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Circulatory System (Cardiovascular 
and Lymphatic Systems)

Abdelhamid H. Elgazzar, Saud A. Alenezi, 
and Mohamed A. Elfawal

9.1	� Introduction

This chapter will review anatomic, physiologic, 
and pathophysiologic principles of major nuclear 
medicine relevant heart diseases. It will also dis-
cuss the role of radionuclide imaging in the diag-
nosis and management of these conditions 
including coronary artery disease, acute ischemic 
syndromes, and heart failure. The chapter 
includes the pertinent radiotracers and imaging 
techniques and the clinical circumstances under 
which these tools are applied to clinical decision 
making. The chapter will also review the lym-
phoscintigraphy and its basis and applications.

9.2	� Anatomical Considerations

The heart consists of muscle, valves, specialized 
tissue, coronary arteries, and pericardium. In the 
embryo, during the first month of gestation, a 
primitive straight cardiac tube is formed. The 
tube comprises the sinoatrium, the bulbus cordis, 
and the truncus arteriosus. In the second month 
of gestation, this tube doubles over on itself to 
form two parallel pumping systems, each with 

two chambers and a great artery. The two atria 
develop from the sinoatrium; the right and left 
ventricles develop from the bulbus cordis. 
Differential growth of myocardial cells causes 
the straight cardiac tube to bear to the right, and 
the ventricular portion of the tube doubles over 
on itself, bringing the ventricles side by side 
(Fig. 9.1) [1].

The coronary arteries originate from the left 
and right coronary sinuses of the aorta (Fig. 9.2). 
The left main coronary artery, which comes off 
the left coronary sinus, continues for a variable 
distance before it divides into two major arteries, 
the left anterior descending and circumflex arter-
ies [2]. The left anterior descending artery (LAD) 
descends in the anterior interventricular groove 
and, most of the time, continues to the apex, sup-
plying the apical and inferior apical portion. The 
LAD gives off septal branches that course deep 
into the interventricular septum. The septal 
branches vary in size and number. The anterior 
two thirds of the septum derive their supply from 
the septal LAD branches, while the rest of the 
septum is supplied by the perforator branches 
from the posterior descending branch of the right 
coronary artery. The LAD provides also diagonal 
branches, which run on the epicardial surface 
diagonally to supply the lateral wall of the left 
ventricle. Usually, the first one or two diagonal 
branches are large enough for angioplasty or 
bypass consideration.
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aorta

The left circumflex artery (LCx) branches off 
from the left main artery and runs in the left atrio-
ventricular groove. It then continues to the left 
and posteriorly. It supplies several posterolateral 
ventricular branches, which in turn supply the 
posterior lateral surface of the left ventricle and 
parallel the diagonal branches of the LAD.  In 

most cases, the LCx continues as a small terminal 
posterior left ventricular branch.

The right coronary artery (RCA) arises from 
the right coronary sinus and descends in the right 
atrioventricular (AV) groove. Its first supply is to 
the proximal pulmonary conus and right ventric-
ular outflow region. Normally, there are also two 
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or three large right ventricular branches that 
course diagonally over the right ventricle and 
supply the right ventricular myocardium. Most of 
the time the RCA continues along the diaphrag-
matic surface of the heart in the AV groove to 
reach the crux. At the crux, the RCA divides into 
a posterior descending artery (PDA) and posterior 
left ventricular branch. The PDA branch is usu-
ally a large artery that runs in an anterior direc-
tion in the inferior interventricular groove. The 
PDA supplies the inferior third of the septum. 
The PDA septal branches can provide a rich col-
lateral pathway via septal perforating arteries of 
the LAD. The other terminal branch of the RCA, 
the posterior left ventricular branch, continues in 
the AV groove and communicates with the termi-
nal branch of the Cx.

9.3	� Physiological Considerations

9.3.1	� Physiology of Coronary 
Blood Flow

The heart is continuously filled with blood 
throughout the whole life although blood within 
the cardiac chambers does not significantly con-
tribute to the function, viability and maintenance 
of cardiac tissue. A specialized separate coronary 
circulation provides the myocardial tissue with 
oxygen and substrates to ensure normal function 
and viability.

Based on the demands for operating a con-
stantly functioning contractile organ, the heart 
has the highest per gram oxygen consumption of 
any organ (50–100  μL  O2/min/g) and hence it 
extracts 70–80% of delivered oxygen even under 

resting conditions compared to skeletal muscle 
which utilizes only about 30–40% of delivered 
oxygen at rest [3, 4].

Coronary blood supply depends on coronary 
vascular resistance. Coronary vascular resistance 
depends on several factors (Fig. 9.3) and is continu-
ously regulated to deliver sufficient quantities of 
oxygen supply to meet any change in the metabolic 
demand of the myocardial tissue (metabolism-
perfusion matching) [3, 5, 6].

Regional myocardial blood flow can be cur-
rently measured noninvasively in the units of mil-
liliters blood per minute per gram myocardium. 
These noninvasive measurements are achieved 
by positron emission tomography (PET) and can 
also be done using MRI and CT. Flow estimates 
with these different imaging modalities were 
found in animal experimental studies to correlate 
well with invasive flow estimates by the arterial 
blood sampling-microsphere technique which is 
considered the “gold standard” of blood flow 
measurements [7].

Measuring myocardial blood flow at rest pro-
vides limited diagnostic information as even in 
patients with advanced cardiovascular disease 
such as dilated cardiomyopathy, hypertrophic 
cardiomyopathy, or coronary artery disease, rest-
ing myocardial blood flows frequently are similar 
to those in normal individuals [7]. With pharma-
cologic or physiologic interventions, the response 
of coronary blood flow can uncover the presence 
of functional or structural disease-related altera-
tions of the coronary circulation.

Changes in myocardial work and, conse-
quently, in energy demand, are accompanied by 
proportional changes in coronary blood flow. 
This flow increase is initiated by a metabolically-
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Fig. 9.3  Diagram 
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9  Circulatory System (Cardiovascular and Lymphatic Systems)



326

mediated decrease in microvascular resistance 
with vascular smooth muscle relaxation and 
hence to adjust the vessel diameter [7].

Seven to 15% of patients with acute coronary 
syndrome have nonobstructed coronary arteries 
and myocardial infarction is not accompanied 
with obstructed coronary arteries [8]. Quantitative 
measurements of myocardial blood flow identify 
functional rather than structural disturbances that 
may reflect adverse effects of coronary risk fac-
tors on endothelial function or early stages of 
developing coronary artery disease.

Measurements of myocardial blood flow in 
absolute units allows improved characterization 
of the extent and severity of coronary artery dis-
ease, its impact is likely to be the greatest in 
patients with microvascular disorders. It is in this 
particular disease entity where flow measure-
ments offer a means for estimating the true isch-
emic burden of the myocardium and its associated 
cardiac risk. Furthermore, it aids to distinguish 
between functional and structural alterations and, 
at the same time, identifies potential reversibility 
and thus therapeutic strategies [9, 10].

