable response to CRT. Notobartolo and 
 co-workers used a model with six basal LV segments.32 The 
authors used colour-coded TDI to measure time to the highest 
peak velocity in either ejection phase or post-systolic short-
ening, and calculated the maximal time difference to generate 
the peak velocity difference. In 49 HF patients who under-
went CRT, a peak velocity difference >110 ms at baseline 
predicted LV reverse re-modelling at 3 months follow-up 
with a sensitivity of 97% and a specificity of 55%. Yu et al. 
used a 12-segment model to evaluate LV dyssynchrony.33 
This method is more cumbersome as it requires colour-coded 
TDI images from three images (apical 2-, 3-, and 4-chamber 
views). From these 12 data points, a standard deviation can 
be calculated, representing a comprehensive assessment of 
LV dyssynchrony. Application of a cut-off value of 34.4 ms 
yielded a sensitivity and specificity to predict reverse LV 
 re-modelling of 87 and 81%, respectively.

Automated TDI Techniques

An evolving parametric TDI-based technique to assess LV 
dyssynchrony is tissue synchronization imaging (TSI, General 
Electric Vingmed, Horten, Norway). TSI automatically 

calculates peak myocardial systolic velocities from colour-
coded TDI data and displays the timings in colour-map for-
mat, permitting quick visualization of the early and late 
activated segments, displayed in green and yellow/orange, 
respectively (Fig. 20.6). Using a user-defined event-timing 
tool, time from onset of the QRS complex to the aortic valve 
opening and closure can first be measured in a separately 
recorded pulsed wave Doppler spectrum. This prevents the 
TSI system of measuring peak systolic velocities outside the 
ejection phase. In addition, a quantitative measurement tool 
allows calculation of the median time to peak myocardial 
systolic velocity within a 6 mm sample volume positioned 
manually within the 2-dimensional TSI image. Gorcsan et al. 
demonstrated in 29 patients who underwent CRT that differ-
ences in baseline time to peak myocardial systolic velocities 
of opposing ventricular walls by TSI were greater in patients 
with an acute haemodynamic improvement.31 Van de Veire 
et al. evaluated intra-ventricular dyssynchrony both manually 
and with TSI in 60 HF patients who underwent CRT implan-
tation.34 An excellent correlation was observed between 
 intra-ventricular dyssynchrony measured manually and auto-
matically derived by TSI (r = 0.95, p < 0.0001). Using a cut-
off value of 65 ms to define extensive LV dyssynchrony, TSI 
had a sensitivity of 81% with a specificity of 89% to predict 
reverse LV re-modelling. Yu and colleagues evaluated TSI 
(using the 12 segment LV model, Fig. 20.7) in 56 HF patients 
and reported a sensitivity of 82% with a specificity of 87% to 
predict CRT response.35

Tri-Plane Technique

Recently, a novel 3-dimensional probe (General Electrics, 
Vingmed, Horten, Norway) for tri-plane imaging became 

Fig. 20.5 Intra-ventricular 
dyssynchrony assessment by 
measuring the time difference 
between the peak myocardial 
systolic velocities of the septal 
(yellow) and lateral (green) wall 
on colour-coded tissue Doppler 
images; in this patient the LV 
dyssynchrony is 89 ms. A time 
difference exceeding 65 ms 
(significant intra-ventricular 
dyssynchrony) is predictive for 
CRT response
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commercially available. During a single heart beat, apical 2-, 
3-, and 4-chamber views can be acquired, combined with 
colour-coded TDI. During post-processing, the TSI option 
can be applied to the TDI tri-plane dataset. By manually trac-
ing the endocardial borders during post-processing (surface 
mapping), a 3D volume is generated semi-automatically, 
portraying the area of latest activation allowing quick visual 
identification of the most delayed LV segment (Fig. 20.8). 
Moreover, LVEF and LV volumes can also be assessed from 
the same tri-plane dataset. Van de Veire and co-workers 
applied the tri-plane approach (evaluating 12 segments) to 
predict the acute and long-term benefit of CRT.36, 37 The 
authors evaluated 60 HF patients who underwent tri-plane 
echocardiography with simultaneous TDI acquisition before 

and 6 months after CRT implantation.37 A cut-off value of 33 
ms for baseline LV dyssynchrony (standard deviation of 12 
segments) yielded a sensitivity and specificity to predict 
reverse LV re-modelling of 90 and 83%, respectively.

Strain (Rate) Imaging

In contrast to TDI, which only measures myocardial veloci-
ties, strain (rate) imaging examines the (rate of) myocardial 
deformation. Comparable to TDI, the extent of dyssynchrony 
can be quantified by measuring delays in time to peak sys-
tolic strain (Fig. 20.9). Due to the angle dependency of strain 
rate imaging and limited reproducibility, initial studies 

Fig. 20.6 (a) Example of septal 
and lateral velocity curves 
derived from colour-coded 
tissue Doppler imaging. The 
difference between the septal 
and lateral peak systolic 
myocardial velocity was 80 ms.  
(b) Automated measurement  
of the septal and lateral time to 
peak myocardial systolic 
velocity by tissue synchroniza-
tion imaging in the same 
patient as (a) 204 and 289 ms, 
respectively. The red colour  
of the lateral wall indicates  
late mechanical activation  
in this region
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Fig. 20.7 Example of a tri-plane 
tissue synchronization imaging 
(TSI) dataset; in a single heart 
beat, the apical 2-, 3-, and 
4-chamber views are provided 
and the TSI software automati-
cally calculates time to peak 
myocardial systolic velocity in 
12 LV segments. The latest 
activated segment can be 
quickly recognized by the 
yellow colour. A quantitative 
report of the individual 
activation times in 12 left 
ventricular segments is 
automatically generated in a 
bull’s eye format (lower right 
panel). In this example the 
infero-lateral left ventricular 
segments are activated later 
(yellow) compared to other 
segments (green); accordingly, 
the latest mechanical activation 
occurred in the infero-lateral 
region

Fig. 20.8 3D presentation of 
the area of latest mechanical 
activation can be achieved by 
manually tracing the endocar-
dial borders in each of the three 
apical views in a tri-plane TSI 
dataset. The software generates 
a 3D colour-coded volume 
(lower right panel). In this 
example, the orange colour in 
the infero-lateral left ventricular 
wall indicates later mechanical 
activation of this segment 
compared to the other 
segments (green)
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employing this technique to measure LV dyssynchrony from 
the apical views (measuring longitudinal strain) reported low 
predictive values for CRT response.32 One multi-centre study 
(with 256 patients who were followed for at least 3 months 
after CRT implantation) assessed both TDI-derived and 
strain-derived parameters of LV dyssynchrony, aiming to 
predict LV reverse re-modelling.38 While TDI-derived param-
eters were highly predictive of reverse re-modelling, the lon-
gitudinal strain-derived measurements of LV dyssynchrony 
were not predictive.38 More promising results have been 
obtained with radial strain measurements to quantify LV dys-
synchrony from short-axis images. Dohi et al. reported in 38 
HF patients that ³130 ms difference in septal vs. posterior 

wall peak strain was predictive of acute improvement in 
stroke volume after CRT implantation (sensitivity 95%, 
specificity 88%).39

Speckle Tracking or 2D Strain

Speckle tracking is a new technique that tracks movements 
of natural acoustic markers (speckles) present on standard 
2D images.40 From the spatial and temporal data of each 
speckle, local 2D tissue velocity vectors are derived. 
Myocardial strain can be assessed from temporal differences 
in mutual distance of neighbouring speckles. From short-axis 

Fig. 20.9 (a) Identification of 
peak myocardial systolic 
velocity (arrow) in a tissue 
Doppler-derived velocity curve. 
(b) Identification of peak 
longitudinal (negative) strain 
(arrow) in a tissue Doppler-
derived strain curve
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images, circumferential and radial strain can be calculated, 
and from apical images, longitudinal strain can be derived. 
Speckle tracking may prove to be superior compared to TDI-
derived strain because it is angle independent, allowing 
assessment of radial, circumferential, and longitudinal strain 
in all segments. The theoretical disadvantage of speckle 
tracking is its temporal resolution, which is lower than in 
TDI-derived strain, especially in dilated hearts requiring 
large sector size for imaging. Sufoletto and colleagues applied 
speckle tracking in 48 HF patients.41 A delay >130 ms in time 
to peak systolic radial strain among six mid-ventricular seg-
ments (Fig. 20.10) predicted increase in LVEF >15% with a 
sensitivity of 89% and a specificity of 83% at 8 months after 
CRT. Delgado et al. performed speckle tracking in 161 
patients at baseline and after 6 months of CRT.42 A cut-off 
value of radial dyssynchrony ³130 ms was able to predict 
response to CRT with a sensitivity of 83% and a specificity of 
80%. In addition, a significant decrease in extent of LV dys-
synchrony measured with radial strain (from 251 ± 138 to 98 
± 92 ms; p < 0.001) was demonstrated in responders.

Real-Time 3D Echocardiography

Real-time 3D echocardiography can provide simultaneous 
information on the timing of contraction in a large number of 
LV segments. Also, this technique provides detailed informa-
tion on global and regional LV function. Regional volume-
time curves can be derived for each of the LV segments (Fig. 
20.11) (Videos 20.1 and 20.2). Intra-ventricular dyssynchrony 

is assessed by comparing the times to reach minimal regional 
volume for each LV segment. The standard deviation of the 
time to reach minimal regional volume for each of the LV 
segments (the so-called systolic dyssynchrony index, SDI) is 
used as a marker of global LV dyssynchrony. In addition, 
regional time differences between different segments allow 
identification of the area of latest mechanical activation. 
Kapetanakis et al. demonstrated the feasibility of real-time 
3D echocardiography to assess LV dyssynchrony in 174 
unselected patients referred for routine echocardiography.43 
Ajmone Marsan et al. studied 57 HF patients who underwent 
CRT implantation,44 and demonstrated that the SDI was sig-
nificantly larger in responders (9.7 ± 3.6% vs. 5.1 ± 1.8, p < 
0.0001). A cut-off value for SDI of 6.4% yielded a sensitivity 
of 88% with a specificity of 85% to predict response to CRT.

nuclear Imaging to evaluate Mechanical 
Dyssynchrony

Several nuclear imaging techniques can be used for the 
assessment of mechanical dyssynchrony (Table 20.5).45 
Planar imaging techniques such as gated blood-pool ventric-
ulography are less suitable for quantification of dyssyn-
chrony because single view projections are associated with 
poor differentiation of ventricular regions of interest and are 
sensitive to extra-cardiac tissue overlap. As compared to 
gated-blood ventriculography, gated blood-pool SPECT 
acquires data at different angles. Time-activity curves are 

Fig. 20.10 (a) Short-axis of the left ventricle at the level of the pap-
illary muscles, with reconstruction of six LV segments. Separate 2D 
strain time curves for each individual segment are depicted (the 
colour of the individual curves correspond to the individual seg-
ments). In this example, severe baseline intra-ventricular dyssyn-

chrony was present as expressed by the delay in time to peak 
systolic radial 2D strain (t) >130 ms between the anterior-septal 
(yellow) and posterior wall (purple) peak strain. (b) Same patient as 
in (a); complete resynchronization was observed 6 months after 
CRT implantation
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generated by application of first Fourier harmonic function. 
From each time-activity curve, amplitude and phase are gen-
erated, wherein the highest phase reflects the latest conduc-
tion. Inter- and intra-ventricular dyssynchrony can be assessed 
by analysis of mean and standard deviation of the phase dis-
tribution, respectively. Botvinick and co-workers compared 
gated blood-pool ventriculography and SPECT and noted 
that gated blood-pool SPECT provided excellent differentia-
tion and visualization of cardiac chambers and regional wall 
motion compared with planar projections.46

Chen et al. developed a novel approach for assessing LV 
dyssynchrony from GMPS. This count-based method allows 
extraction of amplitude (which reflects systolic wall thicken-
ing) and phase from the regional LV count changes through-
out the cardiac cycle.47 The phase information is related to 
the time interval when a region in the LV myocardial wall 
starts to contract (Figs. 20.12 and 20.13). Henneman et al. 
compared intra-ventricular dyssynchrony assessment with 
GMPS and phase analysis to intra-ventricular dyssynchrony 

assessment with TDI in 75 HF patients.48 Of the four quanti-
tative indices of phase analysis, histogram bandwidth and 
phase standard deviation correlated best with TDI-derived 
intra-ventricular dyssynchrony. In a subsequent study, intra-
ventricular dyssynchrony derived from tri-plane TDI was 
related to phase analysis from GMPS in 40 HF patients. 
Excellent correlations between histogram bandwidth and 
phase standard deviation with the standard deviation of time 
to peak myocardial systolic velocity in 12 LV segments were 
shown.49 Henneman et al. evaluated 42 HF patients who 
underwent CRT.50 Responders had more extensive intra- 
ventricular dyssynchrony as reflected in a significantly larger 
histogram bandwidth and phase standard deviation. The 
optimal value for prediction of response to CRT was 135° for 
histogram bandwidth (sensitivity and specificity 70%) and 
43° for phase standard deviation (sensitivity and specificity 
74%). This novel technique can play a role in the identifica-
tion of potential responders to CRT as it provides integrated 
information on LV function, LV dyssynchrony, extent of 
myocardial scar, ischaemia, and viability.

Magnetic Resonance Imaging to evaluate 
Mechanical Dyssynchrony

Since the late 1980s, several MRI techniques have been 
developed for quantification and characterization of myocar-
dial motion including myocardial tagging, strain-encoded 

Fig. 20.11 (a) From a 
real-time 3D LV volume, a 
17-segment model is derived 
by automated tracking of the 
endocardial wall. (b) From 
each of the 17 LV segments, a 
time/volume curve is derived. 
(c) Time to peak minimal 
volume of the segments is 
presented in a bull’s eye plot. 
Colour-coding allows quick 
visual identification of the area 
of latest mechanical activa-
tion: red segments are 
activated latest; the green 
segments are activated earlier

Gated blood-pool ventriculography

Gated blood-pool single photon emission computed tomography 
(SPECT)

Gated myocardial perfusion single photon emission computed 
tomography (GMPS)

table 20.5. Nuclear imaging techniques for assessment of cardiac 
dyssynchrony
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MRI, and velocity-encoded MRI, which are reviewed else-
where.51, 52 Rüssel et al., for example, studied 29 HF patients 
with MRI.53 Using myocardial tagging, two mechanical dys-
synchrony parameters were defined: standard deviation in 
onset time and time to first peak of circumferential shorten-
ing. Two heterogeneity parameters were defined: coefficient 
of variation in end-systolic strain and difference between 
peak septal and lateral strain. The authors found that the het-
erogeneity parameters correlated best with acute response 
(as defined by a relative increase in maximum rate of LV 
pressure rise) to CRT. Westenberg et al. studied 20 HF 
patients with systolic LV dysfunction and a wide QRS com-
plex, as well as ten normal individuals.54 Both colour-coded 
TDI data and velocity-encoded MRI were performed to 
assess LV dyssynchrony (Fig. 20.14). Intra-ventricular dys-
synchrony was not observed in normal individuals. In HF 
patients, the mean intra-ventricular dyssynchrony was 55 ± 
37 ms on TDI and 49 ± 38 on MRI. Agreement between MRI 
and TDI for assessment of intra-ventricular dyssynchrony 
was excellent.

The clinical use of MRI to assess intra-ventricular dys-
synchrony has been limited by cumbersome post-processing 
techniques. Cardiac devices further complicate the use of 
MRI since devices form a contraindication for MRI. New 
methods that provide easy and rapid MRI strain analysis and 
evidence supporting the MRI compatibility of modern 
implantable cardiac devices could expand the role of MRI in 
the selection process of CRT candidates.

Assessment of Viability and scar tissue

Recent observations have emphasized the importance of the 
presence and extent of scar tissue prior to CRT implantation. 
First, it is important to determine whether the target region for 
LV lead positioning contains scar tissue, and second, it is impor-
tant to determine the extent of scar tissue in the entire left ven-
tricle.20 Various imaging techniques are available to detect scar 
tissue, including echocardiography, nuclear imaging, and MRI.

Fig. 20.12 Gated myocardial perfusion SPECT images are recon-
structed and reoriented to gated short-axis images and subsequent 
search for regional maximal counts (3D sampling) is performed. For 
each LV short-axis section, count-based curves are generated from 8 

or 16 discrete wall thickening points (continuous line represents 
approximation of first Fourier harmonic function). The distribution of 
phase angle (onset of mechanical contraction) within the left ventri-
cle can be displayed in polar map and histogram format
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echocardiography to evaluate Viability and scar

Da Costa et al. prospectively enrolled 55 HF patients who 
subsequently underwent CRT implantation.55 All patients 
underwent TDI to assess LV dyssynchrony, followed by 

low-dose dobutamine stress echocardiography to detect via-
bility and scar tissue; both the magnitude of LV dyssyn-
chrony and the extent of viable tissue were predictive of 
acute response to CRT. Ypenburg and colleagues confirmed 
these findings in 31 HF patients who underwent low-dose 

Fig. 20.13 Example of phase analysis with gated myocardial perfu-
sion SPECT in a patient with extensive LV dyssynchrony. The hetero-
geneous phase angle distribution is reflected in the non-normalized 

(upper) and normalized (lower) heterogeneous colour-coding scale 
(polar map format) and a broad and moderate peaked histogram

Fig. 20.14 Example of 
assessment of LV dyssynchrony 
with velocity-encoded MRI. 
Velocity curves from the basal 
segments of the septum (red 
curve) and lateral wall (blue 
curve) are shown: Note the 
significant delay between these 
two segments indicating LV 
dyssynchrony
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dobutamine stress echocardiography with strain analysis 
before CRT implantation.56 Global contractile reserve 
(³7.5% increase in LVEF during dobutamine infusion) pre-
dicted LV reverse re-modelling and improvement in LV 
function after 6 months of CRT. Moreover, responders had 
viable tissue in the region where the LV lead was positioned, 
whereas non-responders had mostly non-viable tissue in this 
region. Hummel et al. used contrast echocardiography to 
assess viability and demonstrated that the presence of viabil-
ity correlated well with improvement in LVEF after 6 months 
of CRT.57

nuclear Imaging to evaluate Viability and scar

De Winter and co-workers evaluated 132 patients with 
ischaemic cardiomyopathy and depressed LV function using 
gated SPECT and demonstrated that scar tissue in the infe-
rior, posterior, or lateral regions (where the LV pacing lead is 
often positioned) is frequently encountered in potential can-
didates for CRT and may limit response to CRT.58 Ypenburg 
et al. determined the extent of viability with F18-
fluorodeoxglucose (FDG) and SPECT imaging in 61 HF 
patients prior to CRT implantation.59 Responders to CRT had 
more viable segments in the left ventricle as compared to 
non-responders (12 ± 3 vs. 7 ± 3 viable segments, p < 0.01), 
and the number of viable segments was directly related to the 

increase in LVEF after 6 months of CRT (Fig. 20.15). The 
optimal cut-off value to predict clinical response to CRT was 
11 viable segments or more (in a 17-segment model), yield-
ing a sensitivity of 74% and a specificity of 87%. Similar 
results were reported when technetium-99m tetrofosmin was 
used as viability marker.60

Magnetic Resonance Imaging to evaluate 
Viability and scar

Contrast-enhanced MRI allows precise determination of the 
spatial and trans-mural extent of scar tissue. Bleeker et al. 
explored this technique for assessment of scar tissue in 40 
patients before undergoing CRT.61 One-third of the patients 
had a trans-mural postero-lateral scar (Fig. 20.16). In con-
trast to patients without postero-lateral scar, these patients 
showed a low response rate and did not show improvement 
in clinical or echocardiographic parameters after CRT. In 
addition, LV dyssynchrony remained unchanged after CRT 
implantation in the presence of scar tissue. Ypenburg and co-
workers subsequently emphasized that not only the location 
but also the extent of scar tissue (total scar burden) is impor-
tant for response to CRT.62 The authors demonstrated a sig-
nificant correlation between the total scar burden at baseline 
on contrast-enhanced MRI and the change in LV end-systolic 
volume (ESV) after 6 months of CRT.
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Fig. 20.15 Relationship between the extent of viability (number of 
viable segments) as assessed with FDG SPECT imaging and the abso-
lute change in LV ejection fraction after 6 months of CRT. Modified 
from Ypenburg et al.59

Fig. 20.16. Example of a patient with a trans-mural infarction (scar, 
arrow) located in the postero-lateral segment of the left ventricle (LV) 
as identified with contrast-enhanced magnetic resonance imaging
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Imaging the Cardiac Veins

Anatomy of the Cardiac Veins

The most challenging part of a CRT device implantation 
through an endovascular approach is positioning the LV lead 
in a branch of the coronary sinus. Therefore, a detailed 
knowledge of the venous anatomy, as systematically 
described by von Lüdinghausen, is required (Fig. 20.17).63 
The first tributary of the coronary sinus is the posterior inter-
ventricular vein or middle cardiac vein, running in the poste-
rior inter-ventricular groove. The second tributary of the 
coronary sinus is the posterior vein of the left ventricle. The 
next tributary is the left marginal vein (LMV). The great car-
diac vein continues as the anterior cardiac vein in the ante-
rior inter-ventricular groove. Important inter-individual 
variations are observed regarding origin and presence of 
these tributaries. Pre-procedural knowledge on the cardiac 
venous anatomy of an individual patient could contribute 
significantly to the success of the LV lead implantation.

Invasive Venography

The gold standard to depict the cardiac venous system is 
invasive venography. Two techniques are available, includ-
ing direct venography (direct manual injection of contrast in 

the guiding catheter) or occlusive venography (Fig. 20.18) 
(Video 20.3). Occlusive venography has more success to 
identify the anatomy, but may be related with more dissec-
tions, more contrast is needed, and the procedure time is gen-
erally longer.64 Ideally, however, the information on venous 
anatomy should be available prior to CRT implantation. 
Non-invasive imaging techniques such as computed tomog-
raphy (CT) and MRI may be able to provide this information 
as well.

non-invasive Venography: Multi-slice Ct and MRI

Various studies reported on the use of 16-slice CT to depict 
the cardiac veins.64–67 Jongbloed and colleagues described a 
marked variability in venous anatomy among patients, con-
firming anatomical and invasive studies.67 Meanwhile, 
64-slice CT has become the standard to depict the cardiac 
structures offering a decreased acquisition time and higher 
spatial resolution. The feasibility of 64-slice MSCT to 
depict the cardiac venous system was recently demonstrated 
in 100 subjects referred for non-invasive angiography 
(Fig. 20.19, Video 20.4).68 One of the hypotheses of this 
particular study was that the absence of cardiac veins may 

Coronary sinus

Posterior
interventricular
vein

Great cardiac
vein

Posterior vein of
left ventricular

Left marginal vein 

Anterior
interventricular
vein

Fig. 20.17 The venous anatomy of the heart as described systemati-
cally by von Lüdinghausen. The first tributary of the coronary sinus is 
the posterior inter-ventricular vein or middle cardiac vein, running in 
the posterior inter-ventricular groove. The second tributary of the 
coronary sinus is the posterior vein of the left ventricle. The next trib-
utary is the left marginal vein. The great cardiac vein continues as the 
anterior cardiac vein in the anterior inter-ventricular groove

Fig. 20.18 Example of an invasive occlusive venogram during CRT 
implantation (right anterior oblique view). A catheter is positioned in 
the coronary sinus (CSC). An occlusion catheter is advanced through 
the guiding catheter and a balloon (arrow) is inflated with 1–1.5 mL 
air beyond the distal tip of the guiding catheter. The result is a 
detailed venogram. Note the right atrial (RAL) and right ventricular 
lead (RVL)
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be related to scar formation secondary to a previous infarc-
tion in the region drained by these specific veins. Indeed, 
absence of the LMV was more frequently encountered in 
patients with a history of lateral infarction (Fig. 20.20), 
whereas patients with previous antero-lateral infarction 
were frequently lacking the LMV. Blendea et al., using 
high-speed rotational (invasive) venography, also noted a 
lower prevalence of the LMV in patients with a history of 
lateral infarction.69 Absence of suitable cardiac veins may 
hamper trans-venous LV lead positioning, and a surgical 
approach could be preferred. In a preliminary study, 21 
patients underwent both 64-slice CT venography in advance 

and invasive venography during CRT implantation.70 There 
was an excellent correlation between CT venography and 
invasive venography.

Few preliminary reports have demonstrated the techni-
cal aspects of imaging the cardiac veins with MRI.71,  72 
Chiribiri et al. examined 16 volunteers and 7 patients with 
MRI.72 The cardiac venous system was visualized in all 
subjects, and the variability of the cardiac venous system 
was again reported. MRI may be preferred over CT since 
radiation is absent with MRI, but further studies are needed 
before MRI venography can be integrated in clinical 
practice.

a

b

c

Fig. 20.19 Non-invasive venography using 64-slice CT. (a) Curved 
multi-planar reconstruction illustrating the coronary sinus (CS) origi-
nating from the right atrium (RA) and curving around the mitral valve 
(MV) plane. (b) Volume rendered reconstruction, posterior view illus-

trating the coronary sinus (CS), posterior inter-ventricular vein (PIV), 
and posterior vein of the left ventricle (PVLV). (c) Volume-rendered 
reconstruction, lateral view illustrating great cardiac vein (GCV), PVLV, 
and left marginal vein (LMV)



  Summary: What Can Imaging Contribute  to the Selection of CRT Candidates? 403

summary: What Can Imaging Contribute  
to the selection of CRt Candidates?

Assessing LV volumes and EF is essential according to the 
“classic” selection criteria for CRT. Echocardiography 
appears to be the method of choice, but nuclear imaging and 
MRI can be valid alternatives. Other pathophysiological 
issues such as cardiac dyssynchrony, viability/scar tissue, 
and venous anatomy can also be addressed with imaging 
modalities. Several echocardiographic dyssynchrony param-
eters have demonstrated the ability to distinguish CRT 
responders from non-responders with a high degree of accu-
racy in multiple, small, single-centre studies. There is, how-
ever, no consensus on which parameter to use in clinical 
practice. A prospective multi-centre study, the PROSPECT 
trial, tested the performance of 12 conventional and TDI 
echocardiographic dyssynchrony parameters to predict 
response to CRT in 498 patients with standard CRT indica-
tions.73 The results of this trial were disappointing with the 
different echocardiographic approaches yielding only mod-
est sensitivity and specificity to predict response to CRT.

Both technical and pathophysiological issues may be 
related to this failure to predict response to CRT. Technical 
issues include better training in data acquisition, and data 
analysis is needed. Moreover, better technology for assess-
ment of LV dyssynchrony may be needed, and particularly 
strain (rate) imaging may be preferred, since many patients 

have ischaemic cardiomyopathy and TDI may not be ideal for 
dyssynchrony assessment in these patients. Pathophysiological 
issues include the presence of extensive scar tissue, limited 
venous anatomy, and suboptimal LV lead position.

Accordingly, various questions may be addressed in 
patients considered for CRT, and, based on the answers, it 
will be possible to identify patients with low and high likeli-
hood of response to CRT.

Is substantial LV dyssynchrony present, and where is the 
area of latest mechanical activation? Patient selection based 
on dyssynchrony assessment showed a higher response rate 
compared to selection based on the current guidelines, but 
larger studies are needed to identify the best technology for 
dyssynchrony assessment. Echocardiography appears to be 
the technique of choice, but alternatives can be nuclear imag-
ing and MRI.

Does the site of latest activation contain scar tissue? Scar 
tissue in the region of the LV pacing lead will result in the 
failure of responding to CRT. Contrast-enhanced MRI is the 
technique of choice, since this technique has the highest spa-
tial resolution and provides information on the extent and 
trans-murality of scar tissue with high precision. Echocardio-
graphic techniques and nuclear imaging can also provide 
information on scar tissue.

Are cardiac veins present in the region of latest activation 
(the preferred LV lead position)? Multi-slice CT can provide 
this information non-invasively. Recent data have demon-
strated that patients with extensive previous infarction may 
lack certain veins. In patients with large previous infarction(s), 

Fig. 20.20 (a) Volume-rendered reconstruction of 64-slice CT venog-
raphy illustrating scar tissue and absence of the left marginal vein 
(LMV). (b) Analysis of 100 patients revealed that the LMV was signifi-

cantly less observed in patients with a history of lateral infarction 
compared to controls (p < 0.0001) and compared to patients with 
coronary artery disease (CAD), without previous infarction (p < 0.01)
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CT may be useful to define the precise venous anatomy. In 
patients without suitable veins in the region of latest mechan-
ical activation, a surgical approach may be preferred. The 
importance of individually tailored LV lead position was 
illustrated by Murphy and co-workers who studied 54 patients 
with advanced HF treated with CRT.74 At baseline, the area of 
maximal delay was identified using TSI. In 22 patients, the 
LV lead position corresponded to the segment of maximal 
delay. Reverse re-modelling was defined as >15% decrease in 
ESV at 6 months follow-up. The placing of the LV lead prox-
imal to the site of maximal delay by TSI was significantly 
correlated with reverse re-modelling. Moreover, the extent of 
reverse re-modelling and improved systolic function was 
largest in the 22 patients with LV lead position corresponding 
to segment of maximal delay. Ypenburg and colleagues used 
speckle tracking radial strain analysis to identify the area of 
latest mechanical activation in 257 patients who underwent 
CRT.75 Significant reverse re- modelling at 6 months follow-
up was only noted in the group of patients with a concordant 
LV lead position (as determined from chest X-ray). In addi-
tion, a concordant LV lead position appeared to be an inde-
pendent predictor of hospitalization-free survival after 
long-term CRT. Accordingly, the likelihood of a successful 
endovascular CRT implantation appears highest in patients 
with the classic selection criteria who also show significant 
dyssynchrony, exhibit viable tissue in the area of latest 
mechanical activation, and have a suitable coronary sinus 
tributary draining that area (Fig. 20.21).

In summary, various non-invasive imaging techniques 
may play a role in the selection of patients for CRT. 
Echocardiography still appears to be the technique of choice 
to assess LV function and dyssynchrony, whereas other 
imaging techniques may provide additional information on 
scar tissue and venous anatomy.76

Video 20.1

Example of full volume 3D echocardiography in a heart fail-
ure patient. Left ventricular volumes are clearly dilated and 
LVEF is depressed (32%). From the 17 time/volume curves 
in 17 LV segments, the systolic dyssynchrony index is calcu-
lated (11.5%) indicating significant LV dyssynchrony

Video 20.2

Full volume 3D echocardiography is repeated post-CRT 
implantation. Left ventricular end-systolic volume has 
decreased significantly resulting in an improved systolic 
function (LVEF 48%). Note the resynchronization of the left 
ventricle, with a systolic dyssynchrony index of 1.9%

Video 20.3

Example of an invasive venogram during CRT implantation 
using an occlusive catheter

Video 20.4

The cardiac venous system can be evaluated non-invasively 
using 64-slice CT. The coronary sinus and its tributaries can 
be easily identified on this 3-dimensional, volume-rendered 
reconstruction of the heart
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Introduction

While the role of cardiac imaging in the selection of candi-
dates for cardiac resynchronization therapy (CRT) remains 
controversial, it is well established that imaging is essential 
to establish an objective evidence of response to the therapy. 
Also, in the absence of other well-validated methodology, 
echocardiography stands as the reference method to optimize 
the programming of the device in many instances. In the 
present chapter, the role of cardiac imaging in optimizing the 
 programming of CRT devices as well as the usefulness in the 
follow-up of patients treated with CRT will be discussed.

optimization

Rationale for optimizing the Programming 
of the Device

In patients with heart failure, the presence of a prolonged AV 
interval is not unusual. Also, left bundle branch block is pres-
ent in up to one-third of these patients. Both prolonged AV 
interval and LBBB result in delayed ejection, and conse-
quently, in shortened diastolic time (Fig. 21.1). This leads to 
shortened filling time, decreased pre-load, and the consequent 

decrease in stroke volume, which is especially important in 
patients with left ventricular systolic dysfunction. Restoring 
adequate AV interval and intra-ventricular conduction delays 
results in a longer filling time and an increased pre-load. 
However, excessively short AV delays may result in early clo-
sure of the mitral valve, impeding the whole contribution of 
the atrial contraction to left ventricular filling (A wave trunca-
tion). Consequently, finding the optimum AV delay that yields 
the longest diastolic filling time without truncating the atrial 
contribution to ventricular filling is of most interest.

On the other hand, devices now have the capability of pro-
gramming the time sequence and intervals to stimulate both 
ventricles. Optimization of the inter-ventricular (VV) delay 
may be justified according to several issues. First, obtaining a 
good ventricular synchronization may constitute a goal to 
achieve and may explain why patients in atrial fibrillation 
also benefit from CRT, besides the benefit on diastolic filling 
due to optimized AV intervals. Additionally, the epicardial 
position of the lead implies that trans-mural activation, usu-
ally lasting for 30 ms, should be taken into account when 
considering time delays between both ventricles. Finally, 
delayed ventricular segments may be located at different sites 
of the left ventricle due to underlying myocardial scars or dif-
ferent conduction abnormalities; consequently, dyssynchrony 
may be corrected with different device programming.

How to optimize the Programming  
of cRt Devices with Imaging

optimization of the AV Delay

The optimization of the AV interval involves different 
 methodologies, the aim of which is to obtain the greatest dia-
stolic filling time and the optimum haemodynamic effect. 
Echocardiography typically has been used for such purposes; 
however, there are also many other methods based on invasive 
approaches (assessment of dP/dt and cardiac output with cath-
eters at the time of the implantation) and non-invasive 
approaches (impedance cardiography, intra-cardiac electro-
grams, endocardial acceleration detected by a micro- 
accelerometer, or algorithms based on electric intervals 
detected by the device). The big advantage of these latter 
methods is that they are incorporated in the device, can be 
performed automatically, and continuously allow for adapta-
tive optimization of the AV interval according to physical 
activity or heart rate. The limitation is that these methodolo-
gies are not well validated and are limited to each vendor’s 
device. On the other hand, experience demonstrating the ben-
efits of AV interval optimization has been mainly limited to 
dual chamber pacing rather than CRT. However, most of the 

Fig. 21.1 Patients with LBBB have delayed aortic ejection as a conse-
quence of their delayed conduction and mechanical contraction. 
Delayed aortic ejection results in shortened diastolic time, which, in 
turn, causes fusion of the E and A wave of the left ventricular filling 
flow
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large clinical trials proving the clinical benefit of CRT, such as 
the Multicenter InSync Randomized Clinical Evaluation 
(MIRACLE) or the Cardiac Resynchronization-Heart Failure 
(CARE-HF), have performed AV optimization with echocar-
diography. Accordingly, AV optimization using echocardiog-
raphy is recommended and most commonly used.1

The most used echocardiographic method to optimize the 
AV delay is the iterative method. By the use of PW Doppler 
of the left ventricular inflow, diastolic filling time is mea-
sured from the onset of the E wave to the end of the A wave. 
The AV delay is reduced by 10–20 ms until the longest dia-
stolic filling time is obtained without interrupting the A wave 
(Fig. 21.2). Another approach derived from dual chamber 
pacing in patients with AV block and not validated in CRT is 
the Ritter’s method. This calculates the optimum AV interval 
by calculations derived from a setting with a very long AV 
delay and another one with a very short AV delay. For each 
AV delay, the time from QRS onset to the end of the A wave 
is determined, and the optimum AV delay is calculated by a 
formula ((AVopt-AVlong)−(QAshort-QAlong)). This optimum AV 

corresponds to the longest diastolic filling time without inter-
rupting the A wave, resulting in similar AV delays to those 
obtained by the iterative method but in a shorter procedure.

Another approach to optimize the AV delay with echocar-
diography has been proposed by determining the maximum 
mitral inflow or the aortic velocity-time integral, both as sur-
rogates of the left ventricular cardiac output. In one study 
including 30 patients, the optimization of the AV delay with 
these four echocardiographic methods was compared to 
invasive dP/dt. The optimum AV delay invasively deter-
mined was largely concordant with the one determined by 
the maximum mitral velocity-time integral (97%), while 
there was no agreement with the AV delay determined by 
Ritter’s method.2 Agreement of dP/dt with the iterative 
method and the aortic velocity-time integral was modest  
(67 and 43%, respectively).

The AV delay has also been optimized by echocardiogra-
phy with similar iterative methods that aim to obtain the larg-
est cardiac output as determined by the left ventricular 
outflow tract velocity-time integral (as a surrogate of cardiac 

DFT
338 ms 

AV 160 ms
VV0

DFT
394 ms 

AV 140 ms
VV0

DFT
402 ms AV 100 ms

VV0

DFT
432 ms 

AV 120 ms
VV0

Fig. 21.2 Optimization of the AV interval according to the iterative 
method: The AV interval is progressively reduced at 20 ms intervals 
trying to obtain the largest diastolic filling time and, consequently, 
the largest left ventricular filling. As the AV interval decreases, the 

diastolic filling time increases until the A wave is early interrupted 
(green arrows). Accordingly, the optimum AV interval selected in this 
case patient was AV 120 ms, which yielded the largest diastolic filling 
time without interrupting the A wave
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VV + 30 ms

VTI 8.9 cm

VV – 30 ms

VTI 9.5 cmVTI 9.1 cm

VV 0 ms

Fig. 21.3 Optimization of the VV interval according to the iterative 
method using left ventricular outflow tract velocity-time integral: 
The VV interval is tested to obtain the largest velocity-time integral. 

In this patient, despite a variation that was not large, optimum VV 
was set at −30 ms (left ventricular pre-activation at 30 ms) because 
this yielded the largest velocity-time integral

output) or the Doppler-derived left ventricular dP/dt, as well 
as the myocardial performance index (Tei index). Again, the 
widespread use and, especially, the validation and utility of 
the methodologies among CRT patients remain uncertain.

The Ishikawa echocardiographic method relies on the 
minimization or elimination of diastolic mitral regurgitation 
to select the optimum AV delay by substracting the duration 
of the diastolic mitral regurgitation to the AV delay pro-
grammed to induce it. Finally, other echocardiographic 
approaches such as the Meluzin and the Ismer methods com-
bine electric data to optimize the AV delay and are rarely 
used in CRT.

optimization of the VV Delay

The VV delay can be optimized by determining invasive left 
ventricular dP/dt or cardiac output by the surface ECG or by a 
variety of device-based algorithms or intra-cardiac electro-
grams. Echocardiography has also been used to optimize the 
VV delay either by empirically assessing the VV delay, which 
yields the largest cardiac output, or the best left ventricular 
synchrony. The most commonly used echocardiographic 
method for VV delay optimization is the evaluation of cardiac 
output determined by the left ventricular outflow tract veloc-
ity-time integral. Several VV delays are programmed at 20 ms 
interval, and the effect on cardiac output is tested (Fig. 21.3). 
Few authors have also used Tissue Doppler to evaluate left 
ventricular synchrony and optimize the VV delay, by testing 
the effect of several VV intervals on left ventricular dyssyn-
chrony, assessed with tissue displacement, or strain rate traces 
of opposite myocardial walls (Fig. 21.4, Video 21.4). A small 
study has reported a good agreement between optimization 
of the VV interval according to either left ventricular outflow 
tract velocity-time integral or intra-ventricular dyssynchrony, 
indicating that the best intra-ventricular synchrony results in 
the best haemodynamics.3

Impact of optimization of cRt Programming

Acute effect of optimization of the Programming 
of cRt Devices

Several groups have reported the beneficial acute effect of 
optimization of the CRT programming on haemodynamics 
and left ventricular dyssynchrony either by invasive or non-
invasive methods. Early on the clinical application of CRT, 
Auricchio et al. already demonstrated an acute incremental 
benefit on cardiac output and pulse aortic pressure by small 
changes in the AV delay.4 Similarly, optimized VV delay has 
resulted in larger dP/dt (up to 8% increase), especially by 
pre-activating the left ventricle (%).5 When the VV delay has 
been optimized with echocardiography, mainly by using an 
iterative method to reach the largest aortic or left ventricular 
outflow tract velocity-time integral, an additional five point 
increase in left ventricular ejection fraction (LVEF) and a 
20% in cardiac output have been reported; also an incremen-
tal reduction in dyssynchrony and a reduction in the number 
of ventricular segments with delayed contraction have been 
demonstrated.6–9 On the other hand, selecting a non-optimal  
VV delay may have a deleterious impact, reducing cardiac 
output by even more than 25%.6,   9

effect of optimization of the Programming 
of cRt Devices on clinical outcomes

Despite compelling evidence that AV and VV delay optimi-
zation may have an acute haemodynamic beneficial effect, 
scarce evidence supports the clinical impact of such an 
optimization.

Few studies have evaluated the impact of optimizing the 
AV interval by echocardiography on clinical outcomes. Most 
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of them were carried among patients with dual-chamber 
pacemakers without heart failure, and none demonstrated an 
improvement on clinical outcomes; techniques used to opti-
mize the delay and outcome definition were also different 
between authors. Among CRT patients, few studies have 
used optimization only of the AV interval and evaluated the 
clinical evolution. One study reported optimization of the AV 
delay by maximizing the left ventricular outflow tract veloc-
ity-time integral in 33 patients which resulted in improve-
ments in functional capacity and plasma BNP;10 however, 
this effect could have resulted simply from CRT, and the lack 
of a control group precludes conclusions regarding the effect 
of AV delay optimization alone. Only two small studies have 
analyzed the clinical impact of AV delay optimization in 
CRT as compared to a control group with CRT and an empir-
ical AV delay of 120 ms. Sawhney et al.11 compared AV delay 
optimization by echocardiography (iterative method using 
aortic velocity-time integral) to an empirical AV delay set at 
120 ms in a randomized study of 40 patients with CRT, find-
ing an improvement in quality of life and NYHA functional 
class without differences in LVEF or volumes, or in the dis-
tance walked in the 6 min walking test. Morales et al.12 also 
studied 41 patients with CRT who were randomized to 

receive an empirical AV delay of 120 ms or to optimize their 
AV delay with echo Doppler-derived dP/dt. At 6-month fol-
low-up, LVEF was significantly higher and NYHA functional 
class significantly lower in the AV-optimized group.

Regarding the clinical impact of VV interval optimiza-
tion, reports have also been scarce. Mortensen et al. reported 
the acute beneficial effects on haemodynamics of VV delay 
optimization with echocardiography (left ventricular outflow 
tract velocity-time integral), but they were unable to show 
any additional clinical improvement in the optimized group 
as compared to the conventional simultaneous biventricular 
pacing at 3-month follow-up.9

In another study, the 6-month clinical outcome of 359 
patients included in the InSync III Study and who received 
VV delay optimization with echocardiography (iterative 
method using the left ventricular outflow tract velocity-time 
integral) were also compared against the outcome of the 
patients included in the MIRACLE study. All patients received 
AV delay optimization with echocardiography. There was an 
incremental benefit on the distance walked in the 6 min walk-
ing test (median increase in the InSync 38 vs. 15% in the 
MIRACLE, p < 0.0001), while no differences in quality of 
life or in NYHA functional class could be demonstrated.ff

4 ch

2���

VV – 30 ms VV + 30 msVV 0 ms

Fig. 21.4 Optimization of the VV interval according to the iterative 
method using left ventricular dyssynchrony: The superposition of the 
displacement of two opposing walls is evaluated both in the 4- and 
2-chamber apical walls with tissue Doppler imaging. The superposi-
tion and the amount of displacement were maximal with the setting 
of a VV interval of −30 ms, especially patent in the 4-chamber traces. 
In the 2-chamber images, there are no significant changes among 
the different VV intervals. These images come from the same patient 
shown in Fig. 21.3. The selected optimum VV interval was the same 

either by the velocity-time integral or dyssynchrony assessment. 
Quantitative and semi-qualitative analysis of intra-ventricular dys-
synchrony or quantification of aortic velocity-time integral provided 
useful information to select the optimum VV interval. However, only 
when visual assessment of left ventricular motion was analyzed 
(Video 21.4), no clear selection could be taken; there was a slight 
improvement on left ventricular motion with VV 0 ms and VV −30 ms 
as compared to without CRT (OFF) and to VV +30 ms. No significant 
difference could be observed between VV 0 and −30 ms
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The only randomized study trying to demonstrate the ben-
eficial clinical effect of VV delay optimization has been the 
RHYTHM II ICD study, which included 121 patients with 
CRT. AV delay was optimized in all patients. VV delay was 
optimized only in randomly assigned patients by using 
echocardiography (with the maximum aortic velocity-time 
integral). Similarly to previous findings, VV optimization 
conferred no benefit in the distance walked in the 6 min test, 
quality of life, NYHA functional class, or hospital admis-
sions.14 The results of these echocardiography-based optimi-
zation studies are in keeping with the observations found in 
another trial that used a device-based algorithm to optimize 
the VV delay; in this study, sequential pacing was equiva-
lent, but not superior, to simultaneous biventricular pacing 
for the composite endpoint of peak oxygen consumption and 
left ventricular end-systolic dimension.15

Finally, the effect of optimizing both the AV and the VV 
delay was studied in a single centre study comparing two his-
torical cohorts of CRT patients: the first 50 patients with an 
empirical AV delay set at 120 ms and simultaneous biven-
tricular pacing and the next 51 patients undergoing a stan-
dardized systematic echocardiographic optimization of the 
programming of the AV and VV intervals.3 In brief, the opti-
mum AV delay was chosen among 160, 140, and 120 ms 
according to the one that yielded the longest diastolic filling 
time without truncating the A wave. Once the optimum AV 
delay was chosen, the VV interval was optimized and selected 
from 30 ms pre-activation of the right ventricle (+30 ms), 
simultaneous biventricular pacing (0 ms), and 30 ms pre-
activation of the left ventricle (−30 ms); the optimum VV 
interval was selected as the one that resulted in larger superpo-
sition of the systolic displacement of two opposing ventricular 
walls with the use of Tissue Doppler (i.e. less dyssynchrony) 
(Fig. 21.4). Patients receiving optimization walked more dis-
tance in the 6 min test and showed larger left ventricular car-
diac output at 6-month follow-up; however, there were no 
differences in NYHA functional class, quality of life, LVEF, 
and dimensions, and more importantly, in the rate of cardiac 
death or heart transplantation. Indeed, the primary endpoint, 
which was a combination of non-improvement in the 6 min 
walking test, heart transplantation, or cardiac death, was 
equivalent in both groups.

Limitations and Unresolved Questions

Many questions remain unanswered regarding optimization 
of the programming of CRT devices. Methodology is not 
completely standardized, despite most groups using the iter-
ative method both for the AV and the VV delay, trying to 
obtain the largest diastolic filling time without truncating the 
A wave and the largest aortic velocity-time integral r, the 

best intra-ventricular dyssynchrony. However, still little is 
known about the interaction between the AV and VV delays 
programming. Indeed, most authors have reported a stepwise 
optimization usually starting with the AV and finishing with 
the VV. The impact of optimizing the VV first and then the 
AV delay is unknown.

Also, the equivalence between different methods is far 
from being established, especially regarding the program-
ming of the AV delay. Another matter of controversy is the 
stability of the programming of the delay through follow-up 
when reverse ventricular re-modelling develops and poten-
tially impacts on AV and VV delays. Should the AV and VV 
delays, therefore, periodically be optimized? How often?

Finally, the cost-efficacy of programming the device with 
imaging has to be taken into consideration. According to the 
time and resource consumption of the optimization proce-
dure, routine empirical programming has been proposed leav-
ing optimization for selected non-responder patients. Also, the 
role of optimization of the AV and VV delays in patients with 
narrow QRS receiving CRT is completely unexplored.

Because most of the major clinical trials demonstrating 
the beneficial effect of CRT have employed AV optimiza-
tion, currently accepted recommendations are to routinely 
optimize AV delay with echocardiography with the Ritter’s 
or the iterative method. Regarding VV delay optimization, 
no consensus exists, except that simple and widely available 
methods should be implemented.

Follow-Up of Patients treated with cRt

Reversing Left Ventricular Re-modelling  
in Heart Failure

The deleterious action of incoordination on myocardial con-
tractility and geometry has been extensively considered with 
the development of non-invasive cardiac imaging and has 
gained interest as the basis of effect of the resynchronization 
therapy. In heart disease, both intra- and inter-ventricular asyn-
chronous activation have marked adverse consequence on 
ventricular pump function leading to prolonged contraction, 
reduced ejection time, delayed and prolonged relaxation, 
reduced diastolic filling time, and mitral regurgitation.16 The 
overall result is left ventricular re-modelling, which is a 
dynamic process characterized by a progressive chamber dila-
tation, a distortion of cavity shape towards sphericity, a disrup-
tion of the mitral valve geometry with tenting and occurrence 
of mitral regurgitation, and deterioration in contractile func-
tion that culminates in heart failure.17–19 The left ventricular 
re-modelling process is the final common pathway for all of 
the causes of heart failure and portends a poor prognosis. 
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Therefore, left ventricular re-modelling itself represents a new 
target for therapeutic interventions to attenuate progression of 
left ventricular re-modelling to heart failure.

Most of these deleterious effects can be improved by 
CRT. The two primary targets of CRT are modifying the pat-
tern of left ventricular activation and the delay between atrial 
and ventricular systole. Synchrony of contraction is impor-
tant because it results in more effective and energetically 
efficient ejection. Indeed, the clinical success of CRT attests 
to the importance of dyssynchrony in the pathophysiology of 
heart failure.

CRT often results in “reverse” re-modelling where left 
ventricular size and function progressively improve over 
time. “Reverse” re-modelling is, therefore, a new concept 
where deterioration in systolic function and left ventricular 
dilatation are not simply stopped, but partially reversed. 
Cardiac imaging techniques play a key role in the diagnosis 
of reverse re-modelling and especially echocardiography, 
which is easily applied in the follow-up of these patients. 
Currently used MRI systems still have the limitation on their 
application among patients with pacemakers.

evidence for Reverse Re-modelling from 
Randomized clinical trials of cRt

CRT often results in reverse re-modelling where left ven-
tricular size and function progressively improve over time 
(Fig. 21.5, Video 21.5). This is a CRT-dependent, dynamic 
process where subsequent cessation of CRT results in 

progressive deterioration in left ventricular function towards 
baseline values. Consistent findings both in small, uncon-
trolled trials and in large, randomized and double-blind CRT 
trials have been the incremental beneficial effects of CRT 
(i.e. improvement in exercise capacity, NYHA class, and 
quality of life) in patients with heart failure and optimal 
medical heart failure therapy. The changes in structural and 
functional left ventricular remodelling associated with CRT 
have also been documented in CRT studies by echocardiog-
raphy and are coincident with improvement in symptoms 
and exercise capacity. The effects of CRT on reverse ven-
tricular re-modelling are additive and to a larger degree than 
those observed with medical therapy.

The MIRACLE was the first large randomized double-
blind study.20 All 453 patients had heart failure therapy opti-
mized prior to enrollment and if they remained in class III-IV, 
had LVEF £35%, QRS duration ³130 ms, and an left ven-
tricular end-diastolic diameter ³55 mm. The MIRACLE 
study demonstrated that the benefits of CRT on 6-min walk 
distance, NYHA class, and quality of life occurred predomi-
nantly, but not exclusively, in the patients with objective 
improvement in left ventricular geometry and function. 
Significant reductions in left ventricular end-diastolic and 
end-systolic volumes were demonstrated at 3 and 6 months 
in the CRT group compared with the control group (inactive 
pacing), in which no change was observed from baseline val-
ues. In addition, left ventricular mass also significantly 
decreased, whereas left ventricular contractile function 
increased in the CRT group, but not in the control group. 
These beneficial effects on left ventricular re-modelling were 
sustained after 2-year follow-up.

6 m PostCRT 12 m PostCRT

PreCRT 24 h PostCRT

Fig. 21.5 Pro gressive left 
ventricular reverse re-modelling 
in a patient effectively treated 
with CRT: 4-chamber apical view 
of the left ventricle at baseline 
and after CRT at different time 
points during 1 year. The 
reduction in the left ventricular 
size can be progressively 
observed as well as the 
improvement in systolic 
function
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Three clinical trials demonstrated that continuous (rather 
than intermittent) CRT induces a progressive and sustained 
reduction in left ventricular size and volumes. MUSTIC trial 
was the first to show sustained reduction in left ventricular 
size measured by echocardiography at 1 year in a small 
cohort of patients.21 With the results of CARE-HF study, it is 
now evident that reverse left ventricular re-modelling and 
associated symptomatic improvement continues for at least 
18 months after initiation of CRT.22 The CARE-HF trial 
examined the effects of CRT alone on morbidity and mortal-
ity in 819 high-risk heart failure patients with ventricular 
dyssynchrony (LVEF £35%, QRS duration >150 ms or if 
QRS duration of 120–150 ms when there was echo-Doppler 
evidence of ventricular dyssynchrony).22 CRT reduced the 
time to death or hospitalization by 37% (p < 0.001), and all 
cause mortality by 36% (p < 0.002) compared to medical 
therapy alone. This important study was the first to demon-
strate conclusively that CRT alone can reduce mortality, pre-
sumably by favourable effects on left ventricular function. In 
addition, reverse left ventricular re-modelling was assessed 
at 3 and 18 months, showing a significant and sustained 
increase in LVEF (+3.7 and +6.9%, respectively) associated 
with a decrease in left ventricular end-systolic volume index 
(−18.2 and −26 mL/m2, respectively) and in mitral regurgita-
tion area.

Most of the landmark studies of CRT chose a LVEF £35% 
as an entry criterion, but recently the REVERSE study raised 
the threshold to 40% and showed that the benefit in terms of 
recovery of left ventricular function and in morbidity and 
mortality was similar to that observed in CARE-HF.23 The 
REVERSE study enrolled 684 patients with NYHA func-
tional class I or II, in sinus rhythm, with QRS duration ³120 
ms, left ventricular end-diastolic diameter ³55 mm and 
LVEF £40%. After baseline evaluation, all patients under-
went CRT implantation with or without ICD and were ran-
domly assigned to active CRT (CRT-ON) or to control 
(CRT-OFF). The left ventricular end-systolic volume index 
improved (−18.4 ± 29.5 mL/m2) in the CRT-ON group (n = 
324) compared with the CRT-OFF group (−1.3 ± 23.4 mL/m2; 
n = 163; p < 0.0001). The observed reduction in left 

ventricular end-systolic volume index in CRT-ON patients 
was three times greater in the non-ischaemic group than in 
patients with an ischaemic aetiology of heart failure, but was 
of similar magnitude in patients in NYHA functional class I 
and II. LVEF also improved significantly with active CRT, 
but not in the CRT-OFF group. It is noteworthy that 95% of 
patients included in the REVERSE trial received an angio-
tensin-converting enzyme inhibitor or an angiotensin I recep-
tor blocker, and a beta-adrenergic blocker for ³3 months, and 
that 60% received ³50% of the target dose and ³30% the full 
target dose of beta-adrenergic blocker. By comparison with 
the most recent HF trials and actual clinical practice, the 
pharmacological management in the REVERSE trial was 
optimal. This result suggests that CRT produces significant 
additive effects on ventricular re-modelling that occur in 
addition to HF drug therapy.

Predictors of Left Ventricular Reverse 
Re-modelling with cRt

The clinical response to CRT is variable, and, so far, its pre-
diction from baseline variables has met with limited success. 
Left ventricular reverse re-modelling does not occur in all 
patients (Figs. 21.6 and 21.7, Videos 21.6a, b, and 21.7a, b). 
Between two-thirds and three-quarters of patients exhibit 
reverse left ventricular re-modelling with CRT. There is no 
current consensus on baseline clinical data that may predict an 
optimal left ventricular reverse re-modelling before device 
implantation. Among the number of possible mechanisms that 
have been proposed, the absence of mechanical left ventricu-
lar dyssynchrony, the advanced and irreversible left ventricu-
lar dysfunction, and the sub-optimal placement of the leads 
are the most likely causes.

Several studies have suggested a potential role for 
echocardiography to direct left ventricular lead placement 
through identification of the anatomic site of latest mechani-
cal activation. Ansalone et al. were among the first to show 
that left ventricular lead placement concordant with the site 

12 m PostCRTPreCRT

Fig. 21.6 An example of a 
patient who did not show 
reverse re-modelling after 12 
months CRT: 4-chamber apical 
view of the left ventricle before 
(Video 21.6a) and 12 months 
(Video 21.6b) after CRT. No 
change is observed in the left 
ventricular dimensions or in its 
systolic motion
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of latest velocity activation by tissue Doppler was associated 
with a more favourable response to CRT.24 Suffoletto et al. 
utilized 2D speckle tracking to analyze left ventricular radial 
strain to identify the site of latest mechanical activation 
before CRT and also observed that the patients with concor-
dant left ventricular lead placement had more favourable 
ventricular reverse re-modelling.25

Small, non-randomized studies have generated interest in 
markers of mechanical intra-ventricular dyssynchrony to 
predict reverse re-modelling (Table 21.1) as discussed in the 
previous chapter. A series of small observational trials has 
suggested that cardiac dyssynchrony measured by a variety 
of echocardiographic techniques might predict the response 
to CRT. However, a large prospective, observational study 
(PROSPECT [Predictors of Response to CRT] trial) was 
unable to find clinically useful predictors of the response to 
CRT over 6 months in terms of clinical status or improve-
ment in left ventricular function.27

Recent studies have also pointed out a sub-group of patients 
identified as “super-responders.” Those patients improved 
dramatically after CRT with almost complete symptomatic 
recovery and marked reverse remodelling, “suggesting some 
kind of heart failure remission phase” (Fig. 21.8, Video 
21.8). In an observational longitudinal study recruiting 520 
patients, Gasparini et al. observed 16 remissions per 100 
person-years, usually reached within the first 2 years of CRT. 
The most powerful predictors of heart failure remission 
phase were found to be a baseline LVEF of 30–35%, a base-
line left ventricular end-diastolic volume 180 mL, and non-
CAD aetiology. The concomitance of all three factors was 
strongly predictive of the heart failure remission phase.28

In a prospective observational study conducted in 84 con-
secutive patients, 13% of patients treated with CRT for 
severe long lasting chronic heart failure showed a dramatic 
improvement in EF (>50%) and were considered as “hyper-
responders.” This improvement was mainly related to the 

baseline 6 month CRT

Fig. 21.7 An example of a 
patient who showed reverse 
re-modelling after 6 months 
CRT: 4-chamber apical view of 
the left ventricle before (Video 
21.7a) and 6 months (Video 
21.7b) after CRT. A significant 
reduction in the left ventricular 
size, and especially an improve-
ment in its systolic function 
(particularly at the septum), can 
be observed

Measure of dyssynchrony Responder defi-
nition

Number of patients 
(non-responders)

Correlation Accuracy

r p value Sensitivity Specificity

M-mode, SPWMD (>130 ms) +5% LVEF 60 (53%) 0.69 <0.0001  92  78

PW tissue, difference of Ts 
between LV segments

Clinical 85 (26%) ND ND  80  80

Ts-4 (>65 ms) −15% LVESV ND 0.70 <0.001  92  92

TVI, TSI, Ts-SD>32.6 ms −15% LVESV 30 (43%) 0.76 <0.001 100 100

TSI Ts-SD-12 (34.4 ms) −15% LVESV 56 (46%) 0.61 <0.001  87  81

2D radial strain, septal-to-posterior 
wall delay in peak radial strain 
(>130 ms)

+15% LVEF 64 (24%) ND ND  89  83

table 21.1. Echocardiographic studies for detection of intra-ventricular dyssynchrony and prediction of LV reverse re-modelling

From Cleland et al26

− reduction; + increase; LVEF left ventricular ejection fraction; LVESV left ventricular end systolic volume; ND no data could be obtained; 
OR odds ratio; PW pulsed wave; SPWMD septal-to-posterior wall mechanical delay; TSI tissue synchronization imaging; Ts-SD standard deviation 
of time to peak; TVI tissue velocity imaging
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aetiology of the underlying heart disease, as all hyper-
responders had non-ischaemic dilated cardiomyopathy.29

In a recent multi-centre French study (Marseille, Bordeaux, 
Rennes), 186 patients were investigated before and 6 months 
after CRT by 2D strain. Super-responders were defined as a 
reduction of end-systolic volume of at least 15% and an EF > 
50% and were compared to normal responder patients (reduc-
tion of end-systolic volume of at least 15%, but an EF < 
50%). CRT super-responders (EF > 50%) were observed in 
9% of the population and were associated with less-depressed 
left ventricular function as determined by strain analysis 
(global longitudinal strain: −12.8 ± 3% vs. −9 ± 2.6%, p < 
0.001). Global longitudinal strain obtained by ROC curves 
was identified as the best parameter for predicting super-
response with a cut-off value of −11% (Se = 80%, Spe = 
87%, AUC = 0.89, p < 0.002) and was confirmed as an inde-
pendent predictor by the logistic regression (RR: 21.3, 
p < 0.0001).30

On the other hand, the identification of non-responders is 
also crucial since non-responders represent approximately 30% 
of CRT patients, and CRT is an invasive treatment with poten-
tial complications. The aetiology of the underlying cardio-
myopathy and the presence of left ventricular scar should be 
assessed before CRT. Clearly, a heavily scarred ventricle 
cannot recover as much contractile function despite stimula-
tion. Patients with ischaemic heart disease are more likely to 
have substantial myocardial scar. Scar probably accounts for 
why patients with left ventricular dysfunction due to ischae-
mic heart disease have a worse prognosis and gain a smaller 
improvement in left ventricular function with CRT than 
patients who do not have ischaemic heart disease. Bleeker 
et al. suggested that in addition to the presence of 

left ventricular mechanical dyssynchrony, trans-mural scar 
tissue in the region of the left ventricular pacing lead ( usually 
the postero-lateral left ventricular region) results in ineffec-
tive left ventricular stimulation and may prohibit functional 
response to CRT.31 These authors suggested that in patients 
with ischaemic cardiomyopathy and history of previous 
myocardial infarction, assessment of scar tissue in the region 
targeted for left ventricular stimulation should be considered 
before CRT implantation. This observation was confirmed 
by other studies that evaluated the role of magnetic reso-
nance imaging to quantify the importance of total scar bur-
den for functional response to CRT.32

In addition to magnetic resonance imaging studies, 
Ypenburg et al. recently demonstrated that a >7.5% increase 
in LVEF during low-dose dobutamine echocardiography pre-
dicts left ventricular reverse re-modelling with a sensitivity 
of 76% and a specificity of 86% after 6 months of CRT.33

effects of cRt on Mitral Regurgitation

Reduction of mitral regurgitation is one of the most immedi-
ate and often substantial effects of CRT, and reduction in 
mitral regurgitation by CRT is associated with an improved 
outcome.

CRT can reduce mitral regurgitation by improved tempo-
ral coordination of mechanical activation of the papillary 
muscles acutely and later improvements in left ventricular 
size and geometry from reverse re-modelling (Fig. 21.9, Video 
21.9a-c). Indeed, there is some evidence that the decrease in 
the severity of mitral regurgitation precedes the reduction in 

PreCRT 12 m PostCRT

Fig. 21.8 An example of a 
patient who showed a super-
response to CRT with normaliza-
tion of left ventricular volumes 
and ejection fraction. The image 
shows a 4-chamber apical view 
of the left ventricle before and 
12 months after CRT
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left ventricular volumes and the associated changes in left 
ventricular and mitral valve architecture.19 Breithardt et al. 
used the proximal isovelocity surface area method during 
both pacing-off and CRT in the first week after CRT to report 
a significantly reduced regurgitant volume from 32 ± 19 to 19 
± 9 mL, and effective regurgitant orifice area from 25 ± 19 to 
13 ± 8 mm2, with CRT.34 Kanzaki et al. associated reductions 
in MR after CRT with acute improvements in the timing of 
mechanical activation of the papillary muscle sites, using 
mechanical strain activation mapping.35

In addition, the progressive reduction in left ventricular 
volumes and architecture with CRT are associated with resto-
ration of mitral valve ventriculare annular diameter and mitral 
sub-valvular geometry towards normal. In the MIRACLE 
study, the severity of MR had decreased significantly with 
CRT at 3 months, and this improvement was maintained at  
6 and 12 months. In contrast, no change was observed in the 
control group.17 Reduction in volume and severity of mitral 
regurgitation and the increase in LVEF were consistently 
two- to threefold greater in non-ischaemic patients than in 
patients with ischaemic heart failure in spite of significantly 
larger baseline volumes and lower LVEF.17

clinical Response and Reverse Re-modelling

In general terms, the clinical response to CRT is greater (up 
to 70% of patients in most studies) than the re-modelling 
response (up to 50% as described by most groups). 

Consequently, there is a correlation between re-modelling 
and clinical response in some patients, while others may 
show paradoxical responses.36,  37

In the MIRACLE trial, change in left ventricular end-
diastolic volume and NYHA class correlated weakly, and 
reverse left ventricular re-modelling was greater in patients 
with non-ischaemic cardiomyopathy, whereas clinical out-
comes improved irrespective of heart failure aetiology.17 The 
paradox between the effects of CRT on left ventricular func-
tion and outcome in patients with ischaemic heart disease 
suggests that only some of the benefit of CRT is mediated by 
improving ventricular function. CRT reduces the risk of sud-
den cardiac death and it is possible that CRT suppresses 
arrhythmias directly or by even small improvements in car-
diac function.

Yu et al. showed in 141 patients who received CRT that 
those who decreased left ventricular end-systolic volume by 
at least 10% at 3–6 months had a more favourable long-term 
clinical outcome, including lower all-cause mortality (7 vs. 
31%), cardiovascular mortality (2 vs. 24%), and heart failure 
events (12 vs. 33%; all p < 0.005).38

A recent report from the CARE-HF study investigated 
the prediction of the long-term effects of CRT on mortality 
from baseline variables and from the early response to CRT.39 
This analysis demonstrated that mitral regurgitation and 
NT-proBNP measured 3 months after CRT were powerful 
independent factors of long-term survival in the CARE-HF 
study. The authors concluded that patients who improve their 
cardiac function after CRT have a better prognosis, but, at 
the same time, that this is a mechanism of a relatively small 

PreCRT 24 h postCRT

12 m postCRT

Fig. 21.9 An example of a 
patient who showed a progres-
sive reduction in mitral regurgita-
tion. The image shows a 
4-chamber apical view with 
colour Doppler of the mitral 
valve and the left ventricle before 
(Video 21.9a), 24 h after (Video 
21.9b) and 12 months (Video 
21.9c) after CRT. A significant 
reduction in mitral regurgitation 
can be observed immediately 
after the activation of CRT. At  
12 months follow-up, mitral 
regurgitation has virtually 
disappeared
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proportion of the effect of CRT on long-term mortality. 
Therefore, an improvement in cardiac function and left ven-
tricular re-modelling after CRT may be a “welcome sign but 
an unreliable surrogate for long-term response.”39

conclusion

Currently, cardiac imaging has an essential role in the fol-
low-up of patients treated with CRT as it provides an objec-
tive evidence of the extent of response to the therapy, which 
is, in turn, related to the prognosis of these patients. Imaging 
may also be of help in assessing the cause of non-response 
such as the lack of mechanical resynchronization or sub-
optimal device programming. In this sense, echocardiogra-
phy has also shown its usefulness for the optimization of AV 
and VV intervals, at least in the acute term. Further studies, 
however, are necessary to clarify and establish if there is any 
clinical impact of such an echocardiography-guided CRT 
device programming in the longer term.
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Introduction

Hypertrophic cardiomyopathy (HCM) is a genetically deter-
mined disease with familial and spontaneous occurrence. 
The disease is often asymptomatic. Symptoms typically 
develop in young adulthood or later. With advanced disease, 
the leading symptoms are dyspnea, angina, and syncope. 
Because of the risk of syncope and of ventricular arrhyth-
mias and sudden death, detection is important even in the 
absence of symptoms in daily life.

On physical examination, the most prominent sign is a 
systolic murmur over the base of the heart at the left sternal 
border, which is not transmitted to the carotids. The ECG 
usually shows signs of left ventricular hypertrophy with 
strain or left bundle branch block.

The echocardiographic hallmark of HCM is an increase in 
wall thickness of the left ventricle (LV), with a corresponding 
increase in LV mass (Table 22.1). This increase is extremely 
variable, both in localization and extent. In fact, localized 
thickening has been observed in all regions of the LV with 
this disease, although the most frequent site is the septum. 
Besides an increase in wall thickness, classical echo signs of 
the disease include a particular echo texture (“granular spar-
kling”) of the diseased myocardium, changes in mitral valve 
morphology with increased leaflet size, an anterior shift in 
papillary muscle position, signs of dynamic systolic LV out-
flow tract obstruction including narrowing of the LV outflow 
tract, systolic anterior motion (SAM) of the mitral valve, 
mid-systolic closure of the aortic valve, occurrence of a sys-
tolic outflow tract gradient or, less frequently, a systolic gra-
dient at the mid-ventricular level, and mitral regurgitation. 
The latter signs indicate the presence of the obstructive form 
of the disease, denominated hypertrophic obstructive cardio-
myopathy. However, the degree of obstruction often fluctu-
ates, depending on the sympathetic drive, load conditions, 
and other factors, and at least a low degree of obstruction is a 
very frequent finding, even if the full-blown picture of hyper-
trophic obstructive cardiomyopathy is not present.

Myocardial longitudinal velocities and deformation 
parameters (strain and strain rate) are dramatically decreased, 
in spite of frequently normal ejection fraction. These param-
eters have been used for the diagnosis of “subclinical” dis-
ease before or without the development of visible increases 
in wall thickness.