The most useful application of measuring 
myocardial blood flow is in cases with coronary 
disease confined to microvasculature with angio-
graphically nonidentifiable coronary disease. In 
other words, there is coronary disease affecting 
microvessels with no apparent macrovascular 
alterations. This condition may also show diffuse 
luminal narrowing without discreet coronary ste-
nosis [7]. This condition is now known to be 
associated with several conditions such as diabe-
tes and cardiomyopathy (Table 9.1) [11–13]. In 
addition to normal agiography or a finding of dif-
fuse narrowing, myocardial perfusion studies can 
also be normal even in the presence of symptoms 
[7]. However, myocardial blood flow is typically 
diminished in response to vasodilator stress, 

although it is most likely be in the range of nor-
mal in resting status.

9.3.2	� Myocardial Contractility

Cardiac muscle has two essential properties: 
electrical excitability and contractility.

9.3.2.1	� Electrical Excitation
The conduction system is composed of modified 
cardiac cells. The sinoatrial and atrioventricular 
nodes have cells with high electrical impulse 
automaticity, while the His bundle and the 
Purkinje system cells have higher rapid impulse 
conductivity. The contraction of the heart is nor-
mally initiated by an impulse in the sinoatrial 
node and then spreads over the atrial muscles to 
the atrioventricular node. The impulse then runs 
through the His bundle and the Purkinje system 
to reach all areas of both ventricles at approxi-
mately the same time [1, 14].

9.3.2.2	� Contraction
The ability of myocardial muscles to shorten and 
generate the force necessary to maintain blood cir-
culation is a fascinating property of the heart. This 
is achieved primarily through the unique contrac-
tile function of two proteins of the sarcomere 
(actin and myosin) of the syncytially arranged 
myocardial fibers. The two main mechanisms that 
can alter cardiac muscle performance are a change 
in initial muscle length (Frank-Starling mecha-
nism) and a change in contractile state. In the 
intact heart, these are determined by preload sta-
tus, afterload status, the contractile state under a 
given set of loading conditions, and the heart rate. 
There is a passive exponential relationship between 
the length and the tension of muscle fibers. Cardiac 
muscle tissue, like other body tissue, is not entirely 
elastic. Thus, this relationship does not exist 
beyond certain muscle stretch limits. Additionally, 
there is an active proportional relationship between 
the initial length of myocardial muscle and the 
force generated by this muscle, again up to certain 
length limits [1, 2, 14].

Unlike skeletal muscles, cardiac muscle cells 
are connected to each other by intercalated disks 

Table 9.1  Major causes of microvascular coronary 
disease

Diabetic microangiopathies
Hypertrophic cardiomyopathy
Systemic vasculopathies associated with inflammatory 
disorders
Transplant vasculopathies
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and do not run the length of the whole muscle. 
Also, heart muscle has a rich supply of the high-
energy phosphate needed for the contraction. 
Therefore, it may not easily develop an oxygen 
deficit as skeletal muscle does when its work 
exceeds its oxygen supply. Cardiac sarcomeres are 
limited by the fact that they can be extended only 
to a certain limit (the optimum length of 2.2 μm), 
whereas sarcomeres of skeletal muscles can be 
stretched out beyond that. Finally, cardiac muscle 
has all-or-none twitch contraction and cannot be 
physiologically tetanized as skeletal muscle can.

9.3.2.3	� Left Ventricular Performance

Left Ventricular Function Curve
The left ventricular function curve usually refers 
to plotting of some of the LV performance mea-
surements such as stroke volume or work against 
some of the preload indices such as pulmonary 
capillary wedge pressure [2, 15]. This analysis 
requires invasive measurements and is useful not 
only for providing prognostic information in 
acute cardiac conditions but also for monitoring 
response to therapeutic interventions.

Ejection Fraction
The ejection fraction is the most useful single 
number of the LV performance, defined as the 
stroke volume divided by the end-diastolic vol-
ume. This functional index can be measured by 
both invasive and noninvasive techniques. 
Ejection fraction is closely related to the LV 
function curve; however, it is very sensitive to 
loading conditions [2, 15].

Pressure–Volume Relationship 
Measurement
By studying the pressure–volume relationship, a 
stroke work index can be obtained [2, 15]. This is 
defined as stroke volume  ×  (mean LV systolic 
ejection pressure − mean LV diastolic pressure). 
It is a very sensitive index since it is affected by 
all factors that may alter LV performance.

Regional Wall Motion Assessment
The assessment of regional wall motion is 
extremely useful in confirming and locating the 

site of coronary artery disease (CAD). As with LV 
ejection fraction measurement, it can be studied 
using both invasive and noninvasive methods.

Diastolic Function
Diastolic function is usually assessed by studying 
the relationship between LV passive pressure and 
volume and by examining the rate of relaxation 
after contraction. Several important measure-
ments have been derived from various invasive 
and noninvasive techniques that can be used for 
both evaluating and monitoring the changes in 
diastolic function [15].

9.4	� Pathophysiological 
Considerations

9.4.1	� Heart Failure

Heart failure is considered a pathophysiologi-
cal condition rather than a specific disease. In 
such a condition, the heart fails to supply 
enough blood to meet the metabolic demand of 
the tissues. Most cases of heart failure are due 
to primary myocardial dysfunction or intrinsic 
abnormalities, which include hypertensive 
myocardial hypertrophy, ischemic heart dis-
ease, valvular heart disease, pulmonary hyper-
tension, pericardial disease, and other 
cardiomyopathies (Table  9.2). Various extrin-

Table 9.2  Major causes of heart failure

A. Systolic dysfunction:
1. �Ischemic heart disease (e.g., chronic ischemia, 

myocardial infarction)
2. �Valvular heart disease (e.g., mitral regurgitation, 

aortic regurgitation)
3. �Dilated cardiomyopathy (idiopathic and 

nonidiopathic)
4. Chronic uncontrolled arrhythmia
B. Diastolic dysfunction:
1. Hypertension
2. Ischemic heart disease (e.g., acute ischemia)
3. Infiltrative myocardial disease (e.g., amyloid)
4. �Left ventricular outflow tract obstruction (e.g., 

hypertrophic obstructive cardiomyopathy, aortic 
stenosis)

5. Uncontrolled arrhythmia
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sic abnormalities can cause heart failure as 
well, despite normal ventricular function; this 
is referred to as secondary heart failure. Heart 
failure in this situation could have many rea-
sons: inadequate blood volume as in hemor-
rhage, inadequate oxygen delivery as in 
anemia, inadequate venous return as in tricus-
pid stenosis, profound capillary vasodilatation 
as in toxic shock, and peripheral vascular 
abnormalities as in arteriovenous shunts.