Pathophysiology of HCM

Hypertrophy

Degree and location of increased LV wall thickness vary sig-
nificantly, ranging from the “typical” sigmoid shape of the sep-
tum with “asymmetric hypertrophy” (ratio of end- diastolic 
septal to posterior wall thicknesses >1:1.3) to apical hypertro-
phy or bizarre localized myocardial “bumps” (Fig. 22.1). 
Hypertrophy is usually concentric (without increase in cavity 
diameter), although eccentric hypertrophy with impaired LV 
ejection fraction has been described in end-stage HCM. A pro-
nounced, localized increase in wall thickness is suggestive of 
HCM, except for the basal septal bulge often found in long-
standing hypertension. In any case, differentiation from long-
standing severe hypertensive heart disease is difficult based on 
wall thickness or mass alone, except that very large increases 
in wall thickness and mass (e.g. end-diastolic thicknesses in 
excess of 20 mm) are indicative of cardiomyopathy. An over-
lapping form of “hypertensive HCM of the elderly” has been 
described.1 Thus, in the presence of substantial hypertension, 
the differential diagnosis of hypertensive heart disease cannot 
be excluded in a patient with extensive wall hypertrophy. 
Similarly, aortic stenosis or infiltrative cardiomyopathy (e.g. 
cardiac amyloidosis) can produce left ventricular hypertrophy 
which is difficult to distinguish from HCM. Recently, reduced 
peak systolic longitudinal deformation (strain) averaged over 
all LV walls was reported to distinguish hypertensive from 
cardiomyopathic hypertrophy, with values for deformation 
(strain) <10.6% (in absolute value, neglecting the negative 

LV wall thickness increase and hypertrophy, especially, but not exclusively, with asymmetric septal hypertrophy (septal/posterior 
 end- diastolic wall thickness >1.3) in the absence of other causes of hypertrophy

Decreased basal longitudinal myocardial velocities (e¢ < 13.5 cm/s)

LV systolic outflow tract obstruction or mid-ventricular obstruction

SAM of the mitral valve with or without septal contact of leaflet tips

Mid-systolic closure of aortic valve

Presence of an increased systolic flow velocity (>2 m/s) in the LV outflow tract, with a late systolic peak. In some instances, 
the  obstruction is mid-ventricular

table 22.1. Echo signs of HCM. Note that none of these signs is absolutely specific for the diagnosis of HCM
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sign) predicting HCM with a sensitivity of 85% and specific-
ity of 100%. A ratio of end-diastolic septal to posterior wall 
thickness >1.3 combined with evaluation of systolic strain 
yielded a predictive accuracy of 96%.2

Apical HCM is more frequently seen in Asia, especially 
in Japan, than in Western countries. In this subset of HCM, 
there is systolic apical cavity obliteration (Fig. 22.2), and 

giant negative T-waves are seen in the precordial ECG leads. 
LV contrast echocardiography may aid in the delineation of 
apical hypertrophy. Apical aneurysms, which occur in only 
approximately 2% of patients with HCM,3 are mostly associ-
ated with apical or mid-ventricular hypertrophy and seem to 
affect prognosis negatively. These aneurysms, which are 
usually small, may escape 2D echo detection because of 
foreshortening of the LV apex. Paradoxical diastolic flow 
directed towards the mitral valve may be present, and can be 
detectable by Doppler imaging.4, 5

The basic functional disorder in HCM occurs during dias-
tole with impaired relaxation, filling, and compliance of the 
ventricles. Far from being uniform, myocardial dysfunction is 
regional and irregular, depending on the extent and distribu-
tion of the underlying myofibrillar lesions. Early studies using 
M-mode echocardiography showed that the rates of filling and 
relaxation of the LV were abnormal in patients with HCM.6–8 
However, pulsed-wave Doppler echocardiographic record-
ings of trans-mitral flow are easier to obtain and provide a 
good overall estimate of diastolic filling abnormalities of the 
LV.9, 10 In HCM patients, the period during which the heart is 
isovolumic is often prolonged, LV filling is slow, and the pro-
portion of filling volume resulting from atrial systole may be 
increased. As long as left atrial pressures are still normal, 
impaired ventricular relaxation results in prolonged isovolumic 
relaxation time, slower early ventricular filling (E-wave), and a 
compensatory exaggerated atrial systolic filling (A-wave), with 
a reduced E/A ratio.10, 11 In more severe cases, with increased 
mean diastolic left atrial pressure (>15 mmHg), rapid filling is 
increased with a consequent reduction of the atrial contribu-
tion, giving the wrong impression of “normalization” of LV 
filling (pseudo-normalization). Such “normalization” of the 
diastolic filling pattern in HCM can also happen in the pres-
ence of significant mitral regurgitation. With more advanced 

a bFig. 22.1 (a) End-diastolic 
apical four-chamber view of 
patient with HCM. The maximal 
septal thickness is 31 mm, and 
the lateral wall is also massively 
thickened. Note bright echo 
texture of septal myocardium. 
(b) Diastolic parasternal 
short-axis view of LV of 
same patient

Fig. 22.2 Apical four-chamber view of apical HCM with LV cavity 
obliteration in systole (apical arrow)
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a

b

c

Fig. 22.3 Typical example of hypertrophic obstructive cardiomyopa-
thy. Parasternal long-axis view (zoom). (a) End-diastole: End-diastolic 
frame showing thickened septum (20 mm) (arrow). Note that the 
posterior wall is less thickened (12 mm). (b) Early systole: The tip of 
the anterior mitral leaflet (arrow) approaches the septum. (c) Mid-
systole: Septal contact of the anterior leaflet (arrow). Note the nar-
rowed outflow tract

disease, compliance decreases further and LV filling pressures 
rise, and there is accelerated and shortened rapid early filling 
and normal or reduced late filling similar to patients with 
restrictive cardiomyopathy. It is therefore understandable that 
in a non-homogeneous HCM population where patients 
exhibit different degrees of functional disability, they will be 
presenting with a spectrum of mitral and pulmonary venous 
inflow waveforms. Colour Doppler flow imaging can distin-
guish the high pre-systolic inflow velocity (A-wave) from the 
lower velocity of the early diastolic filling flow (E-wave) by 
the increased brightness of the red-orange colour occurring in 
late diastole, which also often aliases. Since patients with 
HCM usually have small LV cavity dimensions, the higher 
velocity in late diastole may be seen into the LV cavity and 
even on occasion reaching the cardiac apex.

The texture of myopathic walls, especially the septum, 
has been described as “granular sparkling,” highlighting the 
increased brightness and strong speckle pattern of the myo-
cardium (Figs. 22.1 and 22.2). A stringent definition of this 
descriptive term, however, does not exist, and the finding is 
rather unspecific, also occurring in severe hypertrophy of 
other aetiologies.

obstruction

Basal septal hypertrophy, per se, leads to a narrowing of the 
outflow tract during systole (Figs. 22.3 and 22.4). In addi-
tion, in the full-blown picture of obstructive HCM, the 
attachment of the papillary muscles is shifted anteriorly, thus 
contributing to the narrowing of the LV outflow tract. HCM 
also frequently affects the mitral valve, with enlargement 
especially of the anterior leaflet.12 This leaflet partakes in the 
obstructive mechanism, moving – together with the whole 
mitral apparatus – anteriorly towards the septum in systole, 
a phenomenon termed systolic anterior motion (SAM) 
(Figs. 22.3–22.6). The extent of the SAM is variable between 
patients and also in a given patient according to sympathetic 
drive, load conditions, and medication. The ultimate mecha-
nism of this characteristic sign of obstruction is still debated, 
but elegant work from Robert A. Levine’s group in Boston 
makes it likely that the mechanism is slack in the chordal 
tethering of the enlarged anterior mitral leaflet, at least partly 
due to the malposition of the papillary muscles, which allows 
leaflet tissue to be dragged into the outflow tract by the blood 
propelled towards the aortic valve.13, 14 An alternative mecha-
nism that has been proposed is a Venturi force sucking the 
mitral leaflet towards the septum by the increased flow veloc-
ity in the outflow tract.15 The latter mechanism observes the 
SAM as a consequence, and not as a cause of LV outflow 
tract obstruction, whereas the former explanation implies a 
causal contribution of SAM to obstruction.

Although LV obstruction in HCM is most frequent at the 
outflow tract level (Figs. 22.7–22.9), mid-ventricular obstruc-
tion at the papillary muscle level is not uncommon and can 
be detected and distinguished from classical obstructive 
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HCM by registering systolic flow turbulence at the mid- 
ventricular (papillary) muscle level rather than at the outflow 
tract level by colour and spectral Doppler imaging.

Changes in Mitral Valve Morphology 
and Function

As mentioned earlier, analyses of autopsy material have 
shown that mitral leaflet sizes are increased in patients with 
obstructive HCM, and that papillary muscle position and 
morphology are often abnormal, with anterior and medial 
displacement and hypertrophy. These changes are related to 
SAM, obstruction, and the occurrence of mitral regurgita-
tion, which is present to some degree in nearly all obstructive 
HCM patients and may be severe.

Myocardial Velocity and Deformation

In spite of usually preserved LV ejection fraction (which 
mainly represents radial systolic inward motion), the 

a

b

Fig. 22.4 Basal parasternal short-axis view of hypertrophic obstruc-
tive cardiomyopathy. Note “asymmetrically” thickened septum (end-
diastole) (arrow in (a)). In early systole, the anterior leaflet is seen to 
obstruct the outflow tract (arrow in (b))

Fig. 22.5 M-mode of mitral valve in hypertrophic obstructive cardio-
myopathy. Note typical SAM pattern (arrow) with mid-systolic con-
tact with the massively thickened septum

Fig. 22.6 M-mode of the aortic valve in hypertrophic obstructive 
cardiomyopathy. Note mid-systolic partial closure of the aortic valve 
due to increasing obstruction (arrow)

Fig. 22.7 Apical five-chamber view in hypertrophic obstructive car-
diomyopathy. Colour Doppler mapping in systole shows flow accel-
eration and turbulence in the LV outflow tract (arrows). IVS: ventricular 
septum; LV: left ventricle; and RV: right ventricle
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longitudinal systolic and early diastolic velocities of the LV 
myocardium are decreased, which is best detected at the 
mitral annulus level (Fig. 22.10). In a study of 36 individuals 
who were genotyped and positive for a familial HCM form 
and 36 controls, a decrease of early diastolic tissue velocity, e¢ 
(averaged from basal septal, lateral, anterior, and posterior 
walls) <13.5 cm/s had a sensitivity of 75% and a specificity of 
86% to detect individuals genetically positive for HCM, 
although half of the 36 genetically positive individuals were 
asymptomatic and without hypertrophy on echo (Fig. 22.11). 
Similar data were reported from another group.16, 17 Myocardial 

longitudinal deformation (strain) is decreased at the site of 
hypertrophy; in a recent publication, mid-septal maximal 
strain was −1.3 ± 8.2% in HCM (including some patients 
with reversed mid-septal strain: i.e. systolic elongation) vs. 
17.6 ± 5.0% in controls, with an inverse correlation between 
mid-septal wall thickness and strain18 and averaged peak sys-
tolic longitudinal strain <10.6% has been used to distinguish 
HCM from hypertensive hypertrophy.2 In the HCM associ-
ated with Friedreich’s ataxia, a neurodegenerative disease, 
significantly lower systolic and particularly early diastolic 
strain rates were noted in homozygously affected patients 

Fig. 22.9 Hypertrophic obstructive cardiomyopathy with severe mitral regurgitation (arrow). (a) Parasternal long-axis view.  
(b) Trans-oesophageal long-axis view. Note also systolic high-velocity flow (turbulence) in the LV outflow tract

a b

Fig. 22.8 Parasternal long-axis view in hypertrophic obstructive cardiomyopathy. (a) End-diastolic frame for orientation. (b) Colour Doppler 
mapping in systole shows flow acceleration and turbulence in the LV outflow tract, well proximal of the aortic valve (arrows)

a b
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than in age-matched controls.19 Note, however, that such 
decreases in tissue velocities and deformation indices also 
occur in infiltrative cardiomyopathies (see Chap. 23) and 
hypertrophic re-modelling of other etiologies. In obstructive 
HCM, there may be a very short mid-systolic deceleration of 
longitudinal tissue velocity detectable, corresponding to mid-
systolic aortic closure (see later).

Diagnosis

The most recent pertinent recommendations of the European 
Society of Cardiology stipulate the following:

The clinical diagnosis of HCM is established most easily and 
reliably with 2D echocardiography by demonstrating left ven-
tricular hypertrophy (LVH) (typically asymmetric in  distribution, 

and showing virtually any diffuse or segmental pattern of left 
ventricular [LV] wall thickening). Left ventricular wall thicken-
ing is associated with a non-dilated and hyper-dynamic chamber 
(often with systolic cavity obliteration) in the absence of another 
cardiac or systemic disease (e.g. hypertension or aortic stenosis) 
capable of producing the magnitude of hypertrophy evident and 
independent of whether or not LV outflow obstruction is 
present.20

Increases in wall thickness of the LV are a very frequent 
echocardiographic finding and mostly due to hypertension. 
Exercise also leads to modest increases in wall thickness, but 
a study in 947 world-class athletes found an end-diastolic 
wall thickness >12 mm in only 1.7% of them, with a maxi-
mum of 16 mm.21 Thus, substantial increases in wall thick-
ness in the absence of hypertension are always suspicious of 
HCM. The pattern of “asymmetric septal hypertrophy” is 
particularly typical of obstructive HCM, but balanced con-
centric hypertrophy may also occur, and localized increases 
in wall thickness (e.g. in circumscribed regions of the LV 

Fig. 22.10 Deformation imaging in HCM. Left, longitudinal tissue 
velocities of basal septum (yellow) and lateral wall (green). Systolic 
(single arrow) and early diastolic velocities (double arrows) are severely 

depressed (<6 cm/s). Right, longitudinal strain from hypertrophied 
septum (green) and lateral of wall of normal thickness (yellow). Note 
severely depressed longitudinal peak strain in the septum (<5%)

Fig. 22.11 Tissue Doppler param-
eters in the detection of sub-clinical 
HCM. Longitudinal tissue velocities in 
normal, genetically affected patients 
without phenotypically manifest 
hypertrophy (M+/LVH−), and 
genetically affected patients with 
echocardiographic hypertrophy (M+/
LVH+). The left panel shows peak 
systolic longitudinal velocities (Sa), 
the right panel early diastolic 
velocities (Ea), measured at the lateral 
mitral annulus region. The differences 
are statistically significant. 
Reproduced with permission from 
Nagueh et al.16
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free wall) have been described as well. A particular form of 
HCM has been described predominantly in Asian patients, 
but also in others, where hypertrophy is confined to the LV 
apex. Typically, these patients have deep negative symmetric 
T-waves in their precordial ECG leads.

Obstruction can be suspected in the presence of “turbu-
lent” intra-ventricular flow on colour Doppler, which also 
precisely identifies the location of maximal flow acceleration 
and, thus, obstruction (Figs. 22.7–22.9). This is especially 
important if interventional therapy is contemplated. The 
findings can be corroborated by carefully moving the sample 
volume of the pulsed-wave Doppler in an apical long-axis or 
five-chamber view along the septum from the LV cavity 
towards the outflow tract identifying the location of obstruc-
tion where the peak systolic flow velocity starts to abruptly 
increase and aliasing occurs. Peak outflow tract velocities 
should be acquired by continuous-wave Doppler and typi-
cally show a late systolic maximum, giving the spectral curve 

a “dagger shape” (Fig. 22.12). Peak velocities vary with the 
degree of obstruction, but can exceed 5 m/s. It is common 
practice to report the peak velocities or gradients and not 
mean gradients in this disease. The normal upper limit of LV 
outflow tract velocities is not well defined, but generally 
assumed to be 1.5 m/s; on the other hand, a peak sub-aortic 
flow velocity of >2.7 m/s or a gradient of >30 mmHg are 
currently recommended by guidelines to diagnose the 
obstructive form of HCM.20 If borderline velocities are 
detected, measurement after physical exercise or after admin-
istering sublingual nitroglycerine (one to two puffs) may be 
considered. Shape and timing distinguishes the continuous-
wave signal of outflow tract obstruction from the signal of 
concomitant mitral regurgitation, which may be similar in 
peak velocity, but starts earlier and finishes later than the 
obstruction signal and has a symmetric shape. Often one can 
see both spectra superimposed. If in doubt, mitral regurgita-
tion should be recorded by pulsed Doppler at the mitral 

a

b

c

Fig. 22.12 (a) Pulsed Doppler recording of systolic flow in the LV in a 
patient with hypertrophic obstructive cardiomyopathy. Note that 
sample volume is about 25 mm distant from the aortic valve, well 
within the LV. Systolic flow velocities towards the outflow tract (arrow) 
are clearly elevated (>2 m/s) and there is aliasing. (b) Continuous-

wave Doppler recording of outflow tract velocities in the same patient. 
Note late- peaking elevated velocities (peak gradient, 46 mmHg). 
(c) Continuous-wave Doppler recording of outflow tract velocities 
from another patient with hypertrophic obstructive cardiomyopathy 
and a peak gradient of 60 mmHg
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annulus level and the timing compared to the signal in 
question.

Morphologic signs of obstruction are:

SAM, which can vary from a barely perceptible buckling •	
to clear contact between the anterior mitral leaflet and the 
septum during systole. A SAM confined to the chordae 
(chordal SAM) is a more unspecific finding not diagnostic 
of obstructive HCM. Even leaflet SAM, however, can 
occur in a number of other situations than obstructive 
HCM, namely during dobutamine stress in otherwise nor-
mal ventricles with excellent function, in states of volume 
depletion or external compression of the LV (e.g. by a 
large right ventricle), and after surgical mitral valve repair 
with a ring.
Mid-systolic (incomplete) closure of the aortic valve, best •	
seen by M-mode (Fig. 22.6), due to the mid-systolic peak 
in obstruction.

Additional confirmation of HCM may be sought from tissue 
Doppler and deformation imaging (Fig. 22.10). Both show 
markedly decreased velocities and deformation parameters 
in the presence of HCM, in spite of preserved ejection frac-
tion, and – based on published studies in small numbers of 
patients – may be able to detect HCM before hypertrophy 
becomes apparent or in genetically, but not phenotypically, 
affected individuals. Special attention should be paid to a 
decrease in e´ velocity when screening relatives of patients 
with HCM. However, these changes are not specific and also 
found in other cardiomyopathies or hypertrophy of other 
origins.

Pitfalls

An erroneous diagnosis of presence or absence of HCM can 
occur due to the following mistakes22:

LVH due to hypertension (often with a basal septal bulge), •	
aortic stenosis, infiltrative cardiomyopathy, or heavy 
exercise. LV non-compaction may mimic HCM. This is a 
cardiomyopathy characterized by a two-layered LV wall 
structure with a heavily trabecularized inner layer (the 
non-compacted layer) showing prominent inter-trabecular 
spaces and a thickness at least twice as large as the com-
pacted outer layer.23

Over-reliance on M-mode measurements of septal and •	
posterior wall thickness. M-mode measurements fre-
quently are oblique to the true short axis of the LV. 
Attention to this problem, measurements from 2D images 
or from anatomic M-mode help avoid this problem.
Apical hypertrophy may go undetected due to near-field •	
artefact. Insufficient delineation of the lateral wall may 

also obscure localized hypertrophy. In cases of doubt, left 
heart contrast injection is helpful.
In conditions of volume depletion, during dobutamine •	
stress or in acute anterior myocardial infarction, unspe-
cific systolic ventricular gradients may occur. These do 
not indicate the presence of cardiomyopathy.

While recording LV (outflow tract) gradients by continu-
ous-wave Doppler, care must be taken not to confound them 
with mitral regurgitation signals. Mitral regurgitation starts 
earlier (immediately after the end of the transmitral A-wave) 
and ends later (at the onset of the transmitral E-wave). If in 
doubt, the timing of the systolic high velocity signal on 
continuous-wave Doppler assumed to be due to ventricular 
obstruction should be compared with the timing of pulsed-
wave recordings of mitral regurgitation and outflow tract 
velocities.

Imaging in Guiding the therapy 
of Hypertrophic obstructive Cardiomyopathy

While medical therapy with beta-blockade and calcium 
antagonists is the first therapeutic step in symptomatic indi-
viduals, percutaneous septal alcohol ablation or surgical 
septal myectomy/myotomy are performed in patients with 
persisting severe symptoms. Echo is used in a few centres 
performing percutaneous alcohol ablation to define the per-
fusion territory of the targeted septal branch of the left ante-
rior descending artery (Figs. 22.13 and 22.14).18 For this 
purpose, echo contrast is injected during coronary angiog-
raphy into the respective septal branch through the lumen 
of an over-the-wire balloon catheter after guidewire 
removal. The balloon is inflated to prevent spillover of con-
trast into the left anterior descending artery. Impressive 
variability in the perfusion territory of such branches has 
been reported. The delineation of the perfusion territory 
serves to identify:

(a) whether the corresponding septal area is adjacent to the 
region of flow acceleration;

(b) other structures perfused by the septal branch (e.g. right 
ventricular myocardial regions, papillary muscles, and 
other areas), which would be jeopardized by the planned 
alcohol ablation.

In the largest reported series of 322 patients who had intra-
coronary echo contrast application (Levovist®) before 
intended septal ablation, in 18 (6%) patients the procedure 
was aborted because atypical perfusion territories were found 
at risk (right and left papillary muscles, right ventricular free 
wall) by the septal contrast injection.
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a b c

d e f

Fig. 22.13 Interventional and echocardiographic sequence of a 
(super-selective) septal ablation procedure for symptomatic hypertro-
phic obstructive cardiomyopathy. Angio sequence: first major septal 
perforator artery with two sub-branches (black arrows), as the pre-
sumed target vessel (a), white arrow, lead of the temporary pace-
maker; white arrow, pigtail catheter in the LV, balloon within the 
proximal part of the septal perforator, (b) distal vessel bed with two 
sub-branches contrasted angiographically, (c) balloon advanced 

super-selectively into the left/basal sub-branch. Corresponding echo 
sequence: Sub-aortic septum as target region in typical SAM-
associated, sub-aortic obstruction (d, dotted line), (e) test injection of 
the echo contrast agent in balloon position of (b) highlighting the 
basal half of the septum plus a right ventricular papillary muscle (white 
arrows), (f) after super-selective balloon position of (c), correct opaci-
fication of the target region is achieved. Reproduced with permission 
from Faber et al.25 RA right atrium; RV right ventricle; LA left atrium
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During surgical myectomy/myotomy, intra-operative 
echo can guide the surgeon as to the necessary extent of 
removal of septal myocardium, while avoiding creation of a 
ventricular septal defect. Sometimes, after myectomy small 
fistulas can be seen from coronary branches that have been 
cut and now drain into the left ventricle (Fig. 22.15).
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Introduction

Infiltrative cardiomyopathy can result from a wide spectrum 
of both inherited and acquired conditions with varying sys-
temic manifestations. They usually portend an adverse prog-
nosis, although in rare instances (e.g. Fabry’s disease) early 
diagnosis can result in potentially curative treatment. Cardiac 
amyloid remains the archetypal infiltrative cardiomyopathy 
and is discussed in great detail in this chapter. Non-invasive 
imaging modalities, principally echocardiography and car-
diovascular magnetic resonance (CMR), play a pivotal role 
in the early diagnosis and management of all types of infil-
trative cardiomyopathy.

Amyloidosis

Amyloidosis is a clinical disorder caused by extracellular 
deposition of insoluble abnormal fibrils, derived from aggre-
gation of mis-folded, normally soluble, protein.1,  2 About 20 
different unrelated proteins are known to form amyloid 
fibrils in vivo, which share a pathognomonic ultrastructure.3 
Systemic amyloidosis, in which amyloid deposits are present 
in the viscera, blood vessel walls, and connective tissues, is 
usually fatal and is the cause of about 1 per 1,000 deaths in 
developed countries. There are also various localized forms 
of amyloidosis in which the deposits are confined to specific 
foci or to a particular organ or tissue. “Cardiac amyloidosis” 
describes involvement of the heart by amyloid deposition, 
whether as part of systemic amyloidosis (as is most com-
monly the case) or as a localized phenomenon.

Amyloid subtype Classification

Systemic AA amyloidosis, formerly known as secondary 
amyloidosis, rarely involves the heart. Systemic AL amyloi-
dosis, previously known as primary amyloidosis, is the most 
commonly diagnosed form of clinical amyloid disease in 
developed countries. AL fibrils are derived from monoclonal 
immunoglobulin light chains and consist of the whole or part 
of the variable (VL) domain. The heart is affected pathologi-
cally in up to 90% of AL patients, in 50% of whom diastolic 
heart failure with physical signs of right heart failure is a 
presenting feature. Conversely, less than 5% of patients with 
AL amyloidosis involving the heart have clinically isolated 
cardiac disease. Death in more than half of these patients is 
due to either heart failure or arrhythmia.

There are two additional variants of systemic AL amyloi-
dosis: Hereditary systemic amyloidosis is caused by deposi-
tion of amyloid fibrils derived from genetic variants of 
transthyretin (TTR), apolipoprotein A-I, lysozyme, or fibrin-
ogen A a-chain and other extremely rare variants. Clinical 
syndromes include cardiomyopathy, nephropathy, or neurop-
athy, although the heart is most prominently involved in vari-
ant TTR type, which is associated with more than 100 
different TTR mutations and most often with associated neu-
ropathy. This entity is not rare, and indeed, the amyloidogenic 
TTR Val122Ile variant is present in 4% of African-Americans, 
and 23% of African-Americans with cardiac amyloidosis 
have this variant.

Senile systemic amyloidosis (SSA) is caused by deposi-
tion of amyloid fibrils derived from normal wild-type TTR, 
and it almost always presents as a slowly progressive, infil-
trative amyloid cardiomyopathy. It is exceptionally rare 
below the age of 60 years, but its prevalence ranges from 
25%– to 36% over the age of 80 years. There is a large male 
predominance, and it has a major predilection for the heart.

echocardiography

Echocardiography can show several features that are sugges-
tive of cardiac amyloidosis (Fig. 23.1), although the classical 
features are commonly present in the later stages of the dis-
ease4, 5 and there is a wide spectrum of echocardiographic 
findings. It cannot confirm diagnosis in isolation, and the 
images should be interpreted in the context of the clinical 
picture and other investigations. AA amyloid very rarely 
affects the heart and the common types that do (i.e. AL and 
variant/wild-type TTR types) cannot be distinguished by 
echo. Although extremely rare, hereditary apolipoprotein 
A-I amyloidosis can involve the heart, again producing simi-
lar echocardiographic abnormalities.

The most common echocardiographic feature is increased 
thickness of the left ventricular (LV) wall, particularly in the 
absence of hypertension. This is often referred to incorrectly 
as “hypertrophy,” as the pathological process is infiltration, 
and not myocyte hypertrophy. This feature has poor speci-
ficity for amyloidosis because of its occurrence in other 
 conditions (e.g. hypertensive heart disease, hypertrophic car-
diomyopathy, and other infiltrative cardiac diseases, such as 
glycogen storage diseases (GSD), sarcoidosis, and haemo-
chromatosis). The combination of increased LV mass in the 
absence of high electrocardiography (ECG) voltages may be 
more specific for infiltrative diseases of which amyloid is the 
commonest (Fig. 23.2).3 High sensitivity (72% to 79%) and 
specificity (91% to 100%) have been reported for this com-
bination,6,  7 although some study sizes are small and may be 
influenced by referral bias.
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Increased echogenicity of the myocardium, particularly 
with a granular or “sparkling” appearance, has been reported 
in several studies.8 However, this can occur in other causes 
of left ventricular hypertrophy (LVH)6,  9 and, although high 
specificity rates are quoted (71% to 81%),6,  9 the populations 
studied were those referred with suspected amyloid, and this 
specificity may not be reflective of “real-life” practice. 

Moreover, sensitivity tends to be low with this pattern seen 
in 26% to 36% of cardiac amyloid cases10, 11 apart from a 
single study suggesting a sensitivity of 87%.9 It should be 
noted that this granular pattern only applies to standard 
echocardiographic imaging, without tissue harmonics being 
applied, as this increases myocardial echogenicity in gen-
eral. Newer echocardiographic image processing techniques 
may also reduce the granular appearance. Thus, although 
increased echogenicity is common in amyloid, its usefulness 
as a discriminating factor is limited.

LV systolic function is usually normal until late stages of 
the disease process. Systolic function can be hyper-dynamic 
in some cases (hence, can be mistaken for hypertrophic or 
hypertensive cardiomyopathy) in initial stages, but in 
advanced stages systolic function can be depressed without 
cavity dilation resulting in marked reduction in stroke vol-
ume and cardiac output.

Diastolic dysfunction, however, is the fundamental abnor-
mality in cardiac amyloidosis and is abnormal prior to sys-
tolic dysfunction, which is often normal even with advanced 
symptoms. Early in the disease process, there may be an 
abnormal relaxation pattern with progression to a restrictive 
pattern in advanced and symptomatic disease (Fig. 23.1c). 
Not only do diastolic parameters correlate with the severity 
of the symptoms, but they are also prognostic with a restric-
tive filling pattern (DT < 150 msec, see Fig. 23.1c) associ-
ated with a mortality of 50% at 1 year. Atrial enlargement is 
a common finding in amyloid heart disease and reflects the 
abnormal diastolic function.

Tissue Doppler imaging can measure regional myocardial 
motion and velocity and can detect changes in systolic and 
diastolic function prior to more conventional measurements 
of cardiac dysfunction (Fig. 23.1d). However, tissue Doppler 
velocity imaging suffers from the confounding effects of 
tethering and translation and, hence, newer techniques that 
assess regional longitudinal myocardial deformation, such as 
strain and strain rate, may be more sensitive. These tissue 
myocardial changes may be present prior to increased LV 
wall thickness and symptoms, and hence may have a role in 
preclinical detection.

Other echocardiographic features are the result of diffuse 
infiltration with resultant increased wall thickness of the 
right ventricle (RV), cardiac valves, and inter-atrial septum 
(Fig. 23.1). Although cardiac valves may be focally or dif-
fusely thickened, significant dysfunction is not common. 
Inter-atrial septal thickening along with speckling is a distinc-
tive sign of amyloid with high specificity. RV abnormalities are 
common and may manifest as systolic or more commonly 
diastolic dysfunction. RV dilation, if present, may reflect a 
more advanced disease process and is associated with a more 
adverse prognosis. Atrial involvement with demonstrable 
dysfunction using strain echocardiography has also been 
observed and may be contributory to cardiac symptoms in 

Fig. 23.1 (a). 2D echocardiogram (parasternal long-axis view) show-
ing marked concentric LVH (IVS: inter-ventricular septum, and 
PW : posterior wall) and a non-dilated LV cavity. There is also left atrial 
enlargement (LA) and a small pericardial (PE) and larger pleural effu-
sion (PE). (b) 2D echo (sub-costal view) highlighting markedly 
increased RV thickness (RVH : right ventricular hypertrophy). There is 
also bi-atrial enlargement (RA : right atrium; LA =: left atrium), and the 
presence of a small pericardial effusion (PE). (c) Spectral Doppler of 
mitral inflow of the same patient with advanced amyloid heart dis-
ease. There is a restrictive pattern with marked shortening of DT and 
diminution of atrial contribution with E/A ratio > 2. (d) Tissue Doppler 
velocity (apical window) of the medial mitral annulus in the same 
patient showing marked decrease in E¢ (early-diastolic wave). The  
E/E¢ ratio was calculated at 28, which corresponds to significant ele-
vation in left-sided filling pressures. There is also a striking decrease 
in the systolic-positive wave(s) illustrating a significant decrease in 
longitudinal contractile function

a

b
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primary amyloidosis. Small-to-moderate-sized pericardial 
effusion due to pericardial involvement is also common, par-
ticularly in end-stage disease.

Despite the number of echocardiographic features found 
in amyloid heart disease, none, taken individually, are diag-
nostic, and they can be seen in other cardiac diseases. The 
diagnosis is still based on the combination of various 

echocardiographic findings with the integration of clinical 
findings and (where available) further imaging with CMR (see 
below). However, marked myocardial hypertrophy along with 
valvular thickening, abnormality of diastolic function (particu-
larly restrictive physiology), and presence of pericardial effu-
sion in combination with characteristic ECG findings makes 
amyloid disease an important diagnostic consideration.

c

d

Fig. 23.1 (continued)



  Amyloidosis 441

CMR Imaging

A strength of CMR using late-gadolinium enhancement 
(LGE) technique is the ability to “phenotype” various 
forms of cardiomyopathy with high spatial resolution and 
reproducibility. Maceira et al. studied 29 patients with sys-
temic amyloidosis and 16 hypertensive controls using gad-
olinium-enhanced CMR.12 Amyloidosis was associated 
with qualitative global and sub-endocardial gadolinium 
enhancement of the myocardium. Sub-endocardial longitu-
dinal relaxation time (T1) in amyloid patients was shorter 
than in controls and was correlated with markers of 
increased myocardial amyloid load, such as (LV) mass, 
wall thickness, inter-atrial septal thickness, and diastolic 
function. Global sub-endocardial LGE was found in 
 approximately two-thirds of patients. Based on pathologi-
cal correlates in a patient from this study, the CMR hyper-
enhancement probably represents interstitial expansion 
from amyloid infiltration.

Perugini et al.. studied an Italian population of patients 
with histologically proven systemic amyloidosis and echocar-
diographic diagnosis of cardiac involvement.13 Gadolinium 
enhancement by CMR was detected in 16 of 21 (76%) 
patients. In contrast to the study of Maciera et al. in which 
the pattern of late enhancement was global and subendocar-
dial, Perugini et al.. reported a much more variable pattern of 
late enhancement that could be localized or diffuse and sub-
endocardial or trans-mural. Trans-mural extension of hyper-
enhancement (i.e. how much of the LV wall thickness was 
enhanced) within each patient significantly correlated with 
(LV) end-systolic volume. The number of enhanced seg-
ments correlated with LV end-diastolic volume, end-systolic 
volume, and left atrial size. An especially unique feature of 
LGE appearances in this population is the blood pool 

appearing atypically dark. This reflects the similar myocar-
dial and blood T1 values due to high myocardial uptake and 
fast blood pool washout of the contrast agent. Although yet 
to be proved, imaging with a highly reproducible and quan-
tifiable technique such as CMR may help to estimate the 
prevalence of cardiac involvement in systemic amyloidosis 
when cardiac morphological changes are not apparent by 
echocardiography. Screening of subclinical early cardiac 
involvement may become possible if delayed enhancement 
proves to have adequate sensitivity in detecting early amy-
loid infiltration. Improved non-invasive surveillance may 
also potentially aid in the evaluation of new chemotherapeu-
tic agents. Figure 23.3 illustrates the typical CMR features of 
amyloid heart disease.

Radiolabelled serum Amyloid P Component 
scintigraphy

Serum amyloid P (SAP) is a highly conserved, invariant 
plasma glycoprotein of the pentraxin family that becomes 
specifically and highly concentrated in amyloid deposits of 
all types as a result of its calcium-dependent binding to all 
types of amyloid fibril. Following intravenous injection, 
radiolabelled SAP distributes between the circulating and 
the amyloid bound SAP pools in proportion to their size and 
can then be imaged and quantified.14 This safe non-invasive 
method provides unique information on the diagnosis, distri-
bution, and extent of amyloid deposits throughout the body, 
and serial scans monitor progress and response to therapy. 
Serial SAP scans have unequivocally demonstrated that 
amyloid deposits of all types regress in a proportion of 
patients when the supply of the respective amyloid fibril 

Fig. 23.2 12 Twelve-lead ECG 
demonstrating small voltages in 
limb and chest leads (in same 
patient as Fig. 23.1). There is also 
poor R-wave progression in the 
anterior leads (pseudo-infarct 
pattern). This appearance in 
combination with marked LV 
thickness on echocardiogram 
(see Fig. 23.1a) in the same 
patient is strongly suggestive of 
an infiltrative cardiomyopathy 
(cardiac amyloid)
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precursor protein is sufficiently reduced. Unfortunately, pla-
nar SAP scintigraphy is unable to image amyloid in the mov-
ing heart.

sarcoidosis

Sarcoidosis is a systemic disorder of unknown etiology 
involving granulomatous infiltration of various organs 
including the heart. The pathophysiology is thought to be 
related to an excessive cell-mediated immune response to an 
unknown antigen with accumulation of mononuclear inflam-
matory cells, mostly CD4 + lymphocytes.15 The resultant 
inflammatory response produces tissue injury and fibrosis 
that may be focal or diffuse.

There is a striking variance in prevalence, with the disease 
more common in Blacks and Scandinavians.16 Cardiac 
involvement occurs in up to 30–40% in post-mortem studies 
17, 18 and is associated with poorer prognosis, particularly if 
patients exhibit cardiac symptoms.19 Clinically, cardiac 
involvement occurs in 5%, and its presentation may include 
rhythm disturbance (particularly heart block), cardiac failure, 
cor pulmonale, and even sudden death.20 However, diagnosis 
of cardiac involvement is difficult because of the numerous 
different manifestations of the disease process and the lack of 
sensitivity or specificity of various cardiac imaging tests. The 
Japanese Ministry of Health and Welfare guidelines for diag-
nosis of cardiac sarcoid, which incorporates the use of ECG, 
cardiac imaging, and histopathology, is the most well known 
and currently presides as the reference standard. More 
recently, Mehta et al. found that including advanced cardiac 
imaging with positron emission tomography (PET) scanning 
or CMR increased sensitivity above the previously estab-
lished criteria.21

echocardiography

Sarcoid involvement of the heart is a great masquerader and 
may present with a variety of echocardiographic abnormali-
ties, including wall motion abnormalities (particularly 
regional thinning and aneurysms),22 systolic and diastolic 
dysfunction, pulmonary hypertension, and pericardial effu-
sions. Case reports have sarcoidosis mimicking coronary 
artery disease, Takotsubo cardiomyopathy, RV cardiomyo-
pathy23, hypertrophic cardiomyopathy, and valvular dys-
function. However, in most cases of systemic sarcoidosis, 
there are no distinctive morphological or functional abnor-
malities of the heart. Tissue Doppler 4 and ultrasonic tissue 
characterization by myocardial integrated backscatter 5 have 
demonstrated abnormalities in the absence of other 2D 
echocardiographic features and, hence, may have the ability 
to diagnose early cardiac involvement. Figure 23.4 shows 
an echocardiographic example of a patient with cardiac 
sarcoidosis.

a

b

c

Fig. 23.3 CMR-delayed enhancement (a, horizontal long-axis view 
and c, short-axis view) and cine (b, horizontal long-axis view) images 
from a patient with cardiac amyloidosis. Images show typical CMR fea-
tures: global increase in wall thickness/mass and diffuse biventricular 
and biatrial sub-endocardial late-gadolinium hyper-enhancement
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nuclear Imaging

Thallium-201 scintigraphy in sarcoidosis can be distinctive 
with a pattern of reverse redistribution in which a resting 
perfusion defect improves with stress imaging. This can be 
helpful in differentiating sarcoid heart disease from an 
ischaemic cause.24 However, these findings are non-specific, 
particularly in the absence of cardiac symptoms, and, hence, 
are of limited value as a screening test. Gallium-67 scintigra-
phy has also been used to diagnose cardiac sarcoid as it accu-
mulates in the presence of active inflammation. Hence, the 
absence of uptake may not exclude sarcoid involvement but 
suggests lack of active disease and has been shown to predict 
response to corticosteroid therapy.25 More recently, a study 
by Ishimaru et al.. using (18)F-fluoro-2-deoxyglucose posi-
tron emission tomography ((18)F-FDG PET) demonstrated 
focal myocardial uptake in cardiac sarcoidosis.26

CMR Imaging

The superior spatial resolution of CMR is particularly use-
ful in identifying even small areas of myocardial oedema 
and fibrosis leading to post-inflammatory scarring that is 
typically seen in cardiac sarcoidosis. Both global and 
regional contractile dysfunction have been described, 
although, similar to cardiac amyloidosis, the (LGE) tech-
nique has been most widely evaluated in clinical studies 
using CMR. In the largest study to date, Smedma and col-
leagues evaluated the utility of LGE in 58 patients with 
biopsy-proven pulmonary sarcoidosis, 25% of whom also 
had symptoms suggestive of cardiac involvement.27 All 
patients underwent clinical assessment, 12-lead (ECG), 
ambulatory ECG monitoring, trans-thoracic echocardio-
graphy,201thallium single-photon emission computed tomog-
raphy (SPECT), and CMR (cine and LGE). The modified 
Japanese Ministry of Health criteria was used as the gold 
standard. CMR revealed LGE, mostly involving the epicar-
dium of basal and lateral segments in 73% of patients diag-
nosed with cardiac involvement by the Japanese criteria. In 
about half of these patients, scintigraphy was normal, while 
patchy LGE was present underlining the differences in spa-
tial resolution. This study is limited in that only a minority 
of patients had correlation between LGE-CMR results and 
endomyocardial biopsy. Other studies have confirmed the 
predilection of LGE for the basal-lateral segments, although 
sub-endocardial or trans-mural hyper-enhancement also has 
been observed, mimicking the ischaemic pattern. The long-
term prognostic implications of LGE in cardiac sarcoidosis 
are not yet available.

Apart from LGE, both functional and anatomical (“white 
blood” and “black blood”) CMR sequences can help in 

a

b

c

Fig. 23.4 (a) 2D parasternal long-axis view of a patient with biopsy-
proven cardiac sarcoidosis. The appearance is typical of a dilated 
cardiomyopathy with globally reduced contraction. The end-dia-
stolic dimension (LVEDd) is increased and there is normal thickness 
of the posterior wall (LVPWd) and the interventricular septum (IVSd). 
LV : left ventricle; Ao =: aorta; and LA : left atrium. (b) 2D echocardio-
gram of an apical four chamber showing an LV that is significantly 
dilated and spherical in shape. This patient had endomyocardial 
biopsy-proven sarcoidosis, but the appearance is indistinguishable 
from a typical dilated cardiomyopathy. RV : right ventricle; RA : right 
atrium; and LA : left atrium. (c) Pulse-wave Doppler of mitral valve 
(MV) inflow in a patient with dilated cardiomyopathy due to sarcoi-
dosis showing a restrictive filling pattern with a E (early- diastolic fill-
ing) to A (late-diastolic filling due to atrial contraction) ratio of 
greater than 2 and a short DT
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detecting cardiac sarcoid by demonstrating some of its char-
acteristic features – septal thinning, LV/RV dilation and sys-
tolic dysfunction, and pericardial effusion28, 29 (see Fig. 23.5). 
T2-weighted sequences may also help in identifying myo-
cardial oedema.30 CMR also identifies pulmonary features of 
sarcoid, such as enlarged hilar lymph nodes and lung 
fibrosis.

Anderson–Fabry Disease

Fabry’s disease is an X-linked condition with systemic and 
cardiac manifestations. It is an enzyme deficiency of a-galac-
tosidase31 that results in accumulation of glycosphingolipids 
in lysosomes of various cells and organs including the heart. 

Cardiac involvement is frequent 32 and results in myocyte 
vacuolation, hypertrophy, and regional fibrosis.33, 34 This can 
result in heart failure and conduction abnormalities and is an 
important cause of death in these patients.35 Currently, the 
diagnosis is based on one or more of biochemical testing, 
genetic mapping, and endomyocardial biopsy. However, 
imaging of the myocardium has been explored as a non-inva-
sive way of early screening and diagnosing patients. Correct 
diagnosis is of vital importance because, unlike many other 
forms of infiltrative cardiomyopathy, the condition is poten-
tially reversible with treatment by enzyme replacement ther-
apy.36 Fabry’s cardiomyopathy is not as rare as initially 
thought and can be difficult to distinguish from other forms 
of infiltrative or hypertrophic cardiomyopathies. A recent 
study discovered that 6% of male patients diagnosed with 
hypertrophic cardiomyopathy in fact have Fabry’s disease 
on biochemical and genetic testing.37 Another study found 

a

b

c

d

Fig. 23.5 CMR-delayed enhancement (a, LV outflow tract view and c, 
short-axis view) and cine (b, Lleft ventricularV outflow tract view and 
d, short-axis view) images from a patient with cardiac sarcoidosis. 

Images show typical CMR features: septal wall thinning, increased 
overall LV mass, and patchy late-gadolinium hyper-enhancement 
(white arrows)
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that Fabry’s disease was present in 10% of patients referred 
to their cardiac unit with unexplained hypertrophy.38

echocardiography

The principal echocardiographic finding is concentric LVH 
with often initially preserved systolic function and with-
out cavity dilation. The main functional abnormality, as in 
other infiltrative cardiomyopathies, is abnormal diastology, 
although restrictive physiology is also possible, but not as 
common. Cardiac valves may be thickened, but severe valve 
dysfunction is rare. There is also increased incidence of aor-
tic root dilation.39

Recent studies using tissue Doppler imaging have shown 
a reduction in both relaxation and contraction tissue Doppler 
velocities in patients (see Fig. 23.6). These findings are 
detectable before the onset of LVH and other morphological 
changes.40 Strain and strain rate imaging reflect regional 
myocardial function and contractility, respectively. They are 
also reduced early in the disease process and can be reversed 
with treatment.36 Strain imaging has the advantage over tissue 
Doppler velocity in that it can detect regional heterogeneity 
in myocardial function, which is characteristic of Fabry’s 
with strain abnormalities being most pronounced in the inf-
erolateral wall.41 Interestingly, this is also the area where 
LGE CMR abnormalities are most pronounced (see below).

More recently, Pieroni and colleagues 42 have described 
the so-called binary sign, which is an abnormal appearance 
of the LV endocardial border thought to be related to gly-
cosphingolipid compartmentalization. They found this to be 
both a specific and sensitive mark for Fabry’s disease. 
However, other authors have disputed this finding and sug-
gested that this binary appearance is non-specific and affected 
by instrumental settings.43

As with other infiltrative and storage cardiomyopathies, 
the progression and spectrum of disease are not static. In the 
initial stages, standard morphological and functional 
changes may not be apparent, and, hence, these newer tissue 
imaging techniques could provide earlier diagnosis with 
prompt consideration for enzyme replacement. Regardless, 
the higher than expected incidence of Fabry’s should alert 
the imaging clinician to this diagnosis in anyone with unex-
plained LVH.

CMR

Systematic reporting of CMR features in this disease 
(Fig. 23.7b, c, Video 23.7a) is sparse. Moon et al. have 
reported LGE patterns in a unique distribution involving the 
basal inferolateral wall, sparing the endocardium, in 50% of 

b

c

a

Fig. 23.6 (a) 2D echocardiogram of a parasternal long-axis view in a 
patient with Fabry’s disease demonstrating marked concentric LVH 
without cavity dilation. Thickening of the anterior mitral valve (AMV) 
is also seen. PW : posterior wall; IVS: interventricular septum; LA : left 
atrium; and LV : left ventricular cavity. (b) Doppler imaging: (a) Pulsed-
wave Doppler of mitral inflow demonstrating ventricular (E-wave) 
and atrial filling (A-wave). (b) Tissue Doppler imaging of basal sep-
tum showing contractile (S) and relaxation velocities (E¢ and A¢). The 
E¢ is markedly reduced with increased E/E¢ demonstrating an elevated 
LV filling pattern of diastolic dysfunction
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affected patients.44 LGE in this respect probably represents 
interstial expansion secondary to replacement fibrosis, 
although why this region of the myocardium is favoured is 
unclear. Nevertheless, the finding of substantial areas of 
myocardial fibrosis by CMR LGE may in future have impor-
tant implications for the treatment of Fabry’s disease, as 
enzyme replacement therapy may be less effective in patients 
with extensive areas of myocardial scarring. Prolongation of 
myocardial T2 relaxation time has also been shown in studies 
of patients with genotype-positive Fabry’s disease, probably 
related to the marked deposition of glycolipid in the myocar-
dium.45 This has been suggested by some as a useful marker 
of this disease. However, there is a wide overlap in myocar-
dial T2 values of Fabry’s disease patients when compared 
with patients with LVH from other causes, such that T2 times 
alone are unlikely to be useful in clinching the diagnosis.45

other Infiltrative Cardiomyopathies

In glycogen storage diseases (GSD), deficiencies in enzymes 
responsible for metabolizing muscle glycogen not only cause 
systemic diseases but also can involve the myocardium. 
Many types have been described, most of which can involve 
the heart, although in a number of cases (e.g. GSD Type 2a 
Pompe’s disease) the disease is invariably fatal in early 

infancy and is unlikely to be encountered by the adult cardi-
ologist. Danon disease (GSD Type 2b), characterized by an 
X-linked dominant inheritance pattern, can present in child-
hood and early adulthood. Among males, the key features 
are cardiomyopathy, skeletal myopathy, and intellectual dis-
ability ranging from mild learning problems to mental retar-
dation. In a recent seminal study, Arad et al.. showed that 
cardiac disease can be the initial and predominant manifesta-
tion of defects in human glycogen metabolism.46 It was found 
that specific glycogen metabolism mutations, LAMP2 and 
PRKAG2, cause multi-system glycogen-storage disease and 
can also present as primary cardiomyopathy mimicking 
hypertrophic or infiltrative cardiomyopathy.

Haemochromatosis can also be considered an infiltrative car-
diomyopathy because it is a deposition disease in which iron 
is deposited intracellularly, causing cell damage with associ-
ated cardiac dysfunction. Echocardiography demonstrates fea-
tures of dilated cardiomyopathy including LVleft ventricular 
dilation and global systolic dysfunction. Cardiac involvement is 
progressive and in the later stages can manifest restrictive 
physiology that clinically can mimic constrictive disease. Non-
invasive determination of the cardiac iron load is possible 
using CMR by measuring myocardial relaxation time T2*.

Myocardial T2* correlates well with cardiac iron concen-
tration measured from biopsy specimens and T2* values 
< 20 ms are associated with heart failure in patients with 
b-thalassemia major.

a c

Fig. 23.7 CMR tissue characterization in a patient with Fabry’s dis-
ease and cardiac involvement (LV mass index 138 g/m2 (NR: 35–64).  
(a) T2 STIR short- axis showing homogeneous signal indicating 

absence of oedema and short-axis PSIR late enhancement. (b) Infero-
lateral uptake in a non-ischaemic distribution pattern



  References 447

summary

The evaluation and management of patients with infiltrative 
cardiomyopathy remains clinically challenging. Cardiac 
involvement in amyloidosis and sarcoidosis is associated 
with a more adverse prognosis and hence early identification 
is warranted.

Echocardiography, though able to detect gross morpho-
logical and functional abnormalities, lacks specificity and 
sufficient sensitivity. Newer methods using tissue imaging 
may prove to have a role in the future by their ability to 
define focal abnormalities and detect subclinical disease. 
Nuclear imaging is helpful in differentiating sarcoid from 
other cardiac diseases when symptoms are present as well as 
predicting response to treatment. More recently, cardiac MRI 
has shown promise for all types of infiltrative cardiomyopa-
thy, in not only identifying typical morphological and func-
tional changes, but also in assessing disease activity. 
However, no imaging technique stands alone, and even the 
“gold standard” of endomyocardial biopsy may often not be 
conclusive, given the focal nature of cardiac infiltration in 
some cases. The integration of clinical assessment, tissue 
biopsy, and cardiac imaging will still need to form the basis 
of any future diagnostic framework.
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Introduction

Dilated cardiomyopathies, either familial-genetic or non-
familial-genetic, in origin are characterized by dilatation of one 
or both ventricles and/or ventricular systolic dysfunction. The 
modern imaging techniques allow assessing the primary myo-
cardial defect in force generation as well as abnormalities in 
the metabolic, perfusion, and structural patterns. The diagnos-
tic and the prognostic role of the three most used techniques 
(echocardiography, nuclear technologies, and cardiac magnetic 
resonance, CMR) are discussed with the purpose of integrating 
the specific information that can be achieved by each of them.

According to a recent statement of the European Society 
of Cardiology, dilated cardiomyopathy (DCM) is defined by 
the presence of left ventricular dilatation and left ventricular 
systolic dysfunction in the absence of abnormal loading con-
ditions (hypertension, valve disease) or coronary artery dis-
ease (CAD) sufficient to cause global systolic impairment. 
Right ventricular dilation and dysfunction may be present, 
but are not necessary for the diagnosis.1

The DCM phenotype may be characterized by a primary 
myocardial defect in force generation and transmission 
(mainly linked to genetic causes), by some amount of myo-
cardial inflammation and cell damage (mainly due to infec-
tive immunologic or toxic mechanisms), and by specific 
abnormalities of myocardial function, perfusion, and metab-
olism, which are the only recognizable alterations in patients 
without a clear genetic or inflammatory cause of DCM (the 
most frequent presentation of the disease).

In this chapter, besides DCM with or without evidence of 
genetic-familial or inflammatory cause, other forms of myo-
cardial disease such as cardiomyopathy associated with preg-
nancy and parturition, isolated left ventricle non-compaction, 
or Tako-tsubo disease are discussed. They all are, in fact, 
characterized by dilatation and/or functional impairment of 
ventricular cavity, and they all receive a strong diagnostic 
support from the different imaging technologies.

Today the cardiologist can utilize different diagnostic 
imaging tools, such as echocardiography, nuclear technolo-
gies, and magnetic resonance. They all have tremendous and 
unique capabilities; it is highly recommended to integrate 
the information provided by each of them but avoid overlap 
and duplication.

Dilated Cardiomyopathy

Determining whether newly recognized left ventricle (LV) 
dysfunction is due to CAD or DCM is a critical early step in 
the risk stratification and management of patients with or 

without overt heart failure. Generally, this diagnosis can be 
anticipated on a clinical ground, but it is conclusively achieved 
by demonstration of the presence or absence of significant 
stenosis of the main coronary arteries at invasive coronary 
angiography. Also, non-invasive evaluation of coronary mor-
phology by multi-slice computed tomography (MSCT) has 
been proposed by several groups and is likely to be systemati-
cally used for this purpose in the near future.

The electrocardiogram is often abnormal and may show 
intra-ventricular conduction abnormalities and bundle branch 
block. At least 25% of patients affected by DCM in Western 
countries have evidence for familial disease with predomi-
nantly autosomal dominant inheritance. Familial disease should 
also be suspected when there is a family history of premature 
cardiac death or conduction system disease or skeletal myopa-
thy. Autosomal dominant forms of the disease are caused by 
mutations in cytoskeletal, sarcomeric protein/Z-band, nuclear 
membrane, and intercalated disc protein genes. X-linked dis-
eases associated with DCM include muscular dystrophies (e.g. 
Becker and Duchenne) and X-linked DCM. DCM may also 
occur in patients with mitochondrial cytopathies and inherited 
metabolic disorders (e.g. haemochromatosis).2

DCM can occur at a late stage following cardiac infection 
and inflammation. In contrast to active or fulminant myo-
carditis, which is by definition an acute inflammatory disor-
der of the heart, often with preserved left ventricular size, 
inflammatory DCM is defined by the presence of chronic 
inflammatory cells in association with left ventricular dilata-
tion and reduced ejection fraction; histology and/or immuno-
cytochemistry are, therefore, necessary for the diagnosis.

Even if a direct cause of DCM remains frequently unrecog-
nized, the condition may represent the final result of a variable 
combination of familial, immunological, toxic, or infectious 
mechanisms. The natural history is not well established, and the 
ventricular impairment in some instances may be reversible. 
An early diagnosis is crucial to institute early management.

echocardiography

Two-Dimensional Echocardiography

Two-dimensional echocardiography can quickly establish 
the diagnosis of left ventricular systolic dysfunction by 
demonstrating ventricular dilatation as well as systolic dys-
function (Figs. 24.1 and 24.2). This is typically diffuse, and 
often involves both the left and right ventricles. However, 
the left ventricular dimensions frequently remain normal, 
and the only abnormality may be diffuse ventricular dys-
function (Video 24.1). This may well represent a milder 
form or an earlier stage of cardiomyopathy. Regular follow-
up with repeated echocardiographic examinations will be 
able to demonstrate changes of ventricular dimensions, and 
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echocardiography is ideally suited for such longitudinal 
studies.

Both patients with CAD and DCM may present with 
symptoms of heart failure. It is obviously crucial to separate 

the two conditions as treatment is very different. This is dif-
ficult to achieve with echocardiography alone. Typically, 
patients with CAD have dilated ventricles with regional wall 
motion abnormalities, while DCM patients present with a 
more diffuse dilatation. The right ventricle is not often 
involved in CAD unless there is proximal right coronary 
artery occlusion, while in DCM it is frequently affected. 
Occasionally, the myocardium may be thin and echogenic in 
case of an old myocardial infarction, which will imply scar 
tissue. In addition, CAD patients tend to be older than 40 
years of age, while DCM patients are younger.

Quantifying left ventricular size and function are obvi-
ously important for patient follow-up, and echocardiography 
is ideally suited for regular assessment. LV dimensions are 
usually enough, but assessing left ventricular volumes may 
offer a better way to assess severity. Importantly, many treat-
ment options such as institution of ACE inhibitors or candi-
dates for cardiac resynchronization therapy (CRT) need to 
have precise estimates of ejection fraction, and 2D echocar-
diography provides the first-line estimate of LV volumes. 
The recommended method to measure EF is the modified 
Simpson’s method from two apical planes. If, however, no 
clear endocardial border delineation is obtained, it is recom-
mended to use ultrasound contrast agents3 (Fig. 24.3) or real-
time 3D echocardiography (Fig. 24.4)4 in order to accurately 
calculate LV volumes and ejection fraction (Video  24.2).

Doppler Echocardiography

Mitral Regurgitation

Left ventricular dilatation will lead to mitral annular enlarge-
ment, which will cause the mitral leaflets not to appose prop-
erly and consequently lead to functional mitral regurgitation. 
This can be visualized with colour Doppler and quantified as 
necessary. While in some occasions the causal link between 
mitral regurgitation and dilated ventricle may be difficult to 
establish, the association of a globally hypokinetic LV with 
mitral regurgitation in the presence of otherwise structurally 
normal mitral leaflets points to primary myocardial disease. 

Fig. 24.1 M-mode echocardio-
gram (left) and 2D parasternal 
long axis (right) from a patient 
with dilated cardiomyopathy 
and heart failure. There is much 
dilation of the LV with global 
reduction of ejection fraction 
estimated at 30%

Fig. 24.2 Parasternal long-axis (top) and short-axis (bottom) from a 
patient with dilated cardiomyopathy. Note the marked dilatation of 
the left ventricle
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a bFig. 24.3 Apical projections 
from a patient with poor apical 
imaging with no endocardial 
border delineation (left panel, a). 
The same patient after 0.3 mL of 
Sonovue® injection (right panel, 
b). The entire endocardium is 
now clearly visualized

Fig. 24.4 Real-time 3D 
echocardiography from a 
patient with normal heart

Rarely the mitral regurgitation is severe in dilated cardiomyo-
pathies, and when this happens, it is more difficult to rule out 
mitral regurgitation as the prime culprit of LV dysfunction.

Estimate of LV Pressures

With the use of continuous wave Doppler, an estimate of 
intra-ventricular pressures could be ascertained and, in par-
ticular, the right ventricular pressures. In the presence of a 

tricuspid regurgitant jet, the RV pressures can be calculated 
as a useful measure of the severity of mitral regurgitation.

With pulse-wave Doppler, the assessment of diastolic LV 
function can be ascertained and an estimation of LV filling 
pressures obtained. Trans-mitral velocities profiles may be 
used to obtain longitudinal follow-up data on disease progres-
sion. Abnormally slow LV relaxation, with low LA pressure, 
gives rise to a pattern of slow acceleration of mitral flow in 
early diastole (E wave) with the opposite end of the spectrum 
being patients with seriously compromised LV, giving rise to 
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a very high early velocity (E wave) across the mitral valve, 
which represent the dip-and-plateau pressure contour at car-
diac catheterization. This pattern usually is accompanied by a 
diminutive A wave during atrial filling. Between these two 
ends of the spectra is the normal filling pattern with the early 
filling velocity somewhat larger than the atrial flow velocity.

Intra-cardiac Flow and Risk of Embolization

Ventricular dilatation with diffuse hypokinesia in patients with 
DCM, together with the low intra-ventricular velocities, consti-
tutes a major risk for the development of intra-ventricular thrombi 
with the risk of systemic embolization. Echocar diography can 
readily identify the presence of an intra-ventricular thrombus and 
lead to prompt anticoagulant treatment. Thrombi are usually 
attached at the apex (Fig. 24.5) and may be laminar or pro-
truding with a narrow point of attachment on the endocardial 
surface.

Deformation Imaging

Tissue Doppler may be used to detect regional or global myo-
cardial dysfunction, particularly in patients with normal cham-
ber dimensions. Tissue Doppler may be used by measuring 
mitral annular velocities as well as myocardial velocity gradi-
ents or left ventricular strain and strain rate. Mean tissue 

Doppler velocities and radial strain rate of the LV posterior 
wall at peak systole and early diastole may be reduced, while 
conventional echocardiography may be normal.5

The early diastolic mitral annular velocity (Em) is a good 
indicator of diastolic function.

At ³10 cm/s, diastolic function is usually normal, but at 
£8 cm/s it will imply diastolic dysfunction.

Perhaps a more precise way to establish early ventricular 
dysfunction and predict elevation of LV filling pressures is by 
using the ratio of early trans-mitral diastolic velocity (E wave) 
over the early mitral annular velocity (Em). An E/Em > 10 
will imply elevated filling pressures with high sensitivity and 
specificity.

Doppler-based strain imaging has found only limited access 
into clinical practice due to a number of limitations including 
dependency, a low signal-to-noise ratio, limited spatial resolu-
tion, and potential interactions by cardiac translational motion 
and tethering. Tracking of acoustic markers from frame-to-
frame on the basis of 2D echocardiography can accurately 
determine regional and global LV function, including incre-
mental function parameters like LV rotation and torsion.6 This 
novel technique overcomes most of the limitations of conven-
tional tissue Doppler-based strain imaging (Fig. 24.6). This 
type of quantitation may well be more accurate in predicting 
outcome than the more traditional ejection fraction.

One particular application of tissue Doppler is in patients 
who have been identified as suffering from a genetic condi-
tion that may lead to left ventricular dysfunction and dilata-
tion such as patients with Duchenne muscular dystrophy in 
whom it might be useful to detect early left ventricular dys-
function, prior to any clinical manifestation of heart failure.7 
This may have therapeutic implications such that an early 
treatment might prevent left ventricular re-modelling.

Family Screening

Family screening is important, and echocardiography is ideally 
suited for this. Large series of asymptomatic relatives have 
shown that 29% had abnormal echocardiograms. Among 
affected relatives, symptoms can be quite variable. The major-
ity of affected relatives may be asymptomatic and cannot be 
identified by relying on history alone. Echocardiography, there-
fore, plays an important role for the early recognition of affected 
family members, which may promote the early institution of 
treatment in an attempt to prevent ventricular re-modelling.

nuclear Imaging

Abnormalities in the myocardial energy production process, 
which can be recognized in the DCM heart not specifically 
linked to specific etiologies, are relevant determinants of 

Fig. 24.5 Apical 4-chamber view from a patient with dilated cardio-
myopathy. Note the presence of an apical thrombus (arrows). The 
patient was not receiving anticoagulation
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progressive cardiac failure. This pathogenesis is common to 
other cardiovascular disorders and could be linked to inap-
propriate perfusion due to coronary endothelial and micro-
vascular abnormalities, abnormal mithocondrial function, or 
metabolic derangement. These mechanisms, together with 
alterations in myocardial innervation, may contribute to the 
progressive myocardial damage and could represent revers-
ible targets of treatment.

Myocardial Perfusion Imaging

It has an elevated accuracy to exclude CAD in patients with 
LV dysfunction; thus, in the absence of rest or stress-induced 
perfusion defects at single photon emission computed 
tomography (SPECT) or positron emission tomography 
(PET) imaging, the likelihood of significant CAD as a cause 
of LV dysfunction is extremely low.8 Conversely, the speci-
ficity is suboptimal mainly due to the frequent occurrence of 
regional perfusion abnormalities in a significant number of 
patients with LV dysfunction without detectable CAD (Video 
24.3). PET has the specific advantage of precisely measur-
ing the absolute myocardial blood flow (MBF, mL/min/g) at 
rest and during pharmacologic stress (i.v. dipyridamole or 
adenosine) and, hence, to measure regional and global MBF 
reserve. Using 15O-H2O or 13N-NH3 as flow tracers in rest-
stress protocols, quantitative evaluation of MBF in patients 
with DCM often demonstrates a diffuse impairment of myo-
cardial perfusion and MBF reserve, which is interpreted as a 
result of coronary micro-vascular dysfunction, abnormal 
myocardial contractility, and wall stress, but is independent 

of myocardial fibrosis. A global and severe reduction in 
MBF reserve may occur even in the earlier stages of DCM, 
and is a distinctive marker of the severity of the disease and 
of an increased risk of progressive myocardial dysfunction, 
heart failure, and sudden death9 (Fig. 24.7). It must be kept 
in mind that a similar pattern of globally depressed myocar-
dial perfusion may also hinder a multi-vessel CAD, which 
still needs to be ruled out.

Myocardial Metabolic Imaging

The assessment of myocardial metabolism using 18F-FDG in 
patients with LV dysfunction is the most frequent clinical 
application of cardiac PET. It can be combined either with a 
13N-NH3 PET or a SPECT perfusion study. It allows identify-
ing different characteristics of the dysfunctional myocardium 
based on the relationship between glucose metabolism and 
perfusion at rest. Residual metabolic activity is an indicator 
of myocardial viability and, thus, of potential reversibility of 
myocardial dysfunction. Increased regional FDG uptake rel-
ative to myocardial perfusion (perfusion/metabolism mis-
match) indicates viability, while regional reduction of FDG 
uptake in proportion to perfusion (perfusion/metabolism 
match) indicates irreversibly damaged myocardium. It was 
generally believed that the demonstration of a regional 
“match” or “mismatch” pattern in patients with newly dis-
covered LV dysfunction could help to identify a CAD etiol-
ogy. Actually, regionally matched perfusion and metabolic 
defects indicating myocardial scar as well as regional flow 
metabolic “mismatch” indicating ischaemia can be frequently 

Fig. 24.6 Apical 4-chamber 
view from a patient with dilated 
cardiomyopathy. Using speckle 
tracking it is possible to 
quantify the longitudinal strain 
in that patient in every segment 
and express it as global 
longitudinal strain (dotted line). 
Here it is clearly reduced
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found in patients with idiopathic DCM10 (Fig. 24.8), even if 
data on the potential prognostic meaning of these findings in 
DCM are still very few.

Additional purpose of metabolic imaging in DCM is to 
assess abnormalities of intermediate myocardial metabolism, 
which may further impair and/or be a consequence of reduced 
contractile performance of the myocardium. Myocardial free 
fatty acid (FFA) metabolism is decreased and glucose metabo-
lism increased in patients with DCM proportionally to the 
severity of LV dysfunction. This compensatory metabolic shift 
towards the more efficient fuel glucose, as well as the effects of 
metabolic treatment, can be documented by PET imaging using 
[11C]glucose, [11C]palmitate, and [11C]acetate.11, 12 Myocardial 
metabolism in DCM, like myocardial perfusion, may not only 
be globally but also regionally abnormal, improving after 
chronic treatment with beta-blockers. Myocardial metabolic 
efficiency can be assessed by combining the PET measurement 
of oxidative metabolic rate (washout constant (k) from 
11C-acetate myocardial time-activity curve) and independent 
measurements of stroke work. By this approach in DCM 
patients, oxidative metabolism and metabolic efficiency were 
shown to be reduced in proportion to the reduction of LV func-
tion and of the integrity of pre-synaptic innervations as assessed 
using 11C-hydroxyephedrine PET imaging.13

DCM and Left Bundle Branch Block

Patients with DCM frequently present with left bundle branch 
block (LBBB), causing asynchronous activation of the left ven-
tricle (early septal contraction against a relaxed left ventricle), 
which may further deteriorate cardiac function. CRT re-coordi-
nates ventricular activation and may translate into improvement 

of cardiac function, symptoms, and prognosis. SPECT and PET 
imaging in patients with DCM and LBBB are helpful to recog-
nize the efficacy of CRT. The septal-to-lateral perfusion ratio 
may be reduced in DCM with LBBB, when evaluated with 
99mTc-sestamibi and SPECT or with 15O-H2O and PET, normal-
izing after CRT.14 However, septal perfusion has also been dem-
onstrated to be normal, when evaluated with 13N-NH3 and PET, 
without changes after CRT. Independently from regional distri-
bution at rest, absolute measurement of MBF by PET demon-
strates that an increase in hyperaemic MBF and MBF reserve 
after CRT is associated with improvement in LV wall stress and 
contractile function.14 The effects of CRT on regional myocar-
dial metabolism may be even more evident. In fact, LBBB is 
frequently associated with a reduced uptake of FDG in the sep-
tal wall, which normalizes after CRT expressing a more homo-
geneous myocardial oxygen consumption and improved 
metabolic efficiency.15 There is preliminary evidence that a 
“reverse mismatch” pattern in the septum, i.e. preserved perfu-
sion with reduced FDG uptake in patients with DCM and 
LBBB, may predict a favourable prognosis after CRT.

DCM and Pharmacological Treatment

Nuclear imaging can also be used to assess and somewhat 
predict the efficacy of pharmacologic treatment in DCM. 
The favourable effect of carvedilol, other beta-blocker, and 
trimetazidine on myocardial perfusion and metabolism has 
been assessed by nuclear medicine technologies. However, 
the demonstration of the role of PET or SPECT specific pat-
terns of myocardial perfusion and metabolism to predict 
response to treatment and outcome in DCM requires further 
extensive confirmative clinical research.

Fig. 24.7 In patients with DCM 
and without overt heart failure, 
the extent of myocardial blood 
flow impairment at rest and 
during stress, measured by PET, 
predicts major cardiovascular 
events (MCE) at follow-up8
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a

b

B.L. (male, 56 yrs) LVEDD 65mm, LV EF 35%

D.M. (male, 61 yrs) LVEDD 59mm, LV EF 30%

Fig. 24.8 Flow-metabolism regional “match” and “mismatch” patterns 
typically observed by 13N-NH

3
 and 18F-FDG PET study in patients with 

LV dysfunction due to CAD (Fig. 24.8 part a, upper panel) can be fre-
quently observed also in patients with DCM (Fig. 24.8 part a, lower 

panel). A regional “mismatch” pattern suggesting myocardial ischae-
mia can be documented in DCM patients injecting the metabolic tracer 
FDG, either at rest or after dipyridamole stress (Fig. 24.8 part b)
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Nuclear Imaging of Cardiac Function

Cardiac function may be obtained by gated acquisitions of 
perfusion and metabolic imaging studies or by equilibrium 
radionuclide ventriculography (ERNV). The addition of gat-
ing to myocardial perfusion scintigraphy or FDG PET stud-
ies has been demonstrated to be of great clinical value in 
CAD as well as in DCM.16 ERNV still excels in the evalua-
tion of right and left ventricular function and is often indi-
cated in candidates for CRT to assess cardiac dyssynchrony 
by phase analysis.

Future Developments: Integrated Nuclear  
and CT Imaging in DCM

The role of nuclear imaging in the evaluation of patients with 
DCM could be expanded in the near future as a consequence 

of the diffusion of newer hybrid SPECT or PET/multi-detector 
CT scanners. Thus, in addition to the functional assessments 
obtained with SPECT and/or PET (i.e. myocardial perfusion, 
metabolism, and innervation), the new hybrid SPECT-PET/
CT technology allows non-invasive anatomic exclusion of 
underlying coronary atherosclerosis in the same session (Fig. 
24.9). Moreover, the analysis of the ventriculographic phase 
of CT could add a detailed evaluation of regional and global 
ventricular function. Independently from the availability of 
hybrid scanners, however, SPECT or PET may be combined 
with multi-detector CT in a new conceptual framework to 
provide a unique non-invasive work-up to exclude CAD, 
predicting risk, addressing treatment, and testing its efficacy. 
In addition, this approach might help to study the relation-
ships between non-obstructive atherothrombosis, micro- 
vascular disease, and progressive myocardial dysfunction 
and to evaluate new medical treatments targeted to alter or 
reverse the progression of heart failure. Prospective outcome 

Fig. 24.9 A perfusion 13N-NH
3
 PET study at rest (upper images) and 

during dipyridamole stress (lower images), performed in a patient 
with recent onset LBBB and LV EF 38% to exclude CAD as a cause of 
LV dysfunction, is shown in Fig. 24.4a. A non-reversible perfusion 

defect involving the middle-apical portions of the lateral wall is evi-
dent both at rest and during stress. CTA performed soon after the PET 
study shows angiographically normal coronary arteries allowing the 
diagnosis of DCM (b)
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studies are warranted to assess the value of this new approach 
in the evaluation of patients with DCM, also taking into 
account cost-benefit and radiation exposure issues.

Cardiac Magnetic Resonance

The value of CMR in the diagnosis of DCM relies on two 
cornerstones: one is the detailed determination of LV func-
tion using fast cine techniques (steady state free precession - 
SSFP), and the other is the assessment of myocardial texture 
based on the application of techniques that accentuate differ-
ences in relaxation properties of the myocardium. The second 
may help to differentiate normal myocardium from patho-
logic processes associated with oedema, fibrosis, haemor-
rhage, iron, and protein deposition using T1- and T2-weighted 
imaging, late gadolinium enhancement (LGE), T2-star imag-
ing, and combinations of these techniques, respectively. 
Generally, the detailed functional measurement is useful to 
confirm a previous abnormal finding on echocardiography, 
whereas the assessment of pathological myocardial texture is 

unique to CMR and may provide a key to the etiology of an 
“idiopathic” cardiomyopathy.

CMR Characteristics of Non-Ischaemic  
Dilated Cardiomyopathy

Using SSFP cine imaging, the diagnosis of LV dilation is made 
when the LV end diastolic volume exceeds 235 mL or 112 mL/
m2 in males and 174 or 99 mL/m2 in females.17 The superior 
quality of images obtained by this technique facilitates the 
detection of regional abnormalities allowing an easier differen-
tiation between ischaemic and non-ischaemic LV impairment. 
Nonetheless, this task may remain difficult in advanced ischae-
mic disease when extreme LV re-modelling with subsequent 
LV dilation has developed. Then, additional use of LGE is likely 
to be decisive based on the pattern of hyper-enhancement repre-
senting necrosis and fibrosis. Hyper-enhancement in ischaemic 
cardiomyopathy characteristically spreads from the subendo-
cardium up to the epicardium and is confined to the perfusion 
territories of the coronary arteries. The prevalence of a 

Fig. 24.9 (b) (continued)
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 sub-endocardial enhancement pattern in ischaemic cardiomyo-
pathy is between 81 and 100%. In non-ischaemic DCM, hyper-
enhancement was either absent (59–88% of cases) or appeared 
as stripes of hyper-enhancement in the midwall of the myocar-
dium not related to specific coronary artery perfusion territories 
(9–28% of the cases) (Fig. 24.10). A minority of patients with-
out obstructive CAD, however, may demonstrate the typical 
ischaemic sub-endocardial enhancement pattern. It has been 
postulated that this may result from missed infarcts due to tran-
sient occlusion and recanalization of the infarct-related vessel or 
vasospasm. Interestingly, the midwall enhancement pattern was 
shown to be present in patients with biopsy proven active and 
borderline myocarditis. This finding points to an etiology of 
sustained myocarditis in at least a number of dilated cardiomyo-
pathies so far classified as being of unknown origin.

Recently, midwall enhancement was shown to be a predic-
tor of adverse outcome in terms of combined endpoints for all 
cause mortality and hospitalization for heart failure, sudden 
cardiac death (SCD), inducible ventricular arrhythmias, and 
appropriate ICD firing in patients with non-ischaemic 
DCM.18–20 Moreover, the predictive value of midwall fibrosis 
remained significant after correction for left ventricular vol-
umes and ejection fraction. Thus, LGE may play an important 
role to refine selection of ICD implantation in patients at risk. 
Future studies will need to corroborate these expectations.

Cardiac muscle involvement leading to progressive DCM is 
common in neuromuscular disorders and occurs in up to 90 and 
70% of patients with Duchenne and Becker muscular dystro-
phy, respectively. In paedriatic patients with Duchenne, occult 
regional cardiac dysfunction with reduced circumferential 
strain was detected using CMR tagging when these patients still 
exhibited normal LV volumes and ejection fractions.21 In a 

study involving 74 patients (range of 7.7–26.4 years), 32% was 
found to have LGE involving the postero-basal sub-epicardial 
region of the LV with a possible trans-mural and inferior or left 
lateral spreading.22 In patients with Becker muscular dystrophy, 
LGE has been demonstrated in 11 of 15 patients (73%, range 
11–56 years), with a similar regional extension (Fig. 24.11). 
CMR revealed abnormal findings including wall motion abnor-
malities, reduced LVEF, and LGE in 80% of patients, compared 
to 53% by echocardiography.23 In both studies LGE was associ-
ated with higher age and adverse LV re-modelling with 
decreased ejection fraction, but serial studies are needed to clar-
ify whether LGE precedes LV dysfunction and may serve as an 
early marker for the initiation of heart failure management.

DCM and Recognized Inflammatory Disease

Myocarditis is strongly suspected when a patient, previously 
normal, is suddenly in congestive cardiac failure, often as a 
result of a flu-like illness. Following standardization of the 
histopathological diagnosis of myocarditis by the Dallas cri-
teria,24 evidence of myocarditis in DCM varies between 18 
and 55%. The therapeutic implications, however, are limited 
as the mere presence of inflammatory infiltrates does not 
necessarily signify active myocarditis.

Myocarditis due to viral infection is a more frequent finding 
in DCM than is clinically obvious and can be identified as a 
cause of disease in almost 10% of cases. Inflammatory DCM is 
defined by the presence of chronic inflammatory cells in asso-
ciation with left ventricular dilatation, and reduced ejection 

Fig. 24.10 Short-axis late gadolinium-enhanced images in two patients 
with heart failure, dilated LV and poor EF. Patient A (left panel) shows a 
subtle intra-septal stripe of hyper-enhancement (arrows) that may be 

present in up to 1/3 of patients with dilated cardiomyopathy. Patient B 
(right panel) demonstrates bright sub-endocardial hyper-enhancement 
(arrows), typical of ischaemic origin due to coronary artery disease

a b
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fraction; histology, and/or immunocytochemistry are, there-
fore, necessary for the diagnosis. Myocarditis increases the risk 
of SCD in young adults during sports, and accounts for approx-
imately 10% of SCD in macroscopically normal hearts. The 
diagnosis may be difficult to establish and is generally based on 
a diversity of clinical signs supported by electrocardiographic 
and laboratory abnormalities. Endomyocardial biopsy still is 
considered the gold standard for diagnosis, but this method has 
limited sensitivity inherent to the focal nature of myocarditis.

echocardiography

Myocarditis

Myocarditis is suspected when a patient is acutely ill and 
echocardiography demonstrated a non-dilated LV with global 
hypokinesia. Often, however, there is only regional ventricular 
dysfunction involving the septum or even the right ventricle, 

which may be more difficult to detect. When this regional ven-
tricular dysfunction is present, it is difficult to rule out an acute 
coronary syndrome. The patient’s age and the clinical picture, 
however, should make the differential diagnosis.

Echocardiography in Cardiac Damage  
by Exogenous Toxins

A variety of substances can affect the heart leading to DCM. 
Perhaps the most common toxin is alcohol. Macrocytosis is a 
useful indicator of chronically high alcohol consumption even 
in the absence of abnormal liver function. A raised gamma-
glutamyltransferase (gamma GT) may be an indicator of only 
recent rather than long-term alcohol intake, whereas raised 
levels of other liver enzymes may be due to chronic alcohol 
hepatitis.

There is an individual susceptibility to the adverse effects 
of alcohol on the myocardium, which may well be geneti-
cally predisposed. The heart is typically markedly dilated 

Fig. 24.11 Example of late 
gadolinium enhancement in 
patient with Becker’s muscular 
dystrophy. (a) 3-chamber view. 
(b) Short-axis view. Hyper-
enhancement is predominately 
apparent in the basal lateral 
wall, and to a lesser degree, in 
the inter-ventricular septum
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with global ventricular dysfunction, but it may show dra-
matic improvement after a patient has stopped drinking.

Anthracyclines given as doxorubicin have important toxic 
subcellular effects that can eventually lead to intracellular 
calcium overload and depressed cardiac function. The 
echocardiographic findings are again those similar to DCM 
with global ventricular dysfunction. As in all dilated cardio-
myopathies, it is important to look for the presence in LV 
thrombus as those patients with dilated ventricles may be 
prone to thromboembolism.

Echocardiography and Sarcoidosis

Sarcoidosis is a systemic immunological disorder character-
ized by multiple non-caseating granulomas. Cardiac involve-
ment occurs in 20–60% of patients, of which approximately 
30% will develop LV dilation and concomitant symptoms of 
heart failure, (supra)ventricular arrhythmias, and/or conduc-
tion disorders.

Echocardiographic abnormalities include regional wall 
motion abnormalities, ventricular aneurysms, pericardial 
effusion, left ventricular systolic or diastolic dysfunction, 
valvular abnormalities, and abnormal wall thickness (either 
thinning or thickening); however, none of these abnormali-
ties is specific to cardiac sarcoidosis, and additional testing 
such as MRI may be necessary to rule out alternative etiolo-
gies. In a small study population of 22 patients, ultrasonic 
tissue characterization with integrated backscatter showed a 
significant improvement in sensitivity over 2D echocardiog-
raphy.25 Further studies will be necessary to confirm the use-
fulness of this technique. Other techniques such as strain 
imaging have not been investigated.

nuclear Imaging

SPECT Imaging

SPECT imaging, coupled with imaging agents of chronic inflam-
mation or labelled antibodies, may be used in myocarditis and 
inflammatory DCM.26 Gallium-67 citrate scintigraphy has been 
tested in DCM patients showing that 87% of patients with hys-
tologically proven myocarditis had a positive gallium-67 scan, 
while histology was positive only in 1.8% in the negative scinti-
graphic group. Indium-111 radiolabelled antimyosin (AM) antibod-
ies have been shown to detect myocardial necrosis in human 
myocarditis. Using planar and SPECT cardiac imaging, the sen-
sitivity of AM imaging for the detection of histologically proven 
myocaditis is very high (91–100%) with a high negative pre-
dictive value (93–100%). By contrast, the specificity and posi-
tive predictive value of this approach are below 50%. How ever, a 
positive AM scan can predict more than myocardial biopsy a 

subsequent improvement in ejection fraction in acute onset 
DCM patients. Limitations to this technique include its current 
limited availability, radiation exposure, and 48-h delays in 
obtaining imaging after injection to prevent blood pool effect.

Chagas’ Disease

Chagas’ disease, an infective syndrome endemic in South 
America and caused by Trypanosoma Cruzi, may be character-
ized by DCM in the late chronic phase of the disease associated 
with severe ventricular arrhythmias. Chagas’ myocarditis and/
or DCM has several distinctive features in comparison with 
DCM due to viral myocarditis. Radionuclide functional imag-
ing by ERNV and perfusion imaging by SPECT may detect 
LV regional wall motion abnormalities and perfusion defects 
in the absence of epicardial CAD, while RV dyssynergy is 
common in asymptomatic patients with no other clinical signs 
of heart failure. An association between regional defects in 
sympathetic denervation detected by 123I-MIBG and perfusion 
defects detected by 201Tl scintigraphy has also been shown.

Sarcoidosis

In sarcoidosis, myocardial SPECT with 99mTc-sestamibi has 
been used to detect myocardial involvement. Perfusion defects 
are more common in the RV than in the LV and correlate with 
atrio-ventricular block, heart failure, and ventricular tachycar-
dia of RV origin. These defects are frequently reversible, 
which makes it unlikely that they represent granulomatosis or 
fibrosis. 67Ga scintigraphy has been used in sarcoidosis as a 
marker of the activity and extent of the disease and for pre-
dicting the efficacy of corticosteroids, but has been largely 
replaced by serial other tests.

Churg-Strauss Syndrome

In Churg-Strauss syndrome, there is systemic vasculitis with 
eosinophilic myocardial infiltration and cardiomyopathy. 
A regional pattern of enhanced 18F-FDG uptake with reduced 13 
N-NH3 uptake (the pattern of flow-metabolism mismatch) can 
be observed, which can be reversible after anti-inflammatory  
treatment and predicts improvement of cardiac function (Fig. 
24.12).

Takayasu Arteritis

Takayasu arteritis, myocardial damage, and dilatation may 
ensue as a consequence of large and small coronary vessels 
involvement. Tc-99m sestamibi and F-18 FDG SPECT may 
manifest myocardial ischemic damage.
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Kawasaki Disease

In children, Kawasaki disease cardiovascular manifestations 
can be prominent in the acute phase and are the leading cause 
of long-term morbidity and mortality. During this phase, the 
pericardium, myocardium, endocardium, valves, and coro-
nary arteries all may be involved. Nuclear stress perfusion 
imaging for reversible ischaemia is indicated to assess the 

existence and functional consequences of coronary artery 
abnormalities in children with Kawasaki disease and coro-
nary aneurysms. Myocarditis has been demonstrated in 
autopsy and myocardial biopsy studies to be a common fea-
ture of early Kawasaki disease. Myocardial inflammation 
has been documented in 50–70% of patients using 67Ga 
 citrate SPECT scans and 99mTc-labelled white blood cell 
scans.

a

b

Fig. 24.12 A perfusion 13N-NH
3
 PET study performed at rest (upper 

images) and during dipyridamole stress (lower images) in a patient 
with an active phase of Churg-Strauss’ disease is shown in Fig. 24.12a. 
A perfusion defect involving the basal portion of the lateral wall is 
evident in both conditions, while a stress-induced perfusion defect is 
present in the middle and apical portions of the anterior wall of the 

LV. Resting 13N-NH
3
 perfusion images are compared with 18F-FDG 

metabolic images acquired injecting the tracer after oral glucose 
loading in a different day in a typical viability study (Fig. 24.12b). 
Extensive “mismatch” pattern indicating ischaemia is evident in the 
antero-lateral wall of the LV with some “match” area indicating myo-
cardial necrosis
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DCM Due to Cardiotoxic Drugs

In DCM due to cardiotoxic drugs (i.e. doxorubicine), ERNV 
provides initial and longitudinal quantitative assessment of 
LV function. EF should be measured in all patients before 
receiving doxorubicin; those with preexisting heart disease 
and/or LV dysfunction are at greater risk of congestive heart 
failure. Continued use of doxorubicin after LV dysfunction 
causes progressive chamber dilatation and deterioration in 
systolic function.

Cmr

Techniques

Several CMR techniques are used in non-invasive detection 
of myocarditis, including T2-weighted oedema imaging, 
T1-weighted spin-echo early gadolinium enhancement, and 
LGE.27, 28 When these techniques were compared in patients 
with clinically suspected acute myocarditis, T2-weighted 
imaging demonstrated the highest sensitivity (84%) and LGE 
the highest specificity (100%); the best diagnostic accuracy, 
however, was obtained when any two of the three techniques 

were positive in the same patient (85%). The pattern of LGE 
in the acute phase of myocarditis typically has multiple foci 
within the lateral wall of the LV, originating primarily from 
the epicardium (Fig. 24.13) (Video 24.4). When biopsies 
were taken from the region of contrast enhancement, histo-
pathologic analysis revealed active myocarditis, which was 
less consistently observed when the biopsy specimens could 
not be retrieved from the hyper-enhanced regions. This sug-
gests that CMR-guided biopsy may lead to a higher yield of 
positive findings than routine right ventricular biopsy in 
patients with acute myocarditis. In patients with chronic 
DCM, however, such a correlation has not been shown.

Differences in sensitivity of CMR techniques presumably 
are related to temporal changes of the inflammatory and heal-
ing process. Histologically, oedema and islets of necrosis are 
dispersed throughout the myocardium in the acute and sub-
acute phase of inflammation and ongoing healing of the myo-
cardium.27 Depending on the time frame after onset of 
inflammation, oedema sensitive T2-weighted signal or necro-
sis and fibrosis sensitive LGE signal may both concur, or one 
of the two may prevail.28 After healing, LV ejection fractions 
and dimensions often restore, and the areas of hyper- 
enhancement almost completely resolve. Similar to the shrink-
age of myocardial infarct size in the chronic phase, shrinkage 

Fig. 24.13 Patient presenting 
with clinical signs of acute 
myocarditis. (a) SSFP cine 
4-chamber view demonstrating 
slightly dilated LV with EF 47%.  
(b) Late gadolinium-enhanced 
3-chamber view with 
 postero-lateral epicardial 
hyper-enhancement. (c) Late 
gadolinium-enhanced short-axis 
view with epicardial hyper-
enhancement and inferolateral 
trans-mural progression
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of the islets of fibrotic areas to sizes smaller than the dimen-
sions of a voxel has been suggested as an underlying mecha-
nism of the resolution of hyper-enhancement. However, in 
some patients in whom LV dysfunction and dilation persist, a 
small remnant mid-ventricular rim of subtle hyper-enhance-
ment may be observed that was shown to be associated with 
biopsy-proven active and borderline myocarditis, according to 
the Dallas criteria. This rim is more often found in patients 
with idiopathic DCM, and may reflect the patchy areas of 
replacement fibrosis after sustained myocarditis. The presence 
of hyper-enhancement 4 weeks after the onset of acute myo-
carditis does not seem to have a significant prognostic value.

Chagas’ Disease

Sometimes cardiac involvement develops decades after the 
initial infection in 30–40% of patients. The clinical course of 
the disease can be subdivided into three stages, an acute 
stage with fever and headache, an indeterminate phase in 
which patients are asymptomatic, and a chronic phase in 
which the heart is the most frequently affected organ result-
ing in heart failure and the onset of potentially life threaten-
ing ventricular arrhythmias. Localized aneurysm formation 
can be detected using SSFP cine imaging with predilection 
sites at the apex and basal inferolateral wall, which are dif-
ficult to evaluate with echocardiography (Fig. 24.14) (Video 
24.5). Using LGE areas of hyper-enhancement can be 
observed within these regions in 20% of seropositive patients 

with indeterminate phase of the disease, 85% with clinical 
Chagas’ heart disease, and 100% with Chagas’ heart disease 
and ventricular tachycardia.29 The hyper-enhancement pat-
tern is indistinguishable from the ischaemic pattern, and pre-
dilection sites are thought to be terminal portions of the 
micro-circulation, which are most vulnerable to become 
ischaemic in recurrent episodes of inflammatory disease and 
subsequent vasodilatation. Another advantage of CMR in 
evaluating Chagas’ disease is its capability to visualize 
thrombus that may develop within the aneurysms.

Sarcoidosis

The non-caseating granulomas within the myocard ium impli-
cate an increase of extra-cellular space; hyper-enhancement 
on LGE CMR is likely to occur. Hyper-enhancement was 
reported to be present in 19 of 58 patients (33%) with biopsy-
proven pulmonary sarcoidosis and in all patients with car-
diac involvement, according to guideline criteria.30 
Hyper-enhanced areas are focal, epicardial, or confluent 
trans-mural, and predominantly located in the basal and lat-
eral LV segments (Fig. 24.15), thereby showing similarity to 
LGE in myocarditis. Interestingly, the areas of hyper-
enhancement were also present in patients with no LV dila-
tion, indicating that CMR may help preventing the 
development of heart failure by early detection of cardiac 
involvement, which accounts for up to 85% of mortality in 
this patient group.

Fig. 24.14 Chronic stage of Chagas’ disease with cardiac involve-
ment. (a) SSFP (cine) 2-chamber view. (b) Late gadolinium-enhanced 
4-chamber view. The LV is dilated with manifestation of several small 

aneurysms, and a large apical aneurysm with trans-mural hyper-
enhancement due to fibrosis

a b
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Cardiomyopathy Associated  
with Pregnancy and Parturition

Peripartum cardiomyopathy typically occurs during the third 
trimester of pregnancy or during the first 6 months post-partum 
without obvious cause and without prior evidence of heart dis-
ease. Because it is rare, the literature is limited and filled with 
anecdotal cases and heterogeneous material. Heart failure with 
peripheral oedema and ventricular dilatation may be sudden 
and catastrophic or more insidious. An immunological interac-
tion between mother and fetus can be postulated. This may be 
responsible for “myocarditis” frequently found on biopsy with 
interstitial and perivascular lymphocytic infiltration in the 
presence of myocyte necrosis with or without fibrosis.

The echocardiographic findings are usually those of a non-
dilated left ventricle with global hypokinesia (increased end-
systolic dimensions), similar to myocarditis. Occasionally, the 
differential diagnosis with viral myocarditis is difficult and 
should rely mainly on clinical grounds. It is important to look 
for LV thrombus as this will carry a high risk for embolization 
and anticoagulation may be needed. When LV dysfunction is 
discovered in the context of arrhythmias and congestive car-
diac failure during the third trimester or immediately post- 
delivery, the diagnosis is straightforward. Careful follow-up is 
mandatory as the disease can deteriorate rapidly with ventric-
ular dilatation and further ventricular dysfunction or can 

improve from severe hypokinesia to mild ventricular dysfunc-
tion and reduced ventricular size to complete recovery.

Typically, peripartum cardiomyopathy can evolve in three 
ways of approximately equal thirds: 30% of patients may 
return to normal in up to a year post-delivery, 30% may dete-
riorate and evolve into DCM, and 30% may remain 
unchanged. The remaining 10% of patients may be in any 
intermediate stage. Persisting cardiomegaly at 6 months is 
usually associated with high mortality and the women may 
be candidates for cardiac transplantation.

Isolated Left Ventricular non-Compaction

Its existence is still debated as to whether or not this is a true 
cardiomyopathy. It was described approximately a decade 
ago in patients presenting with symptoms of heart failure. It 
is characterized by prominent myocardial trabeculations 
with deep inter-trabecular recesses that lie in continuity with 
the left ventricular cavity.

During early embryogenesis, ventricular trabeculations 
develop in the distal left ventricle soon after looping and 
serve primarily as a means to increase myocardial oxygene-
taion in the absence of effective coronary circulation. At the 
same time, when ventricular septation occurs, the trabeculae 
start to condense (compact) in their portions adjacent to the 

Fig. 24.15 Late gadolinium enhancement in patient with cardiac 
sarcoidosis. Multiple focal areas of hyper-enhancement are observed 
in the epicardium and midwall, which partially become confluent 

and trans-mural (a) image obtained in modified 2-chamber view of 
the left ventricle. (b) image obtained in horizontal long axis of the left 
ventricle”

a b
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outer myocardium, adding to its overall ventricular thick-
ness. At 6 weeks of pregnancy, there are abandoned fine tra-
beculae that may be present. At 12 weeks, the trabeculae 
begin to solidify at a time when ventricular septation is com-
pleted. In the early fetal period, the compact layer forms 
most of the myocardial mass. Failure of the left ventricle to 
condense (become compacted) may result in the isolated left 
ventricular non-compaction.

The precise etiology for this remains unknown, but it would 
appear that this is a non-specific condition and can be presented 
in families with various forms of X-linked dilated cardiomyo-
pathies and also associated with conditions that generate ven-
tricular pressure overload. Whether or not isolated left 
ventricular non-compaction represents a distinct cardiomyopa-
thy remains a matter of debate. As genetic evidence emerges, it 
appears that this is a heterogenous and non-specific disorder 
that may be associated with a variety of conditions such as 
dilated cardiomyopathies or hypertensive heart disease, restric-
tive cardiomyopathies, and with neuromuscular disorders. It 
has been characterized by an extensive layer of non-compacted 
myocardium aligning a compact layer of myocardium and is 
typically located in the apical and lateral regions of the LV. 
Clinical presentation is often heart failure, but also arrhythmia 
and thromboembolic events. Isolated left ventricular non- 
compaction may be presented in neonates and children, but also 
in young adults. It is rarely seen in middle or advanced ages. 
Accurate diagnosis is important as its clinical morbidity includes 
heart failure caused by progressive left ventricular dysfunction, 
arrhythmias, and systemic or pulmonary embolism.

echocardiography

The diagnosis is made by echocardiography in the vast 
majority of patients by the combination of the clinical pic-
ture of breathlessness or palpitations and the echocardio-
graphic appearance of coarsely trabeculated left ventricle, 
often distally, presenting with a degree of sub-endocardial 
recesses. The affected ventricle may present with two layers, 
a compact (solid) epicardial layer and an endocardial layer 
consisting of prominent trabecular meshwork and deep inter-
trabecular spaces/recesses. This is best visualized in apical 
4-chamber projections and parasternal short-axis views.

Pet

PET with 13N-NH3 has been shown to demonstrate restricted 
myocardial perfusion and decreased flow reserve in these 
myocardial areas in children. The myocardial perfusion defects 
may contribute to myocardial damage and possibly to arrhyth-
mias and pump failure.

Mri

With the advent of high-resolution imaging techniques such as 
CMR, abnormal trabeculation is more easily recognized, requir-
ing stricter criteria for diagnosis of non-compaction than the 
previously defined echocardiographic criteria of a non-com-
pacted to compacted layer ratio >2in end-systole. Based on a 
comparison between CMR images of patients with several 
forms of cardiomyopathy and hypertrophy, and a limited num-
ber of patients with previously demonstrated non-compaction 
cardiomyopathy, a non-compacted to compacted ratio >2.3 in 
end-diastole has been proposed, yielding a sensitivity of 86% 
and specificity of 99%31 (Fig. 24.16) (Videos 24.6 and 24.7). 
However, in our experience, measuring non-compacted to com-
pacted ratios >2.3 are also frequently found in other cardiomyo-
pathies, such as ischaemic DCM and HCM and even in healthy 
volunteers. Also, crypt formation has been described in geneti-
cally proven carriers of hyper-trophic cardiomyopathy (Fig. 
24.17) (Videos 24.8 and 24.9).32 Although by CMR clearly dis-
tinct from the typical hyper-trabecularization pattern of non-
compaction cardiomyopathy, prominent crypts may have been 
misdiagnosed by echocardiography as non- compaction cardio-
myopathy in the past. Therefore, further refinement of the crite-
ria to diagnose LV non-compaction cardiomyopathy with CMR 
is necessary. Of note, no hyper-enhancement has been reported 
so far in this particular patient group.

tako-tsubo

Tako-tsubo cardiomyopathy was described in 1990 as a 
unique clinical entity among acute coronary syndromes 
characterized by sudden onset of chest symptoms, electro-
cardiographic changes consistent with myocardial ischae-
mia, and transient left ventricular dysfunction (apical or mid 
segment, or both) without significant coronary stenosis by 
angiography33, 34), which is often normal. This rare clinical 
variant is unique and has a favourable prognosis compared 
with other causes of acute coronary syndromes, despite the 
similarity in presentation. To date, the precise etiologic 
basis of this syndrome is not clear. Tako-tsubo cardiomyo-
pathy has been linked to an excess sympathetic nervous 
activity, which is proposed as a central mechanism in the 
pathogenesis of transient left ventricular apical dysfunction 
(apical ballooning syndrome). Acute multi-vessel coronary 
vasospasm (epicardial or micro-vascular), abnormalities in 
coronary endothelial function, and catecholamine-mediated 
cardiotoxicity have been also claimed.

These patients may present with acute onset chest pain, 
heart failure, and cardiogenic shock, and at heart catheteriza-
tion, have angiographically normal coronary vessels and 
typical dyssinergy of the LV apex.
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echocardiography

Echocardiography is typical of an extensive acute left coro-
nary artery syndrome with extensive apical akinesia or even 
dyskinesia (Fig. 24.18). The diagnosis, however, is based on 
the natural history of the disease, which is based on the res-
toration of the ventricular function within 2–4 weeks.33, 34

nuclear Imaging

SPECT imaging can be used to evaluate myocardial damage 
and the pathogenesis of the syndrome. Using myocardial 
123I-MIBG to evaluate adrenergic innervations and 99mTc-
MIBI to assess myocardial perfusion in patients with angiog-
raphy proven typical ballooning syndrome, it has been shown 

Fig. 24.16 Patient with non-compaction cardiomyopathy demonstrating meshwork of trabeculae predominantly in the apex. The end-dia-
stolic non-compacted to compacted ratio exceeds 2.3. (a) Short-axis view. (b) 2-chamber view

a b

Fig. 24.17 Myocardial crypts in the inferoseptal wall as observed in 
genetically proven carrier of hypertrophic cardiomyopathy muta-
tion. The appearance is clearly distinct from hyper-trabecularization 

in non-compaction cardiomyopathy (see Fig. 24.16). (a) Short axis 
view with line indicating the transaction of modified 2-chamber view 
as seen in (b), and arrows pointing the crypts
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a decreased heart-to-mediastinum ratios of 123I-MIBG at 
early (20 min) and delayed (4 h) image, with an increased 
cardiac washout rate indicating a functional alteration in pre-
synaptic sympathetic neurotransmission. The neuronal tracer 
was evidently reduced in the akinetic apex and the perfusion 
tracer showed a modest defect. It has been also documented 
that the severity of the apical perfusion defects, evidenced by 
measurements of the TIMI myocardial perfusion grade at 
angiography, correlates with the extent of acute myocardial 
injury suggesting a catecholamine-mediated endothelial/
micro-vascular dysfunction as a pathogenetic mechanism in 
this disease. SPECT and PET perfusion-metabolic studies in 
these patients have shown a sort of “reverse mismatch” pat-
tern (FDG defect in excess of perfusion defect) at the apex 
suggesting that the myocardial damage caused by sympa-
thetic overload may involve abnormalities of both perfusion 
and glucose metabolism with a scintigraphic “fingerprint” of 
reversibility.

Mri

Using CMR, the apical ballooning syndrome is character-
ized by wall motion abnormalities and increased 
T2-weighted signal indicating oedema, without signs of 
LGE35 (Fig. 24.19). It is worth noting that the pattern of 
oedema during the acute phase of Tako-tsubo is different 

from the other ischaemic acute syndromes. Thus, CMR is 
particularly useful to confirm a suspected diagnosis of the 
apical ballooning syndrome since it can differentiate this 
syndrome from other ACS-mimicking syndromes with nor-
mal coronary arteries as myocarditis and infarction due to 
coronary embolization.

Video 24.1

Apical 4-chamber view from a patient who presented with 
an out of hospital cardiac arrest. The LV is not dilated with 
full-thickness myocardium and marked global hypokinesia. 
Contrast-enhanced CMR did not show any myocardial 
scar

Video 24.2

Real-time 3D echocardiographic images from a patient with 
dilated cardiomyopathy. With some simple identification of 
endocardial borders, the system calculates the left ventricu-
lar volumes automatically

Fig. 24.18 Systolic frames from apical 4-chamber projections in a patient with Tako-Tsubo cardiomyopathy. On the left panel, gray-scale 
imaging shows apical ballooning. On the right panel, contrast study a few seconds later demonstrates better the apical aneurysm

a b
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Video 24.3

Report of a PET perfusion study (13NH3 as a flow tracer) 
combined with a CT coronary angiography study performed 
at IFC-CNR and FGM in Pisa. The study was done in a 
male patient, 60 years old, with cardiovascular risk factors, 
recent onset of LBBB and moderate LV dysfunction (LVEF 
33% at 2D-Echo) for differential diagnosis between ischae-
mic or primitive dilated cardiomyopathy. The video clip 
shows a fusion image of volumetric reconstruction of per-
fusion PET data obtained during dipyridamole stress and of 
reconstructed CT angiography data in the diastolic phase of 
the cardiac cycle. A clear and wide perfusion defect is evi-
dent involving the lateral-inferior wall of the left ventricle 
in the presence of angiographycally normal epicardial coro-
nary vessels. A similar flow defect was also evident in rest-
ing conditions. Absolute myocardial blood flow was 
severely reduced in all myocardial regions both at rest 
(range 0.35–0.51 mL/min/g, Normal Values >0.6 mL/
min/g) and during dipyridamole stress (range 0.52–0.72 
mL/min/g) with reduced myocardial perfusion reserve 
(range 1.38–1.52, normal values >2.5). The diagnosis of 
primitive dilated cardiomyopathy associated with coronary 
micro-vascular dysfunction was confirmed at invasive 
catheterization

Video 24.4

Acute myocarditis. Cine images (SSFP) in 4-chamber view 
demonstrating slightly dilated LV with EF 47%

Video 24.5

Chagas’ disease. Cine images/SSFP) on 2-chamber view. 
The LV is dilated with manifestation of several small aneu-
rysms and a large apical aneurysm with trans-mural hyper-
enhancement due to fibrosis

Video 24.6

Patient with non-compaction cardiomyopathy (cine images- 
SSFP - short axis) demonstrating meshwork of trabeculae 
predominantly in the apex. The end-diastolic non-compacted 
to compacted ratio exceeds 2.3

Video 24.7

Patient with non-compaction cardiomyopathy (cine images - 
SSFP - vertical long axis) demonstrating meshwork of 
 trabeculae predominantly in the apex. The end-diastolic non-
compacted to compacted ratio exceeds 2.3

Video 24.8

Myocardial crypts in the proximal infero-septal wall as 
observed in genetically proven carrier of hypertrophic 

Fig. 24.19 A case of Tako Tsubo. (a) T2 image obtained during the 
acute phase. A clear enhancement of the signal due to the presence 
of myocardial oedema at the level of the inter-ventricular septum is 

evident (arrow). (b) At the same level, the T2 image obtained 3 
months later, no signal abnormality could be observed. With kind 
permission of Dr. Lorenzo Montu, Humanitas, Milano, Italy
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cardiomyopathy mutation (cine images -SSFP - modified 
2-chamber view)

Video 24.9

Myocardial crypts in the proximal infero-septal wall as 
observed in genetically proven carrier of hypertrophic cardi-
omyopathy mutation (cine images - SSFP - short axis view)
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Introduction and Definitions

The right ventricle may be the seat of ventricular tachycardia 
of left bundle branch block pattern.1 Recent interest has cen-
tred on its pathophysiology because early reports sug gested 
that an apparent absence of gross organic heart disease indi-
cated a more favourable prognosis.2 The term “arrhythmogenic 
right ventricular cardiomyopathy” was first proposed in 1977 
by Fontaine et al,3 when he demonstrated that right ventricular 

tachycardia can have adverse electrophysiological features 
and may be associated with right-sided structural disorders. 
These include right ventricular dysplasia and coronary artery 
disease and cardiomyopathy affecting one or both ventricles.

ARVC/D is a cardiomyopathy affecting primarily the 
right ventricle (RV).4 However, it has been increasingly rec-
ognized that the left ventricle (LV) is also affected in several 
patients. It is a heterogeneous group of conditions character-
ized by right ventricular dysfunction and dilatation from 
very subtle abnormalities located at the RV to a most exten-
sive RV and LV dysfunction.

The most common presentation is patients complaining of 
arrhythmias, specifically with ventricular tachycardia origi-
nating from the RV with the characteristic LBBB morphol-
ogy, which could be life-threatening. ARVC/D is an important 
cause of sudden death in individuals <30 years of age and has 
been found in up to 20% of sudden deaths in young people.4

ARVC/D is an autosomal dominant disease with variable 
penetrance and incomplete expression. It is characterized by 
adipose replacement of myocardial tissue in the right ven-
tricular wall in a spotty or diffuse process that starts on the 
right ventricular sub-epicardium and progresses to the endo-
cardium with fibro-fatty replacement of myocytes and thin-
ning of the wall (Fig. 25.1). Men are more frequently affected 
than women, and the condition is usually discovered between 
the second and fourth decade of life.

The regions of the RV most frequently involved are the 
RV inflow area, the apex, and the infundibulum. These three 
areas form the “triangle of dysplasia” (Fig. 25.2). When the 
LV is also involved, the fibro-fatty replacement can affect 
both the septum and left ventricular free wall.

RV Outflow RV Inflow RV Apex

Fig. 25.2 Echocardiographic views from a patient with ARVC/D illus-
trating the “triangle of dysplasia.” On the left panel, the outflow track 
seen from parasternal long-axis view (arrows) demonstrates a subtle 
thinning of the free wall. In the middle panel, the RV inflow track view 

shows the localized akinetic region in the free wall (arrows). On the 
right panel, apical four-chamber projection demonstrates an apical 
aneurysm on the RV (arrows)

Fig. 25.1 Diagrammatic representation of the histology in arrhyth-
mogenic right ventricular cardiomyopathy

Right
Ventricle

Left
Ventricle
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Criteria for Diagnosis of ARVC/D

A definite diagnosis of ARVC/D requires the histological 
finding of trans-mural fibro-fatty replacement of RV myocar-
dium. However, in the leaving, patient histological diagnosis 
is difficult, as small amounts of adipose tissue also present in 
the epicardial layer as well as within the RV myocardium in 
normal subjects, and increases with the advancing age. A 
consensus group has, therefore, proposed a number of major 
and minor diagnostic criteria (Table 25.1).5 To qualify as 

ARVC/D, a patient must demonstrate two major, or one 
major plus two minor, or four minor criteria.

Global or Regional Right Ventricular  
Dysfunction

Of the major criteria, the global or regional right ventricular 
dysfunction may be best evaluated with any accepted imag-
ing technique such as RV angiography, nuclear medicine, 
echocardiography, or cardiac magnetic resonance (CMR). 
However, RV evaluation is normally performed by means of 
comprehensive echocardiography and CMR imaging.

Echocardiography

Echocardiography in expert hands can identify subtle RV 
abnormalities in the form of RV free wall thinning (Fig. 25.3) 
or RV apical aneurysms (Fig. 25.4) by careful and systematic 
evaluation of the RV.6–8 Echocardiography is probably the 
diagnostic test of choice, but needs to be performed compre-
hensibly by experts following standardized protocols for the 
detailed imaging of the right ventricle.8 As ARVC/D affects 
primarily the RV, it is important to perform all right ventricu-
lar views, which include the RV inflow and outflow views. 

LV

RV free wall

Fig. 25.3 Parasternal long-axis projection from a patient with ven-
tricular tachycardia demonstrating a non-dilated RV outflow, but 
a localized RV free wall thinning (arrow) and absent contraction, 
 suggestive of ARVC/D

Global or regional dysfunction and structural alterations
Major
Severe dilatation and reduction of RV ejection fraction with no 

(only mild) LV impairment
Localized RV aneurysms (akinetic or dyskinetic areas with dia-

stolic bulging)
Severe segmental dilatation of the RV
Minor
Mild global RV dilatation or reduced ejection fraction  

with normal LV
Mild segmental dilatation of the RV
Regional RV hypokinesia

Tissue characterization of walls
Major
Fibrofatty replacement of myocardium on endomyocardial biopsy

Re-polarization abnormalities
Minor
Inverted T-waves in right precordial leads (V2 and V3) in people 

aged more than 12 years in absence of RBBB

De-polarization/conduction abnormalities
Major
Epsilon waves or localized prolongation (>110 ms)  

of the QRS complex in right precordial leads (V1 to V3)
Minor
Late potentials (signal averaged ECG)

Arrhythmia
Minor
LBBB type ventricular tachycardia (sustained and non-sustained)
Frequent ventricular extrasystoles (more than 1,000/24 h)  

on Holter

Family history
Major
Familial disease confirmed at necropsy or surgery
Minor
Familial history of premature sudden death (<35 years) due to 

suspected RV dysplasia
Familial history (clinical diagnosis based on present criteria)

table 25.1. Criteria for diagnosis of ARVC
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The typical presentation will be that of a young patient with 
ventricular arrhythmias of right ventricular origin. This 
patient will be first referred for an echocardiographic exami-
nation, which will have to be conducted in an expert depart-
ment to look for subtle RV abnormalities. The earliest 
abnormalities that can be detected may be focal areas of 
myocardial dysfunction, which may involve the RV inflow, 
apex, and/or the RV outflow tract. Those three locations con-
stitute the “triangle of dysplasia.” These areas, however, may 
easily be missed if particular attention has not been paid. The 
more obvious and pathognomonic abnormalities are those of 
localized aneurismal regions of the triangle of dysplasia in 
the form of systolic bulges (Fig. 25.5). As long as the RV 
inflow and outflow tract projections are carefully recorded, 
missing those regional dyskinetic regions will be difficult. In 
a more advanced stage of ARVC/D, extended areas of RV 
free wall may become thin and akinetic, which, together with 
RV dilatation, will form the “typical” pattern of ARVC/D 
(Figs. 25.6 and 25.7). Ultimately, the whole of the RV will be 
thinned, dilated, and hypokinetic. The diagnosis is difficult 
to miss and is straightforward with any imaging modality. 
Last, in the most severe and advanced cases, the LV will also 
become involved and could mimic that of non-specific dilated 
cardiomyopathy. Global RV dysfunction is most common in 
patients with cardiac arrest, although this is not necessarily 
true in patients with first presentation. Figures 25.5 and 25.6 
are from a 55-year-old lady with ARVC/D. The marked dila-
tation of the RV will lead to functional tricuspid regurgitation 
(Fig. 25.8). The differential diagnosis with pulmonary hyper-
tension is straightforward by directing the continuous wave 
Doppler beam along the tricuspid regurgitant jet in order to 

Fig. 25.4 Same patient as in Fig. 25.3. Apical four-chamber demon-
strating the discrete aneurysm at the apex (arrow)

RV

Fig. 25.6 Parasternal long-axis view from a patient with advanced 
ARVC/D demonstrating a dilated RV (arrow) with marked global 
hypokinesia. Notice that the LV size is normal

Fig. 25.5 Right ventricular outflow track view demonstrating a clear 
aneurysm below the pulmonary valve (arrows) taking the form of a 
“mushroom”

MPA

RVO
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estimate the RV systolic pressures. Video 25.1 shows a dis-
crete RV apical aneurysm while the patient developed her 
usual arrhythmia.

Cardiac Magnetic Resonance

In recent years, MRI scanners and imaging protocols have 
rapidly been developed.9 At present, imaging is generally 
performed on 1.5 T systems using dedicated cardiac phased-
array coils with multiple elements and ECG triggering, 
although 3-T scanners offering better spatial resolution will 
rapidly develop. CMR evaluation of ARVC/D was initially 
focussed on the detection of fat tissue infiltration at the level 
of RV free wall. First reports in the early 90s10, 11 included T1-
weighted spin echo images showing bright signal intensity 
corresponding to RV free wall fatty infiltration. After a period 
of initial enthusiasm that almost gave CMR the same value 
as histology for the detection of fat replacement, both in for-
malin-fixed hearts and in vivo,12, 13 the role of CMR in the 
detection of fat was redefined. Since fat infiltration has been 
described in normal hearts and CMR tissue characterization 
(fat infiltration) is often difficult, the clinical and diagnostic 
utility at present is limited (Table 25.2).14, 15

CMR abnormalities described in patients with ARVC/D 
(Table 25.3) can be divided into two groups: functional 
anomalies and morphological changes, both most commonly 
found in the “triangle of dysplasia.”

Functional Evaluation

As with echocardiography, among functional abnormalities 
described by CMR in ARVC/D, dilatation and RV systolic 
dysfunction are most commonly found in patients who meet 
Task Force criteria. Other abnormalities include regional 
wall motion abnormalities (hypokinesia or akinesia) and 
focal aneurysm with persistent diastolic bulging (Table 25.1). 
CMR allows the evaluation of RV volumes and global and 
regional function. ECG-gated breath-hold gradient echo 
sequences (steady state free precession) achieve excellent 

RA
LA

Fig. 25.7 Apical four-chamber view from the same patient as in Fig. 
25.6 demonstrating the markedly dilated RV. This patient can be com-
pared with patient in Fig. 25.4 where the aneurysm was very discrete

Fig. 25.8 Apical four-chamber projection with colour Doppler dem-
onstrating the presence of almost free tricuspid regurgitation sec-
ondary to the marked dilatation of the tricuspid annulus. Notice the 
low velocity flow as seen by the deep blue colour of the velocity jet

Non-invasive

Absence of ionizating radiation

Non-iodated contrast agents

High spatial and temporal resolution

Multiple planes

High contrast between blood pool and myocardium

No acoustic window problems

High reproducibility on RV volume and function parameters

Tissue characterization

table 25.2. CMR advantages for the evaluation of ARVC/D

ARVC/D arrhythmogenic right ventricular cardiomyopathy/dysplasia
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contrast between blood and myocardium with good delinea-
tion of RV endocardial borders. Image planes include classi-
cal long-axis cardiac views, as well as RV outflow tract 
(RVOT), short axis, and axial images from the level of the 
RVOT to the diaphragm (Video 25.2). RV volume and sys-
tolic function are calculated from serial short-axis cine loops 
tracing end-diastolic and end-systolic areas. Suppression of 
premature ventricular beats with anti-arrhythmic therapy is 
recommended to avoid blurring, and age, height, and weight 
should be recorded in all cases. RV volumes and ejection 
fraction (EF) should be matched according to age, sex, and 
body surface area. Ventricular dilatation is defined when 
end-diastolic volume (EDV) is above 117% predicted.16 Wall 
motion abnormalities are subjectively assessed in order to 
detect localized aneurysm defined as akinetic or dyskinetic 
regions of the RV wall showing diastolic bulging (Videos 
25.3 and 25.4). Since normal variations of RV regional func-
tion are frequently seen on healthy subjects (Video 25.5), 
especially on axial planes and near moderator band inser-
tion,17 the significance of their presence should be interpreted 
with caution. For this reason, performance and interpretation 
of ARVC/D suspected CMR should be limited to high vol-
ume centres that are expert in CMR and familiar with the 
disease in order to avoid false positive ARVC/D diagnosis.

Morphological Evaluation

Morphological abnormalities include focal wall thinning 
(Video 25.1), moderator band or trabeculae hypertrophy, 
RVOT enlargement, and intra-myocardial fibro–fatty infiltra-
tion. Although a first approach to wall thickness and RVOT 
diameter can be done using previously described ECG gated 

 Task force criteria

Major Minor None

Functional abnormalities

Severe RV dilatation +   

RV severe systolic dysfunction  
without LV involvement

+   

Localized RV aneurysm (akinetic, 
dyskinetic areas with diastolic  
bulging)

+   

Severe segmental dilatation of RV +   

Mild global RV dilatation  +  

Mild RV ejection fraction reduction  +  

Mild segmental dilatation RV  +  

Regional RV hypokinesia  +  

Morphological abnormalities

RV free wall thinning   +

RV moderator band or trabeculae 
hyperthrophy

  +

RVOT enlargement   +

RV fat infiltration   +

Delayed enhancement  
(intra-myocardial fibrosis)

  +

table 25.3. CMR findings on ARVC/D

CMR cardiac magnetic resonance; ARV/CD arrythmogenic right ven-
tricular cardiomyopathy/dysplasia; RV right ventricle; LV left ventricle; 
RVOT right ventricular outflow tract

Fig. 25.10 Gradient echo sequence, axial plane showing a dilated 
and akinetic right ventricular outflow tract

Fig. 25.9 Cardiac magnetic resonance imaging from a patient with 
ARVC/D. Note the clarity of the thinned RV free wall (arrow) and the 
dilation of the RV cavity

RV free wall
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fast gradient echo sequences, a better spatial resolution is 
achieved by the use of black blood spin echo sequence. 
Current black blood sequences use a breath-hold fast spin 
echo with a dual magnetization preparation pulse (double 
inversion-recovery), which provides end-diastolic T1-
weighted images for detailed morphological analysis 
(Video 25.2). Fat infiltration is also evaluated with this 
sequence; since signal intensity of fat on T1-weighted images 
is high (bright), much higher than normal myocardium, the 
presence of a bright focal or diffuse area within the right or 
left ventricular myocardium suggests fat infiltration. However, 
high signal intensity on T1-weighted images is not specific of 
fat; proximity to surface coil, motion-related artefacts, and 
other technical issues may cause projection of high signal 
intensity onto the myocardium causing the false diagnosis of 
fatty infiltration. Along with T1-weighted images, a fat sup-
pressed sequence should always be performed. The presence 
of a bright signal spot within the myocardium on T1-weighted 
images that darkens or disappears on fat suppressed images is 
diagnostic of fatty infiltration (Fig. 25.11). High spatial reso-
lution on spin echo images is mandatory.18 Even though fat 
detection with CMR is not a Task Force criterion for the diag-
nosis of ARVC/D, most CMR protocols include T1-weighted 
and T2-weighted STIR (fat suppression) images on axial and 
short-axis planes. Importantly, planning of both sequences 
should be the same, so the very same image can be seen with-
out and with fat suppression. This approach has proved to 
increase inter-observer agreement and confidence in diagno-
sis and evaluation of intra-myocardial fatty infiltration in 
patients suspected to have ARVC/D.19 Fat RV infiltration 
detected with cine CMR has also been described in patients 
without any other ARVC/D abnormalities20 and its presence 
should be evaluated with caution (Fig. 25.12).

Delayed Enhancement

In recent years, delayed enhancement imaging in the CMR 
evaluation of patients with ARVC/D for detecting fibrosis 
has gained acceptance. Studies have shown that delayed-
enhancement can be detected in biopsy-proven ARVC/D 
patients in areas with wall thinning and regional dysfunc-
tion.21, 22 Fibro–fatty infiltration is more common in ARVC/D 
patients than fatty infiltration alone. Detection of fibrotic tis-
sue using delayed enhancement may be more important than 
the detection of fat replacement alone (Figs. 25.13 and 
25.14). However, prognostic implication and its clinical util-
ity for diagnosis and prognostic purposes are not defined yet. 
At present, inclusion on CMR protocols (Table 25.4), which 
are already long and technically demanding, is a question of 
debate. Further studies are needed in order to address these 
issues and to establish the feasibility of delayed enhance-
ment detection within the thin RV wall.

Fig. 25.11 (a) Fat spin echo T
1
-weighted image showing high signal 

intensity suggestive of fat infiltration in the septum (arrow). (b) 
Same image as Fig. 25.7 with fat suppression. Septal high signal 
intensity has disappeared, confirming the diagnosis of fat infiltra-
tion in this patient diagnosed of arrhythmogenic right ventricular 
dysplasia

a

b
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CMR Limitations

Despite the excellent image quality and reproducibility, CMR 
has some disadvantages; the data acquisition and analysis 
require expertise and are rather time-consuming, without 
clear validated and standardized protocols. Some patients 
groups, such as claustrophobic or patients with pacemakers, 
cannot undergo CMR. The lack of widespread availability of 
CMR scanners, however, may constitute the most significant 

limitation of this technique. In ARVC/D, localized RV aneu-
rysms may be detected with CMR, but they can also be missed 
when the plane of section is outside a localized aneurysm.

Other Imaging Techniques

Recently, multi-detector computed tomography (MDCT) 
was used in the evaluation of patients suspected to have 
ARVC/D. Also patients with pacemaker and cardioverter-
defibrillators can be studied using CT, which at present can-
not be imaged with CMR. Increased RV trabeculation and 
RV intra-myocardial fat and scalloping were associated with 
ARVC/D. RV volumes. Also, RV inlet dimensions and RV 
outflow tract surface area are increased in patients with 
ARVC/D. Further studies are warranted to ensure the accu-
racy of CT in the detection of ARVC/D.23 Also,  multi-detector 
CT can be used to detect fibro–fatty infiltrations. However, 
with increasing experience, it became apparent that the dif-
ferentiation of myocardial fibro–fatty infiltration from the 
fatty tissue normally present in the pericardium is inaccurate, 
unless, of course, the infiltration is extensive. Furthermore, 
myocardial fat can be present not only in ARVC/D, and is 
often related to aging, prior myocardial infarction, and 
chronic ischaemia.24 The separation between myocardial 
infiltration and normal pericardial fat is almost impossible in 
the presence of thinned RV free wall.

The recent development of radionuclide blood-pool 
SPECT imaging also allows regional assessment of the 
left and right ventricular function. In one prospective 
study it was found that detecting localized dysfunction by 

Fig. 25.12 (a) T
1
-weighted image of a patient with unexplained syn-

cope. Linear high signal intensity is noted in the inferior septum 
(arrow) that disappears on fat suppressed images (b) corresponding 
to fat infiltration. No other abnormalities were noted

a

b

Fig. 25.13 Delayed gadolinium enhancement from a patient with 
ARVC/D. Short-axis projection demonstrating the scar in the inferior-
basal portion of the RV, but also extending into the LV. Image 
obtained with permission from Bleeker et al9
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gated SPECT was accurate in the detection of ARVC (sen-
sitivity 100%, specificity 81%),25 but, obviously, more 
studies are needed to assess the value of this technique in 
this setting.

An interesting alternative to detect right ventricular 
involvement in ARVC/D is using imaging of cardiac neural 
innervation. In two earlier studies, this method was found to 
be a very sensitive marker of ARVC/D,26, 27 but no large pro-
spective trials have been published.

Histological Demonstration of Fibro–Fatty 
Replacement of Myocardium

The second major criterion for the diagnosis of ARVC/D is 
the histological demonstration of fibro–fatty replacement of 
myocardium on endomyocardial biopsy. The problem, how-
ever, with endomyocardial biopsy is that it is difficult to per-
form in patients with thinned wall running the danger of 
perforating the myocardium and performing pericardium 

Localizers (real time, three plane)

four-chamber, two-chamber, 
LVOT and RVOT

Gradient echo sequence (SSFP) 7 mm/3 mm Functional assessment (global 
and regional)8 mm/2 mm

Sequential short-axis slices 
from base to apex

Gradient echo sequence (SSFP) 7 mm/3 mm Ventricular volumes, mass, EF. 
Global and regional RV func-
tion

6 mm/4 mm

Axial sequential cine images 
from RVOT to the diaphragm

Gradient echo sequence (SSFP) 7 mm/3 mm Regional RV functional evalua-
tion (RVOT)6 mm/4 mm

Black blood T1 images, 
sequential short-axis view

T1-weighted double inversion–
recovery fast spin echo

6 mm/4 mm Fat infiltration (intra-myocardial 
high signal intensity)FOV 26–28

Black blood T1 fat sup-
pressed images, short axis

T1-weighted double inversion–
recovery fast spin echo with fat 
suppression

Same planning as T1-weighted 
images, same parameters

Fat infiltration (suppression of 
intra-myocardial high signal 
intensity)

Same sequences (5 and 6) on axial plane from RVOT to the diaphragm

Delayed enhancement 
(optional)

Inversion recovery prepared 
breath-hold cine gradient-echo 
images

6–7 mm/4–3 mm Intra-myocardial fibrosis (fibro-
fatty infiltration)8 mm/2 mm

table 25.4. Basic CMR study protocol for ARVC/D

CMR cardiac magnetic resonance; ARVC/D arrythmogenic right ventricular cardiomyopathy/dysplasia; RV right ventricle; LV left ventricle; RVOT 
right ventricular outflow tract; SSFP steady state free precession; FOV field of view

Fig. 25.14 Double inversion-recovery sequence after gadolinium injection showing diffuse right ventricular wall enhancement (arrows) 
indicative of myocardial fibrosis (a, b)

a b
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biopsy instead, leading to misleading diagnosis. Furthermore, 
in its earlier stages of the disease progression, the fibro-fatty 
replacement has a patchy distribution, thereby making myo-
cardial biopsy even less helpful.

Repolarization and Depolarization/Conduction 
Abnormalities

The remaining diagnostic criteria are based on the electrical 
characteristics and depolarization/conduction abnormalities 
of these patients. Repolarization abnormalities only consti-
tute a minor criterion. They are in the form of T-wave inver-
sion in leads V1 to V3 in the absence of a complete RBBB. 
Nevertheless, when present, they are very useful in raising 
the suspicion of ARVC/D and are present in up to 50% of 
cases.

Depolarization/conduction abnormalities constitute a 
major criterion when the characteristic epsilon wave or local-
ized prolongation (>110 ms) of the QRS complex in leads V1 
to V3 is present. In routine clinical practice, however, those 
waves are rarely seen or difficult to diagnose. Arrhythmia also 
constitutes a minor criterion and is in the form of left bundle 
branch block type ventricular tachycardia (sustained or non-
sustained). ECG, Holter, and exercise testing are useful to 
unveil these arrhythmias.

Family History

The final, and perhaps the most significant major diagnos-
tic criterion, is the presence of familial disease confirmed 
at necropsy or surgery (hard evidence). Because of the 
genetic character of ARVC/D, it is important to screen all 
members of the family once the diagnosis has been made. 
This can be performed non-invasively by routine ECG and 
echocardiography.

Conclusions

Arrhythmogenic RV cardiomyopathy has been recognized as 
an important cause of sudden death in association with exer-
cise and athletic participation. Physicians should consider this 
condition in young subjects who die suddenly or in people 
with unexplained cardiac arrhythmias. Diagnosis relies pre-
dominantly on imaging using echocardiography and CMR, 
which are complementary as long as they are performed by 
experts. Management involves the suppression of malignant 

arrhythmias with anti-arrhythmic medication, but is increas-
ingly directed towards placement of automatic implantable 
defibrillators as the most effective treatment to prevent sud-
den cardiac death.

Video 25.1

Sub-costal projection from a patient with ARVC/D demonstrat-
ing a discrete RV apical aneurysm. During the examination, the 
patient spontaneously reproduced her usual arrhythmia

Video 25.2

Gradient echo sequence, axial plane showing a dilated and 
akinetic right ventricular outflow tract

Video 25.3

Gradient echo sequence, short-axis view showing severe 
right ventricular dilatation and dysfunction. Right ventricu-
lar wall thinning is also noted in this patient diagnosed right 
ventricular dysplasia

Video 25.4

Cine gradient echo sequences, four-chamber view showing 
and enlarged right ventricle with right ventricular regional 
dysfunction. Basal and mid segments of right ventricular 
free wall are akinetic

Video 25.5

Cine images, four-chamber view of a patient evaluated for 
possible ARVC/D without any Task Force criteria. Cardiac 
magnetic resonance was normal, but mild regional abnor-
mality was noted at the right ventricular mid free wall which 
is a normal variant
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Introduction

Echocardiography is the modality of choice for initial diag-
nosis, investigation, and monitoring of pericardial effusions. 
Echocardiography also identifies changes in cardiac function 
suggestive of cardiac tamponade and can be used to plan the 
removal of fluid by pericardiocentesis. Cardiac CT and MR 
provide further detailed pericardial imaging, as well as infor-
mation on fluid characteristics and localized effusions. 
Furthermore, they are particularly suited to investigation of 
related pathology whether pericardial, cardiac, or within 
their wider field of view.

Background to Pericardial effusions 
and Cardiac tamponade

Pericardial space

A pericardial effusion is an accumulation of fluid within 
the pericardial space created by the serous pericardium. The 
serous pericardium consists of two membranes: one lines the 
inside of the fibrous pericardium and the other extends over 
the outer surface of the heart (visceral pericardium). The 
serous membranes are continuous with each other and, there-
fore, form a deflated sac. This provides a potential space for 
fluid to accumulate and as the amount of fluid increases, 
there is an associated increase in intra-pericardial pressure.1

The vascular connections to the heart pass through the 
pericardium via two irregular holes. One hole accommodates 
the great vessels – aorta and pulmonary artery – and the 
other, the venous connections – pulmonary veins and vena 
cava. At each point, the serous pericardium has to wrap 
around the blood vessels and, therefore, two pockets (or 
sinuses) are created, the transverse sinus between aorta and 
pulmonary artery, and the oblique sinus between the pulmo-
nary veins on the back of the left atrium.2 These are of par-
ticular importance in pericardial effusions because collections 
can localize in the sinuses. These localized collections may 
cause clinical symptoms because of restricted flow in the 
associated blood vessels, such as pulmonary vein flow when 
fluid localizes in the oblique sinus.

Causes of Pericardial effusions

Normally within the pericardial space, there is a small 
amount of pericardial fluid, around 10–15 mL. This fluid is a 

transudate produced by the visceral pericardium and ensures 
that the two layers of serous membrane move freely over 
each other to allow unrestricted motion of the cardiac cham-
bers during systole and diastole. Diagnosis of a pericardial 
effusion implies the presence of an abnormal increase in 
fluid within the pericardial space.3

Pericardial fluid accumulates for reasons similar to fluid 
accumulation in any other body space and typically is either 
a transudate or exudate. The most common cause of effusion 
is in response to pericardial inflammation, as in pericarditis 
or post-cardiac surgery. If infective, the effusion may be 
purulent. Effusions also occur in response to malignant pro-
cesses, both those in direct proximity to the heart such as 
pericardial or cardiac and also those more distant such as 
breast or lung.4 Metabolic changes such as hypothyroidism 
or uremia can also lead to fluid collection, and rarely effu-
sions occur due to abnormalities in lymphatic drainage, 
described as a chylous effusion. Haemopericardium occurs 
after coronary surgery and if there is any other pathological 
or iatrogenic cardiac or coronary rupture that allows blood to 
be released into the pericardial space.

The characteristics or location of an effusion, as well as the 
presence of intra-pericardial structures, may help determine the 
underlying diagnosis. Fibrin strands or loculated effusions are 
often seen in response to inflammation, whereas haematoma is 
very suggestive of a haemopericardium. Irregular or invasive 
masses may suggest tumour, cyst, or fungal infection.

size of Pericardial effusions

Pericardial effusions vary significantly in size and haemody-
namic effect. These two factors are not directly related, and 
haemodynamic effects are more closely related to the speed 
of fluid accumulation. In conditions such as malignancy, 
where fluid has accumulated over several months, the peri-
cardium has had time to adapt and accommodates larger vol-
umes before haemodynamic problems occur.4 In sudden fluid 
accumulation, which can occur following iatrogenic cardiac 
or coronary puncture, only a small amount of fluid is required 
to limit cardiac function.

Global effusions are usually graded as mild, moderate, or 
large, based on their depth, which is the distance between 
pericardial and cardiac surface.5 This depth is sometimes 
used to approximate volume. Less than 0.5 cm usually 
equates to around 50–100 mL of fluid, whereas a depth of 
0.5–1 cm is considered a mild effusion and is associated with 
volumes of around 100–250 mL. A moderate effusion is usu-
ally 1–2 cm, or 250–500 mL, and a large effusion tends to be 
more than 2 cm deep and is associated with over 500 mL of 
fluid. These approximations do not hold for localized or loc-
ulated effusions.
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Cardiac tamponade

Pericardial effusions have haemodynamic consequences 
when they restrict normal cardiac function.2, 4 The presence 
of cardiac tamponade specifically refers to diagnosis of the 
severe haemodynamic compromise that leads to clinical 
symptoms and signs. This diagnosis is based on tachycardia 
(>100 bpm), hypotension (<100 mmHg systolic), pulsus 
paradoxus (>10 mmHg drop in blood pressure on inspira-
tion), and a raised JVP with prominent x descent.5

For clinical symptoms to emerge, the effusion must be 
sufficient to increase intra-pericardial pressure to levels 
greater than intra-cardiac pressure. The first visible signs of 
haemodynamic impact, therefore, occur in chambers at lower 
pressure and at points within the cardiac cycle when pressure 
is at a minimum. After a general reduction in chamber size, 
the right atrium starts to appear to collapse in atrial systole. 
As intra-pericardial pressure increases further, parts of the 
right ventricle start to collapse at the end of ventricular sys-
tole. The combination of rapid atrial collapse in atrial systole 
followed by rapid ventricular collapse at the end of ventricu-
lar systole creates the appearance of a swinging right atrium 
and ventricle.6 Cardiac efficiency is impaired as a result, and 
blood flow through the heart becomes limited, eventually 
leading to symptoms.

Intra-cardiac pressure is also affected by respiration, 
which is normally associated with a swing of 5 mmH2O in 
intra-thoracic pressure. During inspiration, there is an 
increase in blood flow into the lungs, which increases flow 
into the right heart and reduces flow into the left heart. 
Expiration forces blood out of the lungs into the left heart 
and reduces flow into the right heart. These changes in flow 
can normally be identified by a small variation in blood pres-
sure with respiration. As intra-pericardial pressure begins to 
approach intra-cardiac pressure and influence blood flow 
into the right heart, the drop in blood pressure with inspira-
tion becomes more exaggerated and is described as pulsus 
paradoxus when it exceeds 10 mmHg.5, 6

Imaging Pericardial effusions

overview

Pericardial imaging is usually based on a staged, multi-
modality approach. The combination of echocardiography, 
cardiac CT, and cardiac MR provides sufficient spatial reso-
lution to visualize the pericardium, a wide field of view to 
look for associated pathology within the chest, a high tempo-
ral resolution to provide detailed information on myocardial 
function (and acute changes in function), and a means to 

differentiate tissue characteristics, such as calcium, blood, 
tumour, and fibrosis. However, echocardiography is usually 
the main modality used in the management of pericardial 
effusions, with cardiac CT and cardiac MR reserved for 
patients in whom there is a need to investigate possible 
underlying diagnoses, such as malignancy, or there is con-
cern about localized effusions. Alternatively, assessment of 
effusions by cardiac MR and cardiac CT may be carried out 
as part of image acquisition for broader cardiac pathology or 
effusions may be noted incidentally. The key roles of cardio-
vascular imaging when there is a pericardial effusion are to 
identify the size and location of the effusion, likely cause, 
haemodynamic effects, and the best approaches to remove 
the effusion (pericardiocentesis).

Chest X-ray

The chest X-ray remains the standard first-line investigation 
in patients with chest pain or shortness of breath. The pre-
dominant symptom of a pericardial effusion is shortness of 
breath and, therefore, very frequently, the chest X-ray is the 
first image acquired before the diagnosis is made. The 
strengths of the chest X-ray are its wide availability, wide 
field of view to pick up alternative or related pathology such 
as chest infection, ability to provide an outline of cardiovas-
cular structures against the lung, and ability to pick up calci-
fication.7 The pericardium itself is not normally visible on 
the chest X-ray, except when it becomes calcified, and in the 
majority of patients the most useful information is obtained 
from changes in the shape of the cardiac silhouette (Fig. 26.1). 
Pericardial effusions classically cause a large, globular 
heart.8 Such a finding should prompt further imaging with 
echocardiography. Other information may be gathered from 
the chest X-ray about possible underlying or alternative 
pathologies such as chest infections, tuberculosis, or 
malignancy.

echocardiography

Advantages and Disadvantages of Echocardiography

Identification of a pericardial effusion was one of the first 
uses of echocardiography, and echocardiography remains the 
imaging modality of choice for initial investigation of peri-
cardial effusion.9 This is because it is readily available at the 
bedside, in the clinic, and, increasingly, in the community. 
Echocardiography has the spatial and temporal resolution to 
provide information on quantity and position of fluid accu-
mulation within the pericardial space, combined with related 
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Fig. 26.1 Series of chest X-rays (a-c) of the same patient taken over  
6 months. Note the gradual change in shape of the cardiac silhouette 
into a globular heart as a pericardial effusion develops. In the final 
image (c) a thin lower attenuation band can be noted around the 

lateral border of the heart consistent with the fluid layer within the 
pericardium. Images courtesy of Radiology Department, John 
Radcliffe Hospital, Oxford

changes in haemodynamics.5 Information on cardiac size, 
function, and mass can be collected at the same time. In com-
bination with trans-oesophageal imaging, the whole of the 
pericardial space can be viewed, including the sinuses.6, 9 
Presence of thrombus or fibrin can also be noted from changes 
in echo characteristics, and masses associated with the peri-
cardium can be identified. Echocardiography may be limited 
by body habitus and is not able to differentiate accurately 
fluid types or assess pericardial thickness. The modality also 
lacks the field of view to assess related pathology in the lungs. 
However, echocardiography is particularly useful in the 

emergency setting when there is concern about acute haemo-
dynamic compromise due to pericardial fluid accumulation, 
for which it can also be used to aid pericardial drainage.

Appearances on Echocardiography

Part of the pericardium and pericardial space can be seen in 
all standard echocardiography views (Fig. 26.2, Videos 
26.2A-D). However, the best trans-thoracic views to see a 
pericardial effusion are usually the parasternal long and short 
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axes, apical four-chamber, and sub-costal views. During 
trans-eosphageal echocardiography, the most useful addi-
tional views are the four-chamber view (mid-oesophageal 
0°-view) as it allows assessment of localized collections 
around the pulmonary veins and right heart, and the aortic 
valve views (mid-oesophageal short-axis 50°- and long-axis 
135°-views) to assess the transverse sinus.5

The pericardial surfaces may be apparent as a thin, slightly 
brighter line around the heart (Fig. 26.3, Video 26.3). The 
acoustic properties of the pericardium are close to those of 
surrounding tissues, and, therefore, it is difficult to see, which 
makes measures inaccurate. Gross changes in thickness or 
calcifications (which are seen as echo-lucent areas with asso-
ciated shadowing) may be seen. The normal pericardial space 
is a thin black line around the heart, and there should only be 
a few millimeters of fluid.10 A pericardial effusion will be 

seen as an abnormal increase in size of this echo-lucent 
space. Pleural fluid has a similar appearance, and it is impor-
tant to differentiate this from a pericardial collection. This 
can usually be achieved because the pericardium is visible 
(Fig. 26.3) or from the position of the collection relative to 
the aorta.11 As the pericardium lies between the aorta and the 
heart, pericardial fluid will track along the inferolateral sur-
face of the heart, whereas pleural fluid will track around the 
aorta (Fig. 26.3). Echocardiography will be able to assess the 
size, location, possible underlying diagnosis, and haemody-
namic effects of an effusion. Furthermore, it will be able to 
determine whether the effusion is global, localized, or locu-
lated (Fig. 26.4).

Echocardiography can approximate volume of fluid based 
on depth, with more accurate volume measures obtain-
able from planimetry of pericardial and cardiac borders 

Fig. 26.2 Four standard echocardiography views. A pericardial effusion can be noted in each view. Images courtesy of Echocardiography 
Department, John Radcliffe Hospital, Oxford
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in apical views or from 3D echocardiography. Pericardial 
fluids (serous, blood, or pus) are all seen as black echo-
lucent areas, and it is difficult to differentiate between fluid 
types with echocardiography. Strands (fibrin) can easily be 
seen (Fig. 26.5, Video 26.5), and haemotoma may be evi-
dent, although it has similar echocardiographic density to 
myocardium. Trans-eosphageal echocardiography may be 

particularly useful for the assessment of possible localized 
effusions in patients with haemodynamic problems after car-
diac surgery (Fig. 26.6, Video 26.6).

Cardiac Tamponade and Echocardiography

Echocardiography is of great importance for the assessment of 
cardiac tamponade. A key feature that can be identified with 
echocardiography is the 2D evaluation of the abnormal col-
lapse of the right atrium and ventricle (Fig. 26.7, Video 26.7). 
The first part of the heart to be affected is the right atrium at 
end diastole. As pressure increases further, the right ventricle 
starts to be affected and collapses at end systole.5 Clinical 
 haemodynamics usually intervenes before intra-pericardial 
pressure is sufficient to influence the left ventricle and atrium.

Fig. 26.3 Example of a pleural 
and pericardial collection. Note 
the bright white pericardium 
and how the pericardial fluid 
passes between aorta and heart, 
whereas the pleural fluid lies 
outside the aorta. Images 
courtesy of Echocardiography 
Department, John Radcliffe 
Hospital, Oxford

Fig. 26.4 Parasternal long-axis and parasternal short-axis views of a 
pericardial effusion localized against the inferolateral wall of the left 
ventricle. Images courtesy of Echocardiography Department, John 
Radcliffe Hospital, Oxford

Fig. 26.5 Apical four-chamber view with fibrin strands evident 
within the effusion along the lateral wall of the left ventricle. Images 
courtesy of Echocardiography Department, John Radcliffe Hospital, 
Oxford
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Cardiac tamponade is associated with pulsus paradoxus, 
which is the abnormal exaggeration of the variation in systolic 
blood pressure with respiration. This occurs due to changes in 
blood flow through the heart, and, therefore, Doppler is ide-
ally suited to identify these variations in blood flow.6 To dem-
onstrate the respiratory variation, Doppler inflow across one 
of the valves can be measured and change in E-wave recorded 
(Fig. 26.8). Respiration can be tracked using a physio trace or 
annotated on the recording. Normally, peak flow across the 
mitral valve varies by <15 and <25% at the tricuspid valve 
(Fig. 26.9). Greater than this supports tamponade, but clinical 
signs are usually associated with >40% variation at the mitral 
valve. Exaggerated flow changes through the heart during res-
piration can also be demonstrated in the left and right ventricle 
outflow tracts (increased flow in inspiration on the right and in 

expiration on the left) with variation of greater than 10%. 
Increases in filling pressures may also be evident with dilata-
tion of the inferior vena cava and hepatic veins. Septal motion 

Fig. 26.6 Trans-oesophageal echocardiography views of localized 
collections. (a) a 135° long axis view of the aortic valve. As well as the 
oblique sinus collection, fluid and haemotoma are also present in the 
transverse sinus between aorta and left atrium. (b) a 0° four-chamber 
view with a localised, haemotoma-filled collection behind the left 
atrium consistent with an oblique sinus collection. Images courtesy 
of Echocardiography Department, John Radcliffe Hospital, Oxford

Fig. 26.7 Apical four-chamber view of a large global pericardial effu-
sion. The image is stopped in end diastole and end systole to demon-
strate right atrial and right ventricular collapse, respectively. This 
observation is supportive of cardiac tamponade. Images courtesy of 
Echocardiography Department, John Radcliffe Hospital, Oxford
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may be abnormal with fluttering of the septum as left and right 
ventricles fill during diastole, probably due to waves of com-
petitive filling of the two ventricles. This is reported as early 
diastolic notching on M-mode.

Cardiac Ct

Advantages and Disadvantages of Cardiac CT

Cardiac CT provides a modality when more detailed imag-
ing of pericardial pathology is required and may be particu-
larly useful to assess loculated or localized effusions not well 
visualized on echocardiography.12, 13 Furthermore, CT may 
be indicated to investigate underlying causes such as malig-
nancy. Effusions may be identified on CT as an incidental 
finding during chest CT imaging for investigation of symp-
toms such as shortness of breath. Strengths of cardiac 
CT are its ability to easily identify calcification including 
 micro-calcifications, provide soft tissue contrast with tissue 
characterization—including fluid assessment based on atten-
uation—and a wide field of view to identify associated chest 
pathology. Multi-detector CT has enabled motion-free imag-
ing of the pericardium to improve resolution, multi-planar 
reformation, and options to assess associated changes in car-
diac function.14 Without gating, motion artefacts can make 
measurements difficult including complicating differentia-
tion of thickened pericardium from fluid. The major limita-
tions of cardiac CT are the requirement for ionizing radiation 
and use of iodinated contrast agents.