Under normal conditions, the heart receives 
blood at low pressure in diastole, then ejects it at 
higher pressure during systole. Heart failure occurs 
when the heart fails to maintain adequate cardiac 
output (CO) to meet the body’s metabolic 
demands. CO is the ejected amount of blood by 
the ventricle per minute. It is equal to the stroke 
volume (SV) multiplied by the heart rate (HR), 
i.e., CO = SV × HR. Stroke volume is the amount 
of blood ejected from the ventricle during systole, 
which is equal to the end-diastolic volume (EDV) 
minus end-systolic volume (ESV). SV depends on 
three determinants; preload, afterload, and con-
tractility. Preload is the ventricular pressure at the 
end of diastole, while afterload is the pressure dur-
ing ventricular systolic contraction. Myocardial 
contractility accounts for the change in contraction 
intensity. Ventricular SV increases when there is 
an increase in preload, a decrease in afterload, or 
enhanced contractility. When a cardiac muscle is 
passively stretched before contraction, and then 
stimulated to contract, the generated force depends 
on the length of the muscle fiber. The Frank-
starling law explains how the SV increases if the 
preload is increased in relation to the myocytes 
stretching which results in increased systolic con-
traction. In other words, the more the ventricle is 
distended with blood during diastole, the more is 
the volume of blood ejected during systole. 
Ejection fraction (EF) is the portion of EDV 
ejected from the ventricle during each systole 
(EF = SV ÷ EDV). The normal EF range is between 
55% and 75% [16].

Chronic heart failure occurs when the after-
load increases, or ventricular contractility is 
reduced, a condition termed “systolic dysfunc-
tion.” Essential causes of increased afterload are 
systemic hypertension and severe aortic stenosis. 

Significant causes of impaired contractility are 
coronary atherosclerosis, mitral regurgitation, 
aortic regurgitation, and dilated cardiomyopa-
thies. Chronic heart failure may also result from 
impaired ventricular filling and diastolic relax-
ation which is known as “diastolic dysfunction.” 
Causes include left ventricular hypertrophy, 
myocardial fibrosis, restrictive cardiomyopa-
thies, and constrictive pericarditis or cardiac tam-
ponade. Accordingly, heart failure has been 
categorized into two groups; heart failure with 
reduced EF, i.e., systolic dysfunction and heart 
failure with normal EF, i.e., diastolic dysfunction 
[17]. In heart failure with reduced EF, the incom-
plete ventricular emptying and increased EDV 
cause elevation of the LV pressure during dias-
tole. This, in turn, is transmitted to the left atrium 
and the pulmonary vasculature. When pulmonary 
pressure is significantly elevated, i.e., more than 
20 mmHg, pulmonary congestion and pulmonary 
edema will occur and generalized venous con-
gestion and generalized edema will then follow. 
On the other hand, in heart failure with normal 
EF, diastolic filling occurs at a higher pressure 
due to reduced ventricular compliance. This ele-
vated ventricular pressure is retrogradely trans-
mitted to the left atrium, pulmonary and systemic 
venous circulation with similar consequences as 
described in heart failure with reduced E.F.

Compensatory mechanisms in heart failure 
include the Frank-Starling mechanism. When LV 
contractile function is impaired, this results in 
incomplete emptying and increased LV pressure. 
Myocardial fibers act through the Frank-Starling 
mechanism, increase stretch to induce a greater 
stroke volume which helps to empty the enlarged 
LV and maintain a normal cardiac output. The 
second compensatory mechanism is neurohor-
monal activation which comprises increased 
adrenergic activation, renin-angiotensin-
aldosterone system, and increased antidiuretic 
hormone. The third (space)mechanism includes 
ventricular hypertrophy and remodeling. All such 
compensatory mechanisms can be beneficial 
within limits, but eventually fail to maintain ade-
quate cardiac output [18].

All the physiological principles described in 
heart failure are essentially applied to both left-
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sided and right-sided failure. However, the right 
ventricle is highly compliant compared to the left 
ventricle and therefore can accept larger volumes 
of blood with little changes in its filling pressure. 
Apart from the fact that left-sided heart failure is 
the commonest cause of right-sided heart failure, 
as a result of increased pulmonary vascular pres-
sure, isolated right ventricular failure may occur 
following chronic obstructive pulmonary disease, 
reflecting the increased right ventricular after-
load. The most common cause of acute right-
sided heart failure is massive pulmonary 
embolism due to sudden increase of right ventri-
cle afterload [16].

Heart failure may occur due to ventricular 
dysfunction as a result of various causes which 
include systemic hypertension, ischemic heart 
disease, cardiac valve disease, cardiomyopathies, 
chronic pulmonary disease, pericardiac disease, 
among other conditions. Other conditions may 
also lead to heart failure despite of normal ven-
tricular function, such as hypovolemia, anemia, 
distribution shock, among other causes [19].

9.4.2	� Systemic Hypertension

Blood pressure (BP) is the result of cardiac out-
put (CO) and peripheral resistance (PR), i.e., 
BP = CO × PR. There are four structures that are 
responsible for regulation of BP.  These include 
the heart or the pump that creates the ejecting 
pressure; blood vascular tone which is responsi-
ble for peripheral resistance; the kidneys which 
control the intravascular volume; and neurohor-
mones that moderate the previous three struc-
tures. However, a fourth short-term regulatory 
mechanism of BP is through the baroreceptor 
reflex, which plays a significant role in momen-
tary changes in BP. Such receptors are present in 
the walls of the aortic arch and carotid sinuses. 
Whenever BP rises, baroreceptors are stimulated 
and transmit impulses to the brain stem medulla, 
which sends negative feedback signals through 
the autonomic nervous system, causing inhibi-
tion of the sympathetic nervous system and stim-
ulation of the parasympathetic system with a 
consequent fall in BP. Contrarily, baroreceptors 

transmit fewer impulses to the medulla following 
a transient fall in BP, resulting in restoration of 
BP [20].

Hypertension increases the workload of the 
heart and damages the systemic arterial vascula-
ture. It increases the afterload and can cause sys-
tolic dysfunction, left ventricular hypertrophy, 
which if uncontrolled, can eventually end in dia-
stolic dysfunction. All of such effects can lead to 
left ventricular failure. Increased afterload will, 
in turn, increase the myocardial oxygen demands, 
which can lead to chronic myocardial ischemia. 
In addition, hypertension causes vascular endo-
thelial damage, the most significant triggering 
mechanism for the initiation of atherosclerosis 
[21]. Hence, the role of hypertension as a risk 
factor for atherosclerosis cannot be overstated. In 
addition to its atherogenic role, hypertension 
contributes to many arterial pathological compli-
cations, which include tissue ischemia, thrombo-
sis, embolism, aneurysm, and hemorrhage. Such 
effects may influence important and vital target 
organs, such as the heart, brain, kidneys, and the 
eyes.

The increased arterial peripheral resistance 
raises pressure inside the LV with increased 
afterload. As a compensatory mechanism, LV 
hypertrophy ensues in the form of concentric 
hypertrophy, mostly without dilatation. Increased 
LV muscular rigidity results in diastolic dysfunc-
tion [2, 22]. In such conditions, HF is manifested 
with a normal ejection fraction (EF). It follows 
that LV hypertrophy in such cases will result in 
pulmonary congestion and will eventually cause 
RV hypertrophy and congestive heart failure. 
Clinically, increased LV mass as a result of 
hypertrophy can be manifested by heaving LV 
impulse on chest palpation, and a fourth heart 
sound (S4) is present, since the left atrium is con-
tracting into a rigid LV. In hypertensive patients, 
cardiac morbidity is proportionate to the extent of 
LV hypertrophy. This is valid in many cardiac ill-
nesses, such as acute coronary syndrome, con-
gestive heart failure, arrhythmias and, 
unsurprisingly, sudden death.