Appearances on Cardiac CT

The normal pericardial surfaces are seen as a thin grey line 
of soft-tissue density usually well delineated between the 
pericardial and epicardial fat layers.3, 14 Therefore, the 

pericardium is most evident on the anterior surface of the 
heart in front of the right ventricle and right atrium where the 
fat is more prominent and there is an area of ventral medi-
astinal fat. Pericardial fluid usually has attenuation charac-
teristics of water and is seen as a thin line between the 
pericardial surfaces and the heart (Fig. 26.10). Attenuation 
characteristics may allow differentiation of the contents of an 
effusion. The more common transudate effusions have the 
attenuation of water, whereas those with higher protein con-
tent such as haemopericardium, purulent exudates, malig-
nancy, or chylous effusions have high attenuation.3, 13 The 
attenuation of haemopericardium varies with age with a 
gradual reduction over time and the emergence of mixed 
areas due to the presence of thrombus. Inflammatory effu-
sions may be associated with contrast uptake by the pericar-
dium.14 A limitation of cardiac CT is the differentiation of a 
small effusion from pericardial thickening or when the effu-
sion is the same attenuation as pericardium because of vol-
ume averaging. Because the whole heart is seen in every 
acquisition, loculated or localized effusions and those around 
the anterior heart can be imaged within a standard protocol.12 
Another feature of cardiac CT is the wide field of view, 
which can be used to assess related pathology in the lungs 
and also more clearly define the extent of masses associated 
with the pericardium. Cardiac CT is, therefore, particularly 
useful for more detailed assessment of pericardial pathology 
associated with the effusion, in particular, pericardial thick-
ness (Fig. 26.11), calcification, and size, extent, and func-
tional effects of pericardial masses (Fig. 26.12).

Cardiac Tamponade and Cardiac CT

Cardiac tamponade should have been identified clinically 
and on echocardiography. However, multi-detector CT allows 
visualization of the cardiac cycle and may identify chamber 
collapse or changes in cardiac chamber size. If these findings 

Fig. 26.8 Figure to demonstrate 
measurement of variation in 
E-wave velocity on inspiration 
and expiration. Reproduced with 
permission from Leeson et al5
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are noted to be present during CT examination, urgent refer-
ral for treatment is warranted.

Cardiac MR

Advantages and Disadvantages of Cardiac MR

Cardiac MR provides a modality for more detailed assess-
ment of pericardial effusions.15 Cardiac MR can be useful to 

diagnose localized effusions around the right atrium, 
aorto-pericardial reflection, and posterior to the left ven-
tricle.16 Effusions may also be evaluated by cardiac MR as 
part of other cardiac pathology being imaged or noted 
incidentally. Strengths of cardiac MR are its ability to pro-
vide unrestricted planes of view, differentiation of tissue 
and fluid characteristics based on T1 and T2 characteris-
tics, and provision of functional cardiac imaging.17, 18 
Assessment of the myocardium, alongside the pericar-
dium, and the use of gadolinium contrast can provide 

Fig. 26.9 Doppler recordings of 
normal (minimal) respiratory 
variation in tricuspid inflow and 
an exaggerated variation in 
inflow in a patient with a 
pericardial effusion. Images 
courtesy of Echocardiography 
Department, John Radcliffe 
Hospital, Oxford
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important information on cardiomyopathic processes that 
may complicate a pericardial effusion.19,  20 Cardiac MR has 
a wide field of view to study related chest pathology or 

define extent of pericardial masses, and avoids ionizing 
radiation.

Appearances on Cardiac MR

The normal pericardium is visible as a thin dark line on most 
cardiac MR sequences. It is dark on both T1- and T2-weighted 
sequences because it is fibrous, with a low water content.20 
Fat has different magnetic resonance characteristics, and, 
therefore, the pericardial and epicardial fat help delineate the 
pericardium.21 Transudates will have low-signal on T1 and 
high-signal on T2 with complex exudative effusions exhibit-
ing greater signal intensity on T1 (Fig. 26.13, Video 26.13). 
SSFP-cine imaging is associated with greater signal intensity 
in the presence of a greater T2/T1 ratio, and, therefore, tran-
sudates tend to have high intensity (Fig. 26.13). On inversion 
recovery, gadolinium late enhancement imaging effusions 
appear strikingly black (Fig. 26.14). The wide field of view 
means cardiac MR provides detailed assessment of loculated 
effusions, particularly around the aortic-pericardial reflec-
tion and at the left ventricular apex.16 In sequences with high 
signal from the pericardial fluid, it is important to differenti-
ate the effusion from the epicardial and pericardial fat. The 
presence of inflammatory or protein rich material within the 
effusion also creates patchy changes in signal intensity 
(Fig. 26.15, Video 26.15). The wide field of view allows 
detailed assessment of size, and extent of pericardial masses 
and tissue characteristics can be used to aid diagnosis.22, 23

Fig. 26.10 Two standard transverse CT slices demonstrate a small 
and a large effusion. Note the attenuation characteristics of the effu-
sion. Images courtesy of Radiology Department, John Radcliffe 
Hospital, Oxford

Fig. 26.11 A patient with a grossly thickened pericardium and small 
effusion. Images courtesy of Dr Ed Nicol, Royal Brompton Hospital, 
London

Fig. 26.12 A patient with a pericardial cyst associated with an effu-
sion. Images courtesy of Radiology Department, John Radcliffe 
Hospital, Oxford
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Cardiac Tamponade and Cardiac MR

Cine images of cardiac function and free-breathing 
sequences allow identification of haemodynamic changes 
such as chamber size and collapse associated with pericar-
dial fluid. In cardiac tamponade, there could also be dilata-
tion of the inferior vena cava, and free breathing sequences 
may demonstrate abnormal septal motion. The classic right 
heart signs of ventricular and atrial collapse can also be 
imaged, but should prompt referral for treatment (Fig. 26.16, 
Video 26.16).24

other Modalities

The pericardium is not seen during angiography, and, because 
of the “windowing” used, the cardiac silhouette is also not as 
clear as on chest radiography. Therefore, changes in size of 
the cardiac silhouette that may be present in pericardial effu-
sions are more subtle. In iatrogenic pericardial effusion fol-
lowing intervention on a coronary artery, the pericardial 
space may become evident due to accumulation of contrast 
around the heart. During pericardiocentesis, contrast can be 
purposefully injected to identify the pericardial space and 
fluoroscopy can be used to guide needle position.

Pericardial effusions are not seen on nuclear perfusion 
imaging. FDG-PET is not indicated for investigation of 
pericardial disease, but as FDG-PET measures metabolic 
activity, changes in uptake within the pericardium can 
occur25 in pericardial tumours or in chronic inflammatory 
pericarditis. It is usually difficult to distinguish uptake from 
that seen in the myocardium. However, this may be simpli-
fied if a pericardial effusion is present and separates the 
peri- and myocardium.

Pericardiocentesis

overview

Pericardiocentesis is used to drain pericardial effusions for 
diagnostic purposes or to treat cardiac tamponade. The aims 
of pericardiocentesis are to enter the pericardial space with a 
needle and insert a drain via a Seldinger technique. Imaging 
can help by guiding the insertion of the needle, confirming 
position of the needle or drain within the pericardial space, 
and monitoring removal of fluid.

Fig. 26.13 Four short-axis 
views demonstrate the 
appearances of an effusion on 
(a, b) SSFP-imaging and T

1
 

turbo spin echo image without 
(c) and with (d) fat saturation. 
Images courtesy of Oxford 
Centre for Clinical Magnetic 
Resonance Research
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Chest X-ray and Angiography

Fluoroscopy can aid pericardial drainage because the needle 
is clearly seen on screening. The needle can be followed 
according to the landmarks of the ribs and spines to a posi-
tion where the pericardial space should be present.

echocardiography

Echocardiography is the modality of choice for imaging-
guided pericardiocentesis. Pericardiocentesis is usually done 
from sub-costal or apical positions, and echocardiography 
allows preprocedural evaluation of location and depth of 
fluid in these positions.5 During the procedure, the angle of 

the echo probe used to achieve images can be used as a guide 
to the angle to be used for the needle. Imaging can then be 
maintained from the alternative position (apical or sub- 
costal), and the needle can sometimes be seen advancing into 
pericardial space (Fig. 26.17, Video 26.17). If it is not clear 
if the needle is in the pericardial space, injection of a small 
amount of agitated saline contrast down the needle should be 
seen filling the pericardial space.

Conclusions

The pericardium has a key function to maintain cardiac effi-
ciency and function by allowing free movement of the heart. 
Impairment of this normal function due to the accumulation of 
a pericardial effusion can lead to a range of symptoms from 
mild discomfort to haemodynamic collapse. Presentation with 
pericardial effusion can present a diagnostic conundrum 
because of the similarities between symptoms and other pathol-
ogies, for example, chest pain of pericardial or cardiac origin, 
breathlessness of chest disease, heart failure, or cardiomyopa-
thies. Multi-modality cardiovascular imaging is an essential 
and incredibly powerful tool to aid diagnosis. Echocardiography 
provides the modality of choice for immediate, simple assess-
ment of pericardial effusions and evaluation of possible car-
diac tamponade. Furthermore, echocardiography can guide 
intervention and provide follow-up assessments. Cardiac CT 
and MR provide means for detailed investigation of localized 
effusions and also of wider pathology that may be related to the 
presence of a pericardial effusion.

Fig. 26.15 SSFP left ventricular outflow tract view demonstrates the 
high intensity effusion and strands of low intensity along the lateral 
wall consistent with fibrin strands. Images courtesy of Oxford Centre 
for Clinical Magnetic Resonance Research

Fig. 26.14 Pericardial effusion appearances following gadolinium 
on an inversion recovery sequence. Images courtesy of Oxford Centre 
for Clinical Magnetic Resonance Research
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Fig. 26.16 SSFP views of a large 
global effusion with evidence of 
mild right atrial collapse in 
end-diastole and right 
ventricular collapse in late 
systole. Images courtesy of 
Oxford Centre for Clinical 
Magnetic Resonance Research

Fig. 26.17 Apical four-chamber 
echocardiography views 
acquired during pericardiocen-
tesis. In (a) a part of the 
pericardial drain is just visible, 
and in (b) agitated saline 
contrast has been injected 
down the pericardiocentesis 
needle to confirm position of 
the needle within the pericar-
dial space. Images courtesy of 
Echocardiography Department, 
John Radcliffe Hospital, Oxford
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Introduction

Constrictive pericarditis (CP) and restrictive cardiomyopa-
thy (RCMP) have some similarities in presentation, but their 
pathophysiology, clinical features, and, more importantly, 
therapeutic approach are quite different.1 It is therefore 
imperative that the correct diagnosis be made before install-
ing a therapy, which, if applied for the wrong diagnosis, 
could be deleterious to the patient.

In some patients, various components of fluid accumula-
tion, constriction, and abnormalities in myocardial compli-
ance and function can coexist, making the diagnostic process 
extremely difficult.2

To better understand the contribution of various imaging 
modalities, the pathophysiology and the clinical presentation 
with symptoms and signs will be reviewed. For completeness 
and since some transitions exist, tamponade will also be cov-
ered.3 Most diagnostic signs on imaging are direct illustra-
tions and consequences of the underlying physiopathology.

Pathophysiology

The normal human pericardium is a relatively stiff sac, 
enveloping the heart and returning on itself at the origins of 
the vessels; it is attached to the adventitia of the arteries and 
to the sternum, vertebral column, and diaphragm.4 The pres-
sure in the pericardium, although still under debate, is 
between 0 and 3 mmHg and slightly less than right atrial 
pressure (RAP); as such, it counteracts the distension pres-
sure of the cardiac cavities and mostly so for the thin walled, 
low pressure right heart where the structure of the wall itself 
resists volume and shape changes less and where the relax-
ation process in the myocardium contributes less to overall 
filling than in the left heart (suction pump). The driving force 
for the expansion of a heart cavity is the active relaxation 
generating a negative force during the brief, early diastolic 
suction period and the difference between the intra-cavitary 
and pericardial pressure during the passive dilation or dia-
stasis period and during active atrial contraction.

When fluid accumulates in the pericardium, the pressure 
in the pericardium increases, the trans-mural diastolic dis-
tending pressures of the atria drop to 0 (tamponade sets in), 
and the increased atrial pressures equalize. As the effect of a 
decreased distension pressure is more pronounced in the 
right heart, a compression of the right atrium and ventricle 
occurs at the time of lowest intra-cavitary pressure, i.e. early 
diastole, impeding early filling, and consequently limiting 
total filling volume and ultimately stroke volume; with 

increasing pericardial volume and pressure, the atrium 
remains collapsed throughout diastole. Left ventricular fill-
ing and output become compromised by the decreased right 
heart output and the increased left-right interaction (Fig. 
27.1). The increase in pericardial pressure depends on the 
speed of fluid accumulation since the pressure-volume rela-
tion of the pericardium is relatively flat in the first part, but 
becomes exponential thereafter. With slow accumulation, 
the pericardium can grow and adapt to accommodate large 
amounts of fluid with only a small increase in pressure. Every 
acute intervention that increases the venous return to the 
heart increases total heart volume and, as such, intra- 
pericardial total volume and pressure; if this occurs on the 
steep portion of the pericardial P–V relation, it will ensue in 
an upward shift of the LV diastolic P–V relation. On the 
other hand, a significant hypo-volemia with overall small 
heart cavities can mask the haemodynamic effects and clini-
cal signs of tamponade.

Overall, the volume change of the pericardial sac during a 
cardiac cycle is limited, with a small increase during diastole 
and a decrease during ejection; for the largest part, blood 
volume is shifted between the atria and the ventricles, with 
ejection of the ventricles and filling of the atria during sys-
tole and emptying of the atria and filling of the ventricles 
during diastole. On the other hand, since the left and right 
heart occupy the pericardial sac together, a ventricular inter-
dependence or coupling exists, i.e. the more space one side 
of the heart occupies, less is available for the other side, lead-
ing to increased diastolic pressures in the contralateral part 
(Fig. 27.2). This interdependence is present in normal cir-
cumstances during breathing and is exaggerated by fluid 
accumulation in the pericardium or by pericardial stiffening. 
The depth and speed of respiration also significantly deter-
mine the size of the effect on cardiac haemodynamics and 
should be recorded during imaging (increased apparent inter-
dependence in COPD patients). The effect of a stiffened 
pericardium is not apparent at the smallest heart volume, i.e. 
during early, fast filling, but becomes apparent during subse-
quent diastasis and atrial contraction.

During inspiration, pressure in the thorax and the pericar-
dium drops, and flow towards (inferior vena cava) and from 
the right heart increases (with an increased total right heart 
volume and pressure), while the reverse occurs on the left 
side (when exaggerated this causes pulsus paradoxus); dur-
ing expiration, the opposite changes take place (Fig. 27.3).

While cardiac tamponade counteracts distension pres-
sures throughout the entire filling period, the restraint in CP 
is nearly absent during early filling when overall cardiac vol-
ume is lowest, but rapidly increases thereafter, giving rise to 
the characteristic square root sign on LV pressure traces. 
Another characteristic of CP is the belated transmission of 
changes in intra-thoracic pressures to the intra-pericardial 
structures, creating the exaggerated acute changes in filling 
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gradients at the onset of the inspiratory and expiratory 
motions. During inspiration, the increased venous return is 
not coupled to the characteristic drop in RA pressure and 
systemic venous pressure may actually increase, i.e. 
Kussmaul’s sign in the superior caval vein (SVC) (Fig. 27.4). 
In other words, in patients with CP, the pulmonary wedge 
pressure is influenced by the inspiratory fall in thoracic pres-
sure, while the left ventricular pressure is shielded from 
respiratory pressure variations by the stiff pericardium. Thus, 

inspiration lowers the pulmonary wedge pressure and, pre-
sumably, left atrial pressure (LAP), but not left ventricular 
diastolic pressure, thereby decreasing the pressure gradient 
for ventricular filling. The less favourable filling pressure 
gradient during inspiration explains the decline in filling effi-
ciency. Reciprocal changes occur in the volume of right ven-
tricular filling (Fig. 27.5). These reciprocal changes are 
mediated by the ventricular septum, not by increased sys-
temic venous return. Thus, ventricular interdependence can 

Fig. 27.1 Haemodynamic characteristics of cardiac tamponade. 
Various pressures and flow patterns are illustrated during inspiration 
on the left and expiration on the right. RA right atrium; LA left atrium; 
RV right ventricle; LV left ventricle; LVEDP left ventricular end-diastolic 
pressure; LAP left atrial pressure; RVEDP right ventricular end-diastolic 

pressure; RAP right atrial pressure; SVC superior vena cava; HV hepatic 
vein; PV pulmonary vein, diast diastole; IVC isovolumic contraction 
phase; PCWP, PW pulmonary capillary wedge pressure; IP, PP pleural 
pressure; P pressure; ED end diastole; ES end systole; in inspiration; ex 
expiration; TMP trans-mural pressure
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be seen as a more continuous and a more sudden effect, gov-
erned by either slower volume shifts or by more sudden pres-
sure shifts. When the pressure gradient between the left and 
right heart shifts, the structure separating the two, i.e. the 
inter-atrial and inter-ventricular septum, can move; in nor-
mal conditions, the pressures on the left are higher than on 
the right, leading to the characteristic shape of the septa; 
with pericardial constriction, a sudden shift of the prevailing 
pressure gradient between left and right ventricle during 
early diastole causes a septal bouncing motion that is charac-
teristic for this condition.

Since respiratory interdependence in CP decreases at higher 
absolute LA pressures and with the severity of constriction, 
examining a patient in the upright position (decrease of filling 
pressures) can unmask interdependence in such cases.

In comparison to CP, tamponade exhibits a more marked 
pulsus paradoxus and a fall in RAP with onset of inspiration 
(no Kussmaul’s sign) because the intra-thoracic pressure 
changes are readily transmitted to the intra-cardiac cavities. 
CP more then tamponade is mimicked by acute RV 

Fig. 27.2 Ventricular interdependence in normal conditions during 
inspiration with increased filling of the right heart and in pericardial 
constraint leading to a shift of the inter-ventricular septum towards 
the left

Fig. 27.3 Variation in 
pressures in the vasculature 
and cavities in the pericardium 
and in the pleural space during 
in- and expiration in the 
normal situation (left) and in 
conditions of pericardial 
constraint (right); in the former, 
the gradients remain the same 
with a constant trans-mural 
filling pressure and inflow over 
the mitral valve as a conse-
quence; in the latter, the 
gradients vary with a decrease 
during inspiration and a 
subsequent variation in the 
mitral inflow pattern

Fig. 27.4 Kussmaul’s sign with 
a paradoxical increase of right 
atrial pressure during early 
inspiration due to the belated 
transmission of decreased 
intra-thoracic pressure to the 
intra-pericardial structures. RA 
right atrium; CVP central 
venous pressure; PCW 
pulmonary capillary wedge 
pressure
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infarction (sudden dilatation of right heart cavities with 
increased pericardial pressure and restraint).

CP must also be differentiated from RCMP,5 where the 
compliance problem resides within the myocardium, and 
from exaggerated respiratory variations and ventricular inter-
dependence, occurring with increased intra-thoracic pressure 
swings in COPD,6 marked obesity, recent thoracotomy, and 

marked dyspnea from another cause. Hepatic vein and SVC 
flows can help to differentiate (Fig. 27.6).

CP and RCMP share the following features: non-dilated 
ventricles, ventricular filling limited to early diastole, high 
venous pressures with dilated inferior caval vein and reduced 
respiratory collapse, diastolic flow into the pulmonary artery, 
and ventricular dip-plateau. Important differences are the 

Fig. 27.5 Haemodynamic characteristics of pericardial constriction. 
Various pressures and flow patterns are illustrated during inspiration 
on the left and expiration on the right. RA right atrium; LA left atrium; 
RV right ventricle; LV left ventricle; LVEDP left ventricular end-diastolic 
pressure; LAP left atrial pressure; RVEDP right ventricular end-diastolic 
pressure; RAP right atrial pressure; SVC superior vena cava; HV hepatic 

vein; VeJug jugular vein; PV pulmonary vein; diast diastole; IVC iso-
volumic contraction phase; PCWP, PW pulmonary capillary wedge 
pressure; P pressure; ED end diastole; ES end systole; TMP trans-mural 
pressure; s systolic; d diastolic; AR atrial reversal; dur duration; E early 
filling velocity; A atrial contraction velocity; Dt decelaration slope of 
early filling velocity; IVRT isovolumic relaxation time
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larger atria in RCMP, the more pronounced respiratory 
changes in filling with increased interdependence in CP, the 
decrease of tricuspid DT in RCMP, the early diastolic septal 
inversion (bounce) in CP, and the hepatic vein reversal on 
atrial contraction, which is more pronounced in expiration in 
CP and in inspiration in RCMP. A lower left ventricular 

filling pressure gradient with CP also leads to a delay in 
mitral valve opening, and, therefore, a longer iso-volumic 
relaxation time during inspiration. Prolonged iso-volumic 
relaxation of the left ventricle is a feature of both restrictive 
and constrictive pathology, but this finding varies with respi-
ration in CP but not RCMP.

Fig. 27.6 Haemodynamic characteristics of restrictive cardiomyopa-
thy. Various pressures and flow patterns are illustrated during inspira-
tion on the left and expiration on the right. RA right atrium; LA left 
atrium; RV right ventricle; LV left ventricle; LVEDP left ventricular end-
diastolic pressure; LAP left atrial pressure; RVEDP right ventricular 
end-diastolic pressure; RAP right atrial pressure; HV hepatic vein; 
VeJug jugular vein; PV pulmonary vein; IVC isovolumic contraction 

phase; PCWP, PW pulmonary capillary wedge pressure; P pressure; ED 
end diastole; ES end systole; TMP trans-mural pressure; s systolic; d 
diastolic; AR atrial reversal; dur duration; E early filling velocity; A atrial 
contraction velocity; AT acceleration slope of early filling velocity; DT 
deceleration slope of early filling velocity; IR isovolumic relaxation 
time; S2 second heart sound
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These pathophysiologic characteristics of the various 
pericardial syndromes can be studied with the different imag-
ing modalities, but it is crucial to be able to register morphol-
ogy as well as function and flow, mainly during the different 
phases of the respiratory cycle.

Clinical Findings

History

A prior history of pericarditis (e.g. tuberculosis, connective 
tissue disease, malignancy), trauma, or cardiac surgery 
makes the diagnosis of CP more likely.

A history of an infiltrative disease that may involve the 
heart muscle (e.g. amyloidosis, haemochromatosis, or sarcoi-
dosis) or a therapy that can cause myocardial apoptosis and 
fibrous replacement (chemotherapy) favors the diagnosis of 
RCMP. On the other hand, prior mantle radiation or cardiac 
surgery can result in both pericardial restriction and/or RCMP.

Physical examination

Using only a systemic venous pressure tracing or observing 
the venous neck pulse, it is not possible to distinguish 
between CP, RCMP, and tricuspid regurgitation with an 
enlarged compliant right atrium, right heart failure (e.g. due 
to right ventricular infarction or pulmonary hypertension), or 
circulatory overload with systemic congestion. The contour 
of the jugular venous pulse in all these conditions is domi-
nated by a deep, steep Y descent.

The abrupt cessation of early diastolic filling may be 
manifested in either CP or RCMP by an early diastolic sound, 
which is called a pericardial knock in patients with CP.

Kussmaul’s sign

The presence of Kussmaul’s sign (Fig. 27.4) is often sought 
in patients with suspected CP. Kussmaul’s sign represents 
the lack of the expected inspiratory decline in jugular venous 
pressure due to a decrease in effective operative compliance 
of the right ventricle. In severe cases, the pressure actually 
increases with inspiration. In most cases of CP studied dur-
ing quiet respiration, Kussmaul’s sign takes a forme fruste; 
respiratory variation of the mean central venous pressure is 
absent rather than reversed. Importantly, Kussmaul’s sign 
is also observed in right heart failure or systemic venous 

 congestion of any cause, and in severe tricuspid regurgita-
tion. Doppler flow measured in the superior vena cava or the 
jugular vein is the imaging correlate of this clinical sign.

In contrast, the venous pulse in cardiac tamponade (with 
a continuous counteraction of filling) has a truly abnormal 
waveform characterized by attenuation of the Y descent, or 
replacement of it by an upwardly sloping segment. In addi-
tion, Kussmaul’s sign is usually absent in tamponade.

non-invasive testing

electrocardiogram

The electrocardiogram may be helpful. Depolarization abnor-
malities (such as bundle branch block), ventricular hypertro-
phy, pathologic Q waves, or impaired atrio- ventricular 
conduction strongly favour RCMP. Low voltage and isolated 
repolarization abnormalities can occur in both conditions, 
although the latter are more common in CP. Atrial fibrillation 
is common in the late stages of both diseases.

Chest X-Ray

Calcification of the pericardium (excepting scattered plaques) 
strongly suggests CP (Fig. 27.7). However, the absence of 
calcification is equally compatible with either diagnosis, 
since pericardial stiffening can occur without calcification. 
Mild cardiomegaly on chest X-ray is common in both condi-
tions, but more prominent in RCMP. It is due to atrial rather 
than ventricular enlargement.

Plasma BnP

Plasma concentrations of B type natriuretic peptide (BNP) 
are increased in patients with left ventricular dysfunction 
and wall stretch. Wall stretch is increased in RCMP. However, 
in CP, the myocardium is normal, and stretch is limited by 
the thickened pericardium. These physiologic differences 
suggest that measurement of plasma BNP might have value 
in distinguishing between these two disorders.

Although evidence is still limited, this hypothesis is gen-
erally confirmed with significantly elevated BNP in RCMP 
and low BNP in patients with idiopathic CP.7 However, mod-
erate elevations in plasma BNP were also noted in patients 
with CP due to overt etiologies (e.g. cardiac surgery or man-
tle radiation).
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echocardiography

The parietal pericardium produces one of the most strongly 
reflective or echo-producing areas of the heart, and it nor-
mally moves anteriorly with the epicardium; if the gain on 
the echo machine is lowered, only the signals from the stron-
gest reflector in the tracing, the pericardium, remain (Fig. 27.8). 
TOE (trans-oesophageal echocardiography) can be of help to 
establish pericardial thickening.8, 9

Pericardial thickness exceeding 3–5 mm is highly sugges-
tive of CP. However, constriction can also be caused by a 
thin tight peel of visceral pericardium. Thus, a normal 
appearing parietal pericardium does not rule out CP.10

In addition, patients who have had radiation therapy or 
open heart surgery may have areas of thickened pericardium 
that do not cause haemodynamic compromise, while on the 
other hand, radiation can cause myocardial restriction.

When evaluating an effusion by 2D echocardiography, its 
presence, size, haemodynamic importance, and distribution 
are noted in each of the standard imaging windows. An echo 
free space between pericardial layers is the hallmark of a 
pericardial effusion. It is important to remember that not all 
pericardial spaces represent effusion. Pericardial fat is the 
most common source of non-effusive pericardial space. This 
normal but highly variable tissue is most commonly seen 
anterior to the heart in the parasternal long-axis view and in 
the sub-costal views. The best clues to its identity as fat are 
its absence posteriorly, normal motion of the pericardium, 
low intensity echoes within the space, and, perhaps most 
importantly, absence above the right atrium in the 4-chamber 
view and just posterior to the base of the left ventricle.

Fig. 27.7 Pericardial calcifications on chest X-ray

Fig. 27.8 2D echocardiogram with the bright echo signals at the 
anterior and posterior surface of the heart representing the peri-
cardial structures. RV right ventricle; LV left ventricle; AO aorta; P 
posterior pericardium; PP parietal pericardium; VP ventricular 
pericardium
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Pericardial tamponade has certain features that are usu-
ally present on the 2D echocardiogram:

Moderate or large effusion• 
Right atrial expiratory collapse (Fig. • 27.9)
Right ventricular expiratory compression collapse• 
IVC plethora with diminished respiratory response• 
Left atrial compression• 
Small chamber volumes (especially the right ventricle)• 
Reciprocal size changes with respiration between right • 
and left ventricles and mitral and tricuspid valves

Many of the right ventricular findings may be absent in a 
patient with significant pulmonary artery hypertension.

CP exhibits the following features that are supportive of 
the diagnosis, but not necessarily diagnostic:

Pericardial thickening and adhesion: lack of “sliding”; • 
heart motion transmitted to other organs (“tugging”)
Septal bounce – abrupt transient rightward movement• 
IVC plethoric and unresponsive to respiration; hepatic • 
veins dilated (Fig. 27.10)
Left and right ventricular size decreased; heart tubular in • 
shape
Mild biatrial enlargement• 

Septal bounce is the 2D counterpart of the M-mode septal 
notch and is often the first and best clue that constriction is 
present. This early diastolic incoordinate septal motion 
occurs towards the apex, but is indistinguishable from the 

incoordinate contraction/relaxation pattern seen in left bun-
dle branch block or pacing from the right ventricular apex. 
Once the septal bounce is noted, constriction must be 
excluded as a possible diagnosis.

RCMP findings on 2D echocardiography, in comparison 
to CP, include:

Fig. 27.9 Right atrial (left and middle) and left atrial collapse with tamponade. Top panels show 2D and lower panels M-mode tracings. PE 
pericardial effusion; RV right ventricle; LV left ventricle; IVS inter-ventricular septum; LV left ventricle

Fig. 27.10 M-mode through a hepatic vein illustrating the increased 
diameter and the lack of respiratory variation
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Absence of pericardial adhesion and thickening• 
Left ventricular mass that is normal or increased; myocar-• 
dial reflectance increased
Moderate to severe biatrial enlargement• 
Frequent AV valve regurgitation• 
Signs of pulmonary hypertension• 
AV valve excursion on M-mode unaffected by respiration• 

Doppler echocardiography

Since RCMP and CP share important haemodynamic char-
acteristics, they have a number of Doppler characteristics in 
common. Most notable is a restrictive mitral inflow or ven-
tricular filling pattern with striking E dominance and a short 
deceleration (DT) time. These findings indicate early rapid 
filling and are seen in both entities.

Colour M-mode Doppler, on the other hand, shows an 
excessively rapid transit of blood flow from the mitral and 
tricuspid (Fig. 27.11) orifice to the apex in CP, whereas the 
transit is much slower than normal in RCMP.

It is mainly the changes with respiration, described in the 
pathophysiology section, that can help in establishing the 

correct differential diagnosis between CP and RCMP.11, 12 
These include respiratory changes in the mitral E velocity 
(early diastolic left ventricular filling increases with expira-
tion) and reciprocal changes in right-sided Doppler flows 
(Fig. 27.12).13

The respiratory variation in ventricular filling velocity in 
RCMP is usually minimal (less than 10%). On the other 
hand, patients with CP may have variations as high as 
30–40%, and almost always at least 15% with clinically sig-
nificant constriction. However, the ventricular filling veloc-
ity is highly influenced by preload; thus, when LAP is greatly 
elevated, respiratory variation in this parameter may not be 
seen in patients with CP. Reducing preload by head-up tilting 
may bring out the abnormality in such cases. Although some 
have suggested that respiratory variation can be assessed in 
patients with atrial fibrillation, the presence of highly vari-
able RR-interval makes the diagnosis of CP difficult.14

Respiratory variation in mitral E velocity, like pulsus par-
adoxus, can also be present in patients with chronic obstruc-
tive pulmonary disease. In an attempt to distinguish between 
these disorders, the pulse-wave Doppler recordings of mitral 
and superior vena cava flow velocities can be of help. The 
patients with pulmonary disease have a marked increase in 
inspiratory superior vena cava systolic flow velocity 

Fig. 27.11 Tricuspid Doppler flow and colour M-mode of the right ventricle in a patient with constrictive pericarditis. Flow in the right ven-
tricle is very fast and limited to early diastole; also notice the large variation with respiration
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(Fig. 27.13), which is not seen to that extent in those with CP 
(Fig. 27.14).

There are both false positive and false negative results 
when examining the respiratory variation of the mitral flow 
velocity to differentiate CP from RCMP. Measurement of 
other parameters may be helpful:

The hepatic venous flow may be of diagnostic utility. In • 
patients with CP, there will be a reversal of forward flow 
during expiration (Fig. 27.14), since the right ventricle 
becomes less compliant as the left ventricle fills more.
Atrial and ventricular diastolic compliance are determined • 
by the pericardium in patients with CP. Furthermore, 
blood can transfer easily from atrium to ventricle because 
no change in total cardiac volume occurs. By contrast, the 

ventricles of patients with RCMP are much stiffer than 
the atria. The atria typically enlarge considerably and 
sometimes massively, and ultimately fail. Thus, late ven-
tricular filling velocity is reduced in patients with RCMP, 
and diastolic flow reversals occur; in comparison, flow 
reversal in CP occurs either in systole or in both systole 
and diastole.15

tissue Doppler Imaging

Pulsed-wave tissue Doppler imaging may help to distinguish 
between RCMP and CP by measuring the myocardial veloc-
ity gradient or strain, which is an index of myocardial 

Fig. 27.12 The variation in 
mitral and tricuspid inflow with 
respiration in a patient with 
constrictive pericarditis. Not 
only peak velocities but also 
deceleration varies consider-
ably: mitral DT 120–70–160–
125 ms, tricuspid DT 
140–180–100–140 ms

Fig. 27.13 A case of left 
ventricular hypertrophy and 
pulmonary obstructive disease: 
similar to constrictive pericardi-
tis, a significant variation exists 
in mitral inflow velocities with 
respiration; in contrast to 
constriction (Fig. 27.14), the 
flow in the superior vena cava 
(SVC) also varies significantly 
with respiration
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contraction and relaxation that quantifies the spatial distribu-
tion of intra-mural velocities across the myocardium.16

Doppler myocardial velocities (Fig. 27.15), as measured 
from the left ventricular posterior wall on the apical view in 
early diastole and during ventricular ejection, were significantly 

lower in patients with a RCMP compared to those with CP 
and to normal controls.17

The early diastolic Doppler tissue velocity at the mitral 
annulus (E’) can also be helpful in diagnosis.18 The transmi-
tral E’ is decreased in RCMP due to an intrinsic decrease in 

Fig. 27.14 Patient with 
constrictive pericarditis shows 
the absence of diameter 
variation (with respiration) of 
the inferior vena cava (IVC), 
the lack of significant variation 
in flow velocities of the 
superior vena cava (SVC), and 
the significant flow variation 
in the hepatic vein with 
reversal of flow during 
expiration

Fig. 27.15 Tissue Doppler 
traces in a patient with 
constrictive pericarditis 
showing normal systolic 
velocities; diastolic velocities 
are in the non-diagnostic range 
and vary with respiration
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myocardial contraction and relaxation, while the transmitral 
E’ is increased in CP because the longitudinal movement of 
the myocardium is enhanced in compensation of the limited 
radial motion.19,  20

A high E’ velocity (>12 cm/s) usually indicates CP, while 
a low E’ velocity (<8 cm/s) usually indicates restrictive myo-
cardial disease. However, a large number of patients fall in 
between these numbers, and diagnosis in them is still not 
clear (Fig. 27.15). Also the time difference between mitral 
inflow and E’ can be helpful.21

Coronary Blood Flow

Patients with either CP or RCMP have reductions in coro-
nary flow reserve and peak hyperaemic flow velocity com-
pared to normal.22 However, coronary flow in CP shows a 
rapid acceleration and more rapid deceleration (velocity 
half-time < ms or corrected by √RR < 9.5) of diastolic blood 
flow compared to RCMP. This variance may be based upon 
differences in the pathogenesis of these diseases, such as 
pericardial and epicardial vs. myocardial involvement.

Ct

Computed tomographic (CT) scanning of the heart, obtained 
by rapid scanning gated to the cardiac cycle, is extremely 
useful in the diagnosis of CP.23 Findings include increased 
pericardial thickness and calcification (Figs. 27.16 and 
27.17). A normal appearance or non-visualization of the 
pericardium does not rule out the diagnosis.

Other findings include dilatation of the inferior vena cava, 
deformed ventricular contours, and angulation of the ven-
tricular septum. CT imaging may also be used to examine the 

effect of cardiac motion transmitted to the surrounding pul-
monary parenchyma. Failure of the immediately adjacent 
pulmonary structures to pulsate during the cardiac cycle, in 
the presence of a regionally or globally thickened pericar-
dium, is virtually diagnostic of constrictive physiology.

Magnetic Resonance Imaging

Gated cardiac magnetic resonance imaging (CMR) provides 
direct visualization of the normal pericardium, which is 
composed of fibrous tissue and has a low MRI signal inten-
sity (Fig. 27.18).24 CMR can be seen as the diagnostic proce-
dure of choice for the detection of certain pericardial diseases, 
including CP, since it can clearly visualize the morphologic 

Fig. 27.16 Two CT scans of 
patients with constrictive 
pericarditis. On the left, several 
calcifications (high signal 
intensity) can be seen; on the 
right, the pericardium is 
severely thickened

Fig. 27.17 Reconstruction of a cardiac CT scan with severe calcifica-
tions over the left and right ventricles
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features of the disease as well as the functional and flow 
characteristics. Typical features include increased pericardial 
thickening (Figs. 27.19–27.21) and dilatation of the inferior 
vena cava. The occurrence of the septal bounce in PC can be 
nicely shown, as well as the dependence on the respiratory 
cycle (Fig. 27.22).25

Cardiac Catheterization

In some cases, particularly when there are multiple poten-
tial etiologies for heart failure, invasive cardiac catheteriza-
tion is required to establish the diagnosis. Elevation and 

equalization of diastolic filling pressures occur in patients 
with CP. Although these haemodynamic findings may also 
occur in patients with other cardiac disorders, their pres-
ence is required for the diagnosis of constriction. Diastolic 
equalization may not be present in patients with constric-
tion due to diuresis and a low volume state. In these patients, 
however, the cardiac output will be low. Therefore, the 
presence of normal cardiac output with normal filling pres-
sures precludes the presence of haemodynamically signifi-
cant constriction.

The dip and plateau configuration of ventricular pressure 
(also called the square root sign) during diastole corresponds 
to a rapid early filling, aided by augmented suction followed 
by a hampered further filling caused by rapidly increasing 
pressures. The dip and plateau is often grossly exaggerated 
by underdamping when recorded using a conventional fluid-
filled catheter and external transducer.

Clinical syndromes

Pericarditis

The diagnosis of pericarditis is clinical (history, cardiac aus-
cultation) and by typical ECG changes. Chest X-ray is nor-
mal in most cases but can point to causative pulmonary 
abnormalities. The presence of pericardial fluid can be shown 
most easily by echocardiography, but epicardial and pericar-
dial fat (which is not always proportional to subcutaneous 
fat) can be mistaken for fluid. Also, pericardial fluid is not 
synonymous to pericarditis; nor is the absence of fluid a cri-
terion to exclude the disease. CMR and CT can nicely show 
fluid and can more easily make the distinction between fluid 

Fig. 27.18 Appearance of normal pericardium over the right ventri-
cle on a CMR image. Arrow points at normal thickness pericardium

Fig. 27.19 Some typical 
features of constrictive 
pericarditis on CMR: thickening 
of the pericardium (low signal 
intensity), which is irregular 
(black = thickened, white arrows 
normal thickness on left 
image); narrowed, tubular 
shaped right ventricle (asterisk 
on right image); pleural 
effusion (short arrow on right 
image); and slightly thickened 
pericardium over right heart 
(white arrow on right image). 
High intensity signal around 
pericardium on left image is 
pericardial fat
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and fat. Increased signal of the pericardium after Gd admin-
istration on CMR is indicative of acute inflammation and can 
strengthen the diagnosis. Pericardial thickness (abnormal  
³4 mm) can be measured on echo, if extensive, but is more 
reliable on CT and CMR (the latter is to be preferred if a 
pericardial effusion coexists).

Pericardial effusion and tamponade

The presence of fluid in the pericardial sac is normal, and the 
effect on cardiac performance depends on the speed of accu-
mulation: a rapid increase of 150–200 mL can cause symp-
toms, while a slow buildup of 2L can go unnoticed until 

Fig. 27.20 Findings on chest X-ray, CT, and CMR of a patient with 
constrictive pericarditis and calcified pericardium. The low signal 
intensity, thickened pericardium on CMR corresponds to the calcified 

areas on CT (top middle and top right image). Note the pericardial fat 
with high signal intensity on the CMR images; arrows point at differ-
ent areas of thickened percardium

diastole diastolesystole

Fig. 27.21 Collapse of the right atrium at early diastole as illustrated with CMR left image: white arrows point at pericardial fluid; black arrow 
points at collapsed RA during diastole middle image: white arrow point at non-collapsed RA wall during systole
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non-cardiac structures (lung, bronchi, trachea) become com-
pressed. It is, therefore, more important to evaluate the impact 
on function and the evolution over time, than the amount of 
fluid at one given instance. In the differential diagnosis 
between pericardial and pleural effusion, the “separation” of 
the descending aorta from the left atrium in the parasternal 
long-axis echo view (pericardial effusion) can be of help.

Pericardial fluid can be identified with most techniques, 
but it is important to report on the extent, location, and char-
acteristics of the fluid (better with CMR; multiple sequences 

for fluid characterization) and to quantify the haemodynamic 
consequences.

effusive Constrictive

The pericardial cavity is typically obliterated in patients with 
CP. Thus, even the normal amount of pericardial fluid is 
absent. However, pericardial effusion may be present in 
some cases (Fig. 27.23). In this setting, the scarred 

Fig. 27.23 The characteristics of 
effusive-constrictive pericarditis 
on black blood (top left), white 
blood (bottom left), T2 weighted 
(top right), and SSFP (bottom 
right) images: thickened 
pericardium, small pericardial 
effusion, slightly flattened 
inter-ventricular septum

Fig. 27.22 Variation in septal shape with respiration as measured 
with real-time CMR imaging in a patient with constrictive pericarditis 
(top) and a patient with restrictive cardiomyopathy (bottom). Notice 

the significant inversion of septal shape with the onset of inspiration 
in CP, which disappears by end inspiration; no such shape change 
occurs in RCMP
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pericardium not only constricts the cardiac volume, but can 
also put pericardial fluid under increased pressure, leading to 
signs suggestive of cardiac tamponade. This combination is 
called effusive CP.26

The diagnosis of effusive CP often becomes apparent dur-
ing pericardiocentesis in patients initially considered to have 
uncomplicated cardiac tamponade. Unexpected persistence 
of the v wave of RAP is a clue to the possibility of effusive 
CP that may be present before pericardiocentesis. After peri-
cardiocentesis, despite lowering of the pericardial pressure 
to near 0, persistence of elevated RAP suggests the presence 
of effusive constrictive disease. The diagnosis has been 
defined by the failure of the RAP to fall by 50% or to a level 
below 10 mmHg after pericardiocentesis.

Patients with effusive CP usually present with clinical 
features of pericardial effusion or CP or both.

A number of clinical clues suggest that a patient with 
manifestations of CP may actually have effusive CP.

Pulsus paradoxus is often present; this finding is uncom-• 
mon in classical CP because the inspiratory decline in 
intra-thoracic pressure is not transmitted to the right heart 
chambers
A pericardial knock is absent• 
The Y descent is less marked than expected• 
Kussmaul’s sign is frequently absent• 

Constrictive Pericarditis

Although thickening of the pericardium can be shown by 
CMR or CT, a normal thickness does not exclude CP due to 
increased stiffness without thickening. Showing the typical 
haemodynamic features of constriction is, therefore, impor-
tant. Calcification of the pericardium is best seen on X-ray or 
CT, since on CMR calcium is visualized as hypo-intense 

regions, which can be mistaken for pericardial fluid or thick-
ening only. A specific CMR application is the use of tagging, 
where non-invasive lines or a grid are inscribed on the heart: 
in non-CP (even with a thickened pericardium) the heart 
moves during the cardiac cycle independently from the peri-
cardium, so the tags “break” at the pericardial interface, 
whereas in CP the tags cross the pericardium and remain 
uninterrupted from the myocardium to the pericardium dur-
ing the cardiac cycle (Fig. 27.24).27

Haemodynamic Measurements

Both for tamponade and CP, these are most easily obtained 
by echocardiography because this real-time technique allows 
imaging during the different phases of the respiratory cycle; 
registration of the respiratory trace is important because dif-
ferentiation between changes occurring on the first beat after 
onset of in- or expiration (CP) should be differentiated from 
changes after two or three beats (COPD, exaggerated respi-
ratory motion). With the advent of real-time imaging and 
flow measurements on CMR, this technique can also be used. 
Visualization of the abnormal septal motion with CP is often 
easier in a true short-axis image and can be nicely visualized 
on CMR.

The characteristics of tamponade, CP, and restriction are 
graphically summarized in Figs. 27.1, 27.5, and 27.6. Each 
figure shows the flow curves on the right (hepatic veins, 
superior vena cava, if appropriate, and tricuspid) and on the 
left (pulmonary vein, mitral) during inspiration (left) and 
expiration (right), as well as some other haemodynamic 
characteristics (caval collapse, jugular vein, pericardial and 
intra-cavitary pressures).

In the differential diagnosis between CP and RCMP, 
nuclear studies and newer echo-Doppler parameters can also 
help: in CP, intrinsic systolic and early diastolic function are 

Fig. 27.24 CMR study of a patient with constrictive pericarditis. The 
left image arrows point at the thickened pericardium; the two images 
on the right are line-tagged images at end diastole (when tags are 
put down, middle image) (arrows point at uninterrupted tag lines at 

the level of the pericardium) and at end systole: the tag lines remain 
uninterrupted at the pericardium, showing the adhesion of the epi- 
and pericardial structures
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normal (certainly early in the evolution of the disease), 
whereas in RCMP, intrinsic diastolic function is abnormal 
from the onset. Early filling velocity, as measured by nuclear 
techniques, is abnormal in RCMP but remains normal in PC. 
In a similar manner, long-axis shortening and lengthening, as 
measured by M-mode or TDI of the annulus, is normal in CP, 
except when the valve annulus has become attached to the 
pericardium. Also, colour Doppler intra-cavitary flow propa-
gation as measured by colour-Doppler M-mode remains nor-
mal in CP, whereas it is depressed in RCMP.

Diagnostic problems remain in cases with atrial arrhyth-
mia’s (atrial fibrillation), a combination of COPD and LV 
myocardial restriction, and in the post-radiation patient, 
where constriction and restriction can coexist.

Regional tamponade and Constriction

A regional fluid accumulation, pericardial adhesion, or a 
combination (effusive constrictive) can be very difficult to 
diagnose with haemodynamic features limited to the under-
lying cavity rather than the entire heart and often occurring 
over the right ventricle (tubular-shaped). CMR is generally 
the best way to identify the localized thickening (Fig. 27.25) 
and adhesion (tagging).

summary

Differential diagnosis in pericardial disease remains difficult 
and challenging to the clinician. When a discrepancy exists 
between clinical findings and haemodynamic evaluation 
with imaging, multiple modalities should be combined and, 

if a very low or very high atrial pressure is suspected, an 
intervention to increase or lower this pressure can be required 
to unmask characteristic findings during respiration and with 
respect to ventricular interdependence.
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Introduction

The symptoms and signs of myocarditis are non-specific. 
Thus, myocarditis is a differential diagnosis in many patients 
with heart complaints. As myocarditis may accompany com-
mon viral infections of the upper respiratory and gastrointes-
tinal tracts and mild ECG changes are not uncommon in such 
patients, the diagnosis needs to be considered in large patient 
cohorts. Establishing the correct diagnosis is of importance 
as the disease may lead to sudden cardiac death or dilated 
cardiomyopathy.

Clinical tools such as history taking, physical examination, 
blood tests, ECG, and chest X-ray are not sufficient to ascer-
tain the diagnosis of myocarditis;1 additional information 
from cardiac imaging techniques or endomyocardial biopsy 
are necessary to confirm or exclude the disease. In daily clini-
cal routine, however, the use of biopsy is limited to severely 
ill patients with reduced left ventricular function due to its 
invasiveness and potential complications. Thus, this chapter 
reviews how non-invasive cardiac imaging techniques can be 
used in clinical practice to diagnose myocarditis.

Imaging Modalities Other Than 
cardiovascular Magnetic Resonance Imaging

Echocardiography

Echocardiography still represents the first-choice imaging 
modality in patients with a clinical suspicion of myocarditis 
because it offers the acquisition of comprehensive anatomic 
and functional data very quickly at the bedside of the patient. 
Especially in haemodynamically unstable patients in whom 
clinical state precludes the application of other, potentially 
more accurate, imaging modalities such as cardiac magnetic 
resonance imaging, echocardiography is the most helpful 
imaging tool.

Recent developments have broadened the armamentarium 
of echocardiographic methods: apart from traditional M-mode 
and 2D echocardiography, new techniques such as tissue 
Doppler, strain-rate imaging, or contrast-enhanced echocar-
diography have become available for evaluation of patients 
with clinical symptoms suggestive of myocarditis. However, 
the value of these new echocardiographic imaging techniques 
in patients with myocarditis is yet unknown because data in 
larger patient groups are not available. Using M-mode and 
2D echocardiography in patients with histologically proven 
myocarditis, a multitude of different echocardiographic 

patterns comprising dilated, hypertrophic, restrictive, or even 
ischaemic cardiomyopathy can be detected, but these echocar-
diographic features are non-specific in comparison to biopsy 
results.2

However, echocardiography may help to differentiate 
between fulminant and non-fulminant acute myocarditis. 
While fulminant myocarditis is characterized by a rapid 
onset of illness with severe haemodynamic compromise, 
nonfulminant acute myocarditis is believed to have a less 
distinct presentation with less severe haemodynamic com-
promise, but with a greater likelihood to progress to dilated 
cardiomyopathy. Using echocardiography, normal left ven-
tricular diastolic diameters combined with an increased 
thickness of the inter-ventricular septum (Fig. 28.1) and/or 
an impaired right ventricular systolic function at initial pre-
sentation are more suggestive of fulminant myocarditis.3 
Those patients who initially suffer from fulminant myocardi-
tis with severe impairment of cardiac function are more 
likely to recover quickly, while those patients presenting 
with non-fulminant myocarditis are more prone to develop 
progressive cardiac dysfunction.

Myocardial Scintigraphy

Two scintigraphic methods, gallium-67 scintigraphy and 
indium-111 radiolabelled antimyosin imaging (Fig. 28.2), 
have been used in the past for diagnosis and evaluation of 
prognosis in patients with clinical suspicion of myocarditis. 
These techniques have a high sensitivity,5, 6 but data are only 
available from patients with severely impaired left ventricu-
lar (LV) function (indicating severe forms of myocarditis), 
and the gold standard against which the sensitivity of the 
techniques was evaluated was endomyocardial biopsy with-
out immune histology, which itself suffers from a low sensi-
tivity.1 Gallium-67 is a non-specific marker of inflammation. 
Gallium imaging should be performed 72 h after the injection 
of the tracer to avoid false positive results from remaining 
gallium circulating in the blood. In clinical practice, due to 
this disadvantage, gallium scintigraphy is rarely used today.

The disease process of myocarditis is histologically char-
acterized by myocardial inflammation with accumulation of 
immune cells leading to myocardial damage with necrosis of 
cardiomyocytes. Since necrotic cardiomyocytes lose the 
integrity of their cell membranes, intracellular proteins such 
as myosin are exposed to the extra-cellular space. Indium-
111-labelled antimyosin is able to localize and visualize 
those myocardial areas. In practice, antimyosin antibodies 
are coupled with indium-111 and administered intravenously. 
Scintigraphic imaging (single photon emission computed 
tomography, SPECT) is performed 48 h after intravenous 
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Fig. 28.1 2D echocardiographic 
images of a patient presenting 
with fulminant myocarditis. An 
increased thickness of the 
inter-ventricular septum is seen 
at acute onset in the long- 
(a) and short-axis (b) views. Five 
days after presentation, the 
thickness of the septum has 
already decreased (c, d)

Fig. 28.2 Antimyosin scan of a healthy patient with normal findings 
(a). Significant myocardial antimyosin uptake in a patient with myo-
carditis (b) with the corresponding right ventricular endomyocardial 

biopsy (c) demonstrating lymphomononuclear cell infiltrate diag-
nostic of myocarditis. Reprinted by permission of the Society of 
Nuclear Medicine from Martin et al.4, Fig. 1

administration of the radionuclide. Qualitative or (semi-)
quantitative analysis of the scans is then performed. The 
semi-quantitative calculation of the heart-to-lung ratio may 

be used to objectively assess the extent of antimyosin-cou-
pled indium-111-labelled radionuclide accumulation in the 
myocardium. Although a cut-off heart-to-lung ratio <1.6 has 
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been suggested to be normal, such a cut-off value needs to be 
established individually in each centre by studying a healthy 
control group.

The strength of scintigraphy in the work-up of myocardi-
tis is based on many studies, suggesting that a positive 
biopsy result (indicative of myocarditis) is almost always 
associated with a positive scintigraphic result, while a nega-
tive scintigraphic result excludes a biopsy-based diagnosis 
of myocarditis with a high degree of reliability. However, 
the specificity (31–44%) and the positive predictive value 
(28–33%) of indium-111 scintigraphy are quite low.5 In con-
sideration of this limited specificity, the radiation burden, 
and the practical difficulties of myocardial scintigraphy, the 
use of scintigraphic techniques has declined over the past 
years.

Multi-detector-computed Tomography

The diagnostic capacity of multi-detector-computed tomog-
raphy (MDCT) has tremendously increased with recent tech-
nological advancements. MDCT-based coronary angiography 
is becoming increasingly popular for non-invasive evalua-
tion of coronary artery disease comprising the assessment of 
coronary diameters, plaque calcification, and vessel wall 
pathology. Hence, MDCT coronary angiography is increas-
ingly used in low- and intermediate-risk patients presenting 
with chest pain suggestive of coronary artery disease. As 
myocarditis may be a differential diagnosis in these patients, 
tissue information from MDCT images would be helpful not 
only to rule out coronary disease, but to also establish the 
diagnosis of myocarditis.

Preliminary investigations suggest that contrast-enhanced 
MDCT may be helpful for myocardial tissue characteriza-
tion. Such delayed enhancement (DE)-MDCT images are 
acquired 5–10 min after contrast injection with a lower tube 
current and voltage compared to MDCT coronary angiogra-
phy in order to reduce radiation dose and perhaps also 
increase signal-to-noise. In a similar way as in DE-CMR, 
myocardial damage in myocardial infarction presents as sub-
endocardial or trans-mural contrast enhancement.7

The combination of MDCT coronary angiography and 
DE-MDCT can be used to differentiate ischaemic from 
non-ischaemic cardiomyopathy (Fig. 28.3): ischaemic myo-
cardial damage is characterized by subendocardial or trans-
mural DE, while non-ischaemic forms are characterized by 
epicardial or intra-mural patterns of DE.7 Preliminary data 
suggest that diagnostic agreement of MDCT with contrast-
enhanced cardiovascular magnetic resonance (CMR) is 
excellent.7 In acute myocarditis, DE-MDCT is also able to 
detect patterns of damage in the epicardial portion of the 
left ventricular myocardium similar to contrast-enhanced 
CMR.8

A combined procedure of MDCT coronary angiography 
and DE-MDCT could become attractive for the diagnosis of 
acute myocarditis in the emergency department, since it 
allows the acquisition of comprehensive data in a single 
study within 15 min. However, the clinical use of such a 
combined procedure is limited due to the radiation burden 
(up to 20 mSv with ~30% from DE-MDCT) with the high 
risk of radiation-induced cancer, especially in the young 
patients who present with myocarditis. The lower image 
quality as compared to LGE-CMR may also result in a 
lower sensitivity of detecting very small areas of myocar-
dial damage.

Fig. 28.3 Delayed-
enhancement (DE) 
 multi-detector-computed 
tomography in patient with 
myocarditis demonstrating 
intra-mural DE in the septal wall 
in a long- (a) and short-axis  
(b) view. Kindly provided by le 
Polain de Waroux et al.7
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cardiovascular Magnetic Resonance Imaging

Due to its non-invasiveness, the lack of radiation exposure, 
its image quality, which helps in assessing and quantifying 
cardiac function, and its high tissue contrast, which can be 
modified using various pulse sequences, CMR has become 
an important technique for evaluating patients with suspected 
myocarditis. In many institutions, CMR is now routinely 
applied clinically in such patients and many reports con-
firmed the feasibility and diagnostic accuracy of CMR 
protocols.

Anatomic and Functional Abnormalities

CMR has few advantages as compared to echocardiography 
for depicting anatomic and functional abnormalities in 
patients with suspected myocarditis. However, in patients 
with a suboptimal ultrasound window, in those in whom a 
3D visualization of the ventricles is needed to detect subtle 
abnormalities of regional anatomy and function, and in those 
in whom details of the right ventricle are of interest, CMR 
should be employed.

Similar to echocardiography, CMR detects an increase in 
myocardial mass in patients with fulminant myocarditis and 
is able to document normalization of mass with disappear-
ance of myocardial oedema. CMR is more sensitive than 
echocardiography in depicting small and often localized 
pericardial effusions that may be found adjacent to the myo-
cardial region mostly affected by myocardial inflammation. 
The presence of pericardial effusion in a patient suspected to 
have myocarditis supports ongoing active inflammation.

Tissue characterization

The following three tissue features potentially associated 
with acute myocardial inflammation may be visualized by 
CMR:

1. Hyperaemia seems to be the cause of an increased signal 
on T1-weighted spin-echo images following gadolinium 
administration (elevated global relative enhancement 
(GRE))

2. Tissue oedema, which may result in an elevated T2 signal
3. Myocardial necrosis or scarring, as indicated by the pres-

ence of late gadolinium enhancement (LGE)

Hyperaemia CMR (Early Myocardial Gadolinium 
Enhancement Ratio)

The myocardium in patients with the clinical manifesta-
tions of acute myocarditis shows hyper-enhancement rela-
tive to skeletal muscle on T1-weighted contrast-enhanced 
images in the early wash-out period (Fig. 28.4).9 Scanning 
is started immediately following the first pass of contrast 
media, such as gadolinium diethylenetriamine pentaacetic 
acid (Gd-DTPA), using a standard fast spin-echo pulse 
sequence with sufficient T1 weighting, and is completed at 
5 min after the injection.10

The mechanism of signal increase may be related to tissue 
hyperaemia because vasodilatation is a typical feature of 
inflamed tissue. Tissue hyperaemia may lead to faster distri-
bution of contrast medium into the interstitial space. However, 
it is also conceivable that the increased T1 signal is caused by 
the same mechanism of tissue destruction, which explains 
the LGE effect. Whatever the exact cause, an increased T1 
signal can be observed during the first minutes after injection 
of the contrast agent. It is usually difficult to appreciate the 

Fig. 28.4 T1-weighted 
cross-sectional views at the 
mid-ventricular level of a patient 
with myocarditis. The left panel 
displays a view obtained before 
gadopentate dimeglumine 
(Gd-DTPA). The right panel 
depicts the same view after the 
administration of 0.1 mmole/kg 
Gd-DTPA. Note diffuse signal 
enhancement in the left 
ventricle. Reprinted with 
permission from Friedrich et al.9
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diffuse rise in signal intensity on these images, and, thus, 
quantification of signal changes is necessary. As spin-echo 
imaging often yields low contrast between inflamed and nor-
mal myocardium and suffers from image artefacts, it turned 
out to be advantageous to relate the signal increase in the 
myocardium to that observed in neighbouring skeletal mus-
cle.9 Thus, relative enhancement depends on the assumption 
that skeletal muscle is normal, which may be erroneous if the 
inflammation also involves skeletal muscles. Although early 
gadolinium enhancement ratio suffers from several artefacts, 
several studies confirm the diagnostic usefulness of this 
parameter (Table 28.1). Nevertheless, this pulse sequence is 
only used in a few centres around the world.

Oedema Imaging by CMR

Acutely inflamed tissue shows an increase in water content 
due to oedema formation. Isolated oedema usually indicates 
reversible myocardial injury. However, oedema also accom-
panies necrosis as shown in myocardial infarction. Once 
myocarditis has healed, oedema should disappear.

T2-weighted CMR10 today is usually performed by short 
inversion time recovery (STIR) pulse sequences. These pulse 
sequences are sensitive to the long T2 of water protons to 
generate images with a higher signal intensity of oedematous 
myocardial tissue as compared to non-inflamed muscle tissue 
in the vicinity. Depending on the distribution of oedema 
within the left ventricular myocardium, there may be visible 
regional signal differences within an image. Regions with a 
signal intensity of more than two standard deviations above 
the mean of normal appearing myocardial tissue within the 
same slice are regarded as indicative of regional oedema. One 
has to be careful not to look at too small regions as signal 
inhomogeneity on T2 images in normals may be consider-
able. However, due to the often diffuse nature, especially in 
less aggressive inflammation, quantitative analysis of the sig-
nal of the entire slice of myocardium may have advantages as 

compared to visual analysis. Signal intensity of the myocar-
dium is normalized to that of nearby skeletal muscle, and 
ratios of 1.9 or higher are regarded as indicative of oedema. 
However, this cut-off ratio is based on small-sized studies and 
every centre is advised to establish its own cut-off value.

An obvious drawback of this type of analysis is the depen-
dence on the absence of inflammation in the skeletal muscle, 
which is not uncommon in systemic viral illness. Another 
shortcoming of T2-weighted CMR is that in patients with 
arrhythmias or motion artefacts from breathing image, qual-
ity may not allow reliable visualization or quantification of 
oedema. Moreover, in studies looking at the diagnostic value 
of T2 oedema imaging, it is usually not specifically men-
tioned how the diagnosis was made (visually or by quantifi-
cation or by both methods). The results of several studies are 
shown in Table 28.2.

Necrosis and Fibrosis Imaging by CMR  
(Late Gadolinium Enhancement)

The more severe forms of myocarditis may result in tissue 
necrosis, which is often focal in nature, just as the disease 
itself. New contrast-enhanced CMR techniques employing 
inversion pulses to null the signal of normal myocardium 
were initially developed for infarct imaging (Fig. 28.5). 
However, they also show necrotic or fibrotic myocardium in 
patients with myocarditis as bright areas and provide high 
contrast between diseased and normal myocardium. Imaging 
is performed at about 5–10 min after contrast injection 
(LGE). The mechanism by which contrast enhancement can 
be explained is as follows. When serious membrane damage 
has occurred in early necrosis, gadolinium molecules enter 
the intracellular space. This results in an increased volume of 
distribution for the contrast agent within a voxel of tissue 
with an associated increase in signal intensity. In the chronic 
stage of myocarditis, areas of scar are histologically charac-
terized by abundant loose connective tissue with a few 

Sensitivity n Sensitivity (%) Specificity n Specificity (%)

Friedrich et al.9  19  84a Friedrich et al.1 34  90a

Abdel-Aty et al.11  25  80a Abdel-Aty et al.7 23  74a

Laissy et al.12  20  85a

Laissy et al.13  24 100a Laissy et al.13  7 100a

Gutberlet et al.14  48  63b Gutberlet et al.14 35  86b

Total 136  79 99  86

Table 28.1. Sensitivity and specificity of global relative enhancement (T1 spin-echo) in myocarditis

aSensitivity and specificity to detect inflammation as defined by clinical picture
bSensitivity and specificity to detect inflammation as defined by immunohistochemistry
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fibrocytes. Again, voxels within such areas of myocardium 
exhibit a higher concentration of contrast medium as com-
pared to normal myocardial tissue. In contrast to necrotic or 
fibrotic tissue, densely packed myocytes forming most of the 
normal myocardium are not accessible to gadolinium com-
pounds. Hence, the volume of distribution and the concen-
tration of the contrast agent within a voxel remain low.

When such inversion recovery gradient echo techniques 
are used in patients with clinically suspected myocarditis 
(history of respiratory or gastrointestinal symptoms with 8 
weeks of admission in combination with fatigue/malaise, 
chest pain, dyspnea, or tachycardia plus ECG changes such 
as conduction block, ST abnormalities, supra-ventricular 
tachyarrhythmia, or ventricular tachycardia), LGE is found 
in up to 90% of the patients.17 The regions of LGE have a 
patchy distribution throughout the left ventricle. They are 
frequently located in the lateral free wall (Fig. 28.6) and 
originate from the epicardial quartile of that wall. Another 
frequently seen pattern is the mid-wall stria pattern in the 

basal inter-ventricular septum in patients with chronic myo-
carditis.18 LGE CMR also has a good sensitivity in patients 
with a more chronic form of myocarditis by clinical crite-
ria.19 However, in this series of biopsy confirmed patients 
with chronic myocarditis, borderline myocarditis - the less 
severe form of the disease by the DALLAS criteria - was less 
often associated with LGE than active myocarditis by the 
DALLAS criteria.19

If scarring occurs in acute myocarditis, it will remain vis-
ible on LGE images when the acute inflammation has long 
subsided. Chronic scar following acute myocarditis is often 
significantly smaller than in the acute stage due to scar 
shrinking. When the initial areas of scarring are just large 
enough to be visible, scar shrinking may lead to disappear-
ance of LGE in some patients (Fig. 28.7).

LGE-CMR is the most widely used approach in the diag-
nosis of myocarditis, and this is reflected in the literature. 
Table 28.3 shows the results of published studies including 
the average weighted sensitivity and specificity.

Sensitivity n Sensitivity (%) Specificity n Specificity (%)

Rieker et al.15  11 100a

Abdel-Aty et al.7  25  84a Abdel-Aty et al.1 23 74a

Laissy et al.12  20  62a

Laissy et al.13  24  61a

Gutberlet et al.14  48  67b Gutberlet et al.14 35 69b

Total 128  71 58 71

Table 28.2. Sensitivity and specificity of T2-weighted imaging in myocarditis

aSensitivity and specificity to detect inflammation as defined by clinical picture
bSensitivity and specificity to detect inflammation as defined by immunohistochemistry

Fig. 28.5 Schematic diagram of 
the inversion recovery gradient 
echo pulse sequence used for 
late gadolinium enhancement 
imaging. Reprinted with 
permission from Simonetti 
et al.16
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Which CMR Pulse Sequences Should Be Used?

A disadvantage of the LGE CMR technique is the inability to 
demonstrate diffuse myocardial changes as encountered in 
diffuse acute myocarditis with diffuse oedema formation. In 
addition, localized oedema without accompanying myocyte 
death will not result in enough increase in extracellular space 
to cause LGE.24 Thus, the sensitivity of LGE to detect milder 
forms of myocarditis may be suboptimal.

CMR imaging optimized at detecting hyperaemia or 
oedema may be more sensitive to identify patients with acute 
myocarditis. A study comparing early gadolinium enhance-
ment, oedema imaging, and LGE using the appropriate pulse 
sequences in patients with cardiac symptoms suggestive of 
myocarditis made the following observations11:

1. T1-weighted early gadolinium enhancement (using a 
turbo spin echo sequence) yields a significantly higher 
global myocardial relative enhancement in patients 
compared to volunteers. A cut-off value of 4.0 has a 
sensitivity of 80% and a specificity of 73% to identify 
myocarditis.

2. T2-weighted oedema imaging (using a triple inversion 
recovery pulse sequence) shows significantly higher 
global myocardial signal intensity in patients than in vol-
unteers, although there is overlap. A cut-off value of 1.9 
has a sensitivity of 84% and a specificity of 74% to iden-
tify the disease.

3. Necrosis LGE imaging (using an inversion recovery gra-
dient echo pulse sequence) has a lower sensitivity of only 
44% (Fig. 28.8), but the specificity is high (100%).

4. The best diagnostic performance was obtained when 
myocarditis was diagnosed in patients in whom any two 

of the criteria obtained by the three techniques were 
positive.11

One needs to remember, however, that in this series the gold 
standard for identifying myocarditis was the clinical presen-
tation of the patient and endomyocardial biopsy was not per-
formed. In addition, gRE imaging does not work equally 
well in all centres.

When performing the same CMR protocol consisting of a 
T1-weighted gRE, a T2-weighted oedema, and a LGE pulse 
sequence in patients with clinically suspected chronic myo-
carditis, increased myocardial gRE (obtained from the  
T1 images) and increased oedema ratio (obtained from the  
T2 images) are common findings, whereas LGE is less often 
detected than reported for acute myocarditis.14 This suggests 
that clinically active inflammation is usually associated with 
T2 signal elevation, as well as an increase in gRE ratio irre-
spective of whether the onset of clinical symptoms has been 
recent or whether the clinical presentation is a more chronic 
one. One may also conclude that scar in chronic myocarditis 
may have shrunk to an extent that LGE-CMR has reduced 
sensitivity (see Fig. 28.7). Also in chronic myocarditis, the 
approach of diagnosing myocarditis by CMR when two out 
of the three pulse sequences performed resulted in patho-
logic results yielded the best accuracy.14

Follow-Up of Patients with Myocarditis by cMR

Clinical improvement of myocarditis patients is paralleled 
by normalization of gRE and oedema ratio in many 
patients.25 Serial assessment of the relative T2 signal, gRE 

Patient 6

Patient 14

Patient 7

SAX LAX Trichrome MacrophagesFig. 28.6 Late gadolinium-
enhanced (LGE) CMR images 
and histopathology of typical 
patients in whom biopsies 
were obtained from the area 
of contrast enhancement. The 
panels show cases of active 
myocarditis with myocyte 
damage as well as infiltration 
of macrophages. Note that 
contrast enhancement is 
often located in the sub-
epicardial region of the 
postero-lateral wall. 
Reprinted with permission 
from Mahrholdt et al.17
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Fig. 28.7 Mechanism of contrast enhancement in the setting of 
acute and healed myocarditis. Upper images show LGE images using 
inversion recovery gradient echo images, bottom images show a 
schematic view of the mechanism of contrast enhancement in an 
area with frequent myocyte necrosis (left and right panel, yellow 
frames), as well as in an area with occasional myocyte necrosis (left 
and right panel, red frames). Just as in infarcts, acute necrosis in the 
setting of myocarditis (left panel) is characterized by ruptured sar-
colemmal membranes and surrounding interstitial oedema, allowing 
the contrast agent to accumulate in the interstitium as well as to dif-
fuse into the intracellular space, resulting in crisp contrast enhance-
ment in areas with a lot of necrosis (left panel, yellow frames), and 
more diffuse enhancement in areas with occasional myocyte necro-
sis (left panel, red frames). Thus, the general mechanism of hyper-
enhancement in myocarditis is the same as in infarction. During 

healing, some amount of interstitial oedema persists, and necrotic 
myocytes are slowly replaced by fibrous tissue, comparable to small 
chronic infarcts. Thus, hyper-enhancement will remain present dur-
ing this phase of the disease. However, when healing is completed 
(right panel), oedema has resolved while scars shrink and remodel 
over time (right panel, yellow frame). Consequently, in areas with 
occasional myocardial necrosis (right panel, red frames), voxels may 
now contain so many previously bordering surviving myocytes that 
contrast enhancement in these voxels may not be visible any longer 
(right panel red frames), resulting the area of contrast enhancement 
to decrease significantly. This effect is likely magnified by the patchy 
distribution of scars in myocarditis and the fact that interstitial 
oedema mainly occurs in areas of myocardial necrosis. Thus, all areas 
of visible hyper-enhancement may disappear in some cases after 
healing, just leaving minimal diffuse signal enhancement

ratio, and LGE at initial presentation and after 18 months in 
36 patients diagnosed with acute myocarditis by clinical 
criteria showed a decrease in the mean T2 signal ratio from 
2.4 to 1.9, a decrease in the gRE signal ratio from 7.6 to 4.4, 
and a decrease in the amount of LGE from 38 to 22% of left 
ventricular mass. These findings are in line with previous 
publications describing the individual time courses of each 
of those CMR parameters26, 27 in myocarditis patients. 
Hence, the CMR approach combining a contrast-enhanced 
T1-weighted pulse sequence, a T2-weighted sequence, and 
a LGE pulse sequence may be capable of differentiating 
reversible and healing (elevated T1 gRE ratio and T2 
oedema ratio, which normalizes over time) myocarditis and 

irreversible myocardial damage with or without ongoing 
inflammation (persistent LGE with or without accompany-
ing elevations of T1 gRE ratio and T2 oedema ratio) non-
invasively.