In patients with advanced hypertension, how-
ever, the increased LV pressure outweighs the LV 
mass built up throughout LV hypertrophy. This 
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will result in LV systolic dysfunction, with low 
CO and reduced EF, pulmonary congestion, and 
congestive HF. Myocardial ischemia, due to the 
likely associated coronary atherosclerosis, and 
the increased LV mass due to LV hypertrophy, 
plays a significant contributory role to LV sys-
tolic dysfunction.

9.4.3	� Pulmonary Hypertension

The degree of pulmonary blood flow is affected 
mainly by the lumen size of the pulmonary ves-
sels [23].

Furthermore, the pulmonary vascular resis-
tance is defined as the difference of mean alveo-
lar pressure and left atrial (LA) pressure divided 
by pulmonary blood flow. A change in any of 
these factors may therefore give rise to pulmo-
nary hypertension. Pulmonary hypertension can 
be either primary or secondary to many other 
causes. In congenital heart diseases, increased 
medial thickening and atherosclerotic changes of 
the pulmonary vasculature are observed [24]. 
Such changes are also seen in patients with sys-
temic to pulmonary collateral circulation. The 
sudden rise of PA pressure with irreversible RV 
failure and the usual significant decrease in LV 
systolic function association in acute pulmonary 
embolization are the cause of high mortality 
within the first hour in these patients [25]. 
Conversely, intimal fibrosis due to thrombus 
organization is the reason behind the cor pulmo-
nale in chronic pulmonary embolization [26].

Pulmonary hypertension can also develop due 
to a rise of pulmonary venous pressure caused by 
LV diastolic dysfunction or high LA pressure. If 
such a condition persists long enough, medial 
thickening and arterialization of pulmonary veins 
will develop, which results in pulmonary fibrosis 
and destruction of alveolar capillaries [23]. The 
most common chronic lung disease associated 
with cor pulmonale is chronic bronchitis. The 
increased pulmonary vascular resistance in this 
case is caused by a reduction in the total area of 
the pulmonary vascular tree as well as mild thick-
ening of the pulmonary arterioles [27, 28].

Unlike the LV, the RV is a high-volume, low-
pressure pump. Consequently, as pulmonary vas-
cular resistance increases, a decrease in RV 
stroke volume and EF is observed [29].

An increase in heart rate does not usually pro-
vide enough compensation, and a decrease in car-
diac output is inevitable. Additionally, signs and 
symptoms of systemic venous congestion are 
seen due to high-pressure transmission from the 
RV. Diastolic LV dysfunction due to RV failure 
could be caused by the decrease in both the LV 
distensibility and the myocardial blood flow from 
the accompanied elevation in coronary venous 
pressure [30].

9.4.4	� Atherosclerosis

Currently, atherogenesis is largely viewed as a 
chronic inflammatory process. Several decades 
back, it was regarded as a simple imbibition of 
elevated plasma lipoproteins through permeable 
vascular endothelium. The evolution of early ath-
eromatous lesions, i.e., fatty streaks, may com-
mence as early as during infancy [31]. 
Atherogenesis is a complex and incompletely 
understood multifactorial procedure. There are 
two adopted theories of atherogenesis; the first is 
the response to Injury, which probably contrib-
utes to the build-up of atherosclerotic lesions dur-
ing the early stages of the disease. The second, 
thrombogenic theory, possibly participates in the 
progression of a pre-existing plaque that under-
goes thrombotic formation (Fig. 9.4), with heal-
ing by organization and reendothelialization, and 
further progressive narrowing of the arterial 
lumen. The current view of atherogenesis incor-
porates elements of both theories and includes 
the recognized modifiable and unmodifiable risk 
factors [32].

The response to injury theory entails dynamic 
interaction between (1) endothelial dysfunction, 
(2) subendothelial inflammation, and (3) vascular 
smooth muscle cells response [33].

Endothelial dysfunction can be initiated by a 
number of risk factors, which include sheer 
mechanical stress related to hypertension, oxi-
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Fig. 9.4  Coronarynatherosclertic plaque showing an 
organized thrombus (arrows) building up the atheroma-
tous growth

dized low-density lipoprotein (OxLDL), diabetes 
mellitus, smoking, elevated homocysteine levels, 
infectious agents, among others. Such physical 
and chemical stressors impair endothelial perme-
ability, promote the release of inflammatory cyto-
kines, increase monocytes adhesion, alter the 
release of vasoactive substances (e.g., prostacy-
clin and nitric oxide), and interfere with normal 
antithrombotic properties. Dysfunctional endo-
thelium leads to (a) increased permeability to 
lipoproteins and (b) promoting passage of mono-
cytes across the endothelium. The low-density 
lipoprotein (LDL) trapped in the subendothelium 
undergoes oxidation (OxLDL). The resultant 
inflammatory reaction involves incorporation of 
OxLDL in the subendothelium into the modified 
macrophages, forming foam cells that represent 
the earliest lesions known as fatty streaks or the 
precursor lesions. Fatty streaks are observed in 
the aorta and coronary arteries of most individu-
als by 20 years of age. The intimal thickening in 
fatty streaks is due to the accumulation of 
monocyte-derived macrophages filled with lipid 
(cholesterol esters) forming foamy cells [34].

Some fatty streaks, especially those involving 
the coronary arteries, have been shown to prog-
ress to the classic atherosclerotic plaques, as 
because of progressive lipid accumulation and 
migration and proliferation of smooth muscle 
cells. Some fatty streaks may regress, while oth-
ers remain unchanged.

The pathogenesis of the atherosclerotic plaque 
involves the entry of LDL into the intima, where 
it binds to receptors of macrophages to form 
foam cells as described before. Once within the 
intima, LDL becomes chemoattractant to more 
blood monocytes and also causes macrophage 
aggregation, as well as further injury to the endo-
thelium [34, 35].

Monokines from the activated macrophages 
also attract migration of smooth muscle cells 
from the media into the intima where they prolif-
erate under the influence of platelet-derived 
growth factor (PDGF) and other cytokines 
released by endothelial cells, activated macro-
phages, and the smooth muscle cells themselves 
[36, 37].

Smooth muscles then modify into collagen 
fibers to form the fibrous component of the ath-
eromatous plaque. By this fashion, fatty streaks 
progress into fibrofatty lesions or plaques. Instead 
of following a sequential pathway, the cells con-
stantly interact and modify each other’s behavior, 
forming plaques in one of many possible 
configurations.

The proportion of fibrous and fatty elements 
within the plaque varies from one lesion to 
another, i.e., some lesions are predominantly 
soft and fatty (with a thin fibrous cap and 
necrotic core), while others are largely hard and 
fibrous (with a thick fibrous cap). Beneath the 
cap is an accumulation of smooth muscle cells 
and macrophages containing lipid (foamy cells), 
as well as areas of necrosis (due to the toxic 
effects of oxidized extracellular lipid) and pools 
of lipid consisting of soluble cholesterol (cho-
lesterol crystals). There is usually an associated 
chronic inflammatory infiltrate of lymphocytes 
and plasma cells. In large arteries (e.g., aorta), 
the lesions may appear as isolated or confluent 
plaques which eventually cover the entire inti-
mal surface. In smaller arteries, however, e.g., 
coronary and cerebral, the involvement of the 
intima may be eccentric, reducing and pushing 
the lumen to one side, or it may be circumferen-
tial and concentric with a narrowed central 
lumen depending on the extent of intimal thick-
ening. It is noteworthy that eccentric plaques 
may undergo outward plaque remodeling, which 
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can partly compensate for progressive growth of 
atherosclerotic lesions. However, such outward 
remodeling can possibly conceal angiographic 
diagnosis of large-sized plaques, and may be 
associated with an increased risk of plaque rup-
ture [38].

Advanced or complicated plaques(space) may 
show ulceration, superimposed thrombosis 
(Fig. 9.5), or dystrophic calcification within the 
necrotic material in the intima. The size of the 
plaque determines the extent to which blood flow 
in the vessel is reduced. In the coronary artery, a 
plaque occupying >75% of cross-sectional area 
of the vessel (or >50% reduction of the lumen 
diameter) would cause significant interference 
with blood flow manifested as chronic ischemia 
in stable angina. Dynamic changes within the 
plaque may trigger fissuring or “rupture” of a thin 
fibrous cap (as in the vulnerable soft lipid plaque), 
thus exposing the circulating blood to potentially 
thrombogenic contents of the plaque. The clinical 
consequence of coronary plaque rupture depends 
upon a variety of elements. The site, i.e., proxi-
mal or distal, and caliber of the ruptured artery 
are crucial factors. Type of coronary circulation, 
i.e., right or left dominant circulation, will also 
influence the outcome. The nature of the compo-
sition of the ruptured plaque, i.e., soft fatty or 
hard fibrous, is another significant determinant 
factor. Finally, the presence of adequate collat-
eral circulation at the area supplied by the rup-
tured vessel plays a very important role in such 
context.

Ruptured plaque may result in luminal 
thrombus formation, with partial occlusion 
manifested by unstable angina or total (or near-
total) occlusion leading to myocardial infarction 
or sudden death. Alternatively, a ruptured cap 
may admit blood inside the plaque causing inti-
mal hemorrhage and/or intimal (intramural) 
thrombosis. Either of these may lead to rapid 
plaque enlargement, with the potential to 
occluding the lumen, partially or completely, as 
a result of pressure from inside the plaque. 
Ruptured plaque and subsequent intraluminal 
thrombosis may be also followed by organiza-
tion of the thrombus and its incorporation within 
the plaque with further progressive arterial ste-
nosis (thrombogenic theory). Furthermore, 
plaque erosion, or a small plaque fissuring may 
predispose to sudden coronary spasm without 
thrombosis, and the recognized manifestations 
of variant or Prinzmetal angina.

Extracellular matrix fortifies the fibrous 
cap(space) and (space) separates the thrombo-
genic plaque (space)core(space) from coagulat-
ing substrates within the circulation [39]. 
Macrophages, T-cells and their mediators play an 
important role in the pathogenesis of plaque rup-
ture. Inflammatory signals alter collagen metabo-
lism by reducing the synthesis and promoting the 
breakdown of collagen throughout the overpro-
duction of matrix metalloproteinases (MMPs). In 
such conditions, the consequent thin and friable 
fibrous cap renders the plaque vulnerable to rup-
ture and thrombotic complications. These inflam-
matory signals not only alter collagen synthesis 
and breakdown, but also increase the potential for 
thrombosis through excessive production of 
tissue-factor procoagulant. Such dual actions elu-
cidate the strong association between inflamma-
tion and thrombosis in atherosclerosis [40].

Meanwhile, favorable effects of lipid lowering 
include reduction of the inflammatory signaling 
in plaques, with consequent reduction of the 
expression of MMPs, and increasing endothelial 
nitric oxide synthase. Coupled with the well-
known anti-inflammatory effects of statins, low 
lipid levels seem to have a beneficial impact in 
stabilizing atherosclerotic plaques and reducing 
thrombotic potential [41].

Fig. 9.5  Occluding recent thrombus (arrow) in a severely 
narrowed coronary artery by a predominantly fatty con-
centric atherosclerotic plaque
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Although it is essentially an intimal disease, 
atherosclerosis is frequently associated with thin-
ning, atrophy and weakening of the media. This 
is due to indirect consequences of the intimal 
changes and can predispose to aneurysm forma-
tion. This is best seen in large arteries, e.g., 
abdominal aorta and iliac arteries. The adventitia 
also demonstrates neovascularization, arising 
from vasa vasorum, in addition to chronic inflam-
matory changes as a response to oxidized lipids 
within the plaque.

In summary, one or more of the risk factors, 
such as hypertension, diabetes mellitus, smok-
ing, dyslipidemia, and others, can induce injury 
to the arterial endothelium, which promotes 
entry of LDL and monocyte-derived macro-
phages into the intima. This initial step is fol-
lowed by a cascade of events that lead to the 
formation of the atherosclerotic plaque. Further 
evolution of changes within the plaque leads to 
increased intimal thickening with further arte-
rial stenosis and chronic ischemic effects or 
acute plaque events resulting in acute ischemic 
episodes. Stages of atheroma include fatty 
streaks, atheromatous plaque, and complicated 
lesions, namely ulceration, thrombosis, and cal-
cification. Diseases commonly associated with 
atherosclerosis result either from acute isch-
emia, e.g., myocardial infarction, stroke, and 
sudden death, or prolonged ischemic effects 
such as angina, chronic ischemic heart failure, 
vascular dementia, chronic renal ischemia, 
intermittent claudication, gangrene, among 
other chronic health impediments. Consequences 
of large-size arterial lesions, e.g., aorta, include 
aneurysm formation, which may lead to rupture 
or thrombo-embolic complications.

9.4.5	� Ischemic Heart Disease

Ischemic heart disease (IHD) is a group of closely 
related syndromes due to myocardial ischemia, 
which means an imbalance between coronary 
blood supply and metabolic demands of the heart 
for oxygenated blood. In normal individuals, if 
the myocardial metabolic requirements are 
increased, even following forceful physical exer-

tion, the oxygen supply to the heart matches such 
an upsurge, in order to maintain this balance [42].

Myocardial oxygen demand is proportionate 
to both the heart rate and myocardial contractil-
ity; when demand is increased both the rate and 
contractility are increased as well. Commonly 
referred to as coronary artery disease (CAD), 
IHD in the vast majority of cases, probably more 
than 98%, is due to advanced coronary athero-
sclerosis. Other minor causes include congenital 
ostium stenosis, arteritis, aneurysm, and throm-
boembolism. Two factors influence coronary 
artery flow: (a) coronary perfusion pressure and 
(b) coronary vascular resistance. The greatest 
coronary perfusion occurs during diastole, i.e., 
during myocardial relaxation to allow adequate 
coronary filling, which is unlike other arterial 
systems in the body. Hence, conditions that 
impair the aortic pressure, such as hypotension 
and aortic regurgitation, can have a negative 
impact on coronary perfusion.