In patients with ongoing cardiac symptoms, the clinical 
question is often whether the acute inflammatory process has 
healed. If none or just one of T2 or gRE ratios is elevated, this 
constellation may have a very high negative predictive value 
for excluding ongoing active myocarditis in living patients.25

However, data on the value of CMR in identifying healed 
from ongoing active myocarditis are far from being conclu-
sive. The largest study examining patients with clinically 
suspected chronic myocarditis by CMR and endomyocardial 
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Fig. 28.8 CMR findings in a 
patient with acute chest pain 
and ST-elevations in II, III, aVF as 
well as negative T-waves in II, III, 
aVF, V5–V6. The patient also had 
mild elevation of cardiac 
markers. Top. Pre-and post-
contrast axial T1-weighted spin 
echo images of the same slice. 
Global relative enhancement 
was elevated (4.1). Middle. 
T2-weighted images in three 
short-axis slices. Note the 
postero-lateral focal high T2 
signal (arrowheads) in the basal 
slice with apparent focal 
increase in myocardial thick-
ness. Bottom. Corresponding 
late enhancement images: no 
evidence of late gadolinium 
enhancement. Reprinted with 
permission from Abdel-Aty 
et al.11

Sensitivity n Sensitivity (%) Specificity n Specificity (%)

Rieker et al.15  11  45a Rieker et al.15  10 100a

Mahrholdt et al.17  32  88 Roiditi et al.20   8 100a

Abdel-Aty et al.11  25  44a Abdel-Aty et al.7  23 100

Hunold et al.21   6 100

Laissy et al.12  24  79a Laissy et al.13  31  97a

Ingkanisorn et al.22  21 100a

DeCobelli et al.19  23  84b

Gutberlet et al.14  48  27b Gutberlet et al.14  35  80b

Mahrholdt et al.18  87  95b

Yilmaz et al.23  71  46b

Total 348  68 107  93

Table 28.3. Sensitivity and specificity of LGE-CMR in myocarditis

aSensitivity and specificity to detect inflammation as defined by clinical picture
bSensitivity and specificity to detect inflammation as defined by immunohistochemistry
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biopsy14 found absence of T2 elevation in 33%, and no ele-
vated gRE ratio in 37% of those shown to have inflammation 
by histology. Hence, there will be several patients with per-
sisting inflammation who will have elevation of only one of 
these two CMR parameters.

cMR or Endomyocardial Biopsy?

Biopsies obtained from the area of LGE show acute or bor-
derline myocarditis17 in a higher percentage than reported 
from biopsies taken randomly (usually from the right 

ventricle) in the literature. These recent findings may be 
explained by the fact that more LGE may be associated with 
more intense inflammation permitting the operator to direct 
the bioptome towards the area of maximum injury. Myo-
carditis is found less consistently in patients in whom the 
biopsy cannot be obtained from the region of contrast 
enhancement.17 Thus, CMR-guided biopsy in the right or the 
left ventricle may result in a higher yield of positive findings 
than routine right ventricular biopsy (Fig. 28.9). Routine per-
formance of LV biopsy in patients with suspected myocardi-
tis may have advantages over RV biopsy as maximum 
inflammation often occurs in the postero-lateral wall of the 
LV, which is easily accessible for the bioptome (Fig. 28.10).

Fig. 28.9 Mechanism how CMR guidance can improve sensitivity of 
endomyocardial biopsy by avoiding sampling errors. The left ven-
tricular biopsy was obtained near the focus of myocardial damage as 
indicated by LGE CMR (white arrow, left panel) and reveals acute 

 myocarditis (mid panel), whereas the right ventricular biopsy, which 
was obtained from the septum (black arrow, no LGE), shows com-
pletely normal myocytes (right panel)

Fig. 28.10 Late gadolinium 
enhancement patterns that one 
may encounter in clinical 
practice. If hyper-enhancement 
is present, the endocardium 
should be involved in patients 
with ischaemic disease. Isolated 
mid-wall or epicardial hyper-
enhancement strongly suggests 
a “non-ischaemic” etiology. 
Modified with permission from 
Mahrholdt et al.28
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However, the higher sensitivity of endomyocardial biopsy 
recently reported in some CMR studies17, 18 is in part also due 
to the fact that the definition of borderline myocarditis has 
been broadened by the routine availability of immunohis-
tochemistry and that an increase of the number of activated 
macrophages and/or lymphocytes to >14/high power field is 
now a widely accepted criterion for making the diagnosis of 
borderline myocarditis.29 This new definition represents an 
extension of the original DALLAS criteria, and an increased 
sensitivity of endomyocardial biopsy can hence be expected.

When managing patients with inflammatory heart disease 
today, it should be kept in mind that endomyocardial biopsy 
remains the only technique that can directly assess the pres-
ence and intensity of myocardial inflammation in vivo. 
Therefore, it is the technique of choice if clinically indicated 
to differentiate between active and healed myocarditis. 
Endomyocardial biopsy also provides information on the 
underlying cause of inflammation, such as viral or bacterial 
infection of the myocardium, or myocardial autoimmune 
processes, on the presence of giant cells, or Churg Strauss 
syndrome.30 This information cannot be obtained by CMR 
imaging, but is essential for patient management decisions. 
The importance of endomyocardial biopsy is reflected in the 
current guidelines,30 recommending it in basically all patients 
developing non-ischaemic heart failure as well as for several 
other non-ischaemic conditions.

clinical Recommendations

The optimal CMR approach for diagnosing myocarditis 
may depend on the clinical presentation of the patient. The 

patient with less impressive symptoms may be more likely 
to have pathologic hyperaemia and oedema imaging with 
normal LGE. Recent expert consensus suggests that CMR 
should be performed in patients who are symptomatic, have 
clinical evidence suggesting myocarditis, and in whom 
CMR will likely affect clinical management.10 A positive 
diagnosis of myocarditis may result in a recommendation to 
refrain from exercise, betablockade may be instituted in 
patients with arrhythmias, and clinical follow-up may be 
scheduled. Some patients may require additional follow-up 
by echocardiography or CMR. In patients with occupations 
associated with strenuous exercise, the indication to per-
form CMR should even be broader because the conse-
quences of having the disease are more severe. In these 
patients, clinical symptoms may be absent, and the mere 
presence of an abnormal ECG should trigger a request of 
performing CMR (Table 28.4).

In most centres, only two sets of images (T2 oedema and 
LGE) are acquired (Table 28.5), whereas myocardial GRE is 
not measured due to the fact that T1-weighted spin-echo 
images are often of poor quality. When all three sets of 
images are acquired, myocarditis is defined to be present 
when at least two of the three sets of images show pathologic 
results.10 Other centres feel that LGE is the most stable pulse 
sequence with the fewest number of artefacts, and they rely 
on the result of this set of images alone. This approach may 
result in some under-diagnosis of myocarditis, but has a good 
specificity. These different approaches at different centres 
reflect the fact that there are still not enough data available at 
the moment, especially in patients who also had endomyo-
cardial biopsy, to give final recommendations on CMR in 
patients with suspected myocarditis.

Suspected myocarditis based on various combinations of clinical symptoms such as fatigue, palpitations, arrhythmias, unexplained dyspnea, 
unexplained chest pain in the absence of coronary artery disease or any other structural heart disease, and/or abnormal resting ECG

Clinical presentation with acute coronary syndrome in the absence of coronary artery disease or culprit lesion

Clinical presentation with successful resuscitation after sudden cardiac death in the absence of coronary artery disease or any structural 
heart disease

Clinical presentation with new onset of heart failure in the absence of coronary artery disease or any structural heart disease

CMR guidance of endomyocardial biopsy to increase sensitivity

Follow-up of known myocarditis

Follow-up of known myocarditis after antiviral or immunosuppressive treatment

Table 28.4. Indications for CMR in myocarditis
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Requirements

Patient should be able to hold his/her breath for 15–20 s

Limited diagnostic performance with frequent extrasystoles (>10/min), atrial fibrillation

Step 1: LV structure and function module

Scout imaging - axial, coronal, sagittal

Axial (8–10 mm) set of steady state free precession (SSFP) or half Fourier single shot turbo spin echo images through the chest

Scout to line up short-axis images – this can either be a single shot image or a cine acquisition

 2-chamber long axis (also called the vertical long axis) prescribed off an axial view showing the apex and mitral valve, bisecting the 
mitral valve and apex

 Horizontal long axis prescribed off the 2-chamber long axis, again bisecting the apex and centre of the mitral valve

Steady-state free-precession short-axis cine images from the mitral valve plane through the apex, prescribed from the previously acquired 
horizontal long-axis image

 Slice thickness 6–8 mm, with 2 mm inter-slice gaps

 Temporal resolution <45 ms between phases

 Parallel imaging used as available, speed up factor 2×

Steady-state free-precession long-axis cine images

 4-chamber long axis, prescribed off a basal short-axis image, bisecting the inter-ventricular septum

 2-chamber long axis, prescribed off a basal short-axis image, bisecting the anterior and inferior walls

 3-chamber long axis, prescribed off the most basal short axis including the plane of the LVOT, bisecting the LVOT and the postero-lateral 
wall

Analysis

 All short-axis images are evaluated with computer aided analysis packages for planimetry of endocardial and epicardial borders at end-
diastole and end-systole

 The inclusion or exclusion of papillary muscles in the LV mass should be the same as that used in normal reference ranges used for 
comparison

 Care must be used at the 1 or 2 most basal slices. Due to systolic movement of the base towards the apex, the end-systolic phase will 
include only left atrium. However, this slice at end-diastole will include some of the LV mass and volume

Step 2: T2-weighted black blood imaging module

Breath-hold, segmented fast spin-echo imaging with dark blood preparation (double inversion recovery)

Perform imaging prior to contrast administration

Selected slices based on cine imaging findings (e.g. 2- and 4-chamber long-axis and three representative short-axis slices)

Adjust readout to middiastole

Slice thickness 8 mm slice thickness of dark blood prep should be greater than the base-apex motion of the mitral annulus

Analysis

 Visual analysis of all T2-weighted images for focal signal enhancement matching morphological abnormalities, wall motion abnormali-
ties, and/or regions of late gadolinium enhancement. Caution: Sub-endocardial slow flow artefact

 Quantitative analysis comparing average signal intensity (SI) with the average signal intensity of skeletal muscle. Depending on the indi-
vidual scanner (at least 20 healthy volunteers must be scanned and evaluated before starting to evaluate patients), the normal ratio SImyo-

cardium/SIskeletal muscle is reported to be <1.8–2.011

Step 3: late gadolinium enhancement

Need at least 10 min wait after contrast administration (0.15–0.2 mmole/kg). Note: The delay may be shorter than 10 min if lower doses are 
used as blood pool signal falls below that of late enhanced myocardium

Table 28.5. CMR protocol for work-up of myocarditis

(continued)



534 Chapter 28 Myocarditis

References

 1. Magnani JW, Dec GW. Myocarditis: current trends in diagnosis and 
treatment. Circulation. 2006;113:876–890

 2. Pinamonti B, Alberti E, Cigalotto A, et al Echocardiographic find-
ings in myocarditis. Am J Cardiol. 1988;62:285–291

 3. Felker GM, Boehmer JP, Hruban RH, et al Echocardiographic find-
ings in fulminant and acute myocarditis. J Am Coll Cardiol. 
2000;36:227–232

 4. Martin ME, Moya–Mur JL, Casanova M, et al Role of noninvasive 
antimyosin imaging in infants and children with clinically suspected 
myocarditis. J Nucl Med. 2004;45:429–437

 5. Narula J, Khaw BA, Dec GW, et al Diagnostic accuracy of antimyo-
sin scintigraphy in suspected myocarditis. J Nucl Cardiol. 
1996;3:371–381

 6. O’Connell JB, Henkin RE, Robinson JA, Subramanian R, Scanlon 
PJ, Gunnar RM. Gallium–67 imaging in patients with dilated car-
diomyopathy and biopsy–proven myocarditis. Circulation. 
1984;70:58–62

 7. le Polain de Waroux JB, Pouleur AC, Goffinet C, Pasquet A, 
Vanoverschelde JL, Gerber BL. Combined coronary and late–
enhanced multidetector–computed tomography for delineation of 
the etiology of left ventricular dysfunction: comparison with coro-
nary angiography and contrast–enhanced cardiac magnetic reso-
nance imaging. Eur Heart J. 2008;29:2544–2551

 8. Redheuil AB, Azarine A, Garrigoux P, Mousseaux E. Images in 
cardiovascular medicine. Correspondence between delayed 
enhancement patterns in multislice computed tomography and 
magnetic resonance imaging in a case of acute myocarditis. 
Circulation. 2006;114:e571–e572

 9. Friedrich MG, Strohm O, Schulz–Menger J, Marciniak H, Luft FC, 
Dietz R. Contrast media–enhanced magnetic resonance imaging 
visualizes myocardial changes in the course of viral myocarditis. 
Circulation. 1998;97:1802–1809

10. Friedrich MG, Sechtem U, Schulz–Menger J, et al Cardiovascular 
magnetic resonance in myocarditis. J Am Coll Cardiol. 
2009;53(suppl 17):1475–1487

11. Abdel–Aty H, Boyé P, Zagrosek A, Wassmuth R, et al The sensitiv-
ity and specificity of contrast–enhanced and T2–weighted cardio-
vascular magnetic resonance to detect acute myocarditis. J Am Coll 
Cardiol. 2005;45:1815–1822

12. Laissy JP, Messin B, Varenne O, et al MRI of acute myocarditis: a 
comprehensive approach based on various imaging sequences. 
Chest. 2002;122(suppl 5):1638–1648

13. Laissy JP, Hyafil F, Feldman LJ, et al Differentiating acute myo-
cardial infarction from myocarditis: diagnostic value of early– 
and delayed–perfusion cardiac MR imaging. Radiology. 2005;237 
(suppl 1):75–82

14. Gutberlet M, Spors B, Thoma T, et al Suspected chronic myocardi-
tis at cardiac MR: diagnostic accuracy and association with immu-
nohistologically detected inflammation and viral persistence. 
Radiology. 2008;246:401–409

15. Rieker O, Mohrs O, Oberholzer K, Kreitner KF, Thelen M. [Cardiac 
MRI in suspected myocarditis]. Rofo Fortschr Geb Rontgenstr 
Neuen Bildgeb Verfahr. 2002;174(suppl 12):1530–1536

16. Simonetti OP, Kim RJ, Fieno DS, et al An improved MRI technique 
for the visualization of myocardial infarction. Radiology. 2001;218: 
215–223

17. Mahrholdt H, Goedecke C, Wagner A, et al Cardiovascular mag-
netic resonance assessment of human myocarditis: a comparison to 
histology and molecular pathology. Circulation. 2004;109: 
1250–1258

18. Mahrholdt H, Wagner A, Deluigi C, et al Presentation, patterns of 
myocardial damage and clinical course of viral myocarditis. 
Circulation. 2006;114:1581–1590

19. DeCobelli CF, Pieroni M, Esposito A, et al Delayed gadolinium–
enhanced cardiac magnetic resonance in patients with chronic myo-
carditis presenting with heart failure or recurrent arrhythmias. J Am 
Coll Cardiol. 2006;47:1649–1654

20. Roditi GH, Hartnell GG, Cohen MC. MRI changes in myocarditis – 
evaluation with spin echo, cine MR angiography and contrast–
enhanced spin echo imaging. Clin Radiol. 2000;55:752–758

21. Hunold P, Schlosser T, Vogt FM, et al Myocardial late enhancement 
in contrast–enhanced cardiac MRI: distinction between infarction 
scar and noninfarction–related disease. AJR Am J Roentgenol. 
2005;184:1420–1426

22. Ingkanisorn WP, Paterson I, Calvo KR, et al Cardiac magnetic reso-
nance appearance of myocarditis caused by high dose IL–2: simi-
larities to community–acquired myocarditis. J Cardiovasc Magn 
Res. 2006;8:353–360

23. Yilmaz A, Mahrholdt H, Athanasiadis A, et al Coronary vasospasm 
as the underlying cause for chest pain in patients with PVB19 myo-
carditis. Heart. 2008;94:1456–1463

Table 28.5. (continued)

Requirements

2D segmented inversion recovery GRE imaging during diastolic stand-still

Same views as for cine imaging (short- and long-axis views)
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In-plane resolution, ~1.4–1.8 mm

Acquisition duration per R-R interval below 200 ms, but should be less in the setting of tachycardia

Inversion time set to null normal myocardium. Alternative is to use fixed TI with a phase-sensitive sequence

Read-out is usually every other heartbeat, but can be modified to every heartbeat in the setting of bradycardia, and every third heart beat in 
the setting of tachycardia or arrhythmia

Optional: Single-shot imaging (SSFP readout) performed as backup for patients with irregular heart beat, difficulty breath-holding

Analysis - Examine the “pattern” of enhancement as certain non-ischaemic myocardial diseases have predilection for scarring in various 
myocardial regions (Fig. 28.10)
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Introduction

Cardiac tumours represent a rare but important cause of mor-
bidity and mortality in clinical cardiology and are often chal-
lenging for diagnostic cardiac imaging. There is a broad 
spectrum of differential diagnoses for cardiac masses 
(Table 29.1). This chapter is mainly focussed on the diagnosis 
of primary and secondary cardiac tumours and intra-cardiac 
thrombi. Primary cardiac tumours are rare, with a prevalence 
between 0.001 and 0.3%.1 Based on autopsy studies, second-
ary cardiac tumours, including metastases from distant mali-
gnomas or local invasion from neoplasms in the chest, are at 
least 20 times more common.2 Three quarters of the primary 
cardiac tumours are benign, and nearly half of those are myx-
omas, the rest being lipomas, papillary fibroelastomas, hae-
mangiomas, and rhabdomyomas. Ninety-five percent of the 
malignant primary cardiac tumours are sarcomas, and the 
more common types are angiosarcomas (37%), undifferenti-
ated sarcomas (24%), malignant fibrous histiocytomas (11–
24%), leiomyosarcomas (8%), and osteosarcomas (3–9%).3

The treatment for different types of cardiac masses differs 
greatly. Diagnostic imaging of cardiac tumours provides 
important clinical decision-making information such as ori-
gin, size, extension, morphology and mobility of the tumour, 

involvement of cardiac chambers, valves, myocardium and 
pericardium, invasiveness, vascularization, and tissue char-
acterization. Echocardiography is usually the first imaging 
modality providing high sensitivity in detecting cardiac 
masses, particularly by trans-oesophageal approach, and 
detailed analysis of mass characteristics by the use of differ-
ent imaging modalities including 3D imaging, tissue Doppler 
imaging, and contrast imaging. A large number of cardiac 
tumours, in fact, are detected incidentally during routine 
echocardiographic examinations. Cardiac magnetic reso-
nance (CMR) offers distinct advantages in diagnosing car-
diac masses and tumours including 3D and multi-planar 
views, a large field of view, excellent contrast resolution, 
adequate temporal and high spatial resolution, and the unique 
potential to characterize specific tissues based on their signal 
intensity with different imaging sequences and during con-
trast enhancement (Table 29.2). In patients with contraindi-
cations for CMR, cardiac CT is an alternative, although 
irradiation exposure has to be taken into account.

Primary cardiac Tumours

Primary Benign cardiac Tumours

Myxoma

Myxomas comprise approximately 50% of primary benign 
cardiac tumours. They typically arise from the inter-atrial 
septum or the fossa ovalis, although they can arise from any 
endocardial area. Seventy-five percent of myxomas are 
located within the left atrium, 20% in the right atrium, and 
rarely any in the ventricles.4 Myxomas typically manifest as 
intra-cardiac masses attached to the endocardium by a narrow 
pedicle, although broad-based and immobile masses have 
been reported. Myxomas may be lobular and smooth and may 
have villous extensions. They frequently have organized 
thrombi on the surface. Internally, myxomas are heteroge-
neous and frequently contain cysts, necrosis, haemorrhage, 
and calcifications.5Most cardiac myxomas are sporadic, but 
occasionally, they occur multiply and as a familial disorder 
and may include the LAMB (lentigines, atrial myxoma, 
mucocutaneous myxomas, and blue naevi) and the NAME 
(naevi, atrial myxoma, myxoid neurofibromas, and ephelides) 
syndromes, which are listed under the nomenclature of the 
Carney complex and are associated with the germline muta-
tion PRKAR1A.6 Patients with cardiac myxomas often pres-
ent with signs and symptoms of cerebral or systemic embolism, 
haemodynamic obstruction, or signs of systemic disease such 
as fatigue, arthralgias, weight loss, high sedimentation rate, 
and anaemia due to IL-6 and TNF production.

Primary cardiac tumours

Benign Myxoma
Lipoma
Papillary fibroelastoma
Rhabdomyoma
Fibroma

Malignant Angiosarcoma
Malignant fibrous histiocytoma
Leiomyosarcoma
Rhabdomyosarcoma
Osteosarcoma
Liposarcoma
Primary cardiac lymphoma

Secondary cardiac tumours, metastases

Thrombus
Vegetation
Abscess
Anatomic variants (crista terminalis etc.)
Focal myocardial hypertrophy
Lipomatous hypertrophy of inter-atrial septum
Cysts (bronchogenic, pericardial)

Table 29.1. Differential diagnosis of cardiac masses
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In echocardiographic imaging, myxomas are usually 
isodense to the myocardium. Trans-oesophageal echocar-
diography has a higher sensitivity in detecting myxomas 
compared to trans-thoracic echocardiography, especially in 
the case of small myxomas, and should be performed in any 
case with suspicion for intra-cardiac tumour or source of 
embolism. Differentiation between myxoma and thrombus 
can be difficult. Compared to thrombi, myxomas usually are 
single masses and are typically located at the inter-atrial sep-
tum near the aortic root (Fig. 29.1, Video 29.1a, b, and d). 
Morphology, mobility, and attachment to endocardium do 
not provide reliable discrimination between myxomas and 
thrombi. The presence of a tumour in the pulmonary veins, 
renal veins, or vena cava extension has been described as a 
useful aid in the differentiation of a malignant neoplasm from 
myxoma because myxomas with venous involvement have 
not been reported.7 Although usually presenting as a homo-
geneous, gelatinous mass, a myxoma can present an inhomo-
geneous echo due to intra-tumoural haemorrhage, necrosis, or 
calcification. Sometimes cystic formations can be displayed. 
Detection of flow within the myxoma by colour Doppler with 
a sufficiently reduced pulse repetition frequency is indicating 

vascularization and making thrombus less likely (Fig. 29.2, 
Video 29.2). However, colour Doppler is not sensitive in 
detecting vascularization in every myxoma. In large left atrial 
myxomas occluding the mitral valve during diastolic filling, 
functional mitral stenosis can be detected by colour Doppler 
and continuous wave Doppler measurement of elevated pres-
sure gradient (Fig. 29.1, Video 29.1a, b, and d).

On CMR examination, cardiac myxomas are usually iso-
intense to the myocardium on T1-weighted images and 
hyper-intense on T2-weighted images. Less commonly, they 
can appear heterogeneous on both T1-weighted and T2-
weighted images due to the presence of haemorrhage, necro-
sis, and calcification (Fig. 29.3, Video 29.3). With cine CMR 
low signal intensity, mobile masses are revealed, and the ori-
gin, size, mobility, extension into the different cardiac cham-
bers, and haemodynamic obstruction can be depicted. After 
intravenous injection of contrast, media myxomas usually 
show a heterogeneous contrast enhancement to some 
degree.

With cardiac CT, myxomas usually have heterogeneous 
low attenuation reflecting gross pathologic features. Calcifi-
cations can be found frequently.

T1-TSE T2-TSE GE Contrast

Primary benign cardiac tumours

Myxoma ↔ ↑ ↓ +

Lipoma ↑ ↑ ↑ −

Fibroelastoma ↔ ↑ ↔ +

Haemangioma ↔ ↑ ↔ +

Rhabdomyoma ↔/↑ ↔/↑ ↔ As myocardium

Fibroma ↔/↑ ↔/↓ ↔ −

Primary malignant cardiac tumours

Angiosarcoma Inh inh inh +

Leiomyosarcoma Var var var +

Osteosarcoma Inh inh inh +

Liposarcoma

Lymphoma ↔ ↔ ↔ inh

Thrombus

Fresh thrombus

Older thrombus

Table 29.2. MR characteristics of primary cardiac tumours. Typical signal intensities on T
1
-(T

1
-TSE) and T

2
 -(T

2
-TSE)weighted images, bright 

blood gradient echo (GE) cine sequences, and uptake of contrast media

Tumour signal intensity relative to signal intensity of myocardium: ↑ hyper-intense; ↓ hypo-intense; ↔ iso-intense; inh inhomogeneous signal 
intensity within the tumour; var variable signal intensity with same histology
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Fig. 29.2 Small left atrial myxoma (1.2 × 1.1 cm) with typical origin at 
the fossa ovalis in a 62-year-old female patient with moderate-to-
severe mitral stenosis. In the severely dilated left atrium with sponta-
neous echo contrast, the mass (arrow) was initially diagnosed as a 
thrombus. But evidence of flow by trans-oesophageal colour Doppler 

echocardiography (a) within the mass indicating vascularization of 
the tumour proven to be a myxoma by histology. Cardiac MR repre-
sentation (b) of the myxoma in the same patient (arrow). LA left 
atrium; IAS inter-atrial septum; RA right atrium

Fig. 29.1 Large left atrial myxoma (6.5 × 3.4 cm) with typical origin at 
the basal inter-atrial septum in a 60-year-old male patient with his-
tory of two recent cerebral embolic strokes. (a–c) Trans-oesophageal 
echocardiographic imaging shows the myxoma (asterisk) as a highly 
mobile mass of heterogeneous texture and isodensity relative to the 
myocardium. Large myxomas can occlude the mitral valve during 
diastolic filling with flow obstruction demonstrated by colour 
Doppler (b), causing functional mitral stenosis with mean PG of 6 
mmHg measured by continuous wave Doppler in this case (c). Real-

time 3D echocardiographic imaging (d) reveals the true extension of 
the myxoma (asterisk) in relation to the left atrium and mitral valve. In 
cardiac MR, (e) the myxoma (arrow) appears as a hypo-intense mass 
with heterogeneous texture (f). Photographic representation of the 
re-sected myxoma shows a glassy-elastic tumour with a vascularized, 
myxoid matrix in histology proving myxoma. LA left atrium; Ao aorta; 
LV left ventricle; IAS inter-atrial septum; LAA left atrial appendage; M 
mitral valve

a b c

d e f
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Papillary Fibroelastoma

Papillary fibroelastomas are the second most common benign 
primary cardiac tumour after myxoma and represent 10% of 
all primary cardiac tumours.3, 5 On histology, a collection of 
nonvascular fronds of dense connective tissue lined by 
endothelium are found.3 The reported prevalence varies con-
siderably, because papillary fibroelastomas are usually 
asymptomatic and may, therefore, be underrepresented in 
patient series. When symptoms occur, they are usually related 
to embolization from thrombi on the tumour surface, but 
embolization of parts of the fibroelastoma is not unlikely. 
Ninety percent of fibroelastomas occur on valve surfaces, 
and they are slightly more common on the aortic (29%) and 
the mitral valves (25%) than on the pulmonary (13%) and 
tricuspid valves (17%). However, this may be influenced by 
the increased prevalence of symptoms associated with the 
left-sided valves. 16% of fibroelastomas arise from non- 
valvular surfaces.3 Fibroelastomas are usually small (<1 cm) 
tumours, although they have been reported as large as 5 cm.

In echocardiographic imaging, papillary fibroelastomas 
typically present as small, mobile masses. They have a 

characteristic stippled edge with a shimmer or vibration at 
the tumour-blood interface.8 Finger-like projections can pro-
duce the impression of a sea anemone. Most likely they are 
attached to the endocardium either on the aortic or left ven-
tricular side of the aortic valve or neighbouring endocardium 
(Fig. 29.4, Video 29.4a, b, Videos). Due to their small size, 
fibroelas tomas are rarely detected by transthoracic echocardiog-
raphy. Even in trans-oesophageal echocardiography, fibroelas-
tomas are usually incidental findings. Fibroelastomas often 
appear alike infectious vegetations or Lambl’s excrescenses, 
which makes differentiation difficult.

On CMR examination, papillary fibroelastomas are often 
hard to depict due to their small size, adherence to valvular, 
and therefore, rapidly moving structures. They are mostly 
detected on cine CMR as small tumours with low signal 
intensity attached to moving valves. In sporadic case reports, 
fibroelastomas have been shown to have intermediate signal 
intensity on T1-weighted images and intermediate to low sig-
nal intensity on T2-weighted images.9–11 On delayed enhance-
ment images after administration of Gd-DTPA, a 
hyper-intense signal intensity caused by the fibroelastic tis-
sue has been reported.9

a b

c d

Fig. 29.3 Typical tissue signal 
intensities of a right atrial 
myxoma with different CMR 
sequences. (a) T

1
-weighted 

image with iso-intense signal 
of the myxoma relative to 
myocardium. (b) T

2
-weighted 

image shows heterogeneous 
signal intensity with hyper-
intense parts of the myxoma 
relative to myocardium. (c) 
Cine TRUFI image shows 
heterogeneous signal intensity 
of the myxoma. (d) Contrast-
enhanced image early after 
contrast administration shows 
enhancement of the normal 
myocardium, but no enhance-
ment of the myxoma
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With cardiac CT, papillary fibroelastomas can be found 
occasionally. With ECG-gated contrast enhanced 64-slice 
spiral CT, a well-defined, pedunculated, mobile, spherical 
structure with a density of 64 ± 21 Houndsfield units has 
been described.10

Lipoma and Lipomatous Hypertrophy  
of the Inter-atrial Septum

Primary cardiac lipomas are benign neoplasms composed of 
mature adipose tissue and are histologically similar to extra-
cardiac soft-tissue lipomas.3 In autopsy studies they consti-
tute 8–12% of primary cardiac tumours. This, however, may 
not represent the true prevalence, since small lipomas may 
remain undiagnosed in asymptomatic patients, and, on the 
other hand, lipomatous hypertrophy of the inter-atrial sep-
tum has been included in reports of cardiac lipomas. 
Lipomatous hypertrophy of the inter-atrial septum is defined 

as “any deposit of fat in the atrial septum which exceeds 2 
cm in transverse dimension,”3 is caused by an increase in the 
number of adipocytes, spares the fossa ovalis, is associated 
with advanced age and obesity, and does not represent a true 
cardiac neoplasy. Lipomas are encapsulated, homogeneous 
fatty tumours. They may arise from the epicardium, from the 
endocardium, or from the inter-atrial septum.12–14 They grow 
as broad-based, pedunculated masses into any of the cardiac 
chambers and may reach giant sizes and weigh up to 4,800 
g.15 Many patients are asymptomatic, and the tumour is found 
incidentally because of chest X-ray abnormalities or heart 
murmur. Symptoms include shortness of breath, signs of 
haemodynamic obstruction, or arrhythmias.

In echocardiographic imaging, the finding of cardiac 
tumours suspicious of being primary cardiac lipomas is 
extremely rare. Because those tumours are commonly consid-
ered benign, they are not surgically resected, and therefore 
definite histological evidence of a lipoma is lacking (Fig. 29.5, 
Video 29.5a-c). In echocardiography, lipomas usually appear 

Fig. 29.4 Trans-oesophageal 
echocardiographic representa-
tion of a histological proven 
papillary fibroelastoma (arrow) 
as an incidental finding in a 
56-year-old male with origin 
from the endocardium at the 
antero-lateral wall of the left 
ventricular outflow tract shown 
in long-axis (a) and short-axis 
(b) views of the aortic outflow 
tract. LA left atrium; MK mitral 
valve; AK aortic valve

Fig. 29.5 Three examples of cardiac masses with similar echocardio-
graphic appearance located at the posterior mitral leaflet or mitral 
ring. Because masses were considered benign, histology is unknown. 
(a) A 60-year-old patient with chronic dialysis with transthoracic 
echocardiography showing shadowing of the echolucent, immo-
bile mass at the posterior mitral ring being most evident of severe 
mitral ring calcification. (b) A 37-year-old otherwise healthy female 
patient with the incidental echocardiographic finding of a hyper-
intense, highly mobile mass on the posterior mitral leaflet without 

shadowing. All criteria summarized make the mass most likely to be 
a haemangioma or fibroma. (c) Trans-thoracic echocardiographic 
detection of a mobile mass at the posterior mitral ring with a hyper-
dense outer region and a more isodense centre region and discrete 
echo shadowing as a incidental finding in a 56-year-old otherwise 
healthy patient. Differential diagnosis includes mitral ring calcifica-
tion as well as lipoma, haemangioma, or fibroma. LV left ventricle; LA 
left atrium; MV mitral valve; Ao aorta
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as sharply circumscribed, hypo-dense masses broadly attached 
on the adjacent wall. There is no shadowing, necrosis, or 
intra-tumoural haemorrhage as a discriminating criterion to 
sclerotic masses. In contrast, lipomatous hypertrophy of the 
inter-atrial septum is a more frequent finding in trans-
thoracic and trans-oesophageal echocardiography, how-
ever, without further diagnostic or therapeutic consequences. 
Characteristic thickening of the inter-atrial septum of more 
than 2 cm spares the fossa ovalis. In rare cases, vena cava 
inflow obstruction can occur. A tangential imaging by a multi-
plane probe is important to distinguish between true septal 
hyper-trophy and malprojection mimicking hypertrophy.

On CMR examination, the diagnosis of a lipoma can be 
made with a high degree of certainty. On T1-weighted images, 
lipomas have a homogeneous increased signal intensity that 
is comparable to the signal intensity of subcutaneous fat. 
Necrosis, haemorrhages, and calcifications are not found. On 
T2-weighted images, they appear with intermediate signal 

intensity. By application of a fat saturation, preparation pulse 
with T1-weighted sequences signal intensity is decreased par-
allel to subcutaneous fat. Cardiac lipomas are not enhanced 
with the administration of contrast media (Fig. 29.6).

On cardiac CT, lipomas appear as homogeneous, low-
attenuation masses with approximately −50 Houndsfield 
units.

Haemangioma

Haemangiomas are benign vascular tumours that represent 
less than 2% of all cardiac tumours and 5–10% of benign 
cardiac tumours. They are classified according to the size of 
their vascular channels into capillary, cavernous, or venous 
haemangiomas.16 They can occur in any cardiac location and 
arise from the epicardium, endocardium, myocardium, and 
pericardium. Cardiac haemangiomas are often clinically 

Fig. 29.6 Typical tissue signal 
intensities with different CMR 
sequences of a lipoma located 
within the inter-ventricular 
septum. (a) T

1
-weighted image 

shows hyper-intense signal of 
the lipoma which is similar to 
subcutaneous fat; (b): T

1
-

weighted image with prepara-
tion pulse for fat saturation 
shows hypo-intense signal of 
the lipoma relative to myocar-
dium. Similar signal loss of 
subcutaneous fat; (c) cine TRUFI 
image shows iso-intense signal 
of the lipoma relative to 
myocardium; (d): T

1
-weighted 

image with preparation pulse 
for fat saturation after contrast 
administration shows no 
contrast enhancement of the 
lipoma

a

c d

b
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insignificant, exist unrecognized, and are mostly diagnosed 
incidentally. Symptoms depend on the location within the 
heart and the extent of the tumour. Conduction disturbances, 
AV-block, arrhythmias, pericardial effusion, and angina have 
been reported.17

Echocardiographic finding of cardiac tumours suspicious 
of being haemangiomas is extremely rare, and, similar to 
lipomas, histological evidence usually is lacking. They are 
varying in size between less than 1 and more than 8 cm and 
are pediculated, non-calcified but hyper-dense, and most 
often attached to the left or right ventricular wall, but can 
occur in any cardiac cavity.18

On CMR examination, cardiac haemangiomas show 
intermediate signal intensity on T1-weighted images, which 
is comparable to myocardium. On T2-weighted images, high 
signal intensity is typically observed. Cardiac haemangiomas 
enhance intensely and very rapidly after administration of 
contrast media indicating a high vascularity. However, early 
enhancement after gadolinium administration can be inho-
mogeneous because of interspersed calcifications and fibrous 
septations within the tumour.19

On unenhanced cardiac CT, haemangiomas are shown as 
well-delineated masses heterogeneous to low density. They are 
intensely enhanced after intravenous contrast administration.19

Rhabdomyoma

Rhabdomyomas are the most common primary cardiac 
tumour in children. They are myocardial hamartomas, and 
up to 50% occur in association with tuberous sclerosis.20 
Most frequently, rhabdomyomas are located in the myocar-
dium of both ventricles and multiplicity is common. The 
size of the tumours may vary from miliary nodules measur-
ing less than 1 mm up to masses of 10 cm diameter, and they 
tend to disappear spontaneously, although occasionally sur-
gical resection is necessary.

Echocardiography may be diagnostic of an intra-cardiac 
mass by demonstrating the presence of an intra-cavitary, 
echodense structure. Rhabdomyomas will more frequently 
be lobulated in shape and ventricular in origin.21 When occur-
ring intra-mural, a circumscribed ventricular wall thickening 
of the left and/or right ventricle can be detected. Multi-focal 
lesions are common.

On CMR examination, rhabdomyomas show a homoge-
neous iso-intense signal on T1-weighted images compared to 
the surrounding myocardium. On T2-weighted images, 
hyper-intense signal is observed within the mass, which is 
different from the surrounding myocardium. Perfusion imag-
ing shows complete opacification of the full thickness of the 
mass with almost immediate opacification of the central por-
tion. Early gadolinium uptake is more intense compared to 
the surrounding myocardium, and abnormal late gadolinium 

enhancement may be observed across the entire thickness of 
the mass.22

Fibroma

Cardiac fibroma is a congenital neoplasm and is the second 
most common cardiac tumour in children. It is the paedriatic 
cardiac tumour most commonly resected. However, 15% of 
cardiac fibromas occur in adolescence and adults. There is an 
increased risk of cardiac fibromas in patients with Gorlin 
syndrome, which is characterized by multiple nevoid basal 
cell carcinomas of the skin, jaw cysts, and bifid ribs. Less 
than 14% of these patients have cardiac fibromas (20). The 
morphological features of cardiac fibromas are characteristi-
cally solitary, circumscribed, firm, grey–white, and often 
centrally calcified. The cellularity of the lesion decreases as 
fibrosis and the patient’s age increase. Common clinical 
manifestations in patients with cardiac fibromas are heart 
failure, arrhythmias, and sudden death. Cardiac fibromas are 
usually located within the myocardium of the ventricles, and 
the inter-ventricular septum and the lateral wall of the left 
ventricle are most commonly involved. The size of the 
tumours is rather large and varies between 2 and 5 cm.

In the echocardiographic evaluation, cardiac fibromas 
appear as non-contractile solid masses often attached to the 
left ventricular septum and well demarcated from the sur-
rounding myocardium by multiple calcifications.

On CMR examination, cardiac fibromas may manifest as 
a discrete mural mass or focal myocardial thickening. These 
lesions appear iso-intense to hyper-intense relative to myo-
cardium on T1-weighted images and hypo-intense with T2-
weighted images, findings which are characteristic for fibrous 
tissue. After intravenous administration of gadolinium, con-
trast media cardiac fibromas do not show enhancement dur-
ing first-pass perfusion, suggesting a low vascularity. 
However, 10 min after contrasts administration, intense late 
gadolinium enhancement was observed reflecting an 
increased extracellular volume of distribution within the 
ventricular myocardium.23

Primary Malignant cardiac Tumours

The majority of primary malignant cardiac tumours are sar-
comas. Primary cardiac sarcomas by definition are confined 
to the heart or pericardium at the time of diagnosis. The most 
common types are angiosarcoma (37%), unclassified or 
undifferentiated sarcoma (24%), malignant fibrous histiocy-
toma (11–24%), leiomyosarcoma (8%), and osteosarcoma 
(3–9%).3 Primary cardiac sarcomas most commonly metas-
tasize to the lungs, but also to the lymph nodes, bone, liver, 
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brain, bowel, spleen, adrenal glands, pleura, diaphragm, kid-
neys, thyroid, and skin.24

Cardiac sarcomas that typically affect the left atrium are 
malignant fibrous histiocytoma, osteosarcoma, and leiomyo-
sarcoma. Patients present with symptoms of mitral valve 
obstruction such as dyspnea and heart failure.

Approximately 80% of cardiac angiosarcomas occur in 
the right atrium and involve the pericardium. Therefore, 
symptoms of right-sided heart inflow obstruction or cardiac 
tamponade are common.

Angiosarcoma

Echocardiographic imaging helps to differentiate between 
benign myxomas and malignant infiltrative growing angiosar-
comas by evidence of infiltration of the cardiac wall. With 
the evidence of hemorrhagic pericardial effusion, a malig-
nant tumour should be considered. Angiosarcomas appear as 
an inhomogeneous mass with hypo-dense necrotic and hae-
morrhagic zones, usually located in the right atrium. A pos-
sible infiltration of the pericardium, the tricuspid valve, and 
the vena cava can be displayed.

On CMR examination, angiosarcomas are depicted as 
large, heterogeneous, invasive right atrial masses frequently 
with extensive pericardial involvement and haemorrhagic 
pericardial effusion. Pericardial and extra-cardiac invasion, 
valvular destruction, tumour necrosis, and metastases are fre-
quently seen. Cardiac angiosarcomas have a marked heteroge-
neity of signal intensity on T1-weighted and T2-weighted 
images. Hyper-intense foci in T1-weighted images may corre-
spond to intra-tumoural haemorrhage, whereas hyper-intense 
foci on T2-weighted images may represent cystic or necrotic 
parts of the tumour.25 Vascular structures within the tumour 
may appear hyper-intense on cine sequences, which has been 
described as “cauliflower” appearance.16 Cardiac angiosarco-
mas typically show diffuse and intense contrast enhancement 
that has been described as “sunray” appearance.26

Other Sarcomas

Undifferentiated sarcoma, malignant fibrous histiocytoma, 
leiomyosarcoma, rhabdomyosarcoma, osteosarcoma, fibro-
sarcoma, and liposarcoma are rare primary malignant car-
diac tumours. However, approximately 10% of surgically 
resected cardiac tumours are primary sarcomas.

For the echocardiographic evaluation of the other cardiac 
sarcomas, the same rules may be applied as for angiosarco-
mas, except they are not characteristically located within the 
right atrium, but elsewhere in the heart predominantly within 
the left atrium. They typically originate from the roof of the 
left atrium as a criterion of discrimination from myxomas 

(Fig. 29.7, Video 29.7), as well as infiltration of the sur-
rounding cardiac wall or pericardial structures (Fig. 29.8, 
Video 29.8). They appear as large, mobile, and inhomoge-
neous masses with zones of necrosis and haemorrhage and 
are indistinguishable from angiosarcoma. Only osteosarco-
mas can be differentiated by typically showing calcification.

On CMR examination, cardiac sarcomas are typically 
shown as large, heterogeneous, broad-based masses that fre-
quently occupy most of the affected cardiac chamber or mul-
tiple chambers (Video 29.9). Pericardial and extra-cardiac 
invasion, tumour necrosis, and metastases are all characteris-
tic features of malignant lesions. Cardiac sarcomas enhance 
heterogeneously with non-enhancing areas corresponding to 
necrosis.

Cardiac CT is very helpful in the evaluation of cardiac 
osteosarcoma because it typically shows calcifications.3

Primary Cardiac Lymphoma

Primary cardiac lymphoma involves only the heart or peri-
cardium at the time of diagnosis with no evidence of extra-
cardiac lymphoma.3 Although 16–28% of patients with 
disseminated lymphoma have cardiac involvement, primary 
cardiac lymphoma is very rare. It is seen mostly in immuno-
compromised patients, particularly in association with the 
acquired immunodeficiency syndrome.

In the echocardiographic evaluation, an immobile, some-
times polypoid, mass appears predominantly in the right 
atrium. It is commonly combined with a pericardial effusion. 

Fig. 29.7 Undifferentiated primary cardiac sarcoma (asterisk) in a 
67-year-old female patient with the history of progressive dyspnea 
due to functional mitral stenosis caused by diastolic occlusion of 
mitral inflow by the large sarcoma shown by colour Doppler. Note 
the similar appearance of the sarcoma in trans-oesophageal echocar-
diographic imaging compared to the myxoma in Fig. 29.1 except of 
the sarcoma’s origin from the left atrial roof. LV left ventricle; AV aortic 
valve
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Infiltration of the cardiac structures can occur (Fig. 29.9, 
Video 29.10).

On CMR examination, poorly marginated and heteroge-
neous lesions are observed, which are iso-intense to slightly 
hypo-intense on T1-weighted images and iso-intense on T2-
weighted images relative to myocardium. Contrast adminis-
tration produces a heterogeneous pattern of enhancement.20

With cardiac CT, primary cardiac lymphomas are hypo-
attenuating or iso-attenuating relative to myocardium and 
demonstrate heterogeneous enhancement after intravenous 
contrast administration.27

Secondary cardiac Tumours, Metastases

Tumours within the chest can cause displacement and com-
pression of the heart or infiltrate the heart and pericardium 
directly. High-resolution imaging of such tumours and proof 
of infiltration are important because such tumours are usually 
non-resectable. Cardiac metastases can arise from almost any 
malignant tumour, and melanomas have been reported to have 
the highest frequency of seeding into the heart at autopsy.

Fig. 29.8 Large rhabdomyosarcoma (asterisk) first detected by trans-
thoracic echocardiography (a) in an 83-year-old female patient with 
signs of progressive dyspnea. The tumour that fills out the entire 
dilated left atrium in echocardiography appears of heterogeneous 
texture with hypo-dense zones of necrosis and hyper-dense scle-
rotic spots. Cardiac MR (b) revealed a large rhabdomyosarcoma (7.0 
× 13.1 cm) with cystic areas and strong contrast agent uptake in bor-

der regions as well as with extensive infiltration of the left lung and 
less infiltration of the right lung, but no metastases. Cardiac CT (c) 1 
month after cardiac MR (b) reveals rapid progression of tumour size 
now being 9.1 × 14.3 cm with progressive building of a wall around 
the left lung hilus and compression of the oesophagus. LV left 
ventricle

Fig. 29.9 Primary cardiac lymphoma in a 25-year-old male patient 
with acute myeloid leukemia. Trans-oesophageal echocardio-
graphic imaging (a) shows massive growth of a heterogeneous 
tumour mass (asterisk) within the inter-atrial septum with infiltra-
tion of the right atrial roof. Cardiac MR (b) reveals tumour manifes-
tation beginning in the right atrial roof or superior vena cava 
entrance, which is walled in by the tumour, and tumour growth up 

to pulmonary artery descending aorta, into the posterior right 
atrial wall and the inter-atrial septum and caudal up to the inferior 
vena cava and coronary sinus. The tumour (asterisk) is clearly 
hyper-intense on the T2-weighted image and enhances markedly 
after contrast administration, but no myocardial late enhancement 
was found. LA left atrium; RA right atrium; RV right ventricle; LV left 
ventricle
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Secondary cardiac lymphoma show similar echocardio-
graphic characteristics as primary cardiac lymphomas (Figs. 
29.10 and 29.11, Videos 29.11a, b, and 29.12a, b). Common 
echocardiographic findings associated with cardiac metasta-
ses are malignant pericardial effusion sometimes with 
enclosed tumour masses with partially bizarre surface struc-
tures. The infiltrated cardiac walls appear with a hyper-dense 
thickening (Figs. 29.12 and 29.13, Videos 29.13 and 29.14). 
Wall motion abnormalities in these regions are common. 
Application of echo contrast agents can reveal the tumour 
perfusion and helps discrimination of the metastasis from the 
surrounding tissue (Fig. 29.14, Video 29.15a, b).

On CMR examination, the extension of tumours within the 
chest (Fig. 29.15, Video 29.16), their relation to cardiac struc-
tures, signs of invasion (Video 29.17), evidence of haemor-
rhagic, and serous pericardial effusion can be demonstrated 

very effectively due to the large field of view and the high 
contrast resolution. This information is necessary to assess 
potential resectability of the tumour (Video 29.18). Cardiac 
CT, with its excellent spatial resolution, may provide compa-
rable information as CMR; however, CMR has been shown to 
be even more effective in demonstrating invasion of the peri-
cardium and myocardium.28

Thrombus

Thrombi represent the most frequently found intra-cardiac 
masses. Mitral valve disease and atrial fibrillation are the 
predominant risk factors for thrombus formation within the 

Fig. 29.10 Highly malignant, cerebellary non-Hodgkin lymphoma 
in a 19-year-old male patient with secondary cardiac lymphoma 
manifestation in both atria. Trans-oesophageal echocardiographic 
imaging shows growth of lymphoma masses (asterisks) of heteroge-
neous texture on both sides of the inter-atrial septum (IAS) (a). Real-
time 3D echocardiography (b) provides greater information on the 
location and extent of lymphoma manifestation. Cardiac MR  

(c) shows lymphoma growth iso-intense to the myocardium into left 
and right atrium (asterisk), as well as sub-total occlusion of vena cava 
superior causing thrombus formation into right vena subclavia, left 
vena brachiocephalica, and right vena jugularis. LA left atrium; RA 
right atrium; Ao aorta; RV right ventricle; TV tricuspid valve; MV mitral 
valve; LV = left ventricle

Fig. 29.11 Secondary cardiac manifestation of a low-malignant non-
Hodgkin lymphoma in a 77-year-old female patient. Transthoracic 
echocardiography shows massive intra-pericardial lymphoma growth 
with compression of the right heart chambers, as well as infiltrative 
growth into right ventricular apex (asterisk) (a). At the time of echocar-
diographic examination, cardiac lymphoma manifestation was 
unknown, and diagnosis of haemodynamic important pericardial 

effusion (PE) was priority. Surprisingly, echo-guided pericardiocente-
sis (b) with the needle tip safely placed in the echo-free pericardial 
space (arrow) did not allow fluid aspiration. Cardiac CT (c) revealed 
the diagnosis of circular intra-pericardial lymphoma growth (aster-
isks) as the explanation of the punctio sicca. PE pericardial effusion; LV 
left ventricle; RV right ventricle
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left atrium, especially within the left atrial appendage. 
Thrombi within the left ventricle are typically found in areas 
of severe wall motion abnormalities such as akinetic, dyski-
netic, or aneurysmal myocardial segments after myocardial 
infarction. Severe impairment of global left ventricular func-
tion may also increase the risk for thrombus formation within 
the left ventricular cavity. Thrombus morphology correlates 
with the risk for systemic embolization: mobile or exophyti-
cally growing thrombi carry a risk of 50% for systemic 
embolism, whereas this risk is 10% for immobile, mural 
thrombi. Right-sided thrombi are found less frequently and 
may represent transitory thrombi in patients with deep vein 
thrombosis and pulmonary embolism. However, in patients 

with rather rare systemic diseases such as Behcet disease, 
Löffler’s endocarditis, Churg-Strauss syndrome, and coagul-
opathies, thrombi can be found in all cardiac chambers.

Echocardiographic appearance of intra-cardiac thrombi 
is heterogeneous. Because thrombi can mimic any other 
cardiac mass, echocardiography cannot reliably differen-
tiate between thrombi and tumours (Figs. 29.18–29.22, 
Videos 29.19a, b, 29.20a–d, 29.21–29.23a–c). Thrombi 
show a  different echodensity, depending on age and degree 
of thrombus organization (Fig. 29.19, Video 29.20). Even 
vascularization can be found in some cases. Sometimes a 
layering phenomenon can be found, indicating appositional 
thrombus growth. Confounding risk factors for thrombus 

Fig. 29.12 Secondary cardiac manifestation of thymus carcinoma in 
a 52-year-old male patient with infiltrative pericardial and myocar-
dial growth. Trans-thoracic echocardiographic image from a sub-
costal view (a) shows the tumour (asterisks) hypo-dense relative to 
the myocardium and with heterogeneous appearance. (b)  Cardiac 

CT shows the tumour reaching from above the aortic arch to the 
heart apex with displacement of the entire heart and marked intra-
pericardial growth (asterisks) and compression of right heart cham-
bers. Li liver; RV right ventricle; LV left ventricle

Fig. 29.13. Sternal metastasis of breast carcinoma in a 47-year-old 
female patient with marked displacement of the heart and compres-
sion of right heart chambers. Trans-thoracic echocardiographic imag-
ing in a parasternal view (a) shows an isodense tumour mass of 
heterogeneous appearance (asterisk) with infiltrative growth into 

right heart pericardium. Cardiac CT with contrast application 
(b) shows the large sternal metastasis (8.2 × 6.4 cm) (asterisk) with 
infiltrative growth into the mediastinum and pericardium. LV left 
ventricle; R right ventricle; LA left atrium; Ao aorta
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Fig. 29.14 Cardiac metastasis of urothel carcinoma in a 70-year-old 
male patient. In trans-thoracic echocardiography, the metastasis 
located in the basal inferior wall of the left ventricle (arrow) appears 
with a typical pattern of a hypo-dense outer region that is clearly 
demarcated from myocardial tissue and a hyper-dense central region 

(a), which enhances markedly after myocardial contrast application 
(b) indicating central perfusion of the metastasis. (c) Cardiac CT shows 
the metastasis (asterisk) as a homogeneous mass, which is iso-intense 
relative to the myocardium. LV left ventricle; LA left atrium; RV right 
ventricle; RA right atrium

formation, such as wall motion abnormalities (Fig. 29.20, 
Video 29.21), atrial dilatation (Fig. 29.18, Video 29.19), 
and slow flow with spontaneous echo contrast (Fig. 29.18, 
Video 29.19), allow differentiation to cardiac tumours. 
Reduced velocities within the left atrial appendage due to 
atrial fibrillation can be detected by pulsed wave Doppler 
and can predict the risk for thrombus formation (Fig. 29.22, 
Video 29.23).

On CMR examination, the appearance of thrombus is 
dependent on the composition and physico–chemical 

 properties of its components. Paramagnetic haemoglobin 
degradation products, such as intra-cellular methaemoglobin, 
haemosiderin, and ferromagnetic ferritin, accumulate with 
ageing of the thrombus. On T1-and T2-weighted images, these 
haemoglobin degradation products are hypo-intense. 
Detection and characterization of thrombi with dark-blood 
prepared T1-and T2-weighted images is, however, sub- optimal 
because slow blood flow around thrombi may produce slow 
flow artefact, thereby impeding the detection of thrombi. 
With cine sequences, however, fresh thrombus may show 

Fig. 29.15 T
1
-weighted image of metastases in the chest of a cysta-

deno-carcinoma. Huge fluid containing cysts with septations are 
shown to compress and dislocate the cardiac chambers without signs 
of tumour invasion. The patient suffered from severe dyspnea

Fig. 29.16 Cine CMR of a thymus carcinoma invading the right 
atrium from the anterior mediastinum and obstructing the right ven-
tricular inflow on the level of the tricuspid valve. Pericardial and pleu-
ral effusion
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 hyper-intense signal intensity (Fig. 29.23) and sub-acute and 
old thrombi low signal intensity (Fig. 29.24). Thrombi gener-
ally do not enhance after administration of contrast media; 
however, chronic organized thrombi may occasionally show 
patchy peripheral contrast uptake.29 Delayed contrast CMR 
has been shown to be highly helpful in detecting intra-cardiac 
thrombi, which have very low signal intensity (black) with 
this technique. On the other hand, adjacent infarcted myocar-
dium shows very high signal intensity (white). During first 
pass of the contrast media through the cardiac chambers, left 
ventricular cavity is strongly enhanced with abnormal intra- 
ventricular structures appearing dark in comparison.30 
Contrast-enhanced inversion recovery CMR allows visual-
ization of small thrombi (<1 cm), although some may be 
missed due to flow turbulence in proximity to dysfunctional 
myocardial wall segments or lack of contrast between a mural 
thrombus and the adjacent myocardium. In this case, a com-
bination of cine CMR sequences and contrast-enhanced 
inversion recovery CMR sequences may overcome that 
problem.31

Fig. 29.18 Left atrial thrombus in a monstrous dilated left atrium 
(10.0 × 10.5 cm) in a 46-year-old male patient with long-standing 
hypertrophic restrictive cardiomyopathy. Transthoracic echocardio-
graphic imaging (a) shows the isodense appearance of the large 
immobile thrombus (4 × 5 cm) (arrow) broadly attached to left atrial 
wall. Note the marked spontaneous echo contrast (SE) passing from 

the left atrium through the mitral valve. Real-time 3D echocardiogra-
phy reveals the true shape and size of the thrombus (Th) (b) and its 
exact location relative to pulmonary vein (PV) entrance. (c) Cardiac 
MR shows the thrombus (arrow) with hypo-intense appearance and 
no contrast uptake after contrast application. LV left ventricle; LA left 
atrium; Ao aorta

Fig 29.17 Cine CMR showing a metastasis of a melanoma attached 
to the right-sided inter-atrial septum. One large and several smaller 
metastases in both lungs are also demonstrated
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Fig. 29.19 Apical left 
ventricular thrombus in a 
32-year-old male patient with 
thrombophilia due to factor × 
mutation. Transthoracic 
echocardiographic imaging in 
apical 4-chamber (a) and 
2-chamber view (b) shows 
typical appearance of a fresh 
thrombus (arrow) with 
hyper-dense outer border and 
hypo-dense centre. The 
jelly-like thrombus is highly 
mobile and deformable and 
only partly attached to the 
infero-apical wall. After a 
10-day follow-up under 
intensive anti-coagulation, the 
thrombus became markedly 
more organized and stiffer (c, 
d). Colour-coded tissue 
Doppler imaging (TDI) provides 
still image documentation of 
incoherent thrombus motion 
relative to cardiac tissue (e). In 
cardiac MR (f) the jelly-like 
thrombus (arrow) appears to 
be only attached by thin 
threadlike structures to the 
apical wall. LV left ventricle;  
LA left atrium

Fig. 29.20 Large thrombus formation in an apical left ventricular 
aneurysm in a 54-year-old male patient after apical myocardial 
infarction. Transthoracic echocardiographic imaging (a) shows a 
large immobile thrombus (asterisk) with heterogeneous appearance 

with hypo-dense areas and hyper-dense sclerotic spots. Cardiac MR 
(b) shows the thrombus (asterisk) with hypo-intense appearance and 
no contrast uptake after contrast application. AV aortic valve; LV left 
ventricle; LA left atrium
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Fig. 29.22 Cardiac thrombus in the left atrial appendage in a 74-year-
old male patient with moderate-severe mitral stenosis and dilated 
left atrium. Trans-oesophageal echocardiographic imaging in 2D 
mode (a) shows a 1.0 × 1.9 cm large isodense, slightly mobile throm-
bus (arrow) in the left atrial appendage (LAA). Real-time 3D imaging 

provides improved orientation by showing neighbouring cardiac 
structures in an enface view from left atrium to mitral valve (MV) (b), 
as well as exact dimension of the thrombus (Th) within the append-
age (c). LA left atrium; AV aortic valve

a b

Fig. 29.21 Multiple right atrial thrombi in a 60-year-old male patient 
with history of cerebral transient ischaemia attacks. Trans-oesophageal 
echocardiographic imaging (a) shows multiple mobile hypo-dense 
thrombi attached to the right-sided inter-atrial septum and right 

atrial walls. In cardiac MR (b) 2 days later only one thrombus (arrow) 
was detectable, shown hypo-intense in TrueFISP-Sequences. LA left 
atrium; RA right atrium
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a

b

Fig. 29.23 Fresh thrombus in the left ventricular apex assessed with 
CMR. (a) A single image frame from a cine CMR loop in a left ventricu-
lar long-axis 2-chamber view shows the thinned wall of the left ven-
tricular apex after myocardial infarction containing a thrombus 
depicted as a bright spherical mass surrounded by a dark rim. (b) 
With late gadolinium enhancement, the infarcted area of the left ven-
tricular apex is depicted as hyper-intense (white = scar) and the 
thrombus black without any uptake of contrast media

a

b

Fig. 29.24 Chronic mural thrombus in a patient with chronic antero-
septal myocardial infarction and heart failure as assessed by CMR. (a) 
A single image frame from a cine CMR loop in a left ventricular short-
axis view shows the thinned antero-septal wall with chronic myocar-
dial infarction and a hypo-intense mural mass (thrombus) in the 
infarct zone. (b) With late gadolinium enhancement, the infarct area 
(white = scar) is depicted transmurally in the antero-septal segments 
and sub-endocardially (=non-transmural) in the lateral segment. In 
the antero-septal segments, the mural thrombus is depicted as hypo-
intense (black) inside the white myocardial scar without any uptake 
of contrast media
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Introduction

Congenital malformations of the heart affect at least 1% of 
newborn infants. Without intervention, the prognosis for 
more complex forms is poor. Over the last few decades, 
advances in paedriatic cardiology and cardiac surgery have 
significantly improved patient management, and the majority 
of patients now survive into adulthood.1, 2 This has led to new 
challenges as increasing numbers of congenital heart patients 
pass into the care of adult cardiac services. The need for 
expert knowledge to appropriately investigate the variable 
cardiovascular anatomy and pathophysiology and to manage 
this patient group has led to the expanding cardiological sub-
specialty of adult congenital heart disease (ACHD). This also 
poses new challenges with regard to cardiac imaging.

Overview of the Main Non-invasive Imaging 
Modalities

The different non-invasive modalities are, to a large extent, 
complementary. More than one modality is likely to be 
needed to address all the relevant clinical questions, particu-
larly in the more complex cases.

Chest X-Ray

Chest X-ray (postero-anterior ± lateral) provides an inclu-
sive overview of the heart, mediastinum, pulmonary vessels, 
lung fields, and thoracic skeleton. It remains a valuable and 
inexpensive modality, with only a low dose of ionizing radi-
ation, for the serial comparison of heart size, pulmonary vas-
cularity, and peripheral lung fields in ACHD.

Trans-thoracic Echocardiography (TTE)

TTE is generally the first-line cardiovascular imaging modal-
ity because of its convenience, availability, real-time acqui-
sition, relatively modest cost, and safety. Its usefulness is, 
however, operator-dependent, particularly in ACHD. Limited 
echocardiographic windows and suboptimal penetration of 
ultrasound represent important limitations in adults who 
have undergone cardiovascular surgery.

Trans-oesophageal Echocardiography (TOE)

TOE has the advantage of clear access to more posterior 
parts of the heart, particularly for visualization of valves 

and the atrial septum. A disadvantage, however, is its inva-
sive nature, generally requiring sedation or anaesthesia, 
making it less acceptable for serial investigation. The field 
of view provided by TOE is relatively narrow with limited 
access to extra-cardiac structures, and the alignment of the 
Doppler beam with unusually oriented flow jets can be 
challenging.

Cardiovascular Magnetic Resonance (CMR)

CMR is not restricted by body size or poor acoustic win-
dows, and is versatile, offering a repertoire of velocity map-
ping and tissue contrast options, without any ionizing 
radiation. The versatility, however, presents challenges and 
consistency of methods between studies or between centres 
should not be assumed. CMR is widely regarded as the gold 
standard for measurements of right as well as left ventricular 
volumes, although analysis takes time and requires rigor-
ously consistent methods of acquisition and measurement 
that may be hard to maintain in practice.

Multi-slice Computed Tomography (MSCT)

MSCT also offers robust spatial localization plus excellent spa-
tial resolution in much shorter investigation times than CMR. It 
is well suited for imaging the epicardial coronary arteries and 
aorto-pulmonary collateral arteries and for the investigation of 
parenchymal lung disease, if present. ECG-gated cine MSCT 
allows measurements of biventricular size and function, albeit 
at a lower temporal resolution than CMR and subject to ade-
quate opacification of the intra-ventricular blood volumes. In 
patients with a pacemaker or ICD, CT provides an alternative 
to CMR. The main drawback of MSCT is exposure to a sub-
stantial dose of ionizing radiation. Other drawbacks compared 
with CMR include less versatile tissue contrast and an inferior 
ability to evaluate cardiovascular physiology.

Describing Abnormal cardiovascular 
connections

For the description of anatomy, a common methodology can 
be used by all imaging techniques. This is called the segmen-
tal approach.3 The heart is viewed as consisting of certain 
segments (the systemic and pulmonary veins, the atria, the 
ventricles, and the great vessels), which are defined by unique 
morphological characteristics. The segments are identified, 
and the connections between the segments are described. 
These are the veno–atrial connections, the atrio-ventricular 
connections, and the ventriculo-arterial connections.
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Segmental analysis begins by defining the cardiac posi-
tion and atrial arrangement (situs). The cardiac position may 
be levocardia, dextrocardia, or mesocardia. The atrial situs is 
“usual” (situs solitus, i.e. a right atrium on the right and a  
left atrium on the left), or “inverted” (situs inversus), or there 
can be bilateral duplication of one type of atrium known as 
right or left atrial “isomerism.” Isomerism is generally asso-
ciated with accompanying malformations. Atrio-ventricular 
and ventriculo-arterial connections are described as concor-
dant (e.g. RA to RV or LV to aorta), discordant (e.g. LA to  
RV), double inlet (e.g. double inlet left ventricle), or single 
inlet (left AV-valve atresia). This requires identification of 
the ventricular chambers as morphological left or right ven-
tricles, which is based on unique morphological characteris-
tics for each ventricle. The great vessels are also identified, 
and the ventriculo-arterial connections are described. These 
connections can be concordant (normal), discordant (trans-
position of the great arteries), double outlet (double outlet 
RV), or single outlet (pulmonary atresia, common arterial 
trunk). Finally, communications between the left and right 
side are described (VSD, ASD, PDA).

The Role of Echocardiography in Different 
congenital Defects

Atrial Septal Defects (ASD)

ASDs are common even in the adult population. When diag-
nosing patients with ASDs, the following should be addressed.

Type and Location of the ASD

Secundum ASD (70%): The defect is localized centrally • 
in the intra-atrial septum (Fig. 30.1, Video 30.1a, b). 

There can be multiple defects and the defect can be 
fenestrated.
Primum ASD (11%) (Fig. • 30.2, Video 30.2): Belongs to 
the spectrum of atrio-ventricular septal defects. This is 
associated with an abnormal left atrio-ventricular valve 
(“cleft” AV-valve).
Sinus venosus ASD (SVC 5.3–10%, IVC 2%): This defect • 
is located outside the limbus of the fossa ovalis, on the 
right septal surface adjacent to the drainage site of the 
superior (or inferior) vena cava. This is commonly associ-
ated with partially anomalous venous return of the right 
pulmonary veins.
Coronary sinus ASD: This defect is in the wall that sepa-• 
rates the coronary sinus from the left atrium (LA). It may 
be fenestrated or completely absent. An enlarged coro-
nary sinus with a dropout between the LA and the coro-
nary sinus is seen. The best view is a posteriorly tilted 
4-chamber view.

Fig. 30.1 Large secundum ASD. 
There is a large central defect 
with secondary right atrial and 
right ventricular dilatation

Fig. 30.2 Large primum defect. The left and right AV-valve are 
inserted at the same level, and this is associated with abnormal left 
AV-valve anatomy (“cleft” mitral valve)
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Size and Haemodynamic Effects

The atrial left-to-right shunt can cause right heart dilatation 
and can be associated with pulmonary hypertension. Signs of 
a haemodynamical significant ASD are:

Right atrial and right ventricular (RV) dilatation.• 
Abnormal “paradoxical” septal motion.• 
Elevated right ventricular pressure.• 
The right-to-left shunt can be quantified using the conti-• 
nuity equation (RVOT VTI × RVOT area/LVOT VTI × 
LVOT area), and a Qp/Qs > 2/1 is generally considered to 
be haemodynamically significant.

Associated Anomalies

A full segmental analysis needs to be performed because 
nearly any congenital anomaly can be associated with an 
ASD.4 It is important to exclude pulmonary venous anoma-
lies and interrupted IVC before interventional closure.

Mostly ASDs can be diagnosed using transthoracic imag-
ing. However, if right heart dilatation is found without iden-
tifying an ASD, additional imaging including TOE or cardiac 
MRI can be indicated to diagnose a sinus venosus defect or 
anomalous pulmonary venous connections.

Imaging is important during interventional closure of 
secundum ASDs. Currently, interventional closure is moni-
tored either by TOE or intra-cardiac echocardiography (ICE).5 
Before device closure, adequacy of the ASD rims needs to be 
defined. The role of 3D TOE is very promising.6, 7

Post-intervention or after surgical closure of ASDs, the 
following aspects are important;

Residual atrial shunt• 
Position of the device relative to other cardiac structures• 
Residual RV dilatation• 
Presence of pulmonary hypertension• 
AV-valve regurgitation (especially after ASD primum • 
correction)

Ventricular Septal Defects (VSD)

Imaging should define the following.

Type of VSD

• Perimembranous VSDs (60%) are localized in the mem-
branous part of the septum and are characterized by fibrous 
continuity between the leaflets of the atrio-ventricular and 
arterial valve (Fig. 30.3, Videos 30.3a, b). These defects 
may have inlet, trabecular, or outlet extensions. Anterior 
deviation of the outlet part of the septum can cause right 
ventricular outflow tract obstruction (RVOTO) (tetralogy 

of Fallot). Posterior deviation can cause left ventricular 
outflow tract obstruction and can be associated with aortic 
arch anomalies (coarctation, interrupted aortic arch).

• Muscular VSD (20%) defects are localized in the muscu-
lar septum. The muscular VSDs can be divided into the 
inlet, trabecular, or outlet types. There may occasionally 
be multiple defects.

• Doubly committed VSDs (5%) are localized just below the 
aortic and pulmonary valve and are characterized by fibrous 
continuity between the aortic and pulmonary valve.

Assessment of Defect Size and Haemodynamic 
Significance

Size of the VSD should be measured in at least two dimen-• 
sions. A VSD is small (<5 mm), moderate (5–10 mm), or 
large (>10 mm).
The left-to-right shunt can cause left atrial and left ven-• 
tricular dilatation. LA size and volume and LV dimensions 
should be measured. There can be associated secondary 
mitral insufficiency.

a

b

Fig. 30.3 (a) Perimembranous VSD as shown on a parasternal short-
axis view. Typically the VSD is adjacent to the septal leaflet of the tri-
cuspid valve. (b) Perimembranous VSD colour Doppler image of left 
to right shunt
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A VSD can be associated with pulmonary arterial hyper-• 
tension (PHT). RV pressures should be assessed based on 
calculating the VSD pressure Doppler gradient or tricuspid 
regurgitant jet. Obstructive PHT can develop and result in 
right-to-left shunting across the VSD (Eisenmenger’s 
syndrome).
The shunt can be calculated and a Qp/Qs > 1.5–2.0/1 is • 
considered haemodynamically significant.

Associated Anomalies

Any congenital heart defect can be associated with a VSD. 
A full segmental analysis is crucial. Important associated 
lesions are:

Aortic cusp prolapse with progressive AR• 
Development of double chamber right ventricle (DCRV) • 
due to hypertrophic RV muscle bands

Except for muscular defects, most defects are closed sur-
gically if indicated. Post-surgical closure of a VSD, the fol-
lowing needs to be assessed:

Residual VSDs• 
Sub-aortic stenosis• 
Sub-pulmonary stenosis• 
Aortic insufficiency• 

Most VSD can be imaged using transthoracic imaging. 
Rarely TOE or other imaging modalities may be indicated.

Atrio-ventricular Septal Defect

Most adult patients with AVSDs have been diagnosed and 
surgically corrected during childhood. Unoperated AVSDs 
with large ventricular components are commonly associated 
with obstructive pulmonary hypertension (Eisenmenger 
syndrome).

Imaging unoperated AVSDs involves the following.

Identifying the Morphology8, 9

Types of AVSDs: A • partial AVSD is similar to a primum 
ASD. An intermediate AVSD is characterized by a pri-
mum ASD, a small restrictive VSD, separate right and 
left AV valves, and a trileaflet left AV valve. A complete 
AVSD has a primum ASD, a non-restrictive VSD, and a 
common AV valve (Fig. 30.4, Video 30.4).
There is lack of offset between the left and right atrio-• 
ventricular valves (AV) in the apical 4 chamber.
The LVOT is elongated in the parasternal long axis. This • 
is due to the presence of a single AV junction and unwedg-
ing of the aorta.

The AV valve is made up of five leaflets. AV-valve anat-• 
omy and AV-valve regurgitation can be present and need 
to be assessed carefully. Regurgitation can be centrally 
between the superior and inferior bridging leaflets or 
located in the commisures between the right sided and/or 
left-sided AV-valve components.

Haemodynamic Assessment

The atrial and ventricular shunt can result in atrial as well • 
as ventricular dilatation.
There can be associated pulmonary hypertension.• 
Qp/Qs can be measured.• 

Associated Lesions

Different congenital lesions (like coarctation, tetralogy of 
Fallot, atrial isomerism, etc.) can be associated with an 
AVSD and complete sequential segmental analysis is 
required.

Post-surgical assessment includes:
Assessment of residual atrial and ventricular shunts.• 
Assessment of left and right AV valve function. Variable • 
degrees of left-sided or right-sided AV-valve stenosis or 
regurgitation can be present. Careful assessment of the 
AV valves and description of the mechanisms involved in 
valve dysfunction are important.
Left ventricular outflow obstruction can be present.• 
Pulmonary arterial hypertension.• 

Fig. 30.4 Complete atrio-ventricular septal defect. There is a single 
AV-valve at the entrance of both ventricles. There is a large atrial pri-
mum component and a large inlet ventricular septum defect. 
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Patent Ductus Arteriosus

A persistent ductus arteriosus is not an uncommon lesion in 
adulthood. The left-to-right shunt causes left ventricular vol-
ume overload. If large, it may cause obstructive pulmonary 
hypertension and the Eisenmenger syndrome.