Normally, physical or mental stress are associ-
ated with coronary vasodilatation. This is regu-
lated by activation of the sympathetic nervous 
system, with enhanced blood flow and release of 
endothelial-derived vasodilators, such as nitric 
oxide (NO). The relaxation effect of NO seems to 
outweigh the direct constricting effect of cate-
cholamines on arterial smooth muscle. Risk fac-
tors for atherosclerosis, such as hypertension, 
diabetes mellitus, smoking, and hypercholester-
olemia, are associated with the diminished 
release of NO into the arterial wall, either because 
of impaired synthesis or due to excessive oxida-
tive degradation. Diminished NO bioactivity may 
cause constriction of coronary arteries during 
physical or mental stress, thus contributing to 
myocardial ischemic injury. Additionally, dimin-
ished NO may facilitate vascular inflammation, 
thus promote oxidation of lipoproteins and foam 
cell formation in the pathogenesis of atheroscle-
rosis [43].

In patients suffering from atherosclerosis, cor-
onary perfusion is influenced by fluid mechanics, 
as well as the anatomy of the affected arteries. 
Fluid mechanics are essentially determined by 
the degree of coronary stenosis. From the ana-
tomical point of view, distal intramural small-
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caliber arteries are less affected by atherosclerosis, 
compared to proximal epicardial large coronar-
ies, which display more frequent extents of ath-
erosclerotic narrowing. Nevertheless, such small 
coronary vessels can play a significant compen-
satory role, by vasodilatation, in cases of proxi-
mal atherosclerotic narrowing. Thus, the 
hemodynamic impact of coronary stenosis is 
dependent upon the degree of epicardial proxi-
mal coronary stenosis, as well as the vasodilata-
tion capability of the distal arteries. However, 
remodeling of plaques with outward expansion 
of the arterial wall allows sizable atheromatous 
lesions to reside in the walls of affected arteries 
without causing significant narrowing of the 
lumen. Thus, such plaques are undetectable on 
arteriograms and conceal warning symptoms or 
signs to both the patients and clinicians [41].

Although atherosclerotic plaques are usually 
developed over many years or even decades, they 
frequently produce clinical manifestations sud-
denly and without warnings. IHD may be mani-
fested by a variety of presentations. The most 
popular form is through chest pain or “angina”; 
(Angina Pectoris = chest pain). Angina pectoris 
in its broad term is an uncomfortable feeling in 
the chest and neighboring anatomic structures 
produced by myocardial ischemia. Clinical pre-
sentation of coronary atherosclerosis can be 
gradual, as a result of progressive flow-limiting 
stenosis and exertional angina, or dramatic, with 
plaque rupture and thrombosis triggering unsta-
ble angina, myocardial infarction, (Figs. 9.6 and 
9.7) or even sudden death. “Stable angina” is 
associated with stable coronary plaques of more 
than 75% cross-sectional stenosis and without 
acute coronary pathology, e.g., plaque rupture or 
thrombus formation. In such patients, pain occurs 
following physical exertion, i.e., increased 
demands. “Unstable angina,” on the other hand, 
is a consequence of acute coronary lesions, 
mainly plaque rupture and subsequent thrombo-
sis. However, the myocardial ischemia in such 
patients is not severe enough to cause permanent 
death of the myocardial cells. The third, less 
common form of anginal chest pain, is due to 
transient ischemia as a result of short-term coro-
nary spasm and is known as “variant” or 

“Prinzmetal angina.” A more severe clinical form 
of IHD is the “acute myocardial infarction” (MI). 
This follows severe, commonly occlusive, coro-
nary thrombosis that results in an everlasting 

Fig. 9.6  Acute MI (Arrows) note the discoloration of the 
cardiac muscle with bloody spots compared to the adja-
cent viable muscle (arrow heads)

Fig. 9.7  Ruptured MI (arrows) of the anterior wall of the 
left ventricle. Note the adjacent viable cardiac muscle 
(arrowheads)

A. H. Elgazzar et al.
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myocardial cell necrosis. Therefore, plaque rup-
ture underlies most unstable angina, myocardial 
infarction, and sudden death due to IHD. Chronic 
IHD with CHF is the consequence of either 
chronic myocardial ischemia, in which there is 
scattered focal myocardial fibrosis following 
focal necrosis, or as secondary to the healing of 
an acute MI with replacement fibrosis [39].

9.4.6	� Cardiomyopathies

Cardiomyopathy entails a diverse group of disor-
ders with a primary myocardial dysfunction. 
Secondary myocardial changes, e.g., ischemic, 
hypertensive, valvular, etc., can lead to extrinsic 
cardiomyopathy, i.e., myocardial dysfunction 
with the primary pathology is not within the 
myocardium.

9.4.6.1	� Dilated Cardiomyopathy
Dilated cardiomyopathy (DCM) is the most com-
mon form and accounts for almost 90% of cases. 
The etiology can be idiopathic and is possibly 
related to genetic, viral, or immunologic factors. 
DCM may also follow viral myocarditis with 
Coxsackie B virus, child birth, exposure to toxins 
or drugs e.g., cocaine, cobalt, or alcohol. The four 
cardiac chambers are markedly dilated, although 
areas of ventricular hypertrophy may be shown. 
Ventricular dysfunction is systolic as a result of 
impaired contractility. Thrombo-embolic compli-
cations are not uncommon. Functional mitral and 
tricuspid regurgitation are frequent consequences 
due to valve annular dilatation [44].

9.4.6.2	� Hypertrophic Cardiomyopathy
Hypertrophic cardiomyopathy (HCM) is almost 
exclusively genetic [45].

It is characterized by asymmetric myocardial 
hypertrophy, particularly of the left ventricle. 
Thickness of the interventricular septum exceeds 
that of left ventricle free wall, and may cause 
obstruction of the blood flow in one third of the 
cases; a condition termed hypertrophic obstruc-
tive cardiomyopathy (HOCM). Diastolic dys-

function is due to ventricular stiffness and 
impaired compliance [46].

Microscopically, the hallmark is the disorga-
nized alignment or disarray of hypertrophied 
myocardial fibers (Fig. 9.8). Massive ventricular 
hypertrophy, high left ventricular pressure, and 
intramural coronary dysplasia (medial thickening 
and luminal narrowing) can lead to ischemic 
effects with anginal pain in the absence of coro-
nary atherosclerosis.

9.4.6.3	� Restrictive Cardiomyopathy
The restrictive cardiomyopathies are less com-
mon than DCM and HCM.  The ventricles are 
abnormally rigid, but not necessarily thickened. 
This results in impaired cardiac filling with dia-
stolic dysfunction, although the systolic function 
is usually normal [47].

There are two forms of restrictive cardiomy-
opathy; the first comprises a group of rare endo-
myocardial diseases which are of poorly 
understood etiology, including endomyocardial 
fibrosis (EMF), hypereosinophilic syndrome, and 
endocardial fibroelastosis (EFE). In EMF, the 
endocardium and the subendocardial layer of the 
myocardium display thickening with fibrotic 
plaques of variable extents. The second form is 
the infiltrative cardiomyopathy, with infiltration 
of the myocardium by an abnormal substance. 
The commonest cause of this form is amyloido-
sis. Other causes include sarcoidosis, radiation 
fibrosis, and hemochromatosis.