Imaging a patent ductus arteriosus involves identifying:

Presence of a PDA and its size• 
Direction of flow: left-to-right, bidirectional, right-to-left• 
Secondary effects of PDA: left atrial and ventricular dila-• 
tation, presence of pulmonary hypertension
Associated congenital defects• 

Identifying the PDA (Fig. 30.5)

In a left aortic arch, the duct is usually located between 
the descending aorta and the left pulmonary artery (PA). If 
the arch is right sided, the duct can be present between the 
descending aorta and the right PA, but more commonly 
connects the left subclavian artery and the left PA. This 
variability in location of the duct makes the echocardio-
graphic diagnosis sometimes difficult.

Direction of Flow (Fig. 30.6)

The shunt size and direction can be assessed by colour 
Doppler, pulsed Doppler, and CW Doppler. If the PVR is 
normal, the flow is left to right (L→R) and continuous. Flow 
velocity is high in a restrictive PDA. The peak and mean 
gradient between the aorta and PA can be measured. With 
increasing PVR, flow becomes bidirectional with R→L flow 
in systole and L→R shunting in diastole. With progressive 

pulmonary vascular disease, the shunt can be exclusively 
R→L.

Associated Anomalies

In the adult population, isolated PDA is the most common 
presentation, but associated congenital anomalies need always 
be excluded.

Secondary Haemodynamic Effects

Left atrial and left ventricular dilatation• 
Secondary mitral regurgitation• 
Pulmonary hypertension• 

A duct can be closed surgically or interventionally by 
placement of a coil or a device.10 After duct closure, the fol-
lowing should be evaluated:

Residual shunt through the duct• 
Residual pulmonary hypertension• 
Residual LV dilatation and mitral regurgitation• 
Obstruction on the left PA after coil/device placement• 

A patent ductus arteriosus can usually be diagnosed using 
echocardiography. Rarely cardiac MRI or cardiac CT might be 
required, especially in the case of unusual origin of the duct.

coarctation of the Aorta

In classic coarctation, there is a narrowing of the aorta located 
distal to the origin of the left subclavian artery at the arterial 

Fig. 30.5 Patent ductus arteriosus. Colour flow Doppler demonstrat-
ing aortic to pulmonary flow in the short-axis view. The red colour 
represents the diastolic flow though the arterial duct

Fig. 30.6 Patent ductus arteriosus. There is continuous L→R shunt-
ing from the aorta to the pulmonary artery through the duct. The 
high velocity across the duct excludes the presence of significant 
pulmonary hypertension
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duct.11 This narrowing typically is discrete, but can be associ-
ated with long segment hypoplasia. Coarctation alone is termed 
simple, and complex if associated with other lesions. The diag-
nosis should be clinical with arterial hypertension associated 
with poor or absent femoral pulses. Typically large collaterals 
develop providing blood supply to the lower part of the body.

Imaging should provide:

Diagnosis of coarctation• 
Location and severity• 
Assessment of the secondary effects: left ventricular hyper-• 
trophy, left ventricular dysfunction, coronary artery disease
Identifying associated lesions, especially bicuspid aortic • 
valve, mitral valve disease (parachute mitral valve), and 
left ventricular outflow tract obstruction

Diagnosing and Locating Coarctation of the Aorta

The best screening method for diagnosing coarctation of the 
aorta is scanning the abdominal aorta in a sub-costal long-
axis view (Fig. 30.7). If there is a decreased systolic flow 
with diastolic run-off, this is suggestive of the presence of a 
narrowing on the thoracic aorta. To identify the location of 
the narrowing, the supra-sternal view should be used, but this 
very often gives only very limited windows in adult patients 
(Fig. 30.8, Video 30.8). Colour flow Doppler can be helpful.

Haemodynamic Significance

CW Doppler is used to interrogate the narrowed segment. 
The coarctation is significant if high velocities and antero-
grade diastolic flow are seen (diastolic runoff) (Fig. 30.9).

Caveats

PDA or collaterals may reduce the gradient across the • 
coarctation.
The simplified Bernoulli equation is less accurate for long • 
lesion or segments with multiple stenosis.
Patients with coarctation often have multiple obstructive • 
lesions in series that lead to an increased peak velocity 
proximal to the coarctation. For this reason, the expanded 
Bernoulli equation should be used if the proximal veloc-
ity exceeds 1 m/s: Peak gradient = 4v2

max-coarctation−4v2
max-

precoarctation.

Secondary Effects

LV wall thickness and mass should be measured. LV systolic 
and diastolic function should be assessed.

In adults with coarctation, additional imaging techniques 
such as cardiac MRI or cardiac CT are necessary to better 
describe the arch anatomy prior to any interventional or sur-
gical treatment.12

Right Ventricular Outflow Tract Obstruction

This is classified into valvular and sub-valvular stenosis.

Valvular Stenosis

In the assessment of pulmonary valve stenosis, the following 
points are important:
• Morphology. The valves may be unicuspid, bicuspid, tri-

cuspid, or quadricuspid. The most common type in 

Fig. 30.7 Coarctation of the aorta. Abdominal aortic flow in aortic 
coarctation. Typically there is a continuous flow pattern in the 
abdominal aorta, instead of the normal pulsatile pattern

Fig. 30.8 Coarctation of the aorta. The coarctation with an obvious 
posterior shelve is located just distal to the origin of the left sub- 
clavian artery. There is a localized narrowing in the juxtaductal region 
with a prominent posterior shelve
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 isolated pulmonary valve stenosis is the acommisural 
type. The annulus size should be measured.

• Degree of severity. Stenosis is severe if the Doppler CW 
peak gradient measures > 80 mmHg. Right ventricle hyper-
trophy reflects severity. Associated L-R shunts (e.g. ASD) 
increases flow across the valve and can lead to overestima-
tion of the gradient. Conversely RV dysfunction, TR and 
R-L shunting can result in under-estimation of the stenosis.

• PA dilatation. PA dilatation is often associated with 
 isolated PS.

• Associated anomalies. PFOs or secundum ASDs are 
frequent.

Sub-valvular Stenosis

This includes infundibular stenosis or DCRV.
DCRV is characterized by muscle bundles dividing the • 
RV into a proximal and distal chamber. DCRV is differen-
tiated from infundicular stenosis in that the obstruction is 
located lower within the body of the RV. A concomitant 
perimembranous VSD may be identified (Fig. 30.10, 
Video 30.10).
Infundibular stenosis is located at the lower portion of the • 
pulmonary infundibulum where the infundibulum unites 
with the trabecular portion of the RV.

Fig. 30.9 Coarctation of the 
aorta. Continuous wave Doppler 
through the coarctation region. 
The typical “sawtooth” pattern is 
identified with the typical 
diastolic run-off

Fig. 30.10 Double-chambered 
right ventricle. A hypertrophied 
muscle band is noted with flow 
acceleration. This patient also 
had a spontaneously closed 
perimembranous ventricular 
septal defect
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Left Ventricular Outflow Tract Obstruction (LVOTO)

This includes valvular aortic stenosis, sub-valvular stenosis, 
and supra-valvular stenosis.

Valvular Aortic Stenosis

This constitutes 70% of the obstructions in the LVOT. The 
evaluation of patients with congenital aortic stenosis is simi-
lar to patients with acquired stenosis. We refer to the chapter 
on aortic stenosis in this book.

Sub-aortic Stenosis

This is a narrowing below the aortic valve (Fig. 30.11). Three 
subtypes can be identified: a membranous form, a fibromus-
cular ridge, and a fibromuscular tunnel. Colour flow Doppler 
detects turbulence, while pulse wave Doppler helps to localize 
the origin of acceleration. M-mode and 2D imaging may dem-
onstrate early systolic closure of the aortic valve or fluttering 
of the aortic valves. Continuous wave Doppler should be used 
to assess the peak and mean gradients across the lesion.

In the adult congenital clinic, subaortic stenosis can be seen 
after VSD closure, after the repair of double outlet right ven-
tricle, after the Rastelli procedure, and in patients with AVSD.

Supra-valvular Stenosis

This is a more rare form of left ventricular outflow tract obstruc-
tion. The stenosis can be membranous, hourglass-shaped, or be 
associated with hypoplasia of the ascending aorta (20%). The 
aortic valve is involved in 30% of cases due to valve dysplasia, 
fibrosis, or thickening, and aortic regurgitation may be present. 
The coronary arteries may be involved in the narrowing. 
Associated pulmonary branch stenosis is not uncommon.

Ebstein’s Anomaly

Ebstein’s anomaly of the tricuspid valve is defined by apical 
displacement of the septal and post-inferior leaflets of the 
tricuspid valve (Fig. 30.12, Video 30.12).13 Typically, the tri-
cuspid valve orifice is rotated superiorly towards the RVOT. 
The anterosuperior leaflet is large and redundant (sail-like). 
This is associated with variable degrees of tricuspid stenosis 
and regurgitation (Fig. 30.13, Video 30.13). An ASD or PFO 
may be associated with Ebstein’s disease. Due to variability 
in the apical displacement, variable degrees of atrialization 
of the right ventricular cavity are present.

Congenital Mitral Valve Anomalies

These are rare abnormalities. Evaluation of mitral stenosis 
and insufficiency is discussed in the corresponding chapters. 
Common congenital types include the following.

Parachute Mitral Valve

This defect involves the attachment of the chordae tendinae 
to a single papillary muscle (most commonly the post-medial 
papillary muscle).

Double Orifice Mitral Valve

This defect is characterized by two separate mitral valve ori-
fices. The first type is associated with AVSD. The second Fig. 30.11 Subaortic stenosis caused by a fibromuscular ridge (arrow)

Fig. 30.12 Ebstein’s anomaly. Apical 4-chamber shows apical dis-
placement of the septal leaflet
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type is caused by reduplication of the mitral valve orifice 
with two orifices, each having their own chordal attachments 
and papillary muscles.

Isolated Cleft in the Mitral Valve

This is a cleft in the anterior mitral leaflet not associated with 
an AVSD (Fig. 30.14).

Supra-valve Mitral Ring

This is a shelf-like structure found above the mitral valve. 
This ring originates from the fibrous annulus.

Cor Triatriatum Sinister

A fibromuscular membrane divides the LA into two separate 
chambers. The proximal chamber receives the four pulmo-
nary veins. The left atrial appendage is located below the 
membrane. Occasionally, several orifices in the membrane 
may be seen. There may be obstruction caused by the mem-
brane, and a mean gradient of >10 mmHg (using CW 
Doppler) is consistent with severe stenosis. In up to 50% of 
cases, there may be an ASD/PFO. This usually communi-
cates with the distal chamber. Dilated pulmonary veins and 
associated pulmonary arterial hypertension also suggest sig-
nificant stenosis. Anomalous pulmonary venous drainage 
may be an association.

Tetralogy of Fallot and Tetralogy of Fallot with 
Pulmonary Atresia

Tetralogy of Fallot is classically defined as the combination 
of a large outlet VSD with overriding of the aorta associated 
with various degrees of RVOTO and secondary right ven-
tricular hypertrophy. The key anatomical feature of Tetralogy 
of Fallot is anterocephalad deviation of the outlet septum 
causing various degrees of muscular/infundibular RVOT 
obstruction (Fig. 30.15, Video 30.15a, b). This is associated 
with variable degrees of pulmonary valve obstruction and 
hypoplasia of PA branches. Tetralogy of Fallot with pulmo-
nary atresia can be considered as an extreme form where no 
connection is present between the RV and the pulmonary cir-
culation. The pulmonary perfusion can be duct-dependent to 
central pulmonary arteries or be dependent on aortapulmo-
nary collaterals.14

Pre-operative Echocardiographic Assessment

This includes:

Size and localization of VSD + degree of aortic override • 
(Fig. 30.16, Video 30.16): perimembranous to outlet 
(92%), doubly committed (5%), inlet VSD, or atrio- 
ventricular septal defect (2%). If aorta overrides the VSD 
by more than 50%, this is called a double outlet RV.
Localization + severity of RVOT obstruction: infundibu-• 
lar, valvular, and/or supra-valvular (Fig. 30.17).
Image the pulmonary arteries. The size of the central and • 
proximal right and left PA, PA abnormalities: absence of 
central pulmonary arteries, aorta-pulmonary collaterals, 
and discontinuity between RPA and LPA.
Coronary artery abnormalities: LAD from RCA, promi-• 
nent conal branch from RCA.
Aortic arch: right/left arch, aortapulmonary collaterals.• 

Fig. 30.13 Tricuspid regurgitation associated with Ebstein’s disease

Fig. 30.14 Isolated cleft in the anterior leaflet of the mitral valve. 
Short-axis view at the level of the valve leaflets
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Associated abnormalities such as ASDs, left superior • 
vena cava (SVC), additional VSDs, and abnormal pulmo-
nary venous return.

Role of Echocardiography in Pre-operative Imaging

Defining intra-cardiac anatomy• 
Identifying sources of pulmonary blood flow• 

Role of Cardiac MRI

PA anatomy, especially if complex pulmonary perfusion• 
Aortic arch: laterality, aortapulmonary collaterals• 
Coronary anatomy or associated coronary lesions• 

Role of Angiography

Pulmonary perfusion if complex, especially patients with • 
pulmonary atresia.
Coronary anatomy and associated coronary atherosclerosis.• 

Post-operative Imaging

Post-operative evaluation should include the following:

Residual RVOT obstruction• 
Degree of pulmonary regurgitation (qualitative assessment)• 
Residual VSD• 
Right ventricular dilatation and RV function• 
Peripheral PA stenosis• 
Aortic insufficiency• 
Left ventricular function• 

One of the most common problems after tetralogy of Fallot 
repair is the occurrence of pulmonary regurgitation result-
ing in progressive RV dilatation and dysfunction (Fig. 
30.18, Video 30.18). Timely replacement of the pulmonary 
valve can prevent irreversible damage to the right ventricle, 
but timing of the valve replacement is still very controver-
sial. This is partly due to the lack of a good reproducible 
echocardiographic technique to quantify pulmonary regur-
gitation and right ventricular function.15 Cardiac magnetic 
resonance has become the technique of choice for this indi-
cation, and is used frequently to assess the post-operative 
patient.

Role of Echocardiography in Post-operative Imaging

Result of intra-cardiac repair: VSD patch, RVOT • 
obstruction
RV size and function• 

Role of Cardiac MRI

RV size and function• 
Pulmonary valve function: quantification of insufficiency• 
PA anatomy• 

Fig. 30.15 Tetralogy of Fallot. Subxyphoid short axis view in infant. 
Anterior deviation of the outlet septum. Sub-costal view imaging the 
right ventricular outflow tract (RVOT). The arrow indicates the antero-
cephalad deviation of the outlet septum, causing RVOTO

Fig. 30.16 Tetralogy of Fallot. Parasternal long-axis view demon-
strating the ventricular septal defect extending to the outlet part of 
the septum and the overriding aorta
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Common Arterial Trunk

This is characterized by one arterial trunk originating from the 
heart supplying coronary, pulmonary, and systemic circula-
tion. There is usually a large associated VSD, and the truncal 
valve has variable anatomy with variable degrees of stenosis 
and insufficiency. Most patients presenting in adulthood will 
have undergone surgical repair with VSD closure and con-
necting the right ventricle to the pulmonary arteries with a 
(valved) conduit. Those patients who have not undergone 

surgery and survived will have developed Eisenmenger’s 
syndrome.

Post-operative evaluation of common arterial trunk 
includes:

Looking for residual VSDs.• 
Assessing truncal valve function: stenosis and insuffi-• 
ciency. The truncal valve may be tricuspid, quadricuspid, 
or bicuspid. Occasionally, the valve may have been 
replaced with a prosthetic valve.

Fig. 30.17 Tetralogy of Fallot. 
Parasternal long-axis view tilted 
towards the right ventricular 
outflow tract. There is flow 
acceleration from below the 
valve, at the valve, and also at 
supra-valvular level

Fig. 30.18 Tetralogy of Fallot. 
Post-operative image. Severe 
pulmonary regurgitation after 
tetralogy of Fallot repair. The left 
panel shows a diastolic frame 
with a wide regurgitant jet at 
valve level and backflow 
originating from distally into the 
pulmonary branches. The 
Doppler shows the short 
deceleration time typical for 
severe pulmonary regurgitation 
with flow only in early and 
middiastole
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Measuring the size of the neoaorta.• 
Assessing the right ventricular conduit: obstruction and • 
regurgitation.
Looking for pulmonary branch stenosis.• 
Assessing biventricular function.• 

This evaluation can generally be performed using echocar-
diography. For right ventricular function analysis or for 
viewing pulmonary branch stenosis, cardiac MRI may be 
required.

Transposition of the Great Arteries

In transposition of the great arteries (TGA), the aorta arises 
from the morphological right ventricle (RV) and the PA from 
the morphological left ventricle (LV) resulting in ventriculo-
arterial discordance.16 In this paragraph, we will discuss trans-
position with atrio-ventricular concordance. The following 
anatomical features are relevant for preoperative assessment:

VSD in up to 50% of all patients• 
Perimembranous in 33%
 Malalignment defect (often associated with obstruction of 
one of the outflow tracts) in 30%
Muscular defect in 25%
 Atrio-ventricular inlet defect (5%) or doubly committed 
defect (5%)
Left ventricular outflow tract obstruction (sub-pulmonary • 
and pulmonary stenosis) caused by different mechanisms
Variable coronary artery anatomy - The most common • 
coronary variant is the circumflex originating from the 
right coronary artery (18%). Single coronary artery or 
intra-mural coronary is significant risk factor.

The treatment for simple TGA has undergone an historical 
evolution as the atrial switch procedure (Senning or Mustard 
operation) that was performed until the mid-1980s-early 
1990s has been replaced by the arterial switch operation 
afterwards.17 For TGA with VSD and LVOT obstruction, the 
Rastelli operation is performed. This was recently replaced 
by the Nikaidoh procedure in selected cases.

Echocardiographic Evaluation After the Atrial Switch 
Procedure (Senning or Mustard)

Imaging after an atrial switch operation requires18 the 
following.

Identifying the venous pathways to rule out baffle obstruc-• 
tion or baffles leaks (Fig. 30.19, Video 30.19)–Systematic 
imaging needs to be performed on each venous pathway. 
In those with poor windows, alternative imaging modali-
ties might be required. TOE has been used extensively in 

atrial switch patients, but cardiac MRI is a good alterna-
tive. Contrast echocardiography with injection of agitated 
saline through a peripheral intravenous cannula can be 
helpful to detect baffle problems.
Tricuspid regurgitation and systemic RV function–Progres-• 
sive tricuspid regurgitation and systemic RV dysfunction 
are common problems after the atrial switch procedure 
(Fig. 30.20, Video 30.20). Quantification of systemic RV 
function by echocardiography remains challenging. In 
most clinical settings, assessment of global RV systolic 
function is qualitative. Newer quantitative methods include 
fractional area change, tissue Doppler imaging, isovolumic 
acceleration of the RV free wall, and strain calculation in 
the RV free wall. Cardiac MRI remains the gold standard 
for the quantitative evaluation of RV function.

Echocardiographic Evaluation After the Arterial Switch 
Procedure

Imaging after the arterial switch procedure involves the 
following:

Imaging the neo-aortic root and valve Progressive neo-• 
aortic root dilatation and neo-aortic valve regurgitation 
can occur. Neo-aortic regurgitation using the same echocar-
diographic methods as for aortic regurgitation.
Imaging the RV outflow tract and pulmonary arteries–• 
Stenosis on the RV outflow tract at any level is the most 

Fig. 30.19 Apical 4-chamber view of patient after the Senning oper-
ation. Notice the baffle in the atrium. The pulmonary venous atrium 
(PVA) is directing the pulmonary venous blood to the right ventricle. 
The systemic venous blood is directed through the systemic venous 
atrium (SVA) to the left ventricle. The RV is the systemic ventricle after 
this operation
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common cause for late re-operation after ASO. The 
obstruction can occur at any level, but most commonly at 
the suture line of the neo-main pulmonary arterial anasto-
mosis. For imaging, it should be taken into account that 
due to the Lecompte manoeuvre, the pulmonary bifurca-
tion is anterior to the aorta (Fig. 30.21, Video 30.21). Peak 

velocities £ 2m/s (predicted maximum instantaneous gra-
dient £16 mmHg) across the distal main PA and branch 
pulmonary arteries are within normal limits after ASO.
Imaging the coronary arteries–During the switch proce-• 
dure, a coronary transfer is performed with re-implanta-
tion of the coronaries in the neo-aortic root. Coronary 
stenosis, and especially kinking, can occur resulting in 
myocardial ischaemia. Careful monitoring of global and 
regional myocardial performance is important. Dobutamine 
stress echocardiography can be used to identify perfusion 
problems. Direct visualization of the coronaries is possi-
ble using cardiac MRI and cardiac CT. Coronary angiog-
raphy should be considered in patients in whom coronary 
stenosis or occlusion is highly suspected.
Ventricular size and function–Evaluation of left ventricu-• 
lar size and function is required in every patient after the 
switch procedure.

Echocardiographic Evaluation After the Rastelli Procedure

In the Rastelli procedure, the VSD is closed creating a tun-
nel  between the left ventricle and the aorta, and the right 
ventricle is connected with a conduit to the pulmonary arter-
ies. Imaging the patients after the Rastelli procedure involves 
the following:

Evaluation of the conduit and branch pulmonary arteries • 
by 2D, colour, and Doppler using several views.

Fig. 30.20 Severe tricuspid 
regurgitation after the Senning 
operation. The RV is dilated and 
hypertrophied. Notice the broad 
jet of regurgitation

Fig. 30.21 The arterial switch operation. Position of the pulmonary 
arteries after the arterial switch procedure. Notice that the bifurca-
tion is located anteriorly to the aorta
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Evaluation of the LV-to-aortic valve pathway for obstruc-• 
tion and aortic regurgitation.
Evaluation of left ventricular function as LV dysfunction is • 
a potential late complication after the Rastelli operation.
Exclude the presence of residual VSDs.• 

Double Outlet RV

In double outlet right ventricle by definition at least 50% of 
each great vessel arises from the right ventricle.14 This 
includes a wide spectrum of lesions from tetralogy of Fallot 
to patients with functionally univentricular hearts. As with 
tetralogy of Fallot patients, many of the adult patients seen in 
the cardiology clinic will have undergone corrective or pal-
liative surgery.

Pre-operative Assessment

Detailed segmental analysis is required including:

Location and size of the VSD. The VSD is usually large • 
and unrestrictive, and can be located in four different 
positions: sub-aortic, sub-pulmonary, doubly committed, 
or remote.
Variable position of the great vessels with normal rela-• 
tionship or malposition. The relationship needs to be 
defined for each individual patient.
Variable degrees of outflow tract obstruction with sub-• 
pulmonary of sub-aortic obstruction.
Associated lesions like aortic coarctation, ASD.• 

Post-operative Assessment

Depending on the underlying anatomy, different types of sur-
gical repairs are performed, and the post-operative assess-
ment will be dependent on the surgery performed. For 
patients with sub-aortic VSD, this is often similar to post-
operative tetralogy of Fallot repair assessment. For more 
complex lesions, other types of surgery are performed like 
arterial switch and VSD closure.

Congenitally Corrected Transposition  
of the Great Arteries

In ccTGA, oxygenated pulmonary venous blood enters the left 
atrium, which connects through the tricuspid valve to the mor-
phological right ventricle.18 Systemic venous deoxygenated 
blood enters the right atrium, which connects to the morpho-
logic left ventricle through the mitral valve (atrio–ventricular 

discordance). The aorta arises leftward from the morphologi-
cal right ventricle and the PA from the morphologic left ven-
tricle (ventricular–arterial discordance). In 20% of cases, there 
is dextrocardia. Associated abnormalities dictate a highly 
variable clinical spectrum.19

Determination of Anatomy

General (Figs. 30.22–30.24, Videos 30.22 and 30.23)

Situs and segmental anatomy.• 
In usual situs, the tricuspid valve is on the left (4-chamber • 
view).
Mitral–pulmonary fibrous continuity (parasternal long-• 
axis view).
Ventricles, septum, and great vessels are more vertically • 
oriented than usual (requires vertical rotation of trans-
ducer in parasternal planes).
Sub-pulmonary morphologic left ventricle may appear • 
“pancaked” (parasternal short-axis view).
Great arteries arise in parallel and superiorly with vertical • 
orientation (modified parasternal long-axis).
Aorta arises leftward, anterior, and superior from the mor-• 
phologic right ventricle (high parasternal short-axis).

Fig. 30.22 ccTGA. Apical 4-chamber view in a patient with congeni-
tally corrected transposition of the great arteries (atrio-ventricular; 
ventricular arterial discordance). The pulmonary veins (asterisk) drain 
into the left atrium, which connects through the more apically dis-
placed tricuspid valve to the morphologic right ventricle (RV), situ-
ated on the left. The right atrium (RA) connects through the mitral 
valve to the morphologic left ventricle situated on the right
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Common Associated Anomalies

• VSD (~60–70%). Commonly perimembranous (apical 
4-chamber and parasternal long axis).

• Left ventricular outflow tract and pulmonary stenosis 
(~40–70%). Commonly sub-valvular (aneurismal valve 
tissue, chords, discrete fibrous obstruction) and valvar.

• Tricuspid valve abnormalities (~83–90). Variable pathol-
ogy (increased apical displacement of septal leaflet 
(Ebstein’s like), thickened/malformed leaflets, strad-
dling). Tricuspid regurgitation is common.

• Mitral valve abnormalities (~50%). Cleft mitral valve. 
Straddling through the VSD.

• Atrial septal defect (43%).
• Other associated lesions: aortic stenosis, aortic coarcta-

tion, left atrial isomerism, coronary artery variants, and 
complete heart block.

Role of Echo Before and After Surgery

Assess tricuspid valve for possible repair or replacement.• 
Evaluate right ventricular function.• 
Assess feasibility of biventricular repair or need for PA • 
banding.
After PA banding, assess left ventricular function, hyper-• 
trophy, and tricuspid regurgitation.
After atrial switch and Rastelli procedures, assess leak or • 
obstruction across baffles.
Assess for worsening ventricular function and atrio- • 
ventricular valve regurgitation.

Trans-oesophageal Echocardiography

Pre-operative anatomical assessment• 
Intra-operative monitoring of PA banding (gradient, left • 
ventricular function)
Intra-operative assessment of repair• 

Role of MRI

Anatomy when echo windows are poor• 
Systemic right ventricular function• 
Atrio-ventricular valve regurgitation• 
Left ventricular mass after PA banding• 

The Functionally Univentricular Heart

This is a wide anatomic spectrum of patients with a function-
ally single ventricle (left or right morphology) that supports 
systemic circulation.20,  21 A second rudimentary ventricle 
invariably is present. Sometimes two adequately sized 

Fig. 30.24 ccTGA short-axis view. High parasternal short-axis view in 
a patient with congenitally corrected transposition of the great arter-
ies. The aorta (AO) is seen anterior and slightly leftward of the pulmo-
nary artery, which is posterior and branches into the left (LPA) and 
right (RPA) pulmonary arteries

Fig. 30.23 ccTGA Ebstein. Apical 4-chamber view in a patient with 
congenitally corrected transposition of the great arteries (atrio- 
ventricular; ventricular arterial discordance). The tricuspid valve has 
an Ebstein’s like pathology with abnormal apical displacement (long 
arrow). The mitral valve attachment is shown by the short arrow. PV 
pulmonary vein; RA right atrium; LA left atrium; RV right ventricle; LV 
left ventricle
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ventricles are present, but anatomy prevents septation (e.g. 
straddling atrio-ventricular valves).

2D Echocardiography: General

Situs and segmental anatomy.• 
Systemic and pulmonary venous connections.• 
Categorize: double inlet ventricles (DILV, DIRV), single • 
inlet ventricles (absent right/ left connection), or common 
inlet (unbalanced AVSD). See Figs. 30.25–30.28, Video 
30.25.
Determine ventricular looping (D or L) and morphology • 
(left/right) (multiple imaging planes required).
Rule of thumb: a small superior and rightward sub-arterial • 
outlet chamber is typically a morphologic RV. A small 
inferior-posterior rudimentary chamber is typically a 
morphologic LV.
VSD location and restriction.• 
Ventricular–arterial alignment (concordant or discordant).• 
Atrio-ventricular valve straddling (tricuspid valve more • 
common) across VSD (usually muscular).
Atrio-ventricular valve stenosis/ regurgitation (2D + • 
colour-flow).
Ventricular function and pulmonary hypertension.• 
Restriction at atrial septum (for specific lesions, i.e. • 
 absent right/ left connection).

Role of TOE

Assess ventriclar/valvar morphology and function when • 
transthoracic windows are inadequate.

Role of MRI

Systemic and pulmonary venous anomalies.• 
Aortic arch malformations.• 
Branch pulmonary arteries.• 
Ventricular function.• 

The Fontan Circulation

In the Fontan operation, the systemic venous blood is directed 
to the pulmonary arteries, bypassing the heart.22 Since its 
introduction, the Fontan operation has undergone many 
modifications. Currently, the total cavopulmonary connec-
tion with the lateral tunnel or the use of an extra-cardiac con-
duit is the most commonly used. A fenestration is often 
placed between the systemic venous pathway and the pulmo-
nary venous atrium. The fenestration allows a right-to-left 
shunt that decompresses the systemic venous pathway and 
maintains adequate cardiac output.

Fig. 30.25 Double inlet left ventricle. Apical view of double inlet left 
ventricle. (a) In this systolic frame, two separate AV valves connect the 
left atrium (LA) and right atrium (RA) to a single ventricle of left ven-
tricular morphology (LV). The Fontan (F) connection is seen posteriorly. 

(b) Diastolic frame from an apical 4-chamber view in a patient with 
double inlet left ventricle. The right atrium and left atrium (A) connect 
via separate atrio-ventricular valves (arrows) to the dominant left ven-
tricle (V). The Fontan circuit (F) is seen behind the right atrial cavity

a b
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Imaging a patient after the Fontan operation should 
include the following:

Visualizing the Fontan Connections

The patency of the connections and absence of obstruction 
and thrombi should be assessed. 
This involves:

Evaluation of the superior cavopulmonary anastomosis • 
(Fig. 30.29, Videos 30.29a, b), as well as the entire IVC to 
PA connection.
Flow measurements in the SVC and IVC. In general, there • 
is low-velocity flow with increase in flow velocities with 
inspiration.
Evaluation of the patency and size of the fenestration. The • 
mean gradient across the fenestration provides an esti-
mate of the trans-pulmonary pressure gradient.
In case of an intra-cardiac-type of connection, baffle leak • 
should be excluded.
Flow to both pulmonary arteries should be assessed using • 
colour Doppler and pulsed Doppler.

Visualization of the entire conduit might be extremely diffi-
cult, and a TOE or MRI is an excellent non-invasive 
alternative.

Fig. 30.28 Unbalanced AVSD. Apical 4-chamber view in a patient 
with unbalanced atrio-ventricular septal defect. The right atrium (RA) 
is considerably larger than the left atrium (LA). The large primum 
atrial septal defect is denoted with an asterisk. The common atrio-
ventricular valve opens preferentially to the right ventricle (RV), 
which is dominant. The left ventricle (LV) is small. The ventricular sep-
tal defect is seen as the space between the inter-ventricular septum 
(S) and the atrio-ventricular valve

Fig. 30.26 Tricuspid atresia. Apical 4-chamber view in patient with 
absent right atrio-ventricular connection (tricuspid atresia). The absent 
right atrio-ventricular connection is seen echocardiographically as an 
echogenic border between the right atrium and small right ventricle 
(arrow). The atrial communication between the right (RA) and left atria 
(LA) is widely patent. The mitral valve and left ventricle (LV) dominate 
the image. The right ventricle (RV) is barely seen in this image

Fig. 30.27 Tricuspid atresia. 4-chamber view obtained at trans-
oesophageal echocardiography in patient with absent right atrio-
ventricular connection (tricuspid atresia). The left atrium (LA) 
connects through the mitral valve to the left ventricle (LV). No atrio-
ventricular valve is discernable on the right and the absent connec-
tion is seen echocardiographically as an echogenic border between 
the right atrium and small right ventricle (RV). The posterior aspect of 
ventricular septal defect (VSD) is seen and is non-restrictive
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Visualizing the Pulmonary Veins

Pulmonary venous obstruction should be excluded. All four 
pulmonary veins should, therefore, be identified after the 
Fontan operation, and pulmonary venous flow should be 
evaluated using colour Doppler and pulsed Doppler tech-
niques. If pulmonary vein problems are suspected, additional 
imaging techniques such as cardiac CT, MRI, and cardiac 
catheterization are required.

AV-Valve Function

Low atrial pressure is a condition for optimal Fontan func-
tion. AV-valve stenosis and more commonly AV-valve regur-
gitation should be evaluated.

Ventricular Function Assessment

Ventricular function assessment is important part of post-
operative Fontan evaluation, but due to the lack of quantita-
tive techniques, it is largely a subjective qualitative approach. 
Also, the evaluation of diastolic function is extremely diffi-
cult due to abnormal AV-valve anatomy and abnormal pul-
monary venous flow.

Detection of Aortic-to-Pulmonary Collateral Flow

An estimated 80% of patients undergoing Fontan-type 
 operations already have, or subsequently develop, systemic 
arterial-to-pulmonary arterial collaterals as a consequence of 
preoperative or continued hypoxemia. Competitive flow from 
these aortopulmonary vessels can elevate right-sided pressures, 
thereby reducing systemic venous flow to the pulmonary arter-
ies. These collaterals can be detected from the supra-sternal 
aortic views, but CT, MRI, and angiography are more sensitive 
non-invasive techniques for detecting collateral flow.

Eisenmenger’s Syndrome

Characterized by irreversible pulmonary vascular disease as 
a result of a systemic-to-pulmonary communication (e.g. 
ASD, non-restrictive VSD, non-restrictive PDA, atrio- 
ventricular septal defect, aortopulmonary window, surgical 
systemic-to-pulmonary shunt). An initial left-to-right shunt 
reverses direction following an increase in pulmonary vascu-
lar resistance and arterial pressures.23

Clinical Questions to Be Answered by Echo

Severity of pulmonary hypertension• 
Direction of shunting across an intra-cardiac com-• 
munication
Underlying lesion• 
Associated lesions• 
Right and left ventricular function• 

Transthoracic Echocardiogram

Right ventricular hypertrophy (4-chamber, parasternal long • 
and short axis), flattening and bowing of the  inter-ventricular 
septum in systole. (“D” sign [PSAX] Fig. 30.30). Diastolic 
flattening with disease progression.
PA systolic pressure can be estimated using the modified • 
Bernouli equation: RVSp mmHg = TR peak velocity (m/s) 
× 4 + estimated right atrial pressure (4-chamber apical 
view, parasternal long axis with posterior angulation, short 
axis at aortic valve level). Account for any gradient across 
the RVOT.
Mean PA pressure estimated from peak early diastolic • 
pulmonary regurgitation velocity and the diastolic PA 
pressure estimated from the end diastolic pulmonary 
regurgitation velocity.
Qualitative and quantitative assessment of right ventricu-• 
lar function. With disease progression, right ventricular 

Fig. 30.29 Bidirectional 
cavopulmonary anastomosis 
(bidirectional Glenn shunt). 
Supra-sternal view. The superior 
vena cava (SVC) is connected 
end-to-side to the right 
pulmonary artery (RPA). The 
functionally proximal left PA can 
be visualized. With colour 
Doppler, the flow through the 
connection and the proximal 
pulmonary arteries can be 
imaged
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enlargement and dysfunction (parasternal long- and short-
axis views, 4-chamber view).
Left ventricular function (prognostic factor).• 
Worsening tricuspid regurgitation (increasing afterload, • 
annular dilatation, and right ventricular dysfunction) and 
right atrial enlargement (4 chamber).
Underlying structural defect, coexisting structural abnor-• 
malities, surgical shunts (multiple planes).
Obstruction or aneurysm in main PA and proximal • 
branches.
Colour flow Doppler helps define the anatomical defect • 
and direction of shunting.
Increased right-to-left shunting during supine bicycle • 
ergometry, although the shunt may be small and difficult 
to demonstrate due to a low gradient. Contrast echo can 
enhance visualization of the shunt.

Trans-oesophageal Echocardiography

Can be performed relatively safely and is usually well tol-• 
erated (even when baseline oxygen saturation levels are 
<80%).
May be useful for detecting ASDs/patent ductus arterio-• 
sus and for imaging posterior structures (pulmonary 
veins).
Should be performed in lung transplant candidates (detect • 
unsuspected intra-cardiac defects/shunts, proximal PA 
thrombus).

Magnetic Resonance Imaging

Not routinely required, but may be useful in selected cases • 
for anatomical definition and to estimate magnitude of 
right-to-left shunt.

Special Topics in Adult Congenital Imaging

Echocardiography in the Pregnant Woman with 
congenital Heart Disease

Increased blood volume is reflected in increased cardiac • 
chamber sizes.
Physiologic pulmonary and tricuspid regurgitation and • 
trivial mitral regurgitation are common.

Roles of Echocardiography in the Pregnant 
Woman with CHD24

Risk Stratification

High-risk patients include significant aortic stenosis (mean 
gradient >30–40 mmHg, valve area <0.7 cm2 before preg-
nancy), significant aortic coarctation, significant mitral steno-
sis (valve area <2 cm2), reduced systemic ventricular function 
(EF < 40%), mechanical prosthetic valve, Marfan’s syn-
drome (especially when ascending aorta diameter > 44 mm), 
and cyanotic heart disease. Pregnancy is contraindicated in 
Eisenmenger physiology and significant pulmonary 
hypertension.

Lesion Specific Evaluation

Fetal echocardiography to evaluate structural heart disease 
in offspring.

Trans-thoracic Echocardiography in Selected Conditions

Lesions with potential RVOTO (e.g. TOF, DORV, etc.) 
(parasternal views)

Assess right heart failure and increased tricuspid • 
regurgitation.
Assess RVOTO /pulmonary stenosis.• 

Ebstein’s Anomaly (4 Chamber)

Assess right heart failure and increased tricuspid • 
regurgitation.
Assess of a bioprosthetic valve degeneration and mechan-• 
ical valve thrombosis.

Fig. 30.30 Septal flattening in pulmonary hypertension. Parasternal 
short-axis view. The inter-ventricular septum is flat in systole due to 
the elevated pulmonary pressures. Due to the flattening, the LV has 
the configuration of a capital D
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Complex Post-operative Circulation

Risk stratification is difficult in complex post-operative • 
circulations (e.g. Fontan, Mustard/Senning).
Assess ventricular function, residual lesions, baffle leak, • 
baffle obstruction, and valvar stenosis/regurgitation.

Trans-oesophageal Echocardiography

May be performed during pregnancy.• 
Sedation may be given with fentanyl and midazolam.• 

Role of MRI

Assess systemic or right ventricular function when echo • 
windows are inadequate.
Measure aortic root dimensions.• 

Tissue Doppler, Strain, and Strain Rate 
in congenital Heart Disease

Quantification of ventricular function in patients with con-
genital heart disease can be very challenging using echocar-
diography. For the assessment of right ventricular function 
as well as single ventricular function, most of the time sub-
jective visual assessment of ventricular function (eyeballing) 
is used. Alternative more quantitative methods should be 
used for follow-up and early detection of ventricular 
dysfunction.

Potential applications for tissue Doppler techniques cur-
rently are as follows25:

Tissue Doppler velocities• 
Diastolic function assessment.
 Isovolumetric acceleration seems to offer a relative load-
independent measurement of cardiac contractility. It has 
been used in post-operative tetralogy patients and atrial 
switch patients. Due to its heart rate sensitivity, it has 
been used to study force-frequency relationships in post-
operative patients with congenital heart disease.
 Further validation of its use in a clinical setting is 
required.
Evaluation of dyssynchrony.
Strain an strain rate imaging• 

Evaluation of right ventricular systolic function
Systemic right ventricle (CCTGA or after atrial switch)
After tetralogy of Fallot correction
Functionally single ventricle of RV morphology
 Evaluation of global and regional left ventricular 
function
Evaluation of dyssynchrony

3D Echocardiography in Congenital Heart Disease

3D echo is useful for anatomical definition and for functional 
assessment, facilitating spatial recognition of intra-cardiac 
anatomy, thereby enhancing diagnostic confidence. 3D 
echocardiography is an emerging application. Full volume 
data acquisition in a single cardiac cycle and 3D myocardial 
strain are now being applied. Trans-oesophageal 3D echocar-
diography facilitates perioperative assessment.

Functional Assessment

Compares well with MRI for the measurement of left • 
ventricular volumes, ejection fraction, and mass.
Reliable for the assessment of right ventricular volumes • 
and functionally single ventricles (right or left ventricular 
morphology) using summation of discs. Semi-automatic 
algorithms for RV volumes are now available.26

Growing role in the assessment and management of right • 
ventricular volumes in tetralogy of Fallot, double outlet 
right ventricle (Fig. 30.31), atrial switch procedures, and 
congenitally corrected transposition of the great vessels.

Fig. 30.31 3D image of double outlet RV. Sub-costal saggital plane in 
a patient with double outlet right ventricle and malposed great ves-
sels. The aorta (AO) is seen arising far rightward and the pulmonary 
artery (PA) leftward and posterior. An asterisk denotes the VSD. The 
septum is marked by an S. Planning of surgical repair via an arterial 
switch procedure and VSD closure vs. an intra-cardiac baffle from the 
LV to AO across the VSD is facilitated by this kind of imaging
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Assessment of Atrio-ventricular Valve 
Regurgitation (4 Chamber)

Allows visualization of entire regurgitant jet.• 
Orthogonal planes placed through the jet yield true vena • 
contracta jet area.
Ability to overlay colour Doppler on transparent grey-• 
scale image and transient suppression of the colour image 
facilitate understanding of regurgitant mechanism.

3D Echo in Specific Lesions

Atrial Septal Defect (4-Chamber View, Sub-costal When 
Available)

Shows true dimensions of the defect.• 
Demonstrates changes in ASD size in systole and • 
diastole.
Shows ASD rims facilitating intervention planning.• 
Shows position of device after intervention.• 
Displays residual shunts (colour Doppler).• 

Enhances Visualization and Assesses True VSD Dimensions

Guides transcatheter closure of muscular defects.• 
Intra-operative visualization of apical and anterior mus-• 
cular defects.

Atrio-ventricular Valves (4-Chamber, Parasternal Long-Axis)

Assessment of mitral valve in congenital mitral stenosis.• 
Assessment of the common atrio-ventricular valve and • 
“cleft” in atrio-ventricular septal defects.
Demonstrates mechanism of atrio-ventricular regurgitation.• 
Perioperative assessment of atrio-ventricular valve regur-• 
gitation/stenosis.

Ebstein’s Anomaly (Sub-costal When Available, 4 
Chamber, Parasternal Views)

Demonstrates tricuspid anatomy in single acquisition.• 
Demonstrates extent of tricuspid regurgitation.• 

Left Ventricular Outflow Tract Obstruction 
(Parasternal Long Axis)

Shows circumference and location of sub-aortic • 
membranes.
Shows relation of membrane to neighbouring structures.• 

Double Outlet Right Ventricle (Sub-costal When Available, 
Apical with Anterior Angulation, Parasternal)

Defines relations of the great arteries to the ventricles, the • 
VSD, and each other, facilitating surgical planning.
Demonstrates straddling of AV valves.• 
Demonstrates sub-pulmonary/ pulmonary stenosis.• 

Intra-cardiac Ultrasound (IcE)

Used predominantly for guidance of electrophysiological • 
and percutaneous congenital heart interventions in the 
catheterization laboratory (most commonly ASD/PFO 
closure) (4-chamber view).27

Effective and comparable in cost to TOE.• 
Catheter positioned in right atrium and used to display • 
transverse planes at multiple levels and long-axis 4-cham-
ber plane (Fig. 30.32).

Transducer orientation depends on the horizontal plane of 
the body and short axis of the right atrium.

Fig. 30.32 Intra-cardiac echocardiography. Short-axis view at the 
level of the aortic valve (AO) obtained during intra-cardiac imaging 
of a secundum atrial septal defect. Colour flow (long arrow) depicting 
flow from the left atrium (LA) to the right atrium (RA) is seen. The rims 
bordering the defect (short arrows) are clearly seen
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Video 30.1

(a) Secundum ASD. Apical four-chamber view of a secun-
dum ASD. Notice the central position of the ASD within the 
intra-atrial septum and the T-signs at the margins. The right 
ventricle is dilated. (b) Secundum ASD. Apical four-chamber 
view of a secundum ASD with colour-flow imaging. Notice 
the large left-to-right shunt across the intra-atrial septum.

Video 30.2

Primum ASD. Apical four-chamber view of a primum atrial 
septal defect. The defect is located in the inferior part of the 
intra-atrial septum. Note that both AV-valves are implanted 
at the same level. There was an abnormal left AV-valve.

Video 30.3

(a) Perimembranous VSD. Parasternal short-axis view with 
on 2-D imaging a large perimembranous VSD. (b) Colour-
Doppler image of a perimembranous VSD.

Video 30.4

Atrio-ventricular septum defect. Apical four-chamber view. 
Notice the combination of a primum atrial septal defect with 
an inlet VSD and a single AV-valve between the atria and the 
ventricles.

Video 30.5

Coarctation of the aorta. Notice the presence of a localized 
coarctation in this patient with continuous flow pattern in the 
juxtaductal region.

Video 30.6

Double-chambered right ventricle. Sub-costal view where 
the hypertrophied muscle bundle dividing the right ventricle 

into a high pressure and low pressure part with the presence 
of right ventricular outflow tract obstruction as can be seen 
on the colour image.

Video 30.7

Ebstein’s anomaly. Apical four-chamber view of patient with 
Ebstain’s anomaly. Notice that the septal leaflet of the tricus-
pid valve hinges distally towards the apex of the right ventri-
cle and the sail-like appearance of the anterior leaflet of the 
tricuspid valve.

Video 30.8

Ebstein’s anomaly. Parasternal short-axis view looking at the 
tricuspid valve. Notice that the inflow across the tricuspid 
valve is also rotated towards the right ventricular outflow 
tract. There is mild tricuspid regurgitation.

Video 30.9

(a, b) Tetralogy of Fallot. Sub-costal sagital view. Notice the 
large ventricular septal defect and the anterior deviation of 
the outlet septum causing right ventricular outflow tract 
obstruction. (b) Colour Doppler has been added.

Video 30.10

Tetralogy of Fallot. Parasternal long-axis view. Notice large 
ventricular septal defect extending to the outlet septum with 
about 40% of aortic override.

Video 30.11

Severe pulmonary regurgitation after Tetralogy of Fallot 
repair. Parasternal short-axis view. Notice the broad jet of 
pulmonary regurgitation which starts in the pulmonary artery 
branches. The right ventricular outflow tract (RVOT) is also 
dilated, which is related to the wide and dilated right ven-
tricular outflow tract RVOT patch.
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Video 30.12

Right ventricular dilatation related to severe pulmonary regur-
gitation after Tetralogy of Fallot repair. Apical four-chamber 
view. Notice the dilatation of the right ventricle. Qualitative 
assessment of right ventricular function suggest preserved 
systolic function in this patient.

Video 30.13

Patient after the Mustard operation with severe tricuspid 
regurgitation. Apical four chamber view. Notice the tricuspid 
regurgitation and mild RV dysfunction.

Video 30.14

Patient after the arterial switch operation. Parasternal short-
axis view. Notice the position of the pulmonary artery in 
front of the aorta after the Lecompte manoeuver. The right 
pulmonary artery is to the right and the left pulmonary artery 
to the left of the aorta.

Video 30.15

Congenitally corrected transposition of the great arteries. Apical 
four-chamber view. In this view, the morphological right ven-
tricle is on the left (notice the septal attachments of the tricuspid 
valve, the moderator band, and the coarse trabeculations).

Video 30.16

Congenitally corrected transposition of the great arteries. 
Parasternal short-axis view with the aorta located anterior 
and to the left of the pulmonary artery. The pulmonary artery 
bifurcation can be noted.

Video 30.17

Double inlet left ventricle. Apical fourchamber view. Two 
separate AV-valves are connected to a single ventricle which 

has left ventricular morphology. Notice the presence of the 
extra-cardiac Fontan conduit.

Video 30.18

Bidirectional Glenn shunt. Supra-sternal view. Look at the 
connection between the right superior vena cava and the right 
pulmonary artery. There is laminar flow on the connection. 
Flow can also be seen in the proximal left pulmonary artery.

Video 30.19

Total cavopulmonary connection. Supra-sternal view. The 
bidirectional Glenn shunt can be seen and also the connec-
tion between the extra-cardiac conduit and the pulmonary 
artery (the red flow moving into the pulmonary artery).

References

 1. Hoffman JI, Kaplan S. The incidence of congenital heart disease. 
J Am Coll Cardiol. 2002;39(suppl 12):1890–1900

 2. Hoffman JI, Kaplan S, Liberthson RR. Prevalence of congenital 
heart disease. Am Heart J. 2004;147(suppl 3):425–439

 3. Anderson RH, Ho SY. Sequential segmental analysis: description and 
characterization for the millennium. Cardiol Young. 1997;7:98–116

 4. Ferreira Martins JD, Anderson RH. The anatomy of interatrial com-
munications – what does the interventionist need to know? Cardiol 
Young. 2000;10(suppl 5):464–473

 5. Bartel T, Konorza T, Arjumand J, et al Intracardiac echocardiogra-
phy is superior to conventional monitoring for guiding device clo-
sure of interatrial communications. Circulation. 2003;107(suppl 
6):795–797

 6. Handke M, Heinrichs G, Moser U, et al Transesophageal real–time 
three–dimensional echocardiography methods and initial in vitro 
and human in vivo studies. J Am Coll Cardiol. 2006;48(suppl 
10):2070–2076

 7. van den Bosch AE, Ten Harkel DJ, McGhie JS, et al Characterization 
of atrial septal defect assessed by real–time 3–dimensional echocar-
diography. J Am Soc Echocardiogr. 2006;19(suppl 6):815–821

 8. Smallhorn JF, Tommasini G, Anderson RH, Macartney FJ. 
Assessment of atrioventricular septal defects by two dimensional 
echocardiography. Br Heart J. 1982;47(suppl 2):109–121

 9. Smallhorn JF. Cross-sectional echocardiographic assessment of 
atrioventricular septal defect: basic morphology and preoperative 
risk factors. Echocardiography. 2001;18:415–432

10. Giroud JM, Jacobs JP. Evolution of strategies for management of 
the patent arterial duct. Cardiol Young. 2007;17(suppl 2):68–74

11. Matsui H, Adachi I, Uemura H, Gardiner H, Ho SY. Anatomy of 
coarctation, hypoplastic and interrupted aortic arch: relevance to 
interventional/surgical treatment. Exp Rev Cardiovasc Ther. 
2007;5(suppl 5):871–880

12. Knauth Meadows A, Ordovas K, Higgins CB, Reddy GP. Magnetic 
resonance imaging in the adult with congenital heart disease. Semin 
Roentgenol. 2008;43(suppl 3):246–258



  References 581

13. Paranon S, Acar P. Ebstein’s anomaly of the tricuspid valve: from fetus 
to adult: congenital heart disease. Heart. 2008;94(suppl 2):237–243

14. Bashore TM. Adult congenital heart disease: right ventricular out-
flow tract lesions. Circulation. 2007;115(suppl 14):1933–1947

15. Redington AN. Determinants and assessment of pulmonary regur-
gitation in tetralogy of Fallot: practice and pitfalls. Cardiol Clin. 
2006;24(suppl 4):631–639; vii

16. Anderson RH, Weinberg PM. The clinical anatomy of transposi-
tion. Cardiology in the young. 2005;15(suppl 1):76–87

17. Pretre R, Tamisier D, Bonhoeffer P, et al Results of the arterial 
switch operation in neonates with transposed great arteries. Lancet. 
2001;357(suppl 9271):1826–1830

18. Warnes CA. Transposition of the great arteries. Circulation. 
2006;114(suppl 24):2699–2709

19. Graham TJ, Bernard Y, Mellen B, et al Long–term outcome in con-
genitally corrected transposition of the great arteries: a multi-insti-
tutional study. J Am Coll Cardiol. 2000;36:255–261

20. Cook AC, Anderson RH. The functionally univentricular circula-
tion: anatomic substrates as related to function. Cardiol Young. 
2005;15(suppl 3):7–16

21. Anderson RH, Cook AC. Morphology of the functionally univen-
tricular heart. Cardiol Young. 2004;14(suppl 1):3–12

22. Gewillig M. The Fontan circulation. Heart. 2005;91(suppl 6): 
839–846

23. Vongpatanasin W, Brickner M, Hillis L, Lange R. The Eisenmenger 
syndrome in adults. Ann Intern Med. 1998;128:745–755

24. Siu SC, Colman JM. Heart disease and pregnancy. Heart. 
2001;85(suppl 6):710–715

25. Mertens L, Ganame J, Eyskens B. What is new in pediatric cardiac 
imaging? Eur J Pediatr. 2008;167:1–8

26. Niemann PS, Pinho L, Balbach T, et al Anatomically oriented 
right ventricular volume measurements with dynamic three–
dimensional echocardiography validated by 3–Tesla magnetic 
resonance imaging. J Am Coll Cardiol. 2007;50(suppl 17): 
1668–1676

27. Zanchetta M, Onorato E, Rigatelli G, et al Intracardiac echocar-
diography-guided transcatheter closure of secundum atrial septal 
defect: a new efficient device selection method. J Am Coll Cardiol. 
2003;42:1677–1682.



J. L. Zamorano et al. (eds.), The ESC Textbook of Cardiovascular Imaging  
DOI: 10.1007/978-1-84882-421-8_31, © Springer-Verlag London Limited 2010 583 

Chapter 31

The Roles of CMR  
and MsCT in adulT 
CongeniTal heaRT  

disease

Philip Kilner, Ed Nicol, and Michael Rubens

C o n t e n t s

Introduction 584

the Roles of CMR or MsCt in specific Diagnostic Groups 585

Prospects for Further Development 594

References 596



584 Chapter 31 The Roles of CMR and MSCT in Adult Congenital Heart Disease  

Introduction

Both CMR and MSCT give almost unrestricted access to 
intra-thoracic structures, which is important as ultrasonic 
access may be limited in ACHD patients, many of whom 
have had previous cardiothoracic surgery. MSCT, generally 
using intra-vascular contrast, gives superior spatial resolu-
tion in much shorter study times than CMR, although the 
radiation dose is a concern in this relatively young patient 
group that may require repeated studies. CMR offers unri-
valed versatility of acquisition methods without ionizing 
radiation, enabling biventricular functional assessment, flow 
measurements, myocardial viability assessment, angiogra-
phy, and more. For these reasons, a dedicated CMR service 
should be regarded as a necessary facility in a centre special-
izing in ACHD care. However, the short acquisition time and 
high spatial resolution of contrast-enhanced MSCT is advan-
tageous, notably for imaging the epicardial coronary arteries 
and other narrow structures. MSCT also shows conduit cal-
cification or stent location clearly, and retrospective ECG-
gated multi-phase reformatting allows measurements of 
biventricular size and function, providing an alternative to 
CMR in patients with a pacemaker or ICD. To realize their 
full potential and avoid pitfalls, CMR and MSCT of ACHD 
require training and experience. Appropriate understanding 
is needed for the evaluation of congenitally and surgically 
altered circulatory function as after Fontan operations, sur-
gery for transposition of the great arteries, or tetralogy of 
Fallot (ToF) repair. For these and other more complex cases, 
CMR and MSCT should ideally be undertaken by experi-
enced congenital cardiovascular imaging specialists com-
mitted to long-term collaboration with the cardiologists and 
surgeons managing ACHD patients in a tertiary referral 
centre.

The relatively unrestricted access provided by CMR and 
MSCT allows the assessment of clinically important regions 
that may lie beyond ultrasonic access. These include the 
pulmonary veins and the sinus venosus regions of the atrial 
septum, the right ventricular free wall and outflow tract, the 
pulmonary arteries, and the whole aorta and the para-medi-
astinal regions, which may be crossed by aorto-pulmonary 
collateral arteries.1, 2 Both CMR and MSCT allow 3D con-
trast-enhanced angiography and regional or global assess-
ment of biventricular function with good blood-tissue 
differentiation. MSCT offers the better spatial resolution and 
does not require specific predetermination of imaging planes 
as there is a complete volume of data that can be rotated and 
cut to any desired plane. CMR offers the possibility of 
“dynamic” angiography, visualizing the sequential opacifi-
cation of successive vascular regions. Besides freedom from 
radiation, the key additional strengths of CMR lie in its high 

temporal resolution, measurements of flow volumes, and 
characterization of tissues, if needed.

Comprehensive CMR Acquisition in ACHD

Except in straightforward cases where the questions to be 
answered are well defined, it is prudent in a baseline or pre-
surgical CMR study to perform a comprehensive examina-
tion that will allow review of the structure and function of 
the myocardium, valves, and vessels through all regions of 
the heart and mediastinum. A stack of multiple transaxial ± 
coronal cines is simple and relatively quick to acquire using 
a contemporary CMR system. Such cine stacks are easily 
reviewed using suitable image display software. Dynamic 
contrast-enhanced angiography and non-contrast 3D steady-
state free-precession (SSFP) imaging can also be valuable, 
although these do not, on their own, yield cyclic functional 
information. Cine images should also be aligned with each 
inflow and outflow valve and with any shunt flow so that 
inter-connections can be established and described accord-
ing to sequential segmental analysis (see previous chapter).

Measurements of Right and Left Ventricular 
function

Both CMR and MSCT allow volumetric analysis of both 
ventricles without geometric assumptions, which is particu-
larly important given the variability of RV shape in ACHD.3 
However, the myocardium of the RV is extensively trabecu-
lated in most individuals, with only a relatively thin layer of 
compact myocardium in the free wall. This makes reproduc-
ible delineation of the RV blood–muscle boundary challeng-
ing. For CMR, the most reproducible approach is probably to 
place a relatively smooth boundary line (contributing to a 
reconstructed 3D surface) between the trabeculated and 
compact layers of the RV free wall.4 However, this boundary 
can be hard to define where trabeculations come together in 
systole. In MSCT, a more rapid and robust semi-automated 
boundary detection based on attenuation (or signal) differ-
ences between the (opacified) blood and myocardium is rou-
tinely used (Fig. 31.1). It may become feasible to apply a 
similar method to CMR cines, which could potentially be 
more accurate, although not necessarily directly comparable 
with the simplified, manually placed boundary method.

Additional considerations affecting RV volume measure-
ments are the movements of the atrio-ventricular junction, 
which can contribute a significant part of the RV stroke vol-
ume, and the difficulty of locating pulmonary annular level 
after infundibular resection or patching in repairs of ToF. We 
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recommend that an aneurysmal or akinetic RV outflow tract 
is included in the RV volume, up to the expected level of the 
pulmonary valve.

It needs to be emphasized that, for serial comparisons of 
RV function, consistent methods of delineation need to be 
used. Contour data for volumetric analysis should ideally be 
stored in a database and remain available for comparison at 
the time of follow-up.

Flow Measurements by CMR

The measurement of volume flow in a large vessel is poten-
tially an unrivaled strength of CMR. Through-plane velocity 
mapping of ascending aortic and main pulmonary artery 
(PA) flow (Fig. 31.2) allows calculations of left- and right-
sided output and, therefore, of shunting and of the amount of 
regurgitation of the outflow valves. For these derived values, 
however, the measurements of velocity need to have a high 
standard of accuracy. This is not easy to achieve on all CMR 
systems, and care may be needed to minimize or correct 
errors introduced by background phase offset errors, particu-
larly when the vessel is dilated.5

Jet Velocities and Calculations  
of Pressure Difference

Measurements of the velocities of post-stenotic jets or of rela-
tively broad regurgitant jets are feasible by phase contrast CMR 
as long as the velocity mapping slice is located to transect the 
jet immediately downstream of the orifice, so that voxels lie 
completely within the coherent jet core. As with Doppler ultra-
sound, pressure differences may be estimated by applying the 
modified Bernoulli equation. However, the velocities of narrow 
jets through mildly regurgitant tricuspid or pulmonary valves, 
which are used in echocardiography for estimations of RV or 
PA pressure, are unlikely to be accurately measured by CMR.

the Roles of CMR or MsCt in specific 
Diagnostic Groups

Note: Further anatomical and pathophysiological back-
ground can be found in the corresponding subsections of the 
preceding chapter on echocardiographic investigation.

Fig. 31.1 Oblique long- and short-axis planes reformatted from 
MSCT data after a single injection of contrast, which also gave opaci-
fication of the coronary and pulmonary arteries. In the left ventricle 

(a–c) and right ventricle (d–f), the opacified blood regions identified 
for volume calculation are coloured pink
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Fig. 31.2 CMR cine images  
(a, b) aligned with the 
ascending aorta (Ao) and main 
pulmonary artery (PA). Systolic 
frames of through-plane phase 
contrast velocity maps (c, d), 
located as indicated by the 
dotted lines from which the 
volumes of aortic and pulmo-
nary flow (and regurgitant 
volume, if present) can be 
derived

Atrial septal Defects (AsD)

While echocardiography is the first-line modality, CMR and 
MSCT (Fig. 31.3a) can address unanswered questions about 
the location and size of unusual defects, biventricular size 
and function, and any associated anomalies, notably the pos-
sibility of anomalous pulmonary venous drainage.6 With 
CMR, the amount of shunting (Qp:Qs measurement) can 
also be assessed. A contiguous transaxial stack of cines and 
pulmonary venous angiography allow visualization of all 
pulmonary veins and any sinus venosus defect. A contiguous 
atrial short axis stack, parallel to ventricular short axis planes, 
progressing from the A-V junction to the SVC, is suitable for 
visualization of an ASD, followed by through-plane velocity 
mapping of transecting flow through the defect. Both these 
views can be obtained by rotating and slicing the MSCT 
dataset to the required plane.

However, for the identification or exclusion of a small 
ASD or patent foramen ovale, CMR and MSCT are likely to 
be less effective than a (repeat) contrast echo study.

Ventricular septal Defects (VsD)

VSDs can usually be visualized by echocardiography. They 
are easily identified by MSCT (Fig. 31.3b). CMR can add 
Qp:Qs measurement, if required (Fig. 31.1). The commonest 
way of identifying a small VSD by CMR is by the presence 
of a systolic jet on the RV side of the septum, seen in one of 
the ventricular short-axis cines that are acquired routinely for 
ventricular function measurement. The suspected jet should 
then be cross-cut with additional cine images. Mapping of 
velocities through a plane transecting the VSD jet can con-
tribute to sizing of the defect.
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Atrio-ventricular septal Defect

CMR and MSCT can provide additional views of any (resid-
ual) defect or associated anomaly, and CMR can quantify 
any residual shunt or regurgitation of the left A-V valve.

Patent Ductus Arteriosus

Either CMR or MSCT can show the size of a duct and any 
associated abnormalities of anatomy or ventricular func-
tion. For screening, a routine contiguous coronal stack of 
SSFP (bright blood) images, one slice per heart beat, is 
recommended as part of every ACHD CMR study. The jet 
through a small PDA can be identified in the distal pul-
monary trunk in such images, and then interrogated fur-
ther by cine imaging and velocity mapping, including 
Qp:Qs measurement. Note: When the shunt is from aorta 
to the distal PAs, the ascending aortic flow will be more 
than the MPA flow, whereas distal to the PDA, the actual 
pulmonary flow will be correspondingly greater than the 
systemic.

Coarctation of the Aorta

CMR or MSCT contrast-enhanced angiography is helpful in 
the assessment of native coarctation diagnosed beyond child-
hood with a view to balloon dilatation and stenting or sur-
gery. Either modality also allows visualization of recoarctation 
or aneurysm formation after repair. CMR can probably offer 
the more thorough assessment of any associated pathology, 

such as stenosis or regurgitation of a bicuspid aortic valve, 
dilatation of the ascending aorta, or LV hypertrophy. The 
aortic arch with coarctation may not lie in a single plane, and 
when using cine imaging and velocity mapping, it is neces-
sary to identify planes best orientated for the depiction and 
measurement of any jet flow through the coarctation. The 
presence of diastolic prolongation of forward flow, or a dia-
stolic tail, is a useful sign of significant coarctation, which 
can be demonstrated by plotting a velocity–time curve of jet 
flow beyond the coarctation.7 Following stent insertion for 
coarctation (Fig. 31.4), MSCT may better visualize the stent 
position and possible intra-stent stenosis due to the signal 
drop out that may occur with CMR.

Berry aneurysms of the circle of Willis or other cerebral 
vessels occur in up to 10% of patients with coarctation bear-
ing the risk of rupture.8 As rupture of a cerebral aneurysm is 
associated with high mortality, screening for cerebrovascular 
aneurysms by MRI may be wise, particularly, if symptoms 
develop.

Right Ventricular outflow tract (RVot) 
obstruction and Double-Chambered RV

The main contributions of CMR or MSCT lie in demonstrat-
ing the level(s) of RVOT obstruction, particularly in adults 
with poor acoustic windows. Stenosis may be present at 
more than one level of the RVOT, or in the pulmonary arter-
ies (Fig. 31.5). Of note, a mild degree of pulmonary stenosis 
can result in marked post-stenotic dilatation, usually affect-
ing the pulmonary trunk and LPA.

Sub-infundibular stenosis or double-chambered RV can 
be well demonstrated by CMR. The obstructing muscular 

Fig. 31.3 Reformatted MSCT 
images showing an atrial septal 
defect (broad white arrow in (a)). 
Note the atrial and ventricular 
pacing leads that pass through 
the ASD and terminate in the 
left atrium and left ventricle, 
respectively. (b) Ventricular 
septal defect (thin white arrow) 
in a patient with tetralogy of 
Fallot
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bands or fibromuscular ridge between the hypertrophied body 
of the RV and the non-hypertrophied and non-obstructive 
infundibulum and the resulting systolic jet should be well 
seen on at least one of the routine ventricular short-axis 
cines (Fig. 31.6, Video 31.6a–e). Mapping of velocities 
through a plane transecting the jet together with visualiza-
tion of the degree of upstream RV hypertrophy and septal 
flattening allows an assessment of severity. However, an 
associated VSD with its jet usually arising close to the tri-
cuspid valve into the trabeculated, high pressure part of the 
RV may be hard to identify on CMR.

Left Ventricular outflow tract obstruction 
(LVoto) and Aortic Regurgitation

While echocardiography remains the first line of investiga-
tion, CMR cine imaging and jet velocity mapping can be 
valuable in assessing the level(s) and nature of obstruction, 
which may be present at more than one level. In the case of 
hypertrophic obstructive cardiomyopathy, late gadolinium 
imaging can contribute to an assessment of myocardial 
fibrosis, which may be relevant to prediction of the risk of 
arrhythmia.

Fig. 31.4 Aortic coarctation 
with stent imaged by MSCT. 
Both volume-rendered 
projection (a) and maximal 
intensity projection (b) show 
the position of the stent and 
allow its dimensions to be 
measured

Fig. 31.5 The MSCT volume-
rendered image (a) shows a 
heavily calcified main pulmo-
nary artery homograft conduit 
(MPA) and a corrugated tubular 
conduit (white arrowhead) to the 
right pulmonary arterial 
branches (RPA) after unifocaliza-
tion surgery for pulmonary 
atresia with aorto–pulmonary 
collateral arteries. (b) sub-
pulmonary stenosis (white 
arrow) proximal to the calcified 
homograft
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Assessment of aortic valve stenosis by MSCT has been 
found to show good correlation of transthoracic echocardiog-
raphy9 and trans-oesophageal echocardiography, and there is 
no reason to believe that the same should not be true for other 
valves. Any calcification of valve structures can be seen, and 
cardiac gating also allows assessment of valve leaflet mobil-
ity and valve orifice dimensions through the cardiac cycle.

The amount of aortic regurgitation can be measured using 
CMR by mapping velocities through a plane transecting the 
ascending aorta. For reproducibility and longitudinal com-
parison, the plane is probably best located immediately 

above the sino-tubular junction. Although this approach is 
clinically valuable, the derived measurements of aortic 
regurgitation are highly susceptible to any background phase 
offset errors, which may need to be minimized or corrected.4 
Furthermore, upward diastolic movement of the aortic root 
relative to a fixed velocity mapping plane can result in sig-
nificant under-estimation of the regurgitant fraction if the 
root is mobile and dilated. In isolated aortic regurgitation, 
the excessive LV stroke volume relative to that of the RV can 
also quantify the regurgitation, as long as the volumes are 
accurately measured.

Fig. 31.6 Double-chambered right ventricle or sub-infundibular 
stenosis identified by CMR in a 53-year-old male. A routine short-axis 
SSFP cine (a) shows a systolic jet (arrowed) directed from the hyper-
trophied sinus of the RV into the non-hypertrophied infundibulum. A 
slightly more basal short-axis cine (b) shows a systolic bright spot 
(arrowhead) indicative of flow through a small perimembranous VSD. 
The oblique coronal cine (c) is aligned with the jet in (a). The dotted 

lines indicate the slice location of through-plane jet velocity mapping 
(d), which recorded a peak systolic velocity of 3.8 m/s. An oblique 
sagittal RVOT cine (e) shows the RV jet in relation to the unobstructed 
infundibulum and pulmonary valve, whose level is marked by the 
dotted line. The patient went on to have surgical relief of the sub-
infundibular stenosis and closure of the VSD by a right atrial approach, 
conserving the native pulmonary valve
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CMR Assessment After Ross Operation

The commonest post-operative complications are stenosis 
or regurgitation of the RV-PA homograft conduit. Stenosis 
may be due to shrinkage of the homograft tube or a suture 
line, or to stiffening of the valve leaflets. Any jet formation 
should be visualized by cine imaging and quantified by 
velocity mapping, and regurgitation measured by velocity 
mapping.10 The autograft valve in aortic position should 
also be assessed for possible dilatation and regurgitation, 
particularly beyond the first decade after operation. 
Visualization of the re-implanted coronary arteries may be 
indicated using MSCT or CMR 3D SSFP acquisition (see 
below). If there is a question of post-surgical LV ischaemia 
or infarction, perfusion imaging and/or late gadolinium 
enhancement may be considered.

ebstein’s Anomaly and tricuspid Regurgitation

CMR or MSCT allows thorough visualization of RA–RV 
anatomy, the ASD if present, tricuspid valve displacement 

and malfunction, and the size and contractility of the func-
tional part of the RV (Fig. 31.7, Video 31.7a–d). A stack of 
transaxial CMR cines, supplemented by 4-chamber and 
sagittal RVOT cines, is recommended. Transaxial cines 
may be used for volume measurements of the functional 
part of the Ebstein RV, which can be hard to delineate in 
short-axis slices. In spite of atrialization, higher RV vol-
umes than normal may be found in the presence of severe 
tricuspid regurgitation. The severity of tricuspid regurgita-
tion can be assessed using through-plane velocity mapping, 
the VENC typically set at 250 cm/s, to depict the cross-
section of the regurgitant stream through a plane transect-
ing the jet on the right atrial side of the orifice. A TR jet 
cross-section, reflecting the regurgitant defect, of 6 × 6 mm 
or more can be regarded as severe. An ASD, due in this 
setting to distension and gaping of a PFO, can be present in 
about 50% of adult Ebstein patients and should be sought 
with an atrial short-axis cine stack. If present, the resting 
shunt can be measured by aortic and pulmonary velocity 
mapping. Cines may show diastolic compression of the LV 
by the dilated right heart, which can impair LV filling and 
so limit the cardiac output.

Fig. 31.7 Ebstein’s anomaly 
imaged by CMR. Cine imaging in 
a 4-chamber plane (a) shows 
regurgitation (arrow) through 
the dysplastic tricuspid valve. 
The dotted lines indicate the 
plane through which velocities 
were mapped (b) to depict the 
cross sectional size of tricuspid 
regurgitant jet (TR), assessed in 
this case as severe. An atrial 
short-axis cine in the same 
patient (c) shows bidirectional 
flow through an atrial septal 
defect (arrow). The dotted lines 
indicate the plane through 
which velocities were mapped 
(d) to depict the cross section of 
the ASD jet
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Congenital Mitral Valve Dysfunction

While echocardiography remains the first line of investiga-
tion, CMR can contribute to the measurement of regurgitation 
and assessments of the structural cause and of any associated 
myocardial or other pathology. For identification of tethering, 
prolapse, or failure of coaptation, a contiguous stack of 5 mm 
thick cine images aligned perpendicular to the central part of 
the line of mitral coaptation is recommended.11 Regurgitant or 
stenotic jets are visible on cine imaging, although appear-
ances depend on the jet size and characteristics and on the 
relative location and orientation of the imaging slice. 
Planimetry of an orifice, or rather of the cross section of the 
jet immediately downstream of the orifice, is feasible in some, 
but not all, cases, depending on the structure of the jet and the 
relative thickness and location of the imaging slice. Jet veloc-
ity mapping can contribute to quantification of stenosis and 
the time course of jet flow. In the absence of another regurgi-
tant or shunt lesion, mitral regurgitation can be quantified 
using ventricular stroke volume difference. However, a more 
widely applicable approach is to subtract the aortic outflow 
volume from the LV stroke volume.

Cor triatriatum sinister

Echocardiography is likely to be satisfactory, but a stack of 
contiguous CMR cines will show the intra-atrial membrane 
well, if orientated orthogonal to it. Transaxial or 4-chamber 
orientations may be suitable. Transaxial cines can also show 
any anomalous pulmonary venous drainage. As in the case 
of an ASD, mapping of velocities through a plane orientated 
parallel and close to the membrane on its downstream side 
can delineate flow through the orifice(s).

Repaired tetralogy of Fallot

CMR has become the modality of choice for the assessment 
and follow-up of adults with repaired ToF. CMR measure-
ments of RV and LV function, pulmonary regurgitation (PR), 
RVOT obstruction, conduit or PA stenoses, and possible 
residual shunting all contribute to decisions on management, 
notably the possibility of pulmonary valve replacement, for 
PR. Where CMR is unavailable or contraindicated, MSCT 
can provide morphological assessment and ventricular func-
tion, but not the flow or shunt data. The pathophysiology of 
PR differs from that of aortic regurgitation because of the 
situation of the sub-pulmonary right heart, connected in series 
with the more powerful left heart via the low-resistance pul-
monary and high-resistance systemic vasculature. Free PR, 

with little or no effective valve function, is common after 
repair of ToF. It may be tolerated without symptoms for 
decades and is typically associated with a regurgitant frac-
tion of ~40% (Fig. 31.8, Video 31.8a–c). However, RV dys-
function, arrhythmia, and premature death can result. Surgical 
pulmonary valve replacement is considered in such patients 
in most centres, but deciding when to operate remains con-
troversial, particularly if the patient is asymptomatic and 
bearing in mind that a homograft replacement may only 
function effectively for 15 or 20 years 12. Once a conduit is in 
position, however, progressive stenosis or regurgitation may 
be treatable by percutaneous placement of a stented valve 
within the relatively rigid tube of the conduit.13, 14 Studies by 
Therrien et al15 and Oosterhof et al16 compared CMR mea-
surements of RV volumes before and after surgical pulmo-
nary valve replacement, finding that patients with preoperative 
indexed RV end-diastolic volumes above about 60 mL/m2 
and end-systolic volumes above about 82 mL/m2 failed to 
recover to the normal RV volume range. Although this may 
be taken as a guide to RV volumes that should not be exceeded 
when waiting to replace a pulmonary valve, there are more 
factors to be considered. Even in the absence of an effective 
pulmonary valve, the amount of regurgitation depends on 
factors upstream and downstream. In occasional cases, the 
rugurgitant fraction can exceed 50%, which may be attribut-
able to an unusually large and compliant RV, large and com-
pliant pulmonary arteries whose elastic recoil contributes to 
the regurgitation, branch PA stenosis, or elevated peripheral 
resistance limiting the distal escape of flow, or combinations 
of these.17 Contrast-enhanced 3D angiography may be used 
for the visualization of PA branch stenosis, and appropriately 
aligned cines can visualize jet formation and the reduced 
systolic expansion of PA branches distal to a stenosis that is 
obstructive enough to require relief, either percutaneously or 
at the time of surgery. Surgeons can resect any akinetic 
region of the RVOT that may have resulted from previous 
infundibular resection or patching, and so regional as well as 
global RV function need to be described. Tricuspid regurgi-
tation needs to be identified and assessed, as does any resid-
ual VSD patch leak and consequent shunting. Global and 
regional LV function and any aortic root dilatation or aortic 
regurgitation also need assessment.18 So in summary, the 
evaluation of repaired ToF requires thorough assessment of 
the left and right heart, extending to the branch PAs. Each 
measurement should be interpreted in the context of circula-
tory factors upstream and downstream.

Common Arterial trunk

CMR or MSCT can be useful in visualizing either the native 
pulmonary arterial branches or the conduit(s) following repair 
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and can help to quantify biventricular function. CMR can 
additionally quantify any regurgitation of the truncal valve.

transposition of the Great Arteries (tGA)

TGA Treated by Atrial Switch Operation  
(Mustard or Senning)

CMR or MSCT can assess the atrial pathways and systemic 
RV function.19 With CMR experience, oblique cines and 
velocity maps can be aligned with respect to systemic and 
pulmonary venous atrial pathways (Fig. 31.9, Video 31.9 a-d). 
Comprehensive coverage can, however, be achieved using a 
stack of contiguous transaxial or coronal cines or a 3D SSFP 
sequence. Baffle leaks may not be easy to identify by CMR, 

the suture line being long and non-planar, but measurement 
of Qp:Qs may be helpful.

TGA Treated by Arterial Switch Operation

CMR or MSCT allows assessment of any RVOT or supra-
valvular PA stenosis, branch PA stenosis, and function of both 
ventricles and the neo-aortic valve. MSCT or CMR can contri-
bute to assessment of the patency of the re-implanted coronary 
arteries, and CMR perfusion imaging may be considered.20

TGA Treated by Rastelli Operation

CMR or MSCT allows assessment of possible stenosis or 
incompetence of the RV-to-PA conduit, the LVOT, of biven-
tricular function, and, with CMR, possible residual shunt.

systolic
forward flow

0

MPA flow

diastolic
reversed flow

late diastolic
forward flow

Fig. 31.8 Repaired tetralogy of Fallot imaged by CMR. The 4-cham-
ber cine (a) shows evidence of mild tricuspid regurgitation. An 
oblique sagittal RVOT cine (b) shows evidence of pulmonary regurgi-
tation, without effective valve function. The dotted lines indicate the 
slice through which pulmonary flow velocities were mapped ((c), 

with the MPA outlined). (d) Pulmonary flow curve derived from the 
velocity data, from which a regurgitant fraction of 38% was calcu-
lated. Note the late diastolic forward flow occurring as atrial systole 
delivers flow forwards through the fully expanded right ventricle
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Double outlet RV

CMR or MSCT can be valuable, particularly after surgery if 
a conduit, PA branch stenosis, residual shunting, or ventricu-
lar dysfunction need assessment.

Congenitally Corrected transposition  
of the Great Arteries

Either CMR or MSCT can demonstrate the abnormal anatomy 
and connections well, which can be helpful in adults with poor 
acoustic windows. A useful way of distinguishing which ven-
tricle is morphologically the RV is to compare the two sur-
faces of the inter-ventricular septum. The LV surface is 
relatively smooth, with few trabeculations arising from it, in 
contrast to the RV side, which gives rise to the moderator band 
and multiple trabeculations in the apical region (Fig. 31.10, 
Video 31.10a–c).

the Functionally Univentricular Heart

In patients with poor acoustic windows, any of the diagnos-
tic issues listed in the preceding chapter can be addressed by 

CMR or MSCT and also systemic or pulmonary venous 
anomalies, aortic arch malformations, and branch PA 
stenoses. The global and regional function of the volume 
loaded dominant ventricle can be assessed with either modal-
ity with late gadolinium scar imaging by CMR, if required.

the Fontan Circulation

Fontan operations, performed in children in whom the abnor-
mal cardiac anatomy precludes biventricular repair, result in 
a fundamental departure from normal circulatory dynamics. 
The systemic and pulmonary vascular beds are connected in 
series downstream of the single functional ventricle, thereby 
eliminating shunting at the cost of a critically elevated sys-
temic venous pressure that is required to maintain flow 
through the lungs. Earlier procedures incorporated the right 
atrium between the caval veins and pulmonary arteries, 
whereas total cavo-pulmonary connection, connecting infe-
rior vena cava (IVC) flow to the PAs via a lateral tunnel or 
extra-cardiac conduit, has been favoured in recent years. CMR 
or MSCT allows assessment of the Fontan cavo–(atrio)–pul-
monary connections, branch pulmonary arteries, pulmonary 
veins (which can be compressed by a dilated right atrium 
after an atrio-pulmonary connection), the atrio-ventricular 
valve(s), the ventricle(s), the ventricular outflow tract, and 

Fig. 31.9 Transposition of the 
great arteries after an atrial 
switch procedure (Mustard 
operation). An oblique sagittal 
cine (a) is aligned to show the 
discordant ventriculo-arterial 
connections. An oblique coronal 
cine (b) is aligned with the 
superior vena cava (SVC) and 
inferior vena cava (IVC) pathways, 
passing to the left of the 
surgically placed baffle, towards 
the sub-pulmonary left ventricle. 
An oblique long-axis cine 
(c) shows the pulmonary 
venous atrial compartment 
(PVAC), which carries blood 
from the pulmonary veins to the 
right ventricle. A mid short-axis 
cine (d) shows the expected 
hypertrophy of the systemic 
right ventricle
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any residual leaks (with CMR) or collateral vessels. 
Comprehensive coverage using a stack of contiguous 
transaxial SSFP cines is recommended, which is generally 
suitable for the identification of any intra-atrial thrombus or 
suspected stenosis of the cavo–pulmonary connections. 
Velocity mapping can be used to assess flow through a sus-
pected narrowing. In this setting, a peak jet velocity exceed-
ing 1 m/s may represent significant stenosis. Should contrast 
injection for either MSCT or CMR angiography be consid-
ered, the connection of the SVC to the PAs and its relation to 
IVC flow should be borne in mind. Injection from a leg or 
else non-contrast CMR 3D SSFP imaging may be preferable. 
Evaluation of myocardial fibrosis by LGE may contribute to 
the assessment impaired ventricular function, if present.

Pulmonary Arterial Hypertension Including 
eisenmenger’s syndrome

Although neither CMR or MSCT can measure pulmonary 
arterial pressures, good visualization of any RV hypertrophy, 
ventricular septal flattening, and any limitation of the sys-
tolic expansion of distended PAs means that the presence of 
pulmonary hypertension can be inferred and qualitatively 
assessed by CMR. CMR and MSCT also allow measure-
ments of cardiac output, RV function, and hypertrophy, and 
CMR can be used, after gadolinium injection, for the assess-
ment of RV or septal fibrosis. In Eisenmenger’s syndrome, 
either modality can give valuable information on the under-
lying malformation(s), and CMR allows shunt calculation at 

rest. Contrast PA angiography, particularly by MSCT, is used 
to identify any pulmonary arterial thrombus (Fig. 31.11).21

Coronary Artery Anomalies and Acquired 
Coronary Disease

Contrast-enhanced MSCT is superior to CMR for the assess-
ment of coronary artery patency and calcification, if present 
(Fig. 31.12).22 Both techniques are also able to determine 
global and regional myocardial function. The origin and 
proximal course of the coronary arteries can be visualized in 
most patients by CMR using cardiac gated 3D SSFP angiog-
raphy, with fat suppression and without contrast agent and 
either diaphragm navigator or breath-hold acquisition. 
However, the strength of CMR in this field lies in the com-
plementary information that can be obtained on myocardial 
viability and perfusion.23

Prospects for Further Development

Both CMR and MSCT continue to be developed and refined. 
There are particular needs for reliable and user-friendly post-
processing tools for the analysis of multi-dimensional image 
data. For example, rapid and reproducible segmentation and 
analysis of biventricular volumes from images of either 
modality would be a major step forward.

Fig. 31.10 Unoperated 
“congenitally corrected” 
transposition of the great 
arteries imaged by CMR. Both 
the atrio-ventricular and the 
ventriculo–arterial connections 
are discordant (a, b). Note the 
expected apical displacement of 
the septal insertion of the 
tricuspid valve of the RV relative 
to that of the mitral valve of the 
LV. In the short axis cine (c) note 
that, as in Fig. 31.9, the left 
ventricular cavity can be 
identified as the one on the 
smoother, less trabeculated side 
of the ventricular septum
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CMR is an inherently versatile modality. The repertoire 
of radio pulse and magnetic gradient sequences and their 
uses with respect to tissue characteristics, movements, flows, 
and contrast agents is being steadily extended and refined. 
“Comprehensive” image acquisitions can potentially be less 
operator dependent, delivering an inclusive dataset for sub-
sequent review and measurement. However, prolonged 
acquisitions have to be gated or synchronized with respect to 
respiratory as well as cardiac cycles. Rapidly acquired 4D 
(time resolved 3D) CMR acquisitions have yet to achieve 
sufficient robustness and freedom from artefacts for clinical 
value. Comprehensive (3D, 3-directionally encoded and 
time resolved) velocity mapping has been implemented.24 
and processed to give dynamic streamline or particle trace 
displays reconstructed from data acquired of many heart and 

respiratory cycles, but limitations include acquisition peri-
ods of 30 min or more, and the inability of this approach to 
accurately measure a wide range of velocities in the pres-
ence of jet flow.

Real-time CMR acquisition requires neither cardiac nor 
respiratory gating and has a place in the imaging of breathing–
related modifications of heart movement, for example, 
breathing dependent deviation of the ventricular septum in 
constrictive pericarditis25 and improvements may bring fur-
ther uses.

There is a major drive to reduce the ionizing radiation 
dose from MSCT with new and novel protocols and algo-
rithms now standard on all new MSCT machines. Many of 
the newest generation of MSCT scanners have now com-
plete cardiac coverage (256/320 detectors), allowing full 

Fig. 31.11 Pulmonary arterial 
and pulmonary venous anatomy 
imaged by MSCT. (a) Dilated 
main and right pulmonary 
arteries with both mural 
calcification (white arrow) and in 
situ thrombus (white arrow-
heads). The ratio of the 
diameters of the pulmonary 
arteries to the aorta is more 
than 1, an indicator of pulmo-
nary hypertension. (b) Normal 
pulmonary venous drainage 
into the left atrium

Fig. 31.12 Coronary anomalies 
imaged by MSCT include  
(a) aberrant coronary arteries, 
with the left circumflex artery 
(white arrow) arising from the 
right coronary artery, (b) 
coronary artery aneurysm in 
Kawasaki disease (note lack of 
contrast enhancement of 
aneurysm due to thrombus 
within it), and (c) a dilated and 
tortuous coronary arterio–
venous fistula via a left circumflex 
artery (white arrow) that drains 
directly to the coronary sinus. 
(d) Aorto–pulmonary collateral 
arteries (arrowheads) arising 
from the descending aorta and 
supplying parts of the right lung
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angiography with no or minimal gantry movement, and the 
possibility of contrast tracking allowing some flow data to 
be gained. This has led to a 50–90% reduction in ionizing 
radiation dose with the latest scanners delivering approxi-
mately 1 mv for a CTA and less than 5 MsV for a combined 
CT coronary, pulmonary, and aortic angiogram.

One of the additional limitations of MSCT in patients 
with congenital heart disease has been the lack of tolerance 
to pharmacological rate control (usually b-blockers), and 
with the latest iteration of MSCT, the temporal resolution has 
been reduced, albeit not to the current rate of CMR.

MSCT continues to develop rapidly and is likely to remain 
a significant modality in the assessment of adult congenital 
heart disease, particularly for the assessment of coronary 
artery pathology and pulmonary hypertension and if CMR is 
unable to be performed or unavailable locally.
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Introduction

Aortic aneurysms and aortic dissection are relatively frequent 
entities and their prognosis is sometimes fatal. Transthoracic 
and trans-oesophageal echocardiography (TOE) are two of 
the main diagnostic tools for diagnosis, prognostic evalua-
tion, and surgical assessment. In this section, the potential 
use of echocardiography for patients with suspected or dem-
onstrated aortic aneurysm dissection will be discussed.

Role of echo in Aortic Disease

Aortic Aneurism

An aortic aneurysm is a localized dilatation of the aorta 
greater than 50% the normal diameter, and it should include 
the three layers of the wall.1 A pseudoaneurysm in which 
there is a lack of one or more of the aortic walls is a different 
pathologic entity. There are two major morphologic types of 
aneurysm morphology: fusiform and saccular.

Causes of aortic aneurysm include hypertension, athero-
sclerosis, aortic stenosis, bicuspid aortic valve, and the 
Marfan syndrome, among others. Several conditions are 
associated with different patterns of aortic dilatation. For 
instance, hypertension is associated with enlargement at the 
sino-tubular junction and tubular ascending aorta, congenital 
aortic stenosis is associated with more significant post-
stenotic dilatation, and Marfan syndrome is associated to 
symmetric dilatation of the three sinuses of Valsalva.

Echocardiography is a very useful diagnostic tool for aor-
tic aneurysm assessment.1–4 Transthoracic echocardiography 
(TTE) is the first-choice diagnostic tool for this indication, 
and TOE is used if additional information is required. 
Echocardiography is also recommended to evaluate aortic 
root dilation in Marfan syndrome and connective tissue syn-
dromes, and in those patients with bicuspid aortic valve due 
to its association with aortic root and ascending aorta dilata-
tion. Nevertheless, there are two settings in which TOE is 
preferred: aortic evaluation in emergency situations and 
when coexistent dissection is suspected (Figs. 32.1–32.3, 
Videos 32.1 and 32.2).

Aortic valve replacement and aortic root reconstruction or 
replacement are indicated in patients when the degree of 
dilatation of the aorta or aortic root reaches or exceeds 5.0 cm 
by echocardiography. Patients with bicuspid aortic valves 
and dilatation of the aortic root or ascending aorta with a 
diameter greater than 4.0 cm should undergo serial evalua-
tion. Aortic root reconstruction or replacement is indicated 
in patients with bicuspid aortic valves if the diameter of the 

Fig. 32.1 Transthoracic echocardiography (TTE). Four-chamber view. 
A large ascendant aorta aneurysm can be clearly seen. Right atrium 
compression is evident

Fig. 32.3 Real-time 3D trans-oesophageal echocardiography (TOE) 
may help in some circumstances to evaluate the morphologic char-
acteristics of aortic aneurisms

Fig. 32.2 TTE. Paraesternal long-axis view. Aortic aneurysm with 
Valsalva sinuses involvement is frequently seen in patient under the 
diagnosis of Marfan Syndrome
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aortic root or ascending aorta is greater than 5.0 cm or if the 
rate of increase in diameter is 0.5 cm per year or more. In 
patients with bicuspid valves undergoing aortic valve 
replacement, severe aortic regurgitation, or aortic stenosis, 
surgery of the aorta is indicated if the diameter of the aortic 
root or ascending aorta is greater than 4.5 cm.3, 5

Aortic Dissection

Aortic dissection is a dramatic and sometimes fatal problem. 
Immediate mortality is 1% within 1 h, and the 2-week sur-
vival rate is only 25% in patients without treatment. It is 
characterized by the formation of a false lumen in the tunica 
media of the aorta wall. Depending on the anatomic charac-
teristics, different types of aortic dissection can be differenti-
ated, each with its own clinical, therapeutic, and prognostic 
implications.6

According to the Stanford classification of aortic dissec-
tion, there are two main types: Type A and Type B.7, 8 An aortic 
dissection is Type A if it includes the ascending aorta, and 
Type B if it does not involve the ascending aorta. Otherwise, 
the De Bakey classification subdivides the dissection process 
into a Type I dissection if it involves the entire aorta, a Type II 
dissection if it involves the ascending aorta, and a Type III dis-
section if it involves the descending aorta.8 Intra-mural haema-
toma (IH) and aortic ulcers may be signs of evolving dissections 
or dissection subtypes. Based on these findings, a new differ-
entiation has been proposed9: Class 1: Classical aortic dissec-
tion with an intimal flap between true and false lumen; Class 2: 
Medial disruption with formation of IH/haemorrhage; Class 3: 
Discrete/subtle dissection without haematoma, eccentric bulge 
at tear site; Class 4: Plaque rupture leading to aortic ulceration, 
penetrating aortic atherosclerotic ulcer with surrounding  
haematoma, usually sub-adventitial; and Class 5: Iatrogenic 
and traumatic dissection. All classes of dissection can also be 
classified into acute and chronic: chronic dissections are con-
sidered to be present if more than 14 days have elapsed since 
the acute event or if they are found occasionally.

A typical aortic dissection begins with the tearing of the 
aortic intima, which exposes the diseased underlying medial 
layer to the pulsating blood flow (Figs. 32.4 and 32.5 and 
Video 32.3). The blood then penetrates this layer, dissecting 
it. This dissection can then extend distally for a variable dis-
tance, creating a false lumen. Shearing forces can then cause 
the tearing of the internal part of the dissected aorta wall, 
producing additional entry and exit zones. The most com-
mon locations for primary intimal tears are in the ascending 
aorta 1–5 cm above the right sinus of Valsalva (65% of 
cases), in the proximal descending aorta under the left sub-
clavian artery (20%), in the transverse aortic arch (10%), and 
in the distal thoracic-abdominal aorta (5%).10

Echocardiography is the first step in the diagnosis of 
patients with a suspected aortic dissection. The diagnosis of 
aortic dissection by echocardiography requires the demon-
stration of a true and a false lumen separated by an intimal 
flap. Echocardiographic evaluation is very useful to assess 
an aortic dissection11 and even may help determine the poten-
tial for aortic valve-sparing surgery in some cases. Advantages 
of TOE over TTE for the detection of aortic dissection include 
the close proximity of the oesophagus to the thoracic aorta 
and the fact that it is a portable procedure and may provide 
diagnostic information within minutes. It may be particularly 
useful in unstable patients who cannot undergo magnetic 
resonance imaging (MRI) or CT. TOE allows avoiding the 
limitations of TTE imposed by thoracic deformations, obe-
sity, and pulmonary diseases. If, after TTE examination, the 

Fig. 32.4 TOE. Intimal flap is the more characteristic finding in aortic 
dissections. This image was acquired during the ventricular systole

Fig. 32.5 Same case as in Fig. 32.4. Aortic dissection may be associ-
ated to many other complications, such as aortic regurgitation. In this 
case the intimal flap is the cause of the aortic valve incompetence. 
This image was acquired during the ventricular diastole
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need for surgery is clear, it should be necessary to stabilize 
the patient by intubation and mechanical ventilation before 
performing this procedure. TOE may also be used during 
surgery to obtain further details.

The main diagnostic finding that TOE provides in a patient 
with an aortic dissection is intimal dissection flaps. M-mode 
ultrasound allows the detection and differentiation of intimal 
flaps in the aorta. Enlargement of the aortic wall, dilation of 
the aortic root, and enlargement of the posterior wall are pos-
sible. M-mode ultrasound has also been described as useful 
for differentiating between real flaps and artefacts. Thus, 
M-mode echocardiography may help to avoid a wrong diag-
nosis by demonstrating a lack of relation between movement 
of the intimal flap and the aortic wall.12

Identification of the true and false lumens: The presence • 
of flow does not absolutely distinguish the true lumen 
from the false lumen. The true lumen is characterized by 
the following: it is of reduced size, shows greater pulsatil-
ity during systole, the presence of echocontrast is rare, 
clotting is also rare, and communication is from true 
lumen to false lumen during systole (Table 32.1, Figs. 
32.6 and 32.7 and Videos 32.4–32.6).
Differentiation between communicating and non-• 
communicating dissection: according to how the flow is 
visualized in the false lumen and how tears are detected in 
the intimal flap, it is possible to differentiate between 
communicating and non-communicating dissections. 
When communication exists, the intimal flap shows wide 
movements during the cardiac cycle, whereas movements 
are reduced in non-communicating dissections.
Localizing entry and communication points.• 
Pericardial effusion: the effusion of fluid in the pericar-• 
dium and/or the pleural space is a sign of poor prognosis 
(Fig. 32.8).12

Coronary artery ostium involvement.• 
Involvement of lateral branches of the aorta.• 
Aortic valve involvement: TOE may evaluate the severity • 
and mechanism of aortic regurgitation that complicates 
acute Type A dissections. In case aortic valve is normal 
and aortic regurgitation is secondary to a repairable aortic 
lesion, the patient may undergo aortic valve repair, but if 
there are non-repairable abnormalities, the patient should 
undergo valve replacement (Video 32.3).
Thrombosis in the false lumen (Fig. • 32.9 and Video 32.7).

The diagnostic accuracy TOE for the identification of aortic 
dissection has been studied in several works. A great propor-
tion of the information is based on monoplane TOE studies. 
The sensitivity of TOE for the diagnosis of aortic dissection 
is greater than 97%. However, the specificity of TOE may be 
inferior to 85%.13, 14 The low specificity is due to false posi-
tive findings in the ascending aorta, but these artefacts can be 
identified by the use of M-mode imaging, resulting in an 

increase in specificity to almost 100%.13 In some circum-
stances, other entities such as the complicated atheroscle-
rotic plaque shown in this video should be distinguished 
from aortic dissections (Video 32.8).

In acute Type A dissection, surgery is indicated, and its 
aim is to prevent aortic rupture and pericardial tamponade, 
and to relieve aortic regurgitation. Surgery in acute Type B 
dissection is indicted if persistent or recurrent chest pain 
appears, and if there is aortic expansion, periaortic haema-
toma, or mediastinal haematoma.2

other types of Acute Aortic syndromes

Intra-mural Haematoma

An IH is caused by either a rupture of the aortic vasa vaso-
rum which provokes a bleeding that separates medial wall 

Size False lumen True lumen

Large Small

Systolic expansion No Yes

Systolic flow High velocity/bidirec-
tional

Low velocity/for-
ward

Spontaneous con-
trast

Frequent Absent

Wall Thin Tic

Thrombosis Yes No

table 32.1. Diagnostic characteristics of true and false lumen in a 
classic aortic dissection

Fig. 32.6 TOE at the level of the thoracic descendent aorta. True and 
false lumen can be appreciated. Several echocardiographic findings 
are very useful to distinguish between both lumens. See text and 
Table 32.1 for more details
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layers, or less commonly, by a penetrating atheroscleroctic 
ulcer. The rupture of the vasa vasorum may be the result of 
normal-appearing vasa vasorum that are not supported by 
the surrounding aortic media, or the result of the rupture of 
diseased vasa vasorum.

TOE allows IHs to be detected as the first events in aortic 
dissection.15, 16 The diagnostic characteristics of IH are multi-
ple layers of aorta wall divided by the haemorrhage, thickening 
of the wall superior to 0.5 cm, an increased distance between 
the lumen and the oesophagus, and a peri-aortic area with no 
echo. IH typically shows a localized thickening of the aorta 
wall with echo-free central intra-mural spaces limited to one 
or two scanning planes. The calcification of the intima helps 
considerably to distinguish this entity of an intra-luminal 

thrombus. IHs can cause typical dissection in 30% of patients17 
or scar spontaneously. In these patients, no false lumen is 
detected. One of the main characteristics of IH is its dynamic 
nature with the possibility of its developing into a classic aor-
tic dissection or an aortic rupture. Reabsorption may even 
occur (10% of cases).

IH is defined in echocardiography by a circular or semi-
circular thickening of the aorta wall (superior to 7 mm) with a 
density similar to clots, and no evidence of internal flow or of 
intimal tear. This thickening provokes a central displacement 
of the intima (sometimes calcified) and a reduction in the diam-
eter of the aortic lumen. In approximately two-thirds of cases, 
echolucent zones representing fluid-filled areas are observed 
inside the haematoma. When these echo-free zones are located 

Fig. 32.7 TOE at the level of the 
thoracic descendent aorta. 
Colour Doppler is a very helpful 
diagnostic tool for identifying 
true and false lumen. See text 
for more details

Fig. 32.8 Pericardial effusion is a sign of poor prognosis

Fig.32.9 TEE at the level of the thoracic descendent aorta. In this 
case, the identification of the true lumen is easy, because the false 
lumen is partially thrombosed
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below the intima, the image of a flap can be identified, which, 
unlike in classic aortic dissection, remains still. Nevertheless, 
this frequently makes it almost impossible to differentiate IH 
from a non-communicating dissection. Distinction from acute 
atherosclerosis of the aorta can also be difficult, especially 
when these lesions are associated with a clot (Fig. 32.10 and 
Videos 32.9 and 32.10).

Penetrating Aortic Ulcer

Atherosclerotic lesions may cause erosion at the aorta sur-
face. This erosion may lead to a penetrating aortic ulcer (PU). 
PUs usually affect patients of advanced age who are hyper-
tensive and have diffuse atherosclerosis. They are usually 
located in the descending thoracic aorta, and their clinical 
presentation is normally very similar to classic aortic dissec-
tion or IH.

PU follows a very variable course and can lead to aortic 
dissection, aortic aneurysm, or even rupture. A common 
development is the progressive dilation of the aorta, but if 
ulceration continues to deepen, it can cause a pseudoaneu-
rysm or even aortic rupture.18–20

Ultrasound diagnosis is based on identifying an image 
that resembles a crater with irregular edges standing out from 
an aorta wall with atherosclerosis. As a diagnostic criterion 
and to differentiate it from IH, some authors include the 
identification of blood flow in the interior and at the edges 
of the ulcer. In addition, they consider that the disappearance of 
this flow during follow-up can be a sign of stabilization of the 
plaque, especially when accompanied by an improvement in 
symptoms. The identification of a thickening of the wall with 
echolucent images in its interior and central displacement of 
intimal calcifications allows one to diagnose an IH associ-
ated with a PU.

Pitfalls and Limitations of the technique

TTE has some limitations and disadvantages for the aortic 
dissection diagnosis and evaluation. One main problem is its 
inability to adequately visualize the distal ascending, trans-
verse, and descending thoracic aorta. Thus, TTE is important 
in suspected aortic dissection primarily for the diagnosis of 
cardiac complications of dissection such as cardiac tampon-
ade and aortic regurgitation.

One limitation of monoplane TOE is its inability to visu-
alize the upper portion of the ascending aorta due to the 
interposed trachea. It is not known if multi-plane TOE is bet-
ter than biplane TOE for aortic dissection assessment. 
However, the flexibility of multi-plane TOE for patients with 
an abnormal aortic anatomy makes it eligible.

Prognostic Information Provided by echo

In the case of aortic aneurisms, size21, 22 and the presence of 
wall complications are the main prognostic factors that 
echocardiography provides. In the case of aortic dissections, 
many prognostic features may be analyzed by means of 
echocardiography.

The prognosis is clearly impaired in case of ascendant 
aorta involvement (Standford Type A dissections). In case of 
isolated descendent aorta dissections, there are many 
echocardiographic findings associated with a worse progno-
sis: presence of associated complications, associated heart 
disease, and presence of haemothorax. Nevertheless, aortic 
arch involvement and dissection extension to the abdominal 
segments are not associated with a worse prognosis.23

Imaging in Decision Making:  
echo vs. MRI and Ct

non-echographic Diagnostic techniques for 
Aortic Aneurysm evaluation

MRI and computed tomography (CT) are recommended if the 
aortic root or ascending aorta cannot be adequately measured 
by echocardiography. Yearly echocardiography, MRI, or CT 
is recommended for patients with bicuspid aortic valves and 
dilatation of the aortic root or ascending aorta (diameter 
greater than 4 cm, with consideration of a lower threshold for 
patients of small stature). Computed tomography and MRI 

Fig. 32.10 TOE at the level of the thoracic descendent aorta. An intra-
mural haematoma is appreciated. This entity is another type of mani-
festation of the acute aortic syndrome
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are actually the preferred tests to establish the diagnosis of an 
aortic aneurysm and assess its characteristics. In those patients 
with bicuspid aortic valves, computed tomography and MRI 
are indicated if echocardiography is not able to provide accu-
rate information. Contrast angiography provides accurate 
information of luminal features and is the best method for 
evaluating branch vessel pathology.

non-echographic Diagnostic techniques  
for Aortic Dissection evaluation

The use of CT for aortic dissection evaluation requires intra-
venous contrast injection. Advantages of CT are ready avail-
ability, identification of intra-luminal thrombus, and pericardial 
effusion. Disadvantages of standard CT are that the intimal 
flap is seen in less than 75% of cases, and that the site of entry 
is rarely identified24 and aortic regurgitation cannot be evalu-
ated (Table 32.2).

MRI is a highly accurate technique for evaluating the tho-
racic aorta in patients with suspected aortic dissection. The 
sensitivity and specificity of MRI may be as high as 98 and 
85%, respectively.5 MRI is safe for stable patients with aortic 
dissection, and MR contrast agents are safer than CT con-
trast agents. It may also provide information regarding 
branch vessels and is able to assess aortic regurgitation. MRI 
is not usually readily available in emergency departments at 
many institutions, and there are concerns about patient inac-
cessibility while undergoing this technique.

Choosing the best diagnostic test for suspected aortic dis-
section requires taking into account the information needed 
and the experience with the imaging modality at each centre. 
Thoracic MRI, thoracic CT, and multi-plane TOE are the most 
commonly preferred methods for aortic dissection assess-
ment (Table 32.2).

Video 32.1

TTE. Four-chamber view. A large ascendant aorta aneurysm 
can be clearly seen. Right atrium compression is evident

Video 32.2

Real-time 3D TOE may help in some circumstances to evalu-
ate the morphologic characteristics of aortic aneurisms

Video 32.3

TOE. Intimal flap is the more characteristic finding in aortic 
dissections. It is necessary to keep always in mind that aortic 
dissection may be associated to many other complications, 
such as aortic regurgitation. In this case the intimal flap is the 
cause of the aortic valve incompetence

Video 32.4

TOE at the level of the thoracic descendent aorta. True and 
false lumen can be appreciated. Several echocardiographic 
findings are very useful to distinguish between both lumens. 
See text and Table 32.1 for more details

MRI TTE CT TOE

Diagnostic accuracy +++ + +++ +++

Extension assessment +++ − +++ ++

Main tear evaluation ++ − + +++

Secondary tears evaluation + − − +++

Aortic regurgitation assessment ++ +++ − +++

Pericardium assessment +++ +++ ++ +++

Lateral arterial branches 
involvement

+++ + +++ ++

table 32.2. Characteristics of the main diagnostic techniques used for the aortic dissection diagnosis and assessment.

CT computed tomography; MRI magnetic resonance imaging; TOE trans-oesophageal echocardiography; TTE transthoracic echocardiography
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Video 32.5

TOE at the level of the thoracic descendent aorta. Colour 
Doppler is a very helpful diagnostic tool for identifying true 
and false lumen. See text for more details

Video 32.6

Another case similar to Video 32.5

Video 32.7

TOE at the level of the thoracic descendent aorta. In this 
case, the identification of the true lumen is easy, because the 
false lumen is partially thrombosed

Video 32.8

In some circumstances, other entities, such as the compli-
cated atherosclerotic plaque shown in this video, should be 
distinguished from aortic dissections

Video 32.9

TOE at the level of the thoracic descendent aorta. An intra-
mural haematoma is appreciated. This entity is another type 
of manifestation of the acute aortic syndrome

Video 32.10

Another example of intra-mural haematoma
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Introduction

MRI is a non-invasive imaging technique that permits the 
most complete study of aortic disease. It offers morphologi-
cal, functional, and biochemical information. Technological 
advances, e.g. the implementation of faster gradients,  
newer sequences, and ultrafast MR angiography, have led 
to MRI being the modality of choice for imaging aortic 
diseases. Conventional ECG-gated spin-echo imaging and 
cine gradient-echo have earned MRI the reputation of being 
the ideal tool for evaluating the aorta. Contrast-enhanced 3D 
MR angiography permits rapid acquisition and multi-planar 
imaging with minimal dephasing artefacts. Phase-contrast 
imaging is another technique that enables flow in the great 
vessels to be evaluated with accurate quantification of peak 
velocity and forward and regurgitant flow.

MRI is increasingly becoming the first-line technique for 
evaluating diseases in the thoracic aorta.1,  2 MRI possesses 
the capability for multi-planar imaging; it uses a non-toxic 
contrast agent and does not involve ionizing radiation. With 
recent advances in gradient hardware, much shorter repeti-
tion times (TRs) are now achievable, resulting in significant 
increases in acquisition speed.

Magnetic Resonance Imaging Techniques

Black-Blood Sequences

Blood circulating through the aorta is black on conventional 
spin-echo and turbo spin-echo sequences owing to the empty-
ing signal produced by the transit time effect of moving blood 
in the short phase. These sequences provide great morpho-
logical information on the aortic wall and adjacent structures. 
T1- or T2-weighted images are useful for characterization of 
wall tissue, permitting assessment of the haematic content of 
the intra-mural haematoma or the lipid content of the athero-
sclerosed plaque. Post-contrast T1 imaging with fat suppres-
sion is useful in the diagnosis of some entities such as aortitis 
or mycotic aneurysms. ECG triggering is essential in mini-
mizing motion and pulsability artefacts. A slice of 3–8 mm 
and echo time (TE) of 20–30 msec are standard, while TR is 
determined from the R-R´ interval of the ECG. ECG-
triggered, breath-hold turbo-spin echo (TSE) has been the 
cornerstone of black-blood MRI for aortic disease. A double 
inversion-recovery technique is used to abolish the blood sig-
nal. The black-blood appearance is the result of nullifying the 
blood flowing into the slice by the first 180° inversion pulse 
at a specific inversion time (IT). Imaging occurs during mid 

to late diastole and the entire image is acquired over several 
heartbeats. Spin-echo single-shot (HASTE or SS-FSE) 
sequences permit correct morphological assessment of the 
aorta with very rapid acquisition times. Recently, a fast diffu-
sion-prepared (DP) balanced SSFP-based magnetic reso-
nance technique that allows for 3D dark blood imaging has 
been described. Since this is a 3D technique, the images offer 
improved slice resolution and more intuitive visualization of 
the thoracic aorta compared to 2D methods.

Cine-MR Sequences

Cine-MR images are acquired using gradient-echo sequences 
that provide excellent contrast between blood and surround-
ing tissue without the use of contrast agents. Contrast to 
noise depends on T2/T1 differences, which, with short TRs, 
are high for blood and low for tissues. Mainly due to their 
high temporal resolution, it is possible to obtain images of 
multiple phases of the heart cycle and visualize blood flow 
both in systole and diastole. Gradient-echo sequences gener-
ate images of brilliant blood. The emptying signal determines 
turbulent flow in haemodynamically significant stenosis or 
valvular regurgitation that may be useful in the detection of 
aortic coarctation or valvular disease. Steady-state free– 
precession sequences (True FISP, Fiesta or Balanced FFE) 
are those most commonly used. They are normally used for 
the functional study of cardiac chambers, although their use 
is widely extended to the study of the aorta. Their main char-
acteristic is that they permit high-contrast images with very 
short acquisition times since they have very low TR.

Flow Mapping

Accurate quantitative information on blood flow is obtained 
from modified gradient-echo sequences with parameter 
reconstruction from the phase, rather than the amplitude of 
the MR signal; this is also known as flow-mapping or phase 
contrast or velocity-encoded cine MRI.

Velocity-encoded cine-MRI sequences provide great 
functional information owing to their capacity to quantify 
flow. Quantification of both flow velocity and volume per-
mits physiopathological assessment of blood flow alterations 
in different aortic diseases. With this technique, the informa-
tion is processed using signal magnitude images and phase 
images. Signal magnitude images are in brilliant blood and 
offer better anatomical assessment, while phase images show 
a map of flow velocities and direction. Using post-processing 
techniques, it is possible to obtain curves of flow vs. time, 
velocity vs. time, and peak velocity vs. time. Quantitative 
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data on flow velocity and flow are estimated by multiplying 
the spatial mean velocity and cross-sectional area of the ves-
sel. In this manner, the haemodynamic repercussion can be 
quantified in different situations such as aortic coarctation or 
valvular disease and also in the analysis of flow patterns of 
aortic dissection in true and false lumina.

Contrast-Enhanced MR Angiography (CE-MRA)

CE-MRA images are obtained by T1-weighted 3D-gradient 
echo sequences following endovenous contrast administra-
tion, utilizing the shortening effect of T1 of contrast with 
gadolinium. These sequences offer important anatomical 
information on both the aorta and main vessels originating 
from it. This technique is suitable for the depiction of abnor-
malities such as penetrating atherosclerotic ulcers, dissec-
tion, coarctation, and aneurysm. The acquired images must 
be re-evaluated by post-process MIP and MPR reconstruc-
tions. By the application of ultrarapid spoiled gradient-echo 
sequences in steady-state free-precession and the implanta-
tion of parallel acquisition techniques, we can obtain multi-
phasic time-resolved 3D MRA images with high temporal 
and spatial resolution. These sequences are very useful in 
aortic dissection or shunts. In multi-phase time-resolved 3D 
MRA sequences, contrast injection is started at the same 
time as the image acquisition, utilizing the first set of images 
as a mask for posterior subtraction using post-processing 
techniques and MIP and MPR reconstruction.

Normal Aorta

The aorta is the largest and strongest artery in the body. Its 
wall comprises three layers: the thin inner layer or intima; a 
thick middle layer or media; and a rather thin outer layer, the 
adventitia. In the human adult, normal diameter is consid-
ered to be within the limits of 40 mm in the aortic root, 37 
mm in the ascending aorta, and 28 mm in the descending 
aorta. Although normal aortic dimensions should be normal-
ized to body size, few studies refer to normal values indexed 
by body surface. In a recent study3 including 120 healthy 
volunteers, 10 of each gender in each decile from 20 to 80 
years, aortic root measurement was assessed by MRI. 
Diastolic cusp-commissure dimensions showed evidence of 
an increase of 0.9 mm per decade in men and 0.7 mm per 
decade in women. The elastic properties of the aorta contrib-
ute crucially to its normal function. However, elasticity and 
distensibility of the aorta decline with age. The loss of elas-
ticity and aortic compliance probably account for the increase 

in pulse pressure commonly seen in elderly persons and are 
accompanied by progressive dilatation of the aorta. This loss 
of elasticity is caused by structural changes, including an 
increase in collagen content and formation of intimal 
atherosclerosis.

Diagnosis of Thoracic Aortic Disease

Atherosclerosis

MRI is a non-invasive imaging modality that can visualize 
and characterize the composition of atherosclerotic plaques 
and differentiate tissue structure on the basis of proton mag-
netic properties with excellent soft tissue contrast. MRA 
sequences are highly useful for the detection of aortic athero-
matosis, although they offer only information on repercus-
sions of the plaque in the aortic lumen in the form of stenosis, 
which occurs in advanced stages of the disease. For detec-
tion of atheromatous plaques, alterations occurring in the 
aortic wall must be observed. TSE sequences in black blood 
are very useful in the identification and characterization of 
the plaque and for distinguishing its constituent components 
in vivo. Being composed of cholesterol esters, the lipid 
nucleus has a short T2 and will be hypo-intense in T2-weighted 
images, while the fibrocellular components are hyper-intense 
in T2-weighted images compared to the lipid nucleus. 
Calcium deposits can be appreciated as hypo-intense regions 
within the plaque on T1-, proton density-, and T2-weighted 
images. The fibrous cap and lipid core, organized thrombus 
and fresh thrombus, or calcification and necrotic areas have 
been imaged in studies performed both in vitro and in vivo. 
Fayad et al4 showed that MRI evaluation of the aorta com-
pared well with TOE imaging for the assessment of aortic 
atherosclerotic plaque thickness, extent, and composition. 
Furthermore, high resolution non-invasive MRI demonstrates 
regression of aortic atherosclerotic lesions due to lipid low-
ering by simvastatin.5

One promising aspect to be considered is the capability of 
MRI to detect inflammatory activity of atheromatous plaque 
with the administration of contrast media. Inflammatory phe-
nomena that determine the accumulation of macrophages 
can be demonstrated as hyper-uptake of gadolinium chelates 
in the plaque. This uptake is also produced with the use of 
other contrasts such as ultrasmall superparamagnetic parti-
cles of iron oxides (USPIO) by macrophages of the ather-
omatous plaque6, 7 (Fig. 33.1).

Although commonly opposed as a limitation compared to 
TOE, MRI offers the possibility of assessing mobile athero-
sclerotic debris within the aortic lumen through the use of 
SSPF cine.
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Aortic Aneurysms

The basic information to be obtained is aortic diameter, 
aneurysm extension, and their relationships with the main 
arterial branches. CE-MRA offers excellent demonstration 
of the whole aortic anatomy, and is very efficacious for the 
identification and characterization of aneurysms. It is recom-
mendable to combine MRA images with spin-echo in black-
blood images (Fig. 33.2), which are very useful for detecting 
alterations in the wall and adjacent structures that could go 
unnoticed if only MRA images are acquired. In mycotic 
aneurysm, post-contrast T1-weighted images permit identifi-
cation of inflammatory changes in the aortic wall and adja-
cent fat, secondary to bacterial infection. Atherosclerotic 
lesions are visualized as areas of increased thickness with 
high signal intensity and irregular profiles. Periaortic haema-
toma and areas of high signal intensity within the thrombus 
may indicate instability of the aneurysm and are well depicted 
on spin-echo images. The information provided by MRA in 
aortic aneurysm assessment is similar to that offered by cur-
rent CT equipment with multi-detections. Both methods per-
mit accurate determination of aortic diameters in sagittal 
plane. Furthermore, pre-processing techniques (MIP, MPR, 
and rendering volume) facilitate visualization of the aorta in 
its entirety together with the relationship of its principal 
branches, and are highly useful when planning treatment. 
The advantage of MRI over CT is that it is a non-ionizing 
technique that permits serial follow-up studies to be con-
ducted innocuously. For correct monitoring, it is necessary to 
measure aortic diameter in the same location and same 

a

b

Fig. 33.1 Images extracted from a series of 3D MRA images of the 
thoracic aorta, in parasagittal (a) and transverse (b) views, in a patient 
with severe and extensive atheroma of the aorta, 48 h after injection 
of USPIO. The uptake of USPIO by active macrophages of the ather-
omatous plaque leads to a signal void within the aortic wall Fig. 33.2 T1-weighted black-blood image in sagittal view showing a 

thrombosed saccular aneurysm in proximal descending aorta
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spatial plane. Diameters of the aortic annulus, the sinus of 
Valsalva, the sino-tubular junction, and the ascending por-
tion of the aorta should be measured in a standardized way. 
The sagittal plane permits more reproducible measurements 
to be taken.8 Contrast-enhanced 3D MRA can provide pre-
cise topographic information on the extent of an aneurysm 
and its relationship with the aortic branches9 (Fig. 33.3). The 
homogeneous enhancement of flowing blood within the 
lumen facilitates the delineation of thrombus. As reported in 
the literature, the capability of contrast MRA to visualize the 
Adamkiewicz artery represents an important advance in 
planning the surgical repair of a thoracic aneurysm, thereby 
avoiding post-operative neurological deficit secondary to spi-
nal cord ischaemia. The combination of information obtained 
on aneurysm morphology and functional data provided by 
cine-MR sequences aids understanding of the physiopathol-
ogy of aneurysmal dilatation.1,  2 When the aneurysm affects 
the ascending aorta (Fig. 33.4), it is recommended to con-
duct a functional study through the aortic valve using cine-
MR sequences to rule out associated valvular disease that 
may be related to aortic dilatation. The aortic cusps should 

be assessed as bicuspid or tricuspid, which has a significant 
impact when tailoring therapeutic strategy (Fig. 33.5). 
Recently, MRI has been established as an accurate non-invasive 
tool for the assessment of aortic distensibility and pulsed-
wave velocity. These methods have been used to assess aor-
tic elasticity in patients with Marfan syndrome, bicuspid 
aortic valve, or aortic aneurysms10–12 Flow-wave velocity is 
calculated as the ratio of distance between two levels of the 
aorta and the time difference between the arrival of flow 
wave at these levels. Distensibility at different levels of the 
aorta is calculated by means of the following equation: D= 
(Amax−Amin)/Amin × (Psys–Pdias), where D is distensibility, A= 
aortic area, and P blood pressure in mmHg. Although some 
overlap in values for biophysical properties between patients 
with Marfan syndrome, bicuspid aortic valve, and matched 
control subjects is apparent, some studies showed that by 
using these methods, significantly increased flow wave 
velocity and decreased distensibility can be detected in these 
patients without dilatation of the aorta. Therefore, these 
methods could be of clinical value in the identification of 
patients who are especially at risk for aortic complications.

Fig. 33.3 Saccular atherosclerotic aneurysm. Volume rendering 
image from contrast-enhanced MR angiography (CE-MRA) shows a 
saccular aneurysm of the aortic arch and its relationship with the 
supra-aortic branches

Fig. 33.4 Images extracted from a SSFP cine MR sequence of the 
thoracic aorta showing a huge aneurysm of the ascending aorta
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Acute Aortic Syndrome

Aortic Dissection

Aortic dissection is characterized by a laceration of the aor-
tic intima and inner layer of the aortic media that allows 
blood to course through a false lumen in the outer third of 
the media. The diagnosis of aortic dissection is based on the 
demonstration of the intimal flap that separates the true from 
the false lumen (Fig. 33.6). In acute phase, MRI is limited 
by being less available, more time-consuming, and by 
patient claustrophobia. For unstable patients, TOE or CT is 
a better option. In a suspected aortic dissection, the standard 
MRI examination should begin with black-blood sequences. 
In the axial plane, the intimal flap is detected as a straight 
linear image inside the aortic lumen. The true lumen can be 
differentiated from the false by the anatomical features and 
flow pattern: the true lumen shows a signal void, whereas 
the false lumen has higher signal intensity. In addition, visu-
alization of media remnants dissected as cobwebs adjacent 
to the outer wall of the lumen may help to identify the false 
lumen. A high signal intensity of a pericardial effusion indi-
cates bloody components and is considered to be a sign of 
impending rupture of the ascending aorta into the pericar-
dial space. Similarly, the presence of pleural effusion (PE) is 
an indicator of impending aortic rupture (Fig. 33.7). Detailed 
anatomical information of aortic dissection must indicate 
the extension of the dissection and the perfusion of branch 
vessels from the true or false channels. Therefore, a further 
spin-echo sequence in the sagittal plane should be per-
formed, and, in stable patients, gradient-echo sequences or 
phase contrast images can be instrumental in identifying 
aortic regurgitation and entry or re-entry sites as well as in 
differentiating slow flow from thrombus in the false lumen. 

Contrast CE-MRA has proved to be superior to black-blood 
sequences in the assessment of dissection extension and 
supra-aortic trunk involvement. However, owing to the limi-
tation of this technique to visualize the aortic wall and adja-
cent structures, the study protocol of aortic dissection should 

Fig. 33.5 Ascending aorta 
aneurysm (left) in a patient with 
bicuspid aortic valve (right) 
assessed by gradient echo MRI 
sequences

Fig. 33.6 Image extracted from a SSFP cine sequence in a patient 
with type A acute aortic dissection and an intimal flap (arrows)
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include black-blood sequences to rule out wall structure 
alterations.13

For planning surgery or endovascular repair, it is very 
useful to demonstrate the course of the flap, entry tear loca-
tion, false lumen thrombosis, aortic diameter, and main arte-
rial trunk involvement by post-processed techniques with 
MPR reconstructions, MIP, and volume rendering. It is man-
datory to always visualize the image source of the CE-MRA 
since the flap may not be seen on volumetric reconstruc-
tion.14 Above all, in Type B dissections, it is important to 
acquire images with wide field-of-view that include the 
whole aorta from the arch to the aortic bifurcation. Time-
resolved MRA provides additional functional information 
compared to conventional MRA. The dynamic assessment of 
blood flow in entry tears is the main advantage of time-
resolved MRA. The longer resolution times of conventional 
MRA, around 20 s, do not permit correct demonstration of 
dynamic changes in blood flow through the different entry 
tears. On the other hand, the different timing in contrast 
enhancement in both lumina implies that one of the lumina 
remains partially contrasted with the use of long resolution 
time sequences. By applying rapid MRA sequences, we 
obtain multiple continuous acquisitions, succeeding in visu-
alizing both lumina with maximum contrast concentration in 
different phases, which facilitates their morphological assess-
ment. Sub-second CE-MRA can demonstrate sequential fill-
ing of the true and false lumen and may help identify the 
entry and exit points of the dissection (Fig. 33.8). In ascend-
ing aorta dissections, it is recommendable to include cine-
MRI sequences through the left ventricular outflow tract in 
the study protocol to rule out valvular regurgitation.

Intra-mural Haematoma

Although greater availability and rapidity favour the use of 
CT in acute disease, MR plays a major role in the diagnosis 
of intra-mural haematoma. The greater contrast among tis-
sues offered by MR often permits the depiction of small 
intra-mural haematomas, which may go unnoticed by CT.15 
The typical finding that permits diagnosis by MR is the pres-
ence of wall thickening of the hyper-intense aorta on 
T1-weighted black-blood sequences. In hyper-acute phase, 
the haematoma shows an isotense signal in T1-weighted 
images and a hyper-intense signal in T2-weighted images. 

Fig. 33.7 Image extracted from an SSFP cine sequence acquired in 
the 4-chamber view in the same patient as in Fig. 33.6 with type A 
acute aortic dissection. The presence of pleural effusion (PE) is an 
indicator of impending aortic rupture. Note the intimal flap in 
descending aorta (arrow)

Fig. 33.8 Type B aortic dissection. Time-resolved sagittal maximum-
intensity-projection angiograms show time course of enhancement 
of both lumina
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From the first 24–72 h, the change from oxyhaemoglobin to 
metahaemoglobin determines a hyper-intense signal in 
T1-and T2-weighted images (Fig. 33.9), which, with fat sup-
pression, are useful to differentiate peri-aortic fat from intra-
mural haematoma. On occasions, mural thrombi may present 
a semi-lumen morphology that mimics the morphology of 
the intra-mural haematoma, rendering the differential diag-
nosis by CT or TOE difficult. This differentiation is easier by 
MR since mural thrombosis shows a hypo or iso-intense sig-
nal in both T1- and T2-weighted sequences.

Penetrating Ulcer

The diagnosis of penetrating ulcer by MRI is based on the 
visualization of a crater-like ulcer located in the aortic wall. 
MRA is particularly suitable for depicting aortic ulcers 
along with the irregular aortic wall profile seen in diffuse 
atherosclerotic involvement. The aortic ulcer is easily rec-
ognized as a contrast-filled outpouching of variable extent 
with jagged edges (Fig. 33.10). Black-blood sequences may 
show disruption of the intima with extension of the ulcer to 
the media, which is thickened, and may be associated with 
the formation of an intra-mural haematoma. It may be dif-
ficult to differentiate penetrating ulcer from the typical 
forms of dissection. The differential diagnosis should be 
established between arteriosclerotic ulcers that penetrate 
the middle layer and ulcer-like images that develop from a 
localized dissection of an intra-mural haematoma that 
appears as a pseudoaneurysm located in the area of the for-
mer intra-mural haematoma. Prognosis of these ulcer-like 
images is clearly more benign than that of symptomatic 
arteriosclerotic ulcers.

Aortic Trauma

The aortic segment subjected to the greatest strain by rapid 
deceleration forces is located just beyond the isthmus. Aortic 
rupture occurs 90% of times at this site. Other less common 
sites are the distal ascending aorta or distal segments of the 
descending aorta. The lesion is transverse and involves all or 
part of the aortic circumference, penetrating the aortic layers 
to various degrees with the formation of a false aneurysm. 
Intimal haemorrhage without any laceration has been described 
in pathological series, but was not easily recognized before 
the advent of high-resolution imaging modalities. Periaortic 
haemorrhage occurs irrespective of the type of lesion.

Long examination time and difficult access to the patient 
have been considered to be the main limitations of MRI in 
acute aortic diseases. The development of fast MRI techniques 
has shortened the examination time to a few minutes, and 
therefore, MRI can even be used in critically ill patients. The 
potential for MRI to detect the haemorrhagic component of a 

Fig. 33.9 Type A intra-mural haematoma. Axial T1-weighted black-
blood image shows thickening of the aortic wall with increased sig-
nal intensity (arrow)

Fig. 33.10 Penetrating aortic ulcer in descending aorta shown by 
CE-MRA (arrow)
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lesion by its high signal intensity is beneficial in traumatized 
patients. On spin-echo images in the sagittal plane, a longitu-
dinal visualization of the thoracic aorta makes it possible to 
distinguish a partial lesion from a lesion encompassing the 
entire aortic circumference. This discrimination is of prognos-
tic significance since a circumferential lesion may be more 
likely to rupture. The presence of periadventitial haematoma 
and/or pleural and mediastinal haemorrhagic effusion may 
also be considered a sign of instability. In the same sequence 
used to evaluate the aortic lesion, without the need for any 
additional time, the wide field-of-view of MRI provides a 
comprehensive evaluation of chest trauma such as lung contu-
sion and oedema, PE, and rib fractures. Furthermore, if delayed 
surgery is considered, MRI may be used to monitor thoracic 
and aortic lesions because it is non-invasive and repeatable.16

MRA provides an excellent display of the aortic lesion 
and its relationship with supra-aortic vessels. However, it 
does not add any diagnostic value to spin-echo MRI, and 
cannot supply information on parietal lesions and haemorr-
hagic fluids outside the aortic vessel.

Aortitis

Inflammatory diseases of the aorta can be classified into two 
major subgroups: aortitis of non-specific or unknown etiology 
(Takayasu’s aortitis, Bechet disease, giant cell aortitis, 
Kawasaki disease, ankylosing spondylitis) and specific aorti-
tis, in which the aortitis is the consequence of an inflamma-
tory disease of known origin (e.g. syphilitic aortitis). Relevant 
ethnic differences have been observed in the epidemiological 
distribution of non-specific aortitis. They are more common in 
Asian countries. Typical findings are marked irregular thick-
ening of the aortic wall and a fibrous lesion that are the result 
of the inflammatory process of the media, which can lead to 
stenotic lesions (Takayasu’s disease), aneurysms of the aorta 
and its major branches, or aortic insufficiency as a conse-
quence of dilatation of the aortic root.

Because of the high spatial and contrast resolution offered 
by newer MRI techniques, which permit assessment of the 
aortic wall, MRI is included as a routine test in the work-up 
of patients who have vasculitis, particularly in those who 
have vasculitis affecting larger vessels, giant cell arteritis, 
and Takayasu’s arteritis. Contrast spin-echo in black-blood 
sequences is useful to identify the wall thickening produced 
in aortitis of various causes. In the initial stages of Takayasu’s 
arteritis, short inversion-time, inversion-recovery (STIR), and 
post-contrast T1-weighted sequences are particularly useful. 
Inflammatory changes in initial phases are reflected with 
contrast uptake and hyper-intensity secondary to the wall 
oedema in STIR sequences (Fig. 33.11). Active inflammatory 
disease appears as variable thickening of the aortic wall and 

delayed contrast-enhancement after gadolinium administra-
tion can characterize the degree of inflammation in the aortic 
wall of patients with Takayasu’s arteritis.17 In advanced 
stages of the disease, CE-MRA details the presence of steno-
sis in the aorta and its main branches secondary to the fibrous 
changes that appear in chronic phase. Recently, the capability 
of F-18 FDG hybrid camera PET combined with MRI to 
depict early stages of Takayasu’s aortitis has been demon-
strated.18 Moreover, MRI can be useful in evaluating the 
response to medical treatment by depicting a decrease in wall 
thickness of the involved arteries.

Aortic Coarctation

Stenosis in the thoracic aorta is usually caused by atheroscle-
rosis. It is commonly multi-focal and rarely flow-limiting. 
Coarctation of the aorta causes a more severe stenosis at the 
junction of the aortic arch and descending aorta, and may be 

Fig. 33.11 Takayasu’s arteritis. Sagittal STIR image shows thickening 
of the aortic wall with increased signal (arrows) suggesting wall 
oedema
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focal or more diffuse (Fig. 33.12). Pseudocoarctation resem-
bles a true coarctation, but is caused by aortic kinking just 
distal to the origin of the left subclavian artery. It is not 
 haemodynamically flow-limiting, and, therefore, not associ-
ated with multiple collaterals. CE-MRA is the most useful 
technique for evaluating stenoses in the thoracic aorta. 
Temporally resolved sub-second CE-MRA can depict aortic 
stenoses, but it is particularly useful in haemodynamically 
significant lesions such as coarctation, where it demonstrates 
gradual filling of chest wall collaterals (Fig. 33.13). Phase 
contrast MRI can be used to measure velocity and flow, both 
proximal and distal to a stenosis, and helps assess the signifi-
cance of a stenosis.19 It may be more useful in monitoring 
disease progression over time; however, it is important to 
obtain measurements in similar anatomical locations to pro-
duce accurate and consistent results. MR is also very useful 
for serial follow-up imaging after surgery of the aortic aorta 
in this setting, with no radiation exposure (Fig. 33.14).

Fig. 33.12 Aortic coarctation with ascending aorta aneurysm in a 
patient with bicuspid valve aorta

Fig. 33.13 Image extracted from a series of 3D MRA of the thoracic 
aorta in a patient with severe aortic coarctation, showing extensive 
collaterals

Fig. 33.14 Image extracted from 3D MRA in a patient followed by 
MR after bypass surgery (arrows) of the thoracic aorta for aortic 
coarctation
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Pitfalls and Limitations

The main limitations of MRI imaging include its cost; patient 
claustrophobia; and the classical contraindications in patients 
with pacemakers/defibrillators, metallic ocular implants, and 
cerebral vascular clips. MRI is not contra-indicated in 
patients with mechanical prosthetic valves, but the valve 
induces a signal void artefact that precludes the study of the 
initial portion of the aorta. In acute aortic diseases, MRI is 
limited by lesser availability and is more time-consuming. 
For unstable patients, TOE or CT is usually a better option. 
The use of gadolinium chelates is not possible in patients 
with severe renal insufficiency (clearance < 30mL/min), 
even in those on haemodialysis, since it carries potential risk 
for the development of nephrogenic systemic fibrosis.20

MRI in Diagnostic Strategies

Aortic Atherosclerosis

TOE and MRI are powerful non-invasive tools for visualizing 
aortic atheromas. In patients with stroke or peripheral embo-
lism, TOE is the technique of choice since it affords excellent 
assessment of the size and mobility of complicated plaques. 
MR imaging can non-invasively distinguish various compo-
nents of the plaque such as fibrous cap, lipid core, and  thrombus, 
thereby assessing plaque stability. In T2-weighted images, 
fibrous cap and thrombus are seen as a high-intensity signal, 
and lipid core is seen as a low-intensity signal.21 Unlike TOE, 
MRI can visualize the entire thoracic aorta including the small 
section of ascending aorta, which is obscured by the tracheal 
air column. Also, serial MRI can be used to monitor progres-
sion and regression of atheromatous plaques after lipid-lower-
ing therapy. Cine MRI may also permit the assessment of 
complex plaque and aortic debris mobility (Fig. 33.15). The 
advent of intra-oesophageal or intra-vascular MRI coils further 
enhances the spatial resolution by providing close proximity 
between the imaging coil and the vessel wall.22

Aortic Aneurysm

Aneurysms affecting the aortic root can be correctly assessed 
by TTE if the echocardiographic window is adequate. TOE 
will only be warranted when the acoustic window is poor 
or when the type of surgical treatment (repair or valve replace-
ment) is considered. In contrast, both TTE and TOE have limi-
tations for adequate measurement of distal ascending aorta 
diameters, aortic arch, and descending aorta (Fig. 33.16). 

Fig. 33.15 Still frame extracted from SSFP cine MR showing exten-
sive atherothrombotic debris (arrow) in a patient with aortic 
atheroma

Fig. 33.16 Annuloaortic ectasia assessed by gradient-echo MR. 
Aortic diameter measurements can be obtained in different seg-
ments of the aorta
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However, contrast-enhanced CT scanning and MRI very accu-
rately detect the size of thoracic aortic aneurysms. Axial 
images often cut through the ascending aorta off-axis, result-
ing in a falsely large aortic diameter. Nevertheless, when the 
axial data are reconstructed into 3D images (CT angiography), 
one can measure the tortuous aorta in true cross section and 
obtain accurate measurement of aortic diameter. Such 3D 
imaging should then always be used to follow such patients 
over time. MRI may be preferred for the follow-up of patients 
because it avoids the need for ionizing radiation.1, 2

Acute Aortic Syndromes

A recently published meta-analysis23 showed diagnostic accu-
racy to be practically the same (95–100%) for CT, TOE, and 
MRI. Most shortcomings are due to user interpretation errors, 
rather than the technique itself. The analysis of the 
International Registry of Aortic Dissection (IRAD)24 showed 
that CT is the most frequently used imaging technique (61%), 
followed by echocardiography (33%), angiography (4%), 
and MRI (2%). The main advantage of CT is its wide avail-
ability, accuracy, and rapidity. In stable patients with doubtful 
intra-mural haematoma diagnosis by CT, MRI is the tech-
nique of choice as the hyper-intense signal in the aortic wall 
can facilitate a correct diagnosis. CT is better than TOE for 
detection of aortic ulcers, particularly if small. It is efficient 
for the evaluation of their penetration and bleeding in or out-
side the aortic wall. MRI is accurate for the investigation of 
aortic ulcers, especially for intra-mural haemorrhage compli-
cating ulcers, and is indicated if renal failure is present.

TOE, CT, and MRI are also very useful in the diagnosis of 
traumatic aortic lesions, such as intimal dissection, medial 
laceration, pseudoaneurysm, or peri-aortic haemorrhage. 
Selection of the imaging test depends on the haemodynamic 
instability of the patient and the availability and experience 
of the centre. TOE offers excellent information on aortic 
wall lesions, but both CT and MR have an advantage owing 
to their wider field of view.

MRI in Prognosis and Follow-Up

Aortic Aneurysm

The size of the aorta is the principal predictor of aortic rup-
ture or dissection. In a large retrospective study gathering 
thoracic aortic aneurysms of different aetiologies, the risk of 
rupture or dissection was 6.9% per year and, including death, 
was 15.6% per year for a size greater than 60 mm. The mean 

rate of growth for all thoracic aneurysms was 1 mm/year. 
The rate of growth was significantly greater for aneurysm of 
the descending aorta, 1.9 mm/year, than that of the ascend-
ing aorta, 0.7 mm/year. In addition, dissected thoracic aneu-
rysms grew significantly more rapidly (1.4 mm/year) than 
non-dissected aneurysms (0.9 mm/year). In a more recent 
study, Davies et al25 recommended elective operative repair 
before the patient enters the zone of moderate risk with an 
aortic size index greater than 2.75 cm/m2.

The clinical importance of maximum aortic diameter in 
the indication for prophylactic surgical treatment implies 
taking measurements as accurately as possible. In studies 
comparing the reproducibility of the three techniques, 
echocardiography, CT, and MRI, inter-observer variability 
varies and increases with aortic diameter. It is essential for 
the same observer to compare measurements side by side 
using the same anatomical references. Tomographic scans in 
a situation where the aorta does not lay perpendicular to the 
scan plane produce an elliptical image with a major (maxi-
mum) and minor (minimum) diameter. In most natural his-
tory studies of aneurysm expansion, the minimum diameter 
has been reported to avoid the effect of convolution. However, 
MRI permits definition of a plane in any arbitrary space ori-
entation, and easy location of plane orthogonal to the vessel 
walls (Fig. 33.17).

Acute Aortic Syndrome

Along with age, signs, and/or symptoms of organ malperfu-
sion and clinical instability, fluid extravasation into the peri-
cardium and peri-aortic haematoma have poor prognosis in 
acute phase. After discharge, variables related to greater aor-
tic dilatation were entry tear size, maximum descending 
aorta diameter in sub-acute phase, and the high-pressure pat-
tern in false lumen. Maximum aortic diameter in sub-acute 
phase was a significant predictor of progressive dilatation, 
since, according to Laplace’s law, maximum aortic diameter 
is the main factor influencing increased wall stress.

After successful treatment of acute aortic syndrome, patients 
still remain at considerable risk for future complications. A per-
sistent distal false lumen has been reported in 75–100% of 
cases. Secondary entry tears in the descending aorta or in the 
aortic arch are responsible for patency of the distal dissection, 
which is associated with unfavourable prognosis. Slight thick-
ening around the graft caused by peri-graft fibrosis is a com-
mon finding. However, large or asymmetrical thickening 
around the tube-graft may represent localized haematoma 
caused by anastomotic leakage26 (Fig. 33.18). A higher inci-
dence of bleeding has been reported at the site of re-implanted 
coronary arteries. Gadolinium-enhanced MRI with standard 
spin-echo sequences can provide detailed information on suture 
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detachment; the site of bleeding appears as high-signal  intensity 
within the haematoma. Moreover,  gadolinium-enhanced MRA 
is particularly effective in the depiction of the complex post-
operative anatomy and in elucidating the prosthetic tube, distal 
and proximal anastomoses and residual distal dissection, and, 
occasionally, dilated segments (Fig. 33.19).

MRI appears to be the technique of choice for following 
patients treated medically or surgically in acute aortic syn-
drome (Fig. 33.20). MRI avoids exposure to ionizing radia-
tion or nephrotoxic contrast agents used for CT, and is less 
invasive than TOE. The large field-of-view of MRI permits 
visualization of anatomical landmarks for measurements to 
be taken at an identical level of the aorta. Furthermore, the 
integrated study of anatomy and physiology on blood flow 
can provide very interesting data to clarify the mechanisms 
responsible for aortic dilatation. Time-resolved MRA can 
provide additional dynamic information on blood flow in 
entry tears (Fig. 33.21). Velocity-encoded cine-MR sequences 
have a promising role in the functional assessment of aortic 
dissection through the quantification of flow in both lumina 
and the possibility of establishing haemodynamic patterns of 
progressive dilatation risk (Fig. 33.22). This technique, 
together with time-resolved MRA, should provide new and 
highly useful physiopathological understanding to determine 
the most tailored therapeutic management in each case. 
Increased false lumen pressure was another important factor 
implying false lumen enlargement. The high false lumen 
pressure was due, in the majority of cases, to a large entry 
tear without distal emptying flow or re-entry site of similar 
size. It is often difficult to identify the distal discharge com-
munication; thus, indirect signs of high false lumen pressure 
such as true lumen compression, partial thrombosis of the 
false lumen,27 or the velocity pattern of false lumen flow by 
phase contrast sequences should be considered.28,  29

The evolution of intra-mural haematoma may result in 
resorption, aneurysm formation, or dissection30 (Fig. 33.23). 
Intra-mural haematoma may regress completely in 34% of 
patients, progress to aortic dissection in 12% and to aneu-
rysm in 20%, and evolve to pseudoaneurysm in 24% 

Fig. 33.17 Thoracoabdominal atherosclerotic aneurysms with sig-
nificant aorta tortuosity. By gradient-echo, MR correct measurement 
of the aortic diameters perpendicular to the aortic walls can be 
performed

Fig. 33.18 Surgically treated Type 
A aortic dissection. (a) Axial 
T1-weighted black-blood image 
shows a pseudoaneurysm 
(asterisk) communicated (arrow) 
with the ascending aorta. (b) 
Sagittal maximum-intensity- 
projection image from CE-MRA 
shows contrast filling of the 
pseudoaneurysm

H VALLa b´HEBRON
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(Fig. 33.24). Given their wider field of view, MRI and CT are 
better than TOE for defining this dynamic evolution. MRI 
offers the possibility of monitoring the evolution of intra-
mural bleeding and depicting new asymptomatic intra-mural 
re-bleeding episodes (Fig. 33.23).

The natural history of penetrating aortic ulcer is unknown. 
Like intra-mural haematoma, several evolutive possibilities 
have been described. Many patients with penetrating ulcer do 
not need immediate aortic repair, but do require close follow-
up with serial imaging studies, by CT or MRI, to document 
disease progression (Fig. 33.25). Although many authors 
have documented the propensity of aortic ulcers to develop 
progressive aneurysmal dilatation, the progression is usually 
slow. MRI may be helpful to show incidental and asymptom-
atic bleeding of aortic ulcers. Spontaneous, complete aortic 
rupture may occur. Some aortic ulcers are incidental findings, 
similar to saccular aneurysms. In these cases, size and 
enlargement are the only predictors of complications.