Fig. 9.8  Microphotograph of the myocardium illustrat-
ing the disarray of hypertrophied myocytes (arrows) in a 
case of HCM
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9.4.7	� Pericardial Effusion

The pericardium is a sac surrounding the heart, 
composed of two layers, a layer on the heart (vis-
ceral pericardium) which is mesothelium, while 
the external portion (parietal pericardium) is 
mesothelium internally and fibrous externally. 
Normally, 15–35  mL of serous fluid surrounds 
the heart. The pericardium prevents the displace-
ment of the heart and large vessels, prevents sud-
den dilatation of the heart, and the spread of 
infection or cancer from the pleura or lung as 
well as minimizes friction between the heart and 
surrounding structures [48]. Pericardial effusion 
is considered to be present when the amount of 
fluid in the pericardial space exceeds 50 mL.  It 
may be presented as an incidental finding to a 
life-threatening emergency. Pericardial effusion 
can be associated with generalized processes not 
related to the pericardium, as the pericardium 
may be involved in a large number of systemic 
diseases (space) such as congestive heart failure, 
hypoalbuminemia, volume overload, and pulmo-
nary hypertension or may be diseased, as an iso-
lated process. The numerous causes of pericardial 
effusion can generally be divided into inflamma-
tory and non-inflammatory etiologies (Table 9.3) 
[48, 49].

The most common causes are neoplastic, ure-
mic, infectious, and idiopathic pericarditis. The 
hemodynamic consequences of pericardial effu-
sion depend on the rate at which the effusion is 
developing and the compliance of both the peri-
cardium and the ventricles. With significant 

increase in the pericardial fluid pressure, the fill-
ing pressure of both ventricles may decrease, 
which subsequently leads to a decrease in cardiac 
output. This condition is called pericardial tam-
ponade and in severe cases is associated with a 
high mortality. Echocardiography is an excellent 
tool for the diagnosis and follow-up of pericar-
dial effusion. The condition is also invariably 
seen with equilibrium radionuclide angiography 
(ERNA); however, an effusion of more than 
400 mL is usually needed to be well recognized. 
The identification of pericardial effusion is 
important to be able to start an appropriate 
workup for this potentially lethal condition.

9.5	� Correlative Scintigraphic 
Evaluation of Cardiac 
Diseases

9.5.1	� Evaluation of Ventricular 
Function

Radionuclide techniques including first pass, 
equilibrium blood pool, gated myocardial SPECT 
provide both accurate and noninvasive means of 
evaluating cardiac function with simple indices, 
such as left ventricular volumes and ejection 
fraction (LVEF). It provides diagnostic and prog-
nostic implications in the spectrum of cardiac 
diseases [52].

Although most ventricular function studies 
are performed with the patient at rest, exercise 
functional studies can also be done to assess 
regional and global myocardial contraction 
changes with stress. The cardiac information 
obtained by these methods is summarized in 
Table 9.4 [53].

Nuclear medicine techniques are accurate and 
reproducible for cardiac function evaluation. 

Table 9.3  Causes of pericarditis

A. Infectious
Viral (common), bacterial, parasitic, or fungal
B. Non-infectious
Auto immune diseases
Cancer
Metabolic conditions (e.g. end stage renal disease)
Trauma, direct and indirect (e.g. post-myocardial 
infarction, post-pericardiotomy, penetrating injury)
Drugs (e.g. chemotherapy)
Miscellaneous: amyloidosis, chronic heart failure. 
Idiopathic

[49–51]

Table 9.4  Information obtained by radionuclide evalua-
tion of ventricular function

1. Global left and right ventricular ejection fraction
2. Regional right and left ventricular function
3. Absolute ventricular volumes
4. Systolic emptying and diastolic filling rates
5. Detection and quantitation of cardiac shunts

A. H. Elgazzar et al.
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They provide important information that is useful 
in the diagnosis and management of the follow-
ing clinical situations: assessment and prognosis 
of congestive heart failure, monitoring drug 
therapy and exposure to cardiotoxins and also  
for diagnosis of coronary artery disease. 
Echocardiography made the utilization of gated 
blood pool studies more limited [54].

The left ventricular (LV) ejection fraction is 
the preferred parameter applied for the noninva-
sive evaluation of LV systolic function in clinical 
practice. It has an established and important 
extensive role in the clinical management of 
numerous cardiac conditions.

9.5.1.1	� Equilibrium Radionuclide 
Angiography

Radiopharmaceuticals. Studies with radiophar-
maceuticals require the use of an intravascular 
tracer that equilibrates within the blood pool. The 
ease with which 99mTc-pertechnetate can be 
attached to the patient’s own red blood cells 
(RBCs) makes labeled RBCs the preferred tech-
nique over labeled pooled human serum albumin. 
The usual adult dose is about 30  mCi. Three 
methods of labeling the RBCs are commonly 
used: in vivo, modified in vitro, and in vitro. The 
characteristics of each method are described 
below. All three methods allow the 99mTc to bind 
irreversibly to the hemoglobin and remain in the 
intravascular space, allowing serial studies to be 
performed for up to 6–8 h following labeling of 
the RBCs [55].

In Vivo Technique. The patient first receives 
stannous pyrophosphate intravenously. The stan-
nous ion (tin) enters the RBCs and creates the 
optimal oxidation-reduction environment for 
reduction and binding of the 99mTc-pertechnetate, 
which is injected intravenously 15–20 min later. 
Once the 99mTc-pertechnetate is in the RBCs, it is 
trapped inside by strong binding to the beta chain 
of the hemoglobin. Approximately 70–80% of 
the 99mTc is attached to RBCs, but in some 
patients as little as 50% or less may be attached. 
This makes identifying the edges of the blood 
pool during processing and analysis more diffi-
cult. In some laboratories, this method is used 
only when a first-pass study precedes ERNA or 

the patient has limited venous access. The major 
advantages of this method are the simplicity of 
use, shorter labeling time, and lower cost.

Modified In Vitro Technique. This technique is 
used by many laboratories because it is easier to 
perform than the in vitro technique and results in 
a higher labeling efficiency than the in  vivo 
method. As in the previous method, stannous 
pyrophosphate is first injected intravenously. The 
blood is then drawn from the patient into an anti-
coagulant acetate dextrose solution (ACD) or a 
heparin-treated, lead-shielded syringe containing 
99mTc-pertechnetate. Subsequently, the syringe is 
placed in a mechanical rocker or rotated slowly 
by the technician for 10–15 min, and the RBCs 
are then reinjected into the patient. Labeling effi-
ciency is usually greater than 90%. This method 
offers the best compromise between ease of use 
and high labeling efficiency. Total labeling time 
averages 30 min.

In Vitro Technique. The labeling efficiency of 
this method approaches 100%. Patient blood is 
drawn and the RBCs are separated, washed with 
saline, and incubated first with stannous pyro-
phosphate and then with 99mTc-pertechnetate. 
The cells are washed with normal saline before 
and after each step to eliminate unbound mate-
rial. Finally, the labeled cells are reinjected into 
the patient with very little or no free 99mTc-
pertechnetate. The average labeling time is 
slightly more than 30  min. This technique also 
requires handling blood during multiple steps 
and using needles to inject blood into sealed 
vials.