Fig. 33.19 Retrograde Type A 
dissection with total thrombosis 
of the false lumen in the 
ascending aorta. Spin-echo 
black blood in coronal view (a) 
and axial view (b); note that the 
false lumen is patent in 
descending aorta. (c) After 
surgical treatment descending 
aorta dissection with patent 
false lumen persisted. (d). Right 
iliac artery aneurysm with 
partial thrombosis was also 
diagnosed

Fig. 33.20 Follow-up of a patient with a Type A aortic dissection 
treated surgically. Time-resolved sagittal maximum-intensity-projec-
tion angiograms show the intimal flap (arrows) and the time course 
of enhancement of both lumina
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Video 33.4

SSFP cine MR sequence of the thoracic aorta in a patient 
with a huge aneurysm of the ascending aorta

Video 33.6

Corresponding SSFP cine MR in the same patient with Type 
A acute aortic dissection and an intimal flap

Video 33.7

SSFP cine MR in the 4-chamber view in a patient with Type 
A acute aortic dissection and pleural effusion

Video 33.13

3D reconstructed view of MRA of the thoracic aorta in the 
same patient as in Fig. 33.13

Fig. 33.21 (a) Type B aortic 
dissection with significant 
dilatation of the false lumen in 
proximal descending aorta 
(arrows). (b) Three months after 
endovascular therapy, MRI 
showed the correct implanta-
tion of the stent (arrows) with 
distal false lumen thrombosis up 
to visceral coeliac and 
 mesenteric artery ostia (lines)

Fig. 33.22 Phase-contrast 
volumetric quantification  
of true and false lumen flows.  
(a) cross-sectional area of both 
lumina. (b) Flow volume curves 
of the true lumen (red) and false 
lumen (green)
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Fig. 33.23 Intra-mural haematoma in descending aorta in acute phase in sagittal (a) and axial (b) views. After a 5-year follow-up, a fusiform 
aneurysm was diagnosed by spin-echo black-blood (c) and gradient-echo MRI (d) sequences
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Fig. 33.24 Acute Type B intra-mural haematoma (a), which evolved to localized dissection and pseudoaneurysm formation after a 2-year 
follow-up (b)
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Introduction

Aortic disease is relatively uncommon. However, it has 
always been considered a serious and potentially fatal condi-
tion. The aorta is not easily accessible to direct physical 
examination. Imaging is essential for the diagnosis, treat-
ment, stratification, and assessment of the short- and long-
term follow-up. The most influential imaging technique 
developed in recent years that covers almost all aspects of 
aortic diseases is undoubtedly computed tomography (CT).

Traditional imaging techniques to visualize the aorta 
were chest radiography and invasive angiography at the 
catheterization laboratory.1 The advent of the ultrasound 
marked the introduction of the non-invasive diagnosis of 
the aortic pathology. Shortly after the development or first 
commercial availability of CT scans, cardiac and great ves-
sels anatomies were finely described.2, 3 Normal findings are 
described, as well as aortic pathology: aortic aneurysm, dis-
section, traumatic lesions, etc.4, 5 The introduction of helical 
multi-slice CT allows the achievement of impressive spatial 
resolutions, free of motion artefacts, of the aorta and main 
branches with equally impressive very short time acquisi-
tions. Nowadays, CT scan is the leading imaging technique 
in the study of any aortic condition, congenital or acquired, 
acute or chronic, thoracic or abdominal. In the following 
sections, we will review the role of CT scan in the study of 
aortic diseases.

Technical Considerations

In adult patients, the recommended technique for high– 
resolution CT angiography of the cardiothoracic and abdom-
inal vascular anatomy is retrospectively ECG-gated spiral 
acquisition.6 It provides the highest resolution within breath-
hold times accessible for the great majority of patients. In 
previous chapters, current helical technology and parameters 
for many instances of studies of cardiac tomography have 
been described. Nonetheless, comparing with CT of coro-
nary arteries, aortic studies show differences.7 In order to 
cover the thoracic or the abdominal aorta or both, protocols 
are optimized for the necessary large scan fields. When it is 
necessary to visualize thoracic and abdominal aorta, a two-
step approach is usually used. The most frequent parameters 
for the analysis of great vessels are shown in Table 34.1.

Very low-pitch values are important to achieve a more 
than ideal spatial resolution and to shorten scan time and the 
prolonged apnea needed for aortic exploration (up to 300 mm 
of scan field in each step, thoracic, and abdominal). In order 

to reduce radiation exposure, it is important to adjust pitch 
values to rotation time.

For contrast administration, the catheter should be posi-
tioned in the right arm, if possible, to avoid opacification of 
the left brachiocephalic vein, which could result in a 
perivenous artefact that substantially degrades visualization 
of the origin of the brachiocephalic artery or generates con-
founding images in the aortic arch.

Current technology has allowed the development of fast, 
prospectively ECG-triggered protocols for CT angiography 
of the aorta. These protocols have poor spatial resolution and 
a limited use for coronary evaluation, but their results in aor-
tic examinations are very promising, with a clear advantage 
in terms of radiation exposure, which is significantly less-
ened when compared with retrospective ECG gating helical 
CT examinations.8

Diagnostic accuracy of CT in aortic pathology can be 
affected by artefacts or errors in the acquisition of the study 
or in the reconstruction, processing, and inter-pretation of 
the data set. Among the most notable pitfalls are improper 
timing of contrast material administration relative to image 
acquisition, streak artefacts generated by high-attenuation 
material (i.e. sternal sutures), high-contrast interfaces or aor-
tic wall motion blur due to bad apnea or phase artefacts, and 
adjacent anatomic structures (e.g. mediastinal veins,  
pericardial recess, thymus, atelectasis, pleural thickening, or 
effusion adjacent to the aorta).9

Congenital Diseases

Known or suspected congenital anomalies of the aortic arch 
and neighbouring structures constitute an indication of aortic 
CT.10 Due to the exposure to radiation, CT is more limited to 
the adult patients and avoided in paedriatic populations. 
Magnetic resonance imaging (MRI) competes with CT, and 
usually the choice depends more on the availability of one or 
another. When serial studies are scheduled, MRI is preferred 
since radiation effects are cumulative. However, in a medical 
emergency (i.e. severe respiratory insufficiency secondary to 
vascular rings), CT overcomes the logistics and time limita-
tions of MRI.

Coarctation of the aorta is the most frequent aortic mal-
formation found in adult patients. This lesion consists of a 
localized shelf in the postero-lateral aortic wall opposite the 
ductus arteriosus. In some patients who are diagnosed later in 
life, the shelf can be larger. Multi-planar reformatted recon-
struction (MPR) images in two orthogonal planes depict the 
dimensional attributes of the coarctation, thereby helping the 
inter-ventionalist for planning balloon dilation and stent 
placement when indicated. Volume-rendered reconstructions 
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allow the surgeon to idealize the aortic isthmus architecture 
and its anatomic relations with neighbouring vessels (i.e. left 
subclavian artery or LSA), and can help in surgical manage-
ment and evaluation of the final result. In the follow-up, 
when ultrasound or MRI is inconclusive or unavailable, CT 
allows to discard recoarctation, aneurysm formation at the 
site of the previous repair, pseudoaneurysm, or aortic dissec-
tion. Serial imaging in the asymptomatic patient would be 
indicated every 3–5 years, preferably with non-radiating 
imaging techniques.11

Aortic arch hypoplasia and aortic arch interruption involv-
ing the segment between the innominate artery and the duc-
tus arteriosus usually present early on in life; they are 
ductus-dependent malformations associated with other left-
sided anomalies, and require a prompt surgical management 
in the newborn. For initial evaluation, ultrasound and MRI 
are the preferred imaging techniques in order to avoid expo-
sure to radiation.

Vascular rings are aortic malformations associated with 
abnormal anatomic relations with the trachea or the oesopha-
gus and often cause respiratory symptoms (estridor) or dys-
phagia. Symptoms usually occur in the newborn or the young 
infant, and infrequently are diagnosed later in life. The most 
frequent vascular ring is a double aortic arch as a result of the 
persistence of the normal embryonic vascular anatomy of this 
area.12 Volume-rendered reconstruction depicts images of the 
vascular anatomy of great visual effect which facilitate the 
understanding of these anomalies. Maximal pixel intensity 
(MPI) MPR images disclose two aortic arches, one left-sided 
and another right-sided. The left arch, distal to the exit of the 
LSA, is rarely patent. It is near always atretic and connects 
with the distal aorta through a fibrous ligament, closing the 

ring. In the right aortic arch, the next important vascular ring, 
the ligamentum arteriosum runs from the left pulmonary 
artery to the upper descending thoracic aorta in the right, 
closing the ring. Symptomatic patients normally associate a 
Kommerrell’s diverticulum as a huge pouching in the point 
of arising of the LSA from the distal aortic arch (Fig. 34.1, 
Video 34.1). Anomalous origin of the right subclavian artery, 
when associated with a right-sided ligamentum arteriosum, is 
another sort of vascular ring.

When aortic dissection is suspected, the most important 
fact is to confirm the initial diagnosis and to characterize spe-
cific features, which allow defining the appropriate manage-
ment of the patient: medical intervention or surgical therapy. 
Diagnostic tools have to have a high sensitivity and specific-
ity for an accurate diagnosis, high availability, and fast per-
formance to explore the whole aorta and main side branches 
in an emergency clinical setting. Of all the techniques, there 
is no doubt that multi-slice helical CT is the only one that 
meets all these conditions, and this makes it the first choice 
for this serious disease. The only exceptions would be those 
patients with a very unstable situation, who would be imme-
diately transferred to the operating room and examined by 
trans-oesophageal echocardiography before surgery.

The first step is to define the location and extent (type A 
or type B acute aortic syndrome), and the second step is to 
classify the aortic dissection as classical (Class 1), intra-
mural haematoma (Class 2), discrete dissection (Class 3), 
penetrating ulcer (Class 4), or traumatic (Class 5).13

Depending on the localization and extension, it is divided 
into two types: proximal and distal dissections. Proximal, or 
Standford’s Type A aortic dissection, covers the ascending 
thoracic aorta, independently of the end of it. Distal, or 

64-slice CT 32–40 slice CT 16-slice CT

Slice width (mm) 1.5–2.0 0.6–0.9 0.6–0.9

Increment (mm) 1.0–1.3 0.4–0.6 0.4–0.6

Rotation time (ms) 500 400 330

Temporal resolution (ms) 250 200 165

kV 120 120 120

mAs/slice 430–800 600–800 600–990

Pitch 0.25–0.35 0.20–0.30 0.20–0.30

Exposure (mSv)a 12–20 12–24 12–24

Scan time/apnea (s) 19–25 20–30 14–20

Contrast volume (mL) 120–150 120–150 100–120

Table 34.1. Different scan parameters to perform aortography with retrospective ECG gating helical CT

aExposure can vary in relation to specific vendor technology and patient characteristics. The specified values are activating tube current 
modulation
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Standford’s Type B aortic dissection, does not affect the 
ascending aorta and begin immediately distal to the ligamen-
tum arteriosum and the left sublcavian artery (LSA) (Fig. 34.2, 
Video 34.2). Sometimes, distal dissections have a retrograde 
progression and become Type A aortic dissection about 20 % 
of all type A as found by the Zurich and our group.

Class 1 Aortic Dissection:  
Classical Aortic Dissection

In classical or Class 1 aortic dissection, intimal tear is the 
common feature that underlies the origin of the aortic wall 
dissection. Blood dissects the aortic wall forming a novel 
lumen inside it, the false lumen. The final result is the appear-
ance of a dual lumen (the true and the false lumens) in a 
sometimes normal non-dilated aorta. Tears are transversals 
or oblique, with well-defined edges from 4 to 5 cm in length. 
The dissection and false lumen can, in turn, affect a small 
segment of the circumference of the aorta or encircle it 
almost completely. It runs a variable distance, ranging from 
a few to several cm, sometimes reaching the iliac or femoral 
arteries. In their trajectory, they can dissect main branches, 
such as the aortic arch vessels, renal arteries, or mesenteric 
artery. Occasionally, there are re-entries towards the aortic 
lumen, generating new tears, more distal and usually smaller. 
The natural evolution of the dissection is usually the progres-
sive dilation of the wall dissected, peri-adventitial bleeding, 
and rupture with extravasations of blood into cavities and 
adjacent organs, such as the pericardial, pleural, or perito-
neal cavities.

Diagnostic findings in multi-slice CT of the aorta corre-
late well with the pathologic features previously described 
(Fig. 34.3).13 High spatial resolution of modern CT and the 
versatility of multi-planar reformatting post-processing of 
the volumetric data set, allow precisely localizing the intimal 
tear and flap and describing their extensions and main vascu-
lar branch affectations. The intimal flap appears as a low 
attenuated well-defined line in the aortic true lumen. The 
entry tear is visualized around the 85–90% as a clear inter-
ruption of the intimal flap (Fig. 34.4). If the false lumen is 
thrombosed, or, similar to the IMH, there is no intimal tear to 
permit flow through the false lumen, a clearly distinct intimal 
flap may not be identified. The spiral trajectory, the inward 
displacement of the calcium, if present, and the well-defined 
contour help to differentiate dissection from atherotrombo-
sis. Atypical configurations of the flap, such as seen with 
short dissections (Class 3 or discrete aortic dissection) or 
with complex flaps secondary to multiple false channels, and 
aortic anomalies are difficult diagnoses (Fig. 34.5). There are 
several signs to distinguish true from false lumen, a distinc-
tion that has gained importance with endovascular stent ther-
apy. The false lumen shows area of less attenuation, its 
luminal area is greater, and on most contrast-enhanced CT 
scans, as an opposite of the true lumen, which may be identi-
fied by its continuity with an undissected portion of the aorta. 
The extension of the dissection to aortic arch branch and 

Fig. 34.1 Axial view of the upper thorax. The aortic arch is right sided 
and crossing to the left behind the trachea and the oesophagus. The 
left subclavian artery (arrow) clearly shows a flap into its lumen and a 
huge cavity in its vicinity partially filled with thrombus and corre-
sponding to the Komerell’s diverticulum Fig. 34.2 Classical or Class 1 B-type acute aortic dissection. The axial 

view discloses the dual lumen into the descending thoracic aorta. 
There are stick artefacts into the ascending aorta caused by iodine 
contrast filling the superior cava vein. The tear was in the distal aortic 
arch (not showed). The false lumen unveils less attenuation than true 
ones secondary to a lesser degree of flow and contrast filling. If the 
tear is not clearly visible, differentiation with intra-mural haematoma 
could be challenging and another imaging technique (i.e. trans-
oesophageal echocardiography) needed
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pericardial effusions in the Type A of aortic dissection diag-
nosed using CT is confirmed at surgery with an accuracy up 
to 95–100%.14 In Type B aortic dissection, the intimal flap 

usually discloses a spiral trajectory up to variable distances 
from the LSA. Medical treatment is the first choice in Type B 
aortic dissection, and CT offers important data for clinical 
management. Continuous chest pain, expansion with an 
increased size of the false lumen quantified through an area 
equal or greater than 900 mm2, and extension with the 
involvement of branch-vessel (renal, mesenteric, etc) result-
ing in malperfusion make these patients prone to more com-
plications during the hospitalization.15

In the follow-up of patients with chronic dissection of the 
descending thoracic aorta, CT provides an accurate assessment 
of serial expansion of the false lumen and, therefore, of the 
degree of dilation of the aorta, the main determinant of late 
aortic rupture, especially in patients with Type B aortic dissec-
tion and those who are non-operated.16 Surveillance of aneu-
rysm formation is especially important when the false lumen 
diameter is equal or greater than 22 mm at first scan examina-
tion, because in the mid-term (3–5 years), up to 75% of patients 
develop upper descending thoracic aorta aneurysm suitable 
for treatment (diameter equal or greater than 60 mm).17

The treatment with endovascular stents as an alternative to 
the surgical approach of Type B aortic dissection evolving 
towards severe dilation and aneurysm formation is currently 
evaluated, especially with the aim of preventing false lumen 
expansion and promoting aortic re-modelling. In contrast, in acute 
aortic rupture, stent placement can be live saving. Anyway, 
imaging with CT is a very useful tool for planning, assessing the 
result, and during the follow-up of patients submitted to this par-
ticular non-surgical invasive therapeutic strategy (Fig. 34.6).18

Fig. 34.3 Axial view of the great vessels, aorta, and pulmonary trunk. 
Ascending aorta is dilated and the intimomedial flap divides the 
lumen establishing the diagnosis of Stanford type-A Class 1 classical 
aortic dissection. The aortic wall is thickened and the attenuation 
reaches a value compatible with blood content. The descending tho-
racic artery shows a preserved lumen, indicating the dissection lim-
ited to the ascending segment

Fig. 34.4 Axial view of the great vessels at the level of the pulmonary 
bifurcation. The aortic contour is interrupted in its anterior part, 
being the rupture contained by the adventitia. The intimal tear is 
close to the contained rupture. The high flow across the tear makes 
the distinction between the true and the false lumen difficult. Owing 
to the preferential expansion, false lumen would correspond to the 
portion where the wall rupture is located

Fig. 34.5 Class 3 or discrete aortic dissection. Coronal modified view 
using multi-planar reformatted maximum pixel intensity showing a 
localized and non-propagating aortic dissection, the intimal tear, and 
a small pseudoaneurysm. Note the very close relation of the Intimal-
medial flaps with the origin of the right coronary artery
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Only CT allows the visualization of the stent strut, its 
position, extension, and spatial orientation in relation to true 
and false lumen.

Class 2 Aortic Dissection:  
Intra-mural Haematoma

In the pathogenesis of aortic dissection, the intimal rupture 
is considered a crucial phenomenon in the origin of the dis-
secting haematoma of the aortic wall. In cases of autopsy, 
IMH was found, in greater or lesser extent, without clear 
existence of an intimal tear. The most widely accepted 
pathophysiological explanation is the bleeding from the 
vasa vasorum inside cystic degenerated media with 
expanded adventitia, preserving the lumen. The recognition 
of certain peculiarities in its natural history and some dis-
tinguishing features in its diagnosis and clinical manage-
ment has led to the breakdown of IMH of the aorta from 
aortic dissection, while embracing the broadest concept of 
acute aortic syndromes.

Although the most accepted opinion is that the natural 
history of IMH is similar to that of the aortic dissection, 
there are subtle differences between the two entities. IMH 
can evolve into the intimal leakage as well, and its 

involution returned to the restitution ad integrum of the 
aortic wall.19

IMH appears as a crescent-shaped area unenhanced oppo-
site the contrast filled aortic lumen; no intimal tear is seen. 
Differential diagnosis is established with the lumen in typical 
aortic dissection. The aortic dissection tends to spiral longi-
tudinally around the aorta, whereas the IMH tends to main-
tain a constant circumferential relationship with the aortic 
wall (Fig. 34.7).20 Some signs found in CT scan could be use-
ful to anticipate the evolution of an IMH towards a classical 
aortic dissection, occurring in 25% of the patients. Among 
them, a maximum aortic diameter equal or greater than 50 
mm in the initial CT scan is predictive of progression, espe-
cially in Type A IMH. Other predictors are a thick (>10 mm) 
haematoma with compression of the true lumen, pericardial 
effusion, or haemorrhagic pleural effusion. The recommended 
attitude in IMH is to proceed as in aortic dissection: in Type 
A IMH surgical treatment and in Type B medical treatment 
together with close clinical imaging follow-up.13, 21

The natural history of IMH can best be documented by 
serial CT scan. A normal aortic diameter in the acute phase 
is the best predictor of IMH regression without complica-
tions. The regression of the IMH is independent of location 
and has also been observed at locations in the proximal 
ascending aorta, although this observation does not need to 
change the actual recommendations of prompt surgical 

Fig. 34.6 Post-operative CT scan in a patient operated on 10 months 
earlier because of type A aortic dissection. Surgery consisted of the 
ascending aorta resection including the intimal tear and a graft inter-
position of the ascending aorta and hemiarch, with preservation of 
the native aortic valve. The axial image discloses a pseudoaneurysm 
(asterisk), which is filled by iodine contrast. The big mass compresses 
the graft and collapses it (arrow)

Fig. 34.7 Sixty-four-row multi-detector CT of a type A intra-mural 
aortic haematoma. Sagital modified view using multi-planar refor-
matted maximum pixel intensity depicting the non-spiral thickening 
of the aortic wall extending through the ascending aorta, the arch, 
and the descending thoracic aorta up to the exit of the celiac trunk 
and superior mesenteric artery. The haematoma includes the rise of 
the innominate artery
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intervention in Type A IMH. Although patients with Type B 
IMH have better long-term prognosis than patients with aor-
tic dissection, the appearance of an ulcer-like projection is 
predictive of progression to aortic dissection or late aneu-
rysm in patients with Type B IMH, mainly older people.22, 23

Class 3 Aortic Dissection:  
Subtle-Discrete Aortic Dissection

Minor forms of aortic dissection can be diagnosed and assessed 
by means of helical CT scan. When the partial tear forms a 
scar, it is called an abortive, discrete dissection (Fig. 34.5).13

Class 4 Aortic Dissection:  
Penetrating Atherosclerotic Ulcer

Penetrating atherosclerotic ulcer (PAU) is an ulcerating ath-
erosclerotic lesion of the descending thoracic aorta, or, less 
frequently, the aortic arch or even the ascending aorta, which 
penetrates the elastic lamina and can be associated with  
haematoma formation within the media of the aortic wall. 
There is controversy whether this lesion differs from classic 
acute Stanford Type B aortic dissection, based on its loca-
tion, radiographic findings, natural history, and recom-
mended therapeutic approach. It accounts for about 10% of 
the acute thoracic syndromes usually associated with intra-
mural and non-propagating haematoma. The typical patient 
is elderly with multiple cardiac risk factors and presents with 
acute chest or back pain. Sometimes, PAU appears as an iso-
lated and unexpected finding in CT examinations performed 
for other reasons.

At CT, PAU manifests as focal involvement with adjacent 
sub-intimal haemorrhage, and is often associated with aortic 
wall thickening or enhancement. Helical CT involves shorter 
examination times and allows high-quality image recon-
struction. CT angiography can demonstrate complex spatial 
relationships, mural abnormalities, and extra-luminal patho-
logic conditions. They are described as a non-flap lesion dem-
onstrating a crater extending from the aortic lumen into the 
space surrounding the lumen. Unlike classic dissection, PAU 
does not produce branch vessel compromise or occlusion 
and does not result in ischaemic manifestations in the extrem-
ities or visceral organs. PAU is more focal lesions and usu-
ally associated with severe aortic arteriosclerosis and 
calcification. PAU tends to occur in larger aortas and is 
strongly associated with aortic aneurysm, which is seen con-
comitantly in about 45% of PAU.24

Its natural history is controversial. Follow-up CT scans 
have shown asymptomatic and uneventful courses with total 
resolution of sub-intimal haematoma or some dilatation of 
the lumen, but no progression to rupture or aneurysm. The 
lack of pleural effusion correlates with clinical stability. 
Nonetheless, others stress the importance of differentiating 
symptomatic PAUs from Type B dissection aortic because 
of the higher incidence of rupture of penetrating ulcers, and 
therefore recommend early surgical intervention. The most 
convincing evidence points out the association of PAU and 
IMH as significantly associated with a progressive disease 
course and poor prognosis, which may occur within days or 
weeks. The traditional standard therapy for PAU is open 
operative repair with excision of the ulcerated aortic seg-
ment and graft interposition. Due to the high risk of the 
patients presenting with PAU because of coexisting severe 
cardiopulmonary abnormalities or other medical diseases, 
endovascular stent-graft technology provides an alternative 
to open surgery.25

Class 5 Aortic Dissection:  
Traumatic Aortic Lesion

Aortic traumatic lesions cover either blunt chest trauma, usu-
ally as a consequence of a traffic crash or owing to iatrogenic 
endovascular instrumentation, i.e. percutaneous trans-catheter 
coronary angioplasty, or extracorporeal renal lithotripsy. The 
latter is anecdotic nowadays, taking into account the high 
expertise achieved by interventionalists and the improvement 
of the technology, both of catheters and fluoroscopy.

The blunt chest trauma is the second leading cause of 
death after vehicular crashes only after head trauma. Up to 
80% of patients die before their arrival at a hospital, and of 
those who survive, a majority will die without definitive 
treatment. Blunt aortic injury most often occurs after sudden 
deceleration. The descending aorta is fixed to the chest wall, 
whereas the heart and arch vessels are relatively mobile. 
Almost all patients who die due to aortic lesions have been 
involved in a crash in which the primary impact was against 
the side of the vehicle. The sudden deceleration causes a tear 
at the junction between the fixed and mobile portions of the 
aorta, usually near the isthmus. However, injury may also 
occur to the ascending aorta, the distal descending thoracic 
aorta, or the abdominal aorta. In addition to the stretching 
effect from sudden deceleration, there are further physio-
pathological theories: the so-called water-hammer effect, 
which combines simultaneous aortic occlusion and the rise 
in intra-aortic pressure, and the entrapment of the aorta 
between the anterior chest wall and the vertebral column. 
Approximately 90% of blunt traumatic aortic injuries occur 
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at the anteromedial side of the aortic isthmus, distal to the 
origin of the LSA. About 100% are located in the aortic root, 
often associated with aortic valve tears and severe acute aortic 
regurgitation, cardiac contusions or ruptures, coronary artery lac-
eration, and cardiac tamponade secondary to  haemo pericardium. 
Less frequently, blunt traumatic lesions of the descending 
aorta occur at the level of the diaphragmatic crura, some-
times with simultaneous diaphragmatic ruptures.

The initial damage consists in the tear of the intimo-
medial layer and intimal flaps are detected. More severe 
injuries break deep medial layers resulting in fatal aortic 
transection, with massive haemorrhage into the mediastinum, 
pericardial, or pleural cavity or the abdomen. The time course 
is unpredictable, requiring close follow-up. CT is the diag-
nostic test of choice because of its availability, accuracy, and 
speed. Sensitivity and negative predictive values are as high 
as 100% in some series. Some fear to false positive scans due 
to artefacts can lead to referring the patient for additional 
trans-oesophageal echocardiography or even invasive angiog-
raphy. At this point, we have to remark that isolated aortic 
bands or contour vessel abnormalities should be first consid-
ered as possible artefacts or related to non-traumatic etiolo-
gies, especially when mediastinal haematoma is absent.26 
The ability of helical CT to accurately diagnose blunt aortic 
injury as well other serious injuries has led to a wide use in 
nearly all patients with thoracic trauma after a traffic colli-
sion with velocities as low as 40 km/h (urban traffic).27

Problems exist concerning the detection of subtle or mini-
mal intimal flaps. The term “minimal aortic injury” is often 
used to describe a lesion of the aorta associated with blunt injury 
that is believed to carry a relatively low risk of rupture. Minimal 
aortic injury can be present in approximately 10% of patients 
with blunt aortic injury. Minimal aortic lesion refers to an iso-
lated intimal defect (intimal flap less than cm) not associated 
with pseudoaneurysm of any size, or periaortic haematoma the 
moment that it becomes an aortic rupture. The natural history of 
minimal aortic injury is unclear, but it should be followed using 
serial CT scan and, if the outcome becomes complicated (threat-
ening rupture), prompt intervention is warranted.

There is a broad range of possible acute aortic syndromes, 
all diagnosed by means of thoracic helical scan. False aneu-
rysm or pseudoaneurysm typically consists of a saccular out-
pouching demarcated from the aortic lumen by a collar. This 
pseudoaneurysm is limited externally by a thin layer of 
adventitia and neighbouring tissues. It is usually surrounded 
by a certain amount of haemomediastinum. If complete 
transection of the aorta happens, the tear extends from the 
intima and media into the adventitial layer, and there is a 
massive mediastinal haemorrhage that rapidly extends crani-
ally, leading to left apical extra-pleural capping. The medi-
astinal haematoma may later rupture into the pleural space, 
resulting in a left-sided haemothorax. CT also accurately 
shows haemomediastinum and haemothorax. Haemorrhage 
surrounding the aorta and other vascular structures is more 

suggestive of vascular injury, opposite to blood confined to 
the retrosternal space secondary to a sternal fracture.

Aortic dissection is less commonly found in the setting of 
blunt thoracic trauma. While spontaneous dissections have 
typical spiral propagation, those resulting from trauma are 
longitudinally propagating. The imaging hallmark is the iden-
tification of the intimal flap, which separates the aorta into a 
true lumen and false lumen. It looks different from classical 
Class 1 aortic dissection because of a more irregular contour 
and a thicker flap. A distinct form of aortic dissection has been 
increasingly reported with modern helical CT techniques. This 
traumatic acute IMH shows a circular thickening of the aortic, 
well defined and without intimal tear. It weakens the aorta and 
may progress either to rupture the aortic wall externally or to 
inward disruption of the intimal layer, leading to a communi-
cating aortic dissection.28

Acute traumatic aortic lesions, except the so-called mini-
mal aortic injury, must be immediately repaired. Open sur-
gery, excision, and graft interposition are the rules. Mortality 
is high, and there is a substantial risk of paraplegia. Spinal 
cord protection is of maximal importance. Endovascular 
grafting with specifically designed stents is an important 
progress in the treatment of acute traumatic aortic syndromes, 
especially the pseudoaneurysm or content rupture at the isth-
mus level. This live threatening condition can be cured by 
this novel technology. Results of several groups are very 
promising, and in some centres, the technique has replaced 
the surgery owing to lower mortality and hardly any risk of 
paraplegia secondary to spinal ischaemia.29 Helical CT 
resumes a critical role in the follow-up of both operated and 
invasive endovascular treated patients. CT allows identify-
ing poor apposition of the endovascular graft, leaks of the 
interposition or endovascular grafts, pseudoaneurysm for-
mation and collapse of the graft, thrombosis or ischaemia of 
the upper extremity, or the territory perfused by the left ver-
tebral artery secondary to coverage of the LSA.

It is noticeable that the durability of endovascular grafts is 
unknown. There are questions about long-term device integ-
rity as well as the natural history of the repaired aorta. These 
issues are particularly important considering the relatively 
young age of trauma patients as compared with patients with 
aneurysmal disease. Close follow-up should include regular 
control and imaging. Although CT scan is very useful, for 
this purpose, aortic MRI may be regarded as the first option 
in order to minimize X-ray exposition in young people.

Aortic Aneurysm

The rupture of an aortic aneurysm is a dramatic event with 
very high mortality. Aortic aneurysms have a natural ten-
dency to unlimited expansion and rupture. Less than 20% of 
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ruptured aneurysms reach the operating room, and their mor-
tality jumps to about 50%. Prior to the rupture, they are very 
often asymptomatic or present with unspecific symptoms 
(i.e. peri- or infra-umbilical tenderness, chest discomfort, 
back pain). The diagnosis is usually made incidentally dur-
ing the physical examination (pulsatile abdominal mass) or 
performing an imaging study indicated for another reason. In 
asymptomatic or mildly symptomatic patients, surgical total 
exclusion of the aortic aneurysm and graft interposition 
improve survival.

Angiography with CT has revolutionized the diagnosis, 
treatment, and follow-up of patients with suspected or known 
aortic aneurysm. CT angiography has replaced conventional 
catheter angiography. The advantages of CT are (1) high spa-
tial resolution, which demonstrates mural changes, extra-
luminal pathologic conditions, and spatial relationships with 
adjacent organs; (2) high contrast resolution and sensitivity 
for detecting calcified lesions; (3) angiographic or 3D dis-
play of vascular structures and adjacent organs in any projec-
tion with a single spiral acquisition; and (4) demonstration of 
extrinsic causes of vascular compromise.10, 30

The aortic aneurysm is a dilation >4 cm or >2.1 cm/m2 of 
the aortic lumen together with expansion or re-modelling, 
which evolves all aortic wall layers. Depending on their 
location, above or below the diaphragm, aortic aneurysms 
are classified as either thoracic (located at the ascending arch 
or descending thoracic aorta) or abdominal (supra or, most 
commonly, infra-renal abdominal aneurysm). Abdominal 
aneurysms are more common than thoracic ones. The preva-
lence of the aortic aneurysm increases with age, and they are 
five to six times more prevalent in men than women.

CT examination of the aorta in patients with suspected 
aortic aneurysm has to begin with a prospective unenhanced 
scan and be followed by a helical multi-detector contrast-
enhanced examination with retrospective ECG-gated recon-
struction for maximal spatial resolution and minimal motion 
blur. The importance of the unenhanced CT is crucial, so it 
allows detecting the peripheral expansion of the calcified 
intima helping to differentiate aneurysm from aortic dissec-
tion in which calcification is displaced inward, not outward. 
Blood extravasations and post-surgical periaortic attenuated 
thickenings are easily distinguished comparing findings 
between unenhanced and contrast-enhanced images. Since 
there is very frequent diffuse aortic affectation with aneu-
rysm or another atherosclerotic lesion at other locations, CT 
has to cover the entire aorta, at least in the first examination 
and with the exception of follow-up of a previously imag-
ined or corrected pathology.

The dilation of the aorta and its length, focal or diffuse, 
are visualized and quantified browsing the axial stacks. Mural 
thrombus formation is a very frequent finding in abdominal 
aneurysm, occasional in descending thoracic aortic aneu-
rysm, and rarely formed in ascending aorta or aortic arch 
aneurysms (Fig. 34.8). Thrombus may be circumferential or 

crescentic. They imply differential diagnosis with aortic dis-
section. Fine indentations of the edge and the outward dis-
placement of the intimal calcification indicate thrombus. 
Surgeons need to know the exact extension and amount of 
thrombus, especially in endovascular abdominal or thoracic 
stent placement. Multi-planar reformatting with variable 
thickness slice and curve-assisted multi-planar imaging 
allows to depict the anatomic and vascular relations of the 
aneurysm, such as the exit of the coronary arteries, aortic 
arch branches, renal arteries, celiac trunk, superior and infe-
rior mesenteric arteries, and the iliac bifurcation (Fig. 34.9). 
CT clearly demonstrates the relationship of an aortic aneu-
rysm to adjacent structures.

Subtle erosion of bone may be appreciated by adjusting 
the window width and level.

Compression of the tracheobronchial tree, the pulmonary 
arteries and veins, and the superior vena cava are easily iden-
tified. Oesophageal displacement and obstruction may also 
be seen.30

Atherosclerosis underlies in the genesis of abdominal 
aortic aneurysm. In the same way, other manifestations of 
atherosclerosis at the coronary, carotid, or peripheral artery 
beds are present in patients with abdominal aneurysms and 
observed in CT examinations (Figs. 34.10 and 34.11). The 
pathogenesis of thoracic aortic aneurysm differs from 
abdominal ones. Usually, cystic medial degeneration is the 
most important biological process that debilitates the aortic 
wall producing its expansion and dilation in the ascending 
aorta. The phenomenon is dramatic in some congenital con-
ditions: Marfan syndrome or the Ehlers–Danlos syndrome 

Fig. 34.8 MPI coronal view of an infrarenal abdominal aneurysm 
with its lumen partially occupied by a thrombus
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(Fig. 34.12). Another classical condition associated with 
cystic medial degeneration and ascending aneurysm devel-
opment is bicuspid aortic valve. Some patients have the dila-
tion limited to the segment immediately above the aortic 
valve annulus. This ectasia of the ascending aorta is not 
unusual in patients with a previous vascular graft above the 
sinotubular junction who develop aneurysm of the sinus of 
Valsalva or the aortic arch (Figs. 34.13 and 34.14). Very 
infrequent causes of ascending aneurysm are syphilis and 
mycotic aneurysm, secondary to endocarditis or arteritis. 
Primary aneurysmatic dilation of the thoracic descending 
aorta is very uncommon. When present, it is due to athero-
sclerosis and accompanying of tortuousness and calcification 
of the entire aorta, and often is continued with abdominal 
aneurysm in up to 29% of cases (Figs. 34.15 and 34.16). The 
majority of atherosclerotic thoracic aneurysms are fusiform, 
but sometimes they are saccular.31

The prognosis and follow-up of patients with aortic aneu-
rysm depend on its location, size, and clinical condition. For 
abdominal aortic aneurysm, surgical aneurysmectomy or 
replacement by vascular graft is indicated when the size is 
equal or greater than 5.5 cm of diameter. As an alternative, 
exclusion of the aneurysm by placing an endovascular stent 
has to balance the risk–benefit ratio in each patient and take 
into account the experience and surgical mortality of the 
referral centre. After the surgery, CT angiography plays an 

Fig. 34.9 Post-processing of a 
huge abdominal aneurysm in 
multi-planar reformatted 
maximum intensity pixel 
imaging displaying the 
correspondence in the three 
planes: axial (left panel), coronal 
(right superior panel), and sagital 
(right inferior panel). The 
aneurysm is partially filled by a 
crescent-shape thrombus. Note 
the outward location of the 
calcification, opposite to the 
aortic dissection, which 
calcification is displaced inward

Fig. 34.10 Volume-rendered of the distal abdominal artery and iliac 
arteries. The left common iliac artery is occluded. Patients with tho-
racic aneurysm have frequently severe manifestations of atheroscle-
rosis in another vascular bed. Screening is very important, especially 
when endovascular graft placement is being considered, so this 
lesion precludes the vascular access
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Fig. 34.11 Multi-task desktop 
capture of advanced software 
post-processing. Corresponding 
planes (axial, coronal, and 
sagital) showing a stenosis in 
the origin of the superior 
mesenteric artery (arrows). The 
incidental finding of these 
lesions is not anecdotic when 
examining patients diagnosed 
of thoracic and abdominal 
aneurysm and must be advised 
when aneurysm exclusion is 
planned

Fig. 34.12 Left anterior oblique projection obtained using MPR-MPI 
reconstruction of a 64-row multi-detector computed tomography 
(CT) in a 35-year-old man submitted because of diastolic heart mur-
mur. There is a huge aneurysm of the ascending thoracic aorta which 
does not surpass the limits of the aortic arch

Fig. 34.13 Sixty-four-row multi-slice CT obtained in the follow-up of 
a 57-year-old man operated 5 years ago for a severe aortic annulecta-
sia with a Bentall and DeBono procedure. There is a moderate dila-
tion of the aortic arch (45 mm), which includes the exit of the main 
arterial branches of the arch. The high attenuation generated by the 
metallic prostheses is clearly visible
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important role in the follow-up, mainly to detect and promptly 
correct, if indicated, complications such as infection, leakage 
with peri-aortic haematoma, dislodgment, or late appearance 

of a pseudoaneurysm. For thoracic aneurysm, the follow-up 
indicates surgical prophylactic treatment in the ascending 
aorta when the diameter surpasses 6.0 cm, except in patients 
with Marfan syndrome or familiar aortic dissection, in whom 
the limits decrease up to 5.5 cm (Figs. 34.17 and 34.18).13 If 
affected, the aortic valve is replaced using a valve–tube graft. 
In a similar way, CT angiography is an excellent imaging 
tool to discard both early and late post-operative complica-
tions.32 Aneurysm of the descending thoracic aorta is, by far, 
the most challenging. This is due to the very severe athero-
sclerotic process and calcification of the aortic wall and, on 
the other hand, the inherent difficulty in accessing this par-
ticular aortic segment by surgery. As result, great efforts 
have been made to develop a fine endovascular technique to 
offer a valid alternative to the high morbidity and mortality 
of surgery in these patients. Although clinical outcomes are 
controversial, everyone agrees on the essential role of the CT 
angiography in the follow-up, generally narrow, these 
patients need. Prerequisites for endovascular stent–graft 
placement are an adequate neck for graft attachment and 
adequate vascular access. When the ascending aorta or aortic 
arch is involved, surgical and endovascular procedures can 
be combined and performed simultaneously, allowing treat-
ment of a wider range of cases.33

Fig 34.14 Volume-rendered reconstruction of the case described in 
Fig. 34.11. This way of post-processing offers a detailed vision of the 
anatomic vascular relations helping surgeon for clinical decision 
making

Fig. 34.15 Sagital view of a thoracic aneurysm. The dilation was 
moderate (45 mm). Note the tortuousness of the aorta and the mural 
thrombosis

Fig. 34.16 Sixty-four-rows multi-slice CT of a patient with combined 
thoracic and abdominal aneurysms. This finding is relatively frequent 
because of the critical importance of the atherosclerosis in the origin 
of them in contrast with ascending aortic aneurysm in which cystic 
degeneration plays an important role
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Awareness and understanding of possible complications 
of endovascular stent–graft implantation would ensure a safe 
procedure. Most common complications are leaks, graft 
thrombosis, and graft kinking. Infrequent complications are 

pseudoaneurysm secondary to graft infection, graft occlu-
sion, distal embolism, aortic perforation due to inadvertent 
penetration of delivery system, colon necrosis, aortic dissec-
tion, and haematoma at the arteriotomy site. Since some of 
these complications are fatal, the specialist in cardiovascular 
imaging needs to instantly and accurately recognize them for 
prompt therapeutic and solving attitude.34
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MSCT and, 630–641
Aortic dissection, 631–636

class 1: classical, 632–634
class 2: IH, 634–635
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4-chamber, 43, 45
3-chamber, 45

of 2DE, 12–14
5-chamber views, 14
4-chamber views, 13
3-chamber views, 14
2-chamber views, 14

Arrhythmogenic right ventricular cardiomyopathy/dysplasia 
(ARVC/D), 473–482

CMR for, 477–480
advantages of, 477
delayed enhancement and, 479
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CMR/MSCT for, 586
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Calcifi c aortic stenosis, 124, 126
Carbon tilting-disc-valve, 178
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sarcoidosis and, 464, 465
techniques of, 463–464

for double outlet RV, 587–589
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of hyperaemia, 525–526
IE and, 215
introduction to, 112, 288
for LV diastolic/systolic function, 313–314
for LVOTO, 588–589
MPI and, 117
myocardial tagging, 115
for myocardial viability assessment, 335–336, 371–373
myocarditis and, 525–534

anatomic/functional abnormalities, 525
clinical recommendations and, 532
indications for, 532
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velocity-encoded, 117, 118
ventricular function/valves and, 360
for VSD, 586

Cardiac morphology assessment, CMR and, 115–116
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non-invasive venography, 401–403
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CMR and, 497
echocardiography and, 492–494
haemodynamic characteristics of, 503, 517–518
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non-invasive venography, 401–403

Cardiomyopathy. See also Dilated cardiomyopathy; Hyper-trophic 
cardiomyopathy; Infi ltrative cardiomyopathy
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Cardiotoxic drugs, 463
CARE-HF study, 416
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CCS. See Coronary calcium scoring
ccTGA. See Congenitally corrected transposition of the great arteries
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CE-IR. See Contrast-enhanced inversion-recovery
CE-MRA. See Contrast-enhanced magnetic resonance angiography
Central nervous system (CNS), 376
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infarct expansion, 239–240
MR, 240–241
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conclusions on, 293
coronary artery stenosis detection by, 288, 291
diagnostic criteria for, 290–291
diagnostic performance of, 291, 292
imaging display of, 290
imaging technique for, 289
introduction to, 288
ischaemia detection by, 288
limitations of, 293
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video on, 579

Doxorubicin, 463
DSE. See Dobutamine stress echocardiography
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End-systolic volume (ESV), 114
EOA. See Effective orifi ce area
Equilibrium radionuclide ventriculography (ERNV), 

457, 463
ERNV. See Equilibrium radionuclide ventriculography
ERO. See Effective regurgitant orifi ce
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European Council of Nuclear Cardiology, 276
European Medicines Agency (EMEA), 300
European Society of Cardiology, 276, 388, 431, 450
Exercise haemodynamics, 133

event-free survival curves and, 135
External diameter (ED), 178
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F
Fabry’s disease. See Anderson-Fabry disease
Fast Fourier Transformation (FFT), 56
FBP. See Filtered back-projection
FDA. See Food and Drug Administration
FDG-PET. See 14Fluorodeoxyglucose positron emission tomography
FFA. See Free fatty acid
FFE (Philips), 114
FFT. See Fast Fourier Transformation
Fibroma, 544
Field of view (FOV), 103
FIESTA (General Electric), 114
Filtered back-projection (FBP), 74
Fit-line aortic bileafl et-tilting-disc valve, 178
18F-labelled fl uorometaraminol, 83
Flail mitral valve, 162
Flow-convergence method, for MR quantifi cation, 165, 167–168
Flumazenil, 25
14Fluorodeoxyglucose positron emission tomography (FDG-PET), 359
18F-FDG PET. See 18F-fl uoro-2-deoxyglucose positron emission 

tomography
18F-fl uoro-2-deoxyglucose positron emission tomography (18F-FDG 

PET), 443
F-fl uorodeoxy-glucose, 296
18F-6-fl uorodopamine, 377
18F-fl uoroethoxybenzovesamicol, 378
Fontan circulation

aortic-to-pulmonary collateral fl ow and, 575
AV-valve function and, 575
CMR/MSCT for, 593–594
connection visualization and, 574
echocardiography for, 573–575
pulmonary vein visualization and, 575
ventricular function assessment and, 575

Food and Drug Administration (FDA), 45
FOV. See Field of view
Free fatty acid (FFA), 81
Friedreich’s ataxia, 430
Functionally univentricular heart

CMR/MSCT for, 593
echocardiography for, 572–573
MRI and, 573
TOE and, 573

G
Gadolinium diethylenetriamine pentaacetic acid (Gd-DTPA), 525
Gallium-67 scintigraphy, 443
Gd-DTPA. See Gadolinium diethylenetriamine pentaacetic acid
General Electric, 113, 114
Geometric orifi ce area (GOA), 178
Global wall motion assessment, 238–239
Glycogen storage disease (GSD), 438

cardiomyopathy and, 446
GOA. See Geometric orifi ce area
GRAPPA (Siemens), 113
GSD. See Glycogen storage disease

H
Hatle’s method, 182
HCM. See Hyper-trophic cardiomyopathy
Heart failure (HF). See also Myocardial viability assessment

assessment of
MCE for, 327–331
rest echocardiography for, 326–327

CAD and, viability/hibernation, 358–359
LV diastolic function

abnormal trans-mitral infl ow velocities for, 312–313

mitral annulus and, 314
normal trans-mitral infl ow velocities for, 312
parameters of, 311
pulmonary venous fl ow and, 313–314

LV reverse remodelling and, 414–415
LV systolic function and, 308–311

dimensions/volumes, 308
global function, 308
other indexes of, 309–311
parameters of, 308
pressure rise calculation, 311
regional function, 308–309
segments of, 309

sympathetic cardiac innervation radionuclide imaging for, 
380–384

pathophysiology of, 380–382
prognosis assessment, 382–383
treatment assessment, 383

Heart failure with preserved ejection failure (HEPEF), 311, 312
Heart transplant, LV function evaluation for, 320
Heart valve prostheses, 178–202

Doppler haemodynamic parameters for, 184–185, 193
introduction to, 178
normal function/dysfunction of, 192–202

anterograde fl ow, normal, 192, 194
endocarditis/related complications of, 200–202
haemolysis, 200, 202
prosthetic valve obstruction, 195–196
prosthetic valve regurgitation, 196–198
regurgitant fl ow, normal, 192, 194–195
structural valve deterioration, 198

specifi cations/functional parameters of, 178–180
valve function assessment, 179–192

cardiac catheterization, 189
cinefl uoroscopy for, 188, 190, 191
CMR, 189–191
echocardiography for, 180–183
MDCT, 191–192
stress echocardiography for, 183–188

Haemangioma, 543–544
Haemodynamic progression, of AS, 132–133
Haemolysis, heart valve prostheses dysfunction, 200, 202
Hepatic vein blood fl ow, 175
HEPEF. See Heart failure with preserved ejection failure
HF. See Heart failure
Hibernating myocardium, 342
High oesophageal TOE position, 26–31

of aorta/main pulmonary artery, 29
of aortic root/coronary artery, 29
of aortic valve, 29–30
of aortic valve/left atrial appendage/left upper pulmonary vein, 

27–29
of left atrium/LVOT, 30–31
of oblique heart images, 30
of RVOT, 30
of thoracic aorta, 33–34

HLA. See Horizontal long axis
Horizontal long axis (HLA), 114
Hybrid imaging, 83–84, 90–98

clinical impact of, 96–98
conclusion on, 98
defi nition of, 90
future perspectives of, 98
image analysis/interpretation of, 96
imaging protocols for, 95–96
integrated scanner v. software fusion, 91–95
introduction to, 90
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for myocardial viability assessment, 354–355
radiation safety aspects of, 96
rationale for, 90–91
three dimensional view from, 90, 91

Hyper-trophic cardiomyopathy (HCM), 425–435
diagnosis of, 431–433

obstruction morphologic signs and, 433
echocardiographic signs of, 426
imaging guiding therapy of, 433–435
introduction to, 426
misdiagnosis/pitfalls of, 433
pathophysiology of, 426–431

hyper-trophy and, 426–428
mitral valve morphology/function change and, 429
myocardial velocity/deformation and, 429–431
obstruction and, 428–430

PWD and, 432
TVI parameters for, 431

I
ICA. See Invasive coronary angiography
ICD. See Implantable cardioverter-defi brillator
ICE. See Intra-cardiac echocardiography
IE. See Infective endocarditis
IH. See Intra-mural haematoma
Implantable cardioverter-defi brillator (ICD), 388
Infarct expansion, 239–240
Infective endocarditis (IE), 163, 205–221

anatomic defi nitions of, 206
bioprosthetic valve, 209
cerebral/abdominal CT scans for, 216
CT/CMR and, 215
decision-making imaging for, 220–221

embolic indications, 221
haemodynamic indications, 220
infectious indications, 220–221

Duke echocardiographic criteria for, 206–210
abscess formation as, 207–208
prosthetic valve new dehiscence, 209
vegetation as, 206–207

echocardiography diagnosis for, 206–210
echocardiography follow-up for, 220
echocardiography limitations/pitfalls for, 211–215

CDRIE, 212–213
normal/doubtful, 211–212
PVIE, 213–215

echocardiography prognostic value for, 216–220
embolism risk from, 218–220

incidence of, 218–219
prediction of, 219–220
splenic, 218

ICE for, 215
in-hospital mortality/long-term prognosis of, 218
intra-operative echocardiography and, 221
introduction to, 206
MR and, 214
vegetations/destructive lesions/abscess formations, 

206, 208
Inferior vena cava

blood fl ow of, 175
middle oesophageal TOE position, 32–33

Infi ltrative cardiomyopathy, 437–447
amyloidosis and, 438–442
Anderson-Fabry disease and, 444–446
introduction to, 438
sarcoidosis and, 442–444

Integrated scanners, software fusion v., 91–95

Internal orifi ce diameter (IOD), 178
International Organization for Standardization (ISO), 179
International Registry of Aortic Dissection (IRAD), 620
Intra-cardiac echocardiography (ICE), 578

IE and, 215
Intra-mural haematoma (IH), 602–603, 624, 625, 634–635

MRI and, 615–616
Intra-operative echocardiography, 221
Intra-ventricular delay (VV), 410

optimization of, 412, 413
Invasive coronary angiography (ICA), 250
Inversion time, LGE and, 369–370
IOD. See Internal orifi ce diameter
IRAD. See International Registry of Aortic Dissection
IRT. See Isovolumic relaxation time
Ischaemia, CTCA and, 273–274, 277
Ischaemic cardiomyopathy, revascularization in, 324–325
Ischaemic cascade, 226, 251
Ischaemic mitral regurgitation, 163

stress echocardiography and, 169–170
ISO. See International Organization for Standardization
Isolated left ventricular non-compaction, 465–467

echocardiography of, 466
MRI of, 466
PET of, 466
video on, 469

Isovolumic relaxation time (IRT), 313

J
Japanese Ministry of Health and Welfare, 442

K
Kaplan-Meier analysis, 331

for AS, 134, 135
Kawasaki disease, DCM and, 462
Kussmaul’s sign, 504, 507

L
LAP. See Left atrial pressure
Late gadolinium enhancement (LGE), 294

of ARVC/D, 480
kinetics of, 365
MI identifi cation by, 365–366
for myocardial viability assessment, 364–365
patterns of, 531
practical aspects of, 368–371

cine image comparison, 370
image acquisition timing, 368–369
MRS, 371
optimal TI, 369–370
true enhancement/artefact, 370–372

for revascularization recovery assessment, 366–368
LBBB. See Left bundle branch block
Left atrial pressure (LAP), 503
Left atrium

3DE of, 52–53
trans-gastric TOE view of, 34–36

Left bundle branch block (LBBB), 251, 410
DCM and, 455

Left marginal vein (LMV), 401
Left ventricle assist devices (L-VAD), imaging for, 320–321
Left ventricle diastolic function

deceleration time and, 313
HF and, 311–314

abnormal trans-mitral infl ow velocities for, 312
mitral annulus and, 314
normal trans-mitral infl ow velocities for, 312, 316–317
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parameters of, 311
pulmonary venous fl ow and, 313–315

imaging strengths/weaknesses comparison for, 314–320
CMR, 315–316
echocardiography, 315
for follow-up, 319–320
RNA, 317–319
SPECT, 317–319
for treatment guide, 319

Left ventricle (LV), 7
CWD estimating pressure of, 452–453
dimension/corporal surface of, 8
function of, 169

CMR measurement of, 584–585
for heart transplant, 320
improvement of, 360

M-mode echocardiography and, 6
reverse remodelling of, 414–416

clinical response to, 419–420
clinical trials on, 415–416
predictors of, 416–418

segmentation of, 344
3DE of, 49–52
thrombus of, 361
trans-gastric TOE position, 34–35volumes of, 8

Left ventricle systolic function
HF and, 308–311

dimensions/volumes of, 308global function, 308
other indexes of, 309–311
parameters of, 308
pressure rise calculation, 311
pulmonary venous fl ow and, 315
regional function, 308–309, 342
segments of, 309

imaging strengths/weaknesses comparison for, 313–320
CMR, 315–316
echocardiography, 315, 316
for follow-up, 319–320
RNA, 317–319
SPECT, 317–319
for treatment guide, 319

Left ventricular dysfunction
death rates for, 343
mortality decrease and, 344

Left ventricular ejection fraction (LVEF), 261
Left ventricular hyper-trophy (LVH), 426
Left ventricular outfl ow tract (LVOT)

high oesophageal TOE position, 30–31
middle oesophageal TOE position, 33
normal Doppler patterns of, 20
RV v., 23
trans-gastric TOE view of, 36

Left ventricular outfl ow tract obstruction (LVOTO), 578
AS and, 565
CMR/MSCT for, 588–590

Ross operation and, 590
echocardiography for, 565
sub-valvular stenosis and, 565
supra-valvular stenosis and, 565

Levosimendan, 333
LGE. See Late gadolinium enhancement
Lidocaine spray, 25
Line of response (LOR), 76
Lipoma, 542–543
Lipomatous hyper-trophy of inter-atrial septum, 542–543
LMV. See Left marginal vein

LOR. See Line of response
L-VAD. See Left ventricle assist devices
LVEF. See Left ventricular ejection fraction
LVH. See Left ventricular hyper-trophy
LVOT. See Left ventricular outfl ow tract
LVOTO. See Left ventricular outfl ow tract obstruction
LV. See Left ventricle

 M
Magnetic resonance angiography (MR), 118–119

of pulmonary stenosis, 146
Magnetic resonance cine images (MR cine), 

from dobutamine-CMR, 289–290
Magnetic resonance imaging (MRI)

AS and, 130–132
acute aortic syndrome and, 614–616

aortic dissection and, 614–615
IH, 615–616
PU and, 616

aortic aneurysms and, 612–613
for aortic coarctation, 617–618
for aortic disease, 610–626

diagnostic strategies of, 619–620
limitations/pitfalls of, 619
prognosis/follow-up for, 620–623

for aortitis, 617
black-blood sequence of, 610
ccTGA and, 572
CE-MRA, 611
cine-MR sequence of, 610
contraindications to, 112
contrast agents for, 112–113
for CRT scar tissue assessment, 400
Eisenmenger’s syndrome and, 576
fl ow mapping and, 610–611
functionally univentricular heart and, 571
introduction to, 112
for mechanical dyssynchrony, 397–399
MR and, 170
pregnant women and, 577
pulmonary stenosis and, 145–146
for Tako-Tsubo cardiomyopathy, 468
tissue iron content estimated by, 116
TS and, 144

Magnetic resonance spectroscopy (MRS), 371
MAO. See Monoamine oxidase
Maximum intensity projections (MIP), 118
MBF. See Myocardial blood fl ow
MCE. See Myocardial contrast echocardiography
MDCT. See Multi-detector computed tomography
Mechanical dyssynchrony, 389–398

echocardiographic evaluation of, 389–396
automated TDI techniques, 392
conventional techniques, 389–390
multiple segment technique, 392
opposing wall technique, 390–392
real time 3D, 396, 397
STE/2D strain, 395–396
strain imaging, 393–395
TDI, 390–391, 395
tri-plane techniques, 392–394

MRI evaluation of, 397–399
nuclear image evaluation of, 396–397
types, 389

123I-metiodobenzylguanidine (123I-MIBG), 377–379
semi-quantifi cation of, 379
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123I-MIBG. See 123I-metiodobenzylguanidine
MI. See Myocardial infarction
Microvascular obstruction, 368
Midazolam, 25
Middle oesophageal TOE position, 26, 31–34

of 4-chamber view, 31–32
of LVOT/aorta, 33
of RV/RVOT/pulmonary artery, 33
of superior/inferior vena cava, 32–33
of thoracic aorta, 33–34
of 2-chamber view, 33

MIP. See Maximum intensity projections
MIRACLE study, 413, 415, 419
Mitral regurgitation (MR), 159–170, 208

anatomy of, 159–160
colour-fl ow Doppler and, 451–452
consequences of, 168–170

exercise echocardiography, 169
left atrial/pulmonary pressures, 169
LV function, 169
LV parameters of, 168–169

CRT infl uence on, 418–419
degenerative organic, 161–163
echocardiography follow-up for, 170
echo-morphologic parameters in, 160
functional classifi cation of, 161, 164
IE and, 214
infective endocarditis and, 163
ischaemic, 163
lesions/mechanisms of, 161–163

localization of, 161–162
mild/moderate/severe degrees of, 165
MRI role and, 170
other aetiologies of, 163
quantifi cation of, 163–168

CWD, 168
Doppler volumetric method for, 165, 167
ERO, 165
fl ow-convergence method for, 165–168
PISA, 166, 167
pulmonary venous fl ow, 168
semi- methods for, 163–164
severity grading, 169
specifi c signs, 169
supportive signs, 169

repairability of, 170
rheumatic, 163, 164
semi-quantifi cation methods for, 164

anterograde velocity, 164
colour fl ow mapping, 164
VCW, 164

Mitral stenosis (MS), 136–143
clinical decision-making imaging for, 142–143
CWD recording of, 140
degenerative, 137
imaging providing prognostic information regarding, 142
interventions/imaging for, 142
MRI/CT role of, 142
rheumatic, 136, 137
severity of, 138–142

continuity equation for, 141
PAP, 141
pressure half-time/gradient, 139–141
valve area planimetry, 138–139

stress echocardiography and, 187
valve morphology of, 136–138

assessment of, 138
Wilkins score and, 138

Mitral valve
anatomy/function of, 159–161
annulus, 159, 313
billowing/prolapse of, 162
blood fl ow of

normal Doppler patterns of, 20
tricuspid v., 22

chordae tendinea/papillary muscles, 159, 162
double orifi ce, 566
fl ail, 162
HCM and, 429
isolated cleft, 566
M-mode echocardiography and, 5–6
parachute, 565
resistance of, 141–142
segmentation of, 159, 160
supra-valve ring, 566
valvular leafl ets, 159

Mitral valve area (MVA), 136
M-mode echocardiography, 5–9

aortic valve and, 5
AR diagnosis by, 150–151
contrast used in, 40
LV and, 6
mitral valve, 5–6
pulmonary valve and, 8–9
RV and, 8
tricuspid valve and, 8, 9
values of, 7

Molecular imaging, 84
Monoamine oxidase (MAO), 376
MPI. See Myocardial performance index; Myocardial perfusion 

imaging
MPRI. See Myocardial perfusion reserve index
MPR. See Multi-planar reconstruction; Multi-planar reformatting
MPS. See Myocardial perfusion scintigraphy
MR cine. See Magnetic resonance cine images
MRI. See Magnetic resonance imaging
MR. See Magnetic resonance; Mitral regurgitation
MRS. See Magnetic resonance spectroscopy
MS. See Mitral stenosis
MSCT. See Multi-slice computed tomography
Multi-detector computed tomography (MDCT), 102

ARVC/D and, 480
baseline ECG in, 105
fast-growing availability of, 118–119
limitations of, 109
for myocardial viability assessment, 350–354

clinical results of, 352
principles of, 350–351
strengths/weaknesses of, 352–353
typical study protocol of, 351

myocarditis and, 524
prosthetic valve function assessment and, 191–192

Multi-planar reconstruction (MPR), 108, 631
Multi-planar reformatting (MPR), 118
Multi-slice computed tomography (MSCT)

for ACHD, 558
aortic aneurysm and, 637–641
for aortic coarctation, 587
aortic disease and, 630–641
for aortic regurgitation, 588–589

after Ross operation, 590
for ASD, 586
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for AVSD, 587
for ccTGA, 593, 594
for common arterial trunk, 591–592
congenital diseases and, 630–631
for congenital mitral valve anomalies, 591
for cor triatriatum sinister, 591
for double outlet RV, 597–589
for Ebstein’s anomaly, 590
for Eisenmenger’s syndrome, 594
for Fontan circulation, 593–594
for functionally univentricular heart, 593
for LVOTO, 588–589
for myocardial viability assessment, 336–337
for PDA, 587
for pulmonary arterial hyper-tension, 594, 595
for RVOTO, 587
technical considerations for, 630
for tetralogy of Fallot, 591, 592
for TGA, 592, 593
for TR, 590
for VSD, 586

Mustard atrial switch procedure, 569, 570, 580, 592, 593
MUSTIC trial, 416
MVA. See Mitral valve area
MVO

2
. See Myocardial oxygen consumption

Myocardial blood fl ow (MBF)
DCM and, 455
PET and, 81
polar maps of, 82
tracers used for, 81

Myocardial contrast echocardiography (MCE), 325
for HF assessment, 327–331
for myocardial viability detection, 327–328

Myocardial deformation imaging
calculations for, 62
clinical applications of, 61–69
PWD and, 56–57
rotation/velocity curves for, 62–64
schematic representation of, 55
strain/strain-rate of, 58–59
from TVI to STE, 55–70
velocities and, 65–67

Myocardial dimension, ventricular mass and, 8
Myocardial infarction (MI), 251, 257, 370

LGE for, 365–366
myocardial perfusion abnormalities and, 258

Myocardial ischaemia, prognosis defi ned by, 259
Myocardial metabolic imaging, DCM and, 454–455
Myocardial necrosis, absence, 342
Myocardial oxygen consumption (MVO

2
), 83

Myocardial performance index (MPI), 311
Myocardial perfusion imaging (MPI), 79–80, 83

adenosine stress fi rst-pass, 117
CMR and, 117
DCM and, 454, 457–458

Myocardial perfusion reserve index (MPRI), 117
Myocardial perfusion scintigraphy (MPS), 250

ACS and, 257–259
CAD detection by, 251–262

cost-effectiveness of, 256
current guidelines for, 260–261
mean sensitivity range of, 253
prognosis, 251–254
sECG v., 251

conclusion on, 262–263
Myocardial scintigraphy, myocarditis and, 522–524

Myocardial tagging, 364
CMR and, 115

Myocardial viability assessment, 325–326
algorithm for, 338
after AMI, 330 
in CAD, 331
clinical outcomes/golden standard of, 342–344
clinical practice/integrated imaging for, 337–338
CMR for, 336–337, 371–372

protocol for, 372
technique sensitivity/specifi city, 372

coronary artery bypass surgery and, 362
criteria for, 338
CRT and, 360

patient death from, 360
future perspectives for, 337
hybrid imaging for, 354
imaging techniques for, 344–354
introduction to, 358
inversion recovery and, 365
LGE for, 364–365
MCE for, 327–329
MDCT for, 350–354

clinical results of, 352
principles of, 350–351
strengths/weaknesses of, 352–354
typical study protocol of, 351

MSCT for, 337
non-invasive techniques for, 344
optimal test for, 354–355
PET for, 336, 345–349

clinical assessment, 346–347
clinical value of, 348–349
strengths/weaknesses of, 349

SPECT for, 334–336, 349–350
stress echocardiography for, 331–334
wall thickness and, 360–362

Myocarditis
CMR and, 525–534

anatomic/functional abnormalities, 525
clinical recommendations and, 532
indications for, 532
patient follow-up and, 528–531
protocol for, 533–534
tissue characterization, 525–528

contrast enhancement mechanism and, 529
DCM and, 459–460

echocardiography of, 460–461
echocardiography and, 522
introduction to, 522
MDCT and, 524
myocardial scintigraphy and, 522–524
sensitivity/specifi city of, 526–528

Myocardium, dysfunction
in CAD, 324
revascularization effects on, 343

Myocardium fi bro-fatty replacement, as ARVC/D 
diagnostic criteria, 480

Myxoma, 538–541
Myxomatous vale, 162

N
13N-ammonia positron emission tomography, 346–347

clinical value of, 348–349
NE. See Norepinephrine
NMR. See Nuclear magnetic resonance
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Non-destructive contrast imaging techniques, 41–45
Norepinephrine (NE), 376
Nuclear cardiology. See also Positron emission tomography; Single 

photon emission computed tomography
CAD detection and, 249–263
for CRT scar tissue assessment, 400
DCM and, 453–458

cardiotoxic drugs, 463
Chagas’ disease, 461
Churg-Strauss syndrome, 461, 462
Kawasaki disease, 462
sarcoidosis, 461
Takayasu arteritis, 461

fast acquisition and, 83
hybrid imaging and, 83–84
for mechanical dyssynchrony, 396–397
molecular imaging and, 84
for sarcoidosis, 443
for Tako-Tsubo cardiomyopathy, 466–468

Nuclear magnetic resonance (NMR), 112

O
Oblique heart images, high oesophageal TOE position, 30

P
Papillary fi broelastoma, 541–542
PAP. See Pulmonary artery pressure
Parasternal long-axis view

of colour-fl ow Doppler, 19
of 2DE, 10–11

Parasternal short-axis view
anatomic section of, 11
of colour-fl ow Doppler, 19, 20
schematic anatomic section of, 12
of 2DE, 11–12

Parasympathetic system (PNS), SNS v., 376
Parturition. See Pregnancy/parturition
Patent ductus arteriosus (PDA)

associated anomalies of, 562
CMR/MSCT for, 587
echocardiography for, 562
fl ow direction and, 562
identifi cation of, 562
secondary haemodynamic signifi cance of, 562

PAU. See Penetrating atherosclerotic ulcer
PCI. See Percutaneous coronary interventions; Periprocedural infarcts
PCr. See Phosphocreatine
PDA. See Patent ductus arteriosus
Penetrating aortic ulcer (PU), 604

MRI and, 616
Penetrating atherosclerotic ulcer (PAU), 635
Pentraxin, 441
Percutaneous coronary interventions (PCI), 90

functional likelihood recovery from, 231
Perfusion cardiac magnetic resonance imaging (Perfusion-CMR)

CAD detection by, 293–302
conclusion on, 301
data analysis reading of, 296–297
diagnostic performance of, 297–300
protocols of, 294–296
technique problems/future developments of, 300–301

contraindications for, 301
principle of, 294–296
SPECT v., 297, 300, 302
stress only, 295–296

Perfusion-CMR. See Perfusion cardiac magnetic resonance imaging

Pericardial effusion, 239, 515–516, 603
background on, 488–489
cardiac tamponade and, 489
causes of, 488
constrictive, 516–517
pericardial space and, 488
size of, 488

Pericardial effusion imaging, 489–497
cardiac CT and, 494–495

advantages/disadvantages of, 494
appearances of, 494
cardiac tamponade of, 494–495

chest x-ray for, 489, 490
echocardiography and, 489–494

advantages/disadvantages of, 489–490
appearances on, 490–492

Pericardiocentesis, 497–499
chest X-ray for, 498
echocardiography for, 498
overview of, 497–498

Pericarditis, 514–515
Periprocedural infarcts (PCI), 373
PET. See Positron emission tomography
Phase-sensitive inversion-recovery (PS-IR), 116, 370, 371
Philips, 113, 114
Phosphocreatine (PCr), 371
PHT. See Pulmonary arterial hyper-tension
PISA. See Proximal isovelocity surface area method
Plaque. See also Atheromatous plaques; Atherosclerosis

calcifi ed, 282
non-calcifi ed, 282, 283

Plasma B-type natriuretic peptide (BNP), 507
PNS. See Parasympathetic system
Positron emission tomography (PET), 74

13N-ammonia, 346–347
clinical value of, 348–349

acquisition of, 76–77
attenuation of, 76
coincidence detection of, 76–77
3D imaging, 77
modes of, 78

CAD diagnosis and, 253
for cardiac innervation, 379–380
conclusion on, 84
current imaging procedures/applications of, 79–83

MBF, 81
myocardial metabolism, 81–83
myocardial pharmacology and, 83

data correction and, 77–78
attenuation and, 78
dead time and, 77–78
motion and, 78
normalization and, 77
partial volume and, 78
random coincidences and, 78
scattered coincidences and, 78

for myocardial viability assessment, 336, 345–349
clinical assessment, 346–347
clinical value, 348–349
strengths/weaknesses of, 349

radionuclide tracers for, 345
technical aspects of, 76–78

Pregnancy/parturition cardiomyopathy, 465
Pregnant women

MRI and, 577
TOE use for, 577
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TTE use for, 576–577
Pressure gradient/half-time

equation for, 139
for MS, 139–141
for TS, 143–144

PRF. See Pulse repetition frequency
Primary cardiac lymphoma, 545–546
Primary cardiac tumours

benign
fi broma, 544
haemangioma, 543–544
lipoma/lipomatous hyper-trophy of inter-atrial septum, 542–543
myxoma, 538–541
papillary fi broelastoma, 541–542
rhabdomyoma, 544

differential diagnosis of, 538
malignant

angiosarcoma, 545
primary cardiac lymphoma, 545–546
sarcomas, 545

Prosthetic valve infective endocarditis (PVIE), 213–215
Prosthetic valve obstruction, 195–196
Proximal isovelocity surface area method (PISA), 155

for MR quantifi cation, 166, 167
for MS severity, 141
for TR severity, 173–174

PS-IR. See Phase-sensitive inversion-recovery
PU. See Penetrating aortic ulcer
Pulmonary arterial hyper-tension (PHT), 561

CMR/MSCT for, 594
Pulmonary artery

high oesophageal TOE position, 29
middle oesophageal TOE position, 33

Pulmonary artery pressure (PAP), 136
MS and, 141

Pulmonary stenosis
decision-making imaging for, 146
imaging providing prognostic information regarding, 146
interventions/imaging for, 146
MR angiography of, 146
MRI/CT role for, 145–146
severity of, 145

pressure gradient, 145
valve anatomy and, 145

Pulmonary valve
M-mode echocardiography and, 8–9
2DE view of, 10

Pulmonary veins, high oesophageal TOE position, 27–29
Pulmonary venous blood fl ow, 168

LV diastolic function and, 312–313, 316
LV systolic function and, 316
normal Doppler patterns of, 24
normal values of, 23, 24
vena cava blood fl ow and, 24

Pulsed-wave Doppler (PWD), 9, 17, 21
HCM and, 432
myocardial deformation and, 56–57
TR and, 175

Pulse repetition frequency (PRF), 17
PVIE. See Prosthetic valve infective endocarditis
PWD. See Pulsed-wave Doppler

R
Radiofrequency (RF), 112
Radionuclide angiography (RNA), for LV diastolic/systolic function, 

315–316

Radionuclide tracers
clinical use of, 345
for PET, 345

Rastelli procedure for TGA, 570–571, 592
RCMP. See Restrictive cardiomyopathy
Regional wall motion assessment, 224–235

CMR and, 360
contrast-enhanced echocardiography for, 232–235
function of, 226
rest echocardiography for, 225, 232
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Rheumatic mitral regurgitation, 162, 164
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Valsalva manoeuvre, 313
Valve area planimetry

for MS severity, 138–139
for AS severity, 129–130
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