RBCs from patients receiving heparin therapy 
are sometimes difficult to label, and in such cases 
the use of ACD as an anticoagulant is preferred to 
increase the labeling efficiency. Inadequate anti-
coagulation or too aggressive shaking of cells 
may cause thrombus formation and result in hot 
spots in the lungs. Likewise, stannous pyrophos-
phate can be oxidized by water in glucose solu-
tions, and this may lead to poor RBC labeling.

Image Acquisition
Assessing ejection fraction and regional wall 
motion requires measurement of volume changes 
and wall motion at different intervals throughout 
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Fig. 9.9  Method by which the computer generates mul-
tiple gated images. The cardiac cycle is divided into a pre-
selected number of frames of equal duration. Scintigraphic 
data from successive beats are placed into separate parts 
of the computer memory, depending on the temporal rela-
tion of the scintigraphic data to the R-wave marker (R). 
For each frame (1…N), scintigraphic data from successive 
beats are accumulated either until a preset time is reached 
(e.g., 2 min for exercise scintigraphy) or until the average 
cardiac image contains a predetermined number of counts 
(e.g., 200,000 counts for typical resting studies). 
(Reproduced with permission from Berman et al. [56])

the cardiac cycle. Acquisition of multiple timed 
images of the blood pool activity in the heart will 
then be triggered by each R wave (Fig. 9.9). The 
duration of every frame may be 1–60 ms. Multiple 
beats are acquired to obtain adequate counts in 
each frame, and typically a complete radionu-
clide ventriculographic study will consist of 200–
800 summed beats for each of the three planar 
views [53] (Fig. 9.10).

A minimum of three different views of the 
heart are needed to assess all walls of the LV as 
well as all four cardiac chambers. The best septal 
views are left anterior oblique (LAO), anterior 
(ANT), which is 45° to the right from LAO, and 
left lateral (LLT), which is 45° to the left of 
LAO.  Following labeling of the RBC pool, the 
LAO view is obtained first, as this view allows 
the best quantitation of the ejection fraction. In 
the LAO view, the camera is positioned so that 
the RV and LV are well separated. The other 
views are obtained for a similar number of counts 

as the LAO view. The closer the head of the cam-
era is to the patient, the better the spatial resolu-
tion of the images. A 10° caudal tilt is used in the 
LAO view to minimize overlap of the left atrium 
(LA) and LV counts. Alternatively, a slanted hole 
collimator may be used to give optimal separa-
tion while allowing the camera head to be closer 
to the patient on the LAO view. The general all-
purpose (GAP) collimator offers a compromise 
between the high-resolution and high-sensitivity 
collimators and is the one most frequently used in 
clinical imaging. A dedicated computer system is 
required to acquire, store, and process the 
information.

Studies may be acquired for a fixed number of 
heartbeats or for the total counts in the complete 
study. Fixed-beat studies usually acquire 200–
800 individual beats, and the time of acquisition 
is dependent on the heart rate. Fixed-count stud-
ies usually require six million counts for the 
entire study or they may be acquired until a fixed 
number of counts are reached within each image 
or in the LV region.

Modes of Acquisition
There are three possible modes of acquiring 
ERNA: list, frame, and dynamic arrhythmia fil-
tration. Each method has its advantages and dis-
advantages, as described below and summarized 
in Table 9.5.

List Mode. During acquisition the computer 
records the spatial location of each photon, the 
ECG gating signal, and rimming markers, usu-
ally every millisecond. Following acquisition, 
each individual beat can be reviewed to eliminate 
atrial or ventricular premature beats that exceed a 
determined R-R interval duration (arrhythmia 
rejection). The acceptable beats can then be 
framed in the most appropriate timing interval for 
the type of analysis that is needed.

Frame Mode. Prior to starting frame mode 
acquisition, the patient’s heart rate is sampled for 
10–20 s, and the mean R-R interval is used to set 
the time limits or window for acceptable sinus 
beats. For clinical studies, beats 10% shorter or 
longer than the mean R–R interval are rejected as 
possible premature beats. The beat following the 
early rejected beat is also rejected, as it has a pro-
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Fig. 9.10  Example of a 
normal gated blood pool 
study. The pictures on 
the left represent 
end-diastolic (ED) 
frames, while the images 
on the right represent 
end-systolic (ES) 
frames. The main 
structures are identified 
in each projection: AO 
aorta, RV right ventricle, 
LV left ventricle, RA 
right atrium, PA 
pulmonary artery, LA 
left atrium

longed filling interval and will result in a higher 
ejection fraction. Frame mode studies are gener-
ally acquired for 16–32 frames. It is extremely 
important that patients be in a resting state during 
the heart rate sampling prior to starting acquisition 
and throughout acquisition. Major shifts in heart 
rate will cause many beats to be rejected and pro-
long the acquisition.

Dynamic Arrhythmia Filtration. This tech-
nique allows the acquisition parameters (duration 
of each frame, percent R-R variability allowed 
for beat rejection, and total number of frames) to 
be set at the beginning of acquisition. Once 
acquisition starts, each beat is placed in a tempo-
rary memory buffer where it is examined with 
regard to the preset parameters. If it meets all cri-

teria, it is accepted and included in the final data 
set. If it does not meet all the criteria, it is rejected. 
Thus, greater flexibility in beat selection is pos-
sible than with frame mode, but without the 
memory requirements and longer processing 
time required by list mode acquisition.

Regardless of the method of acquisition used, 
it is important to confirm that only the R wave 
from the ECG signal is detected as the trigger 
signal and as appropriately gating the acquisition. 
This can be done by examining an ECG rhythm 
strip and identifying the triggering signal. Gating 
may sometimes occur incorrectly on the P-, T-, or 
R-wave signal as well as muscle artifact and pac-
ing spikes from artificial pacemakers. If this 
occurs, the lead placement needs to be changed 
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Table 9.5  Comparison between the different modes of 
computer acquisition

Mode of 
acquisition Advantages Disadvantages
List mode Optimal temporal 

resolution
Intensive 
memory 
requirement

Excellent 
arrhythmia 
rejection

Longer 
processing time

Frame mode Easy setup Count drop-off
Minimum 
memory

Fixed temporal 
resolution
Poor 
arrhythmia 
rejection

Dynamic 
arrhythmia 
(buffered beat) 
mode

Flexible temporal 
resolution and 
arrhythmia 
rejection

Longer setup 
for greater 
options

Less memory 
than list
Accurate systole/
diastole

or the voltage amplitude adjusted to avoid inap-
propriate gating [56].

Simple LV ejection fraction calculations 
(Fig.  9.11) usually require time intervals of 
40–50  ms to adequately define the end-systolic 
point in the heart cycle, where the heart has the 
smallest volume. For analysis of diastolic func-
tion, timing intervals of 10–20 ms give the most 
reliable information for the ventricular filling 
portion of the heart cycle. Even with list mode 
and dynamic arrhythmia filtration, there is still 
slight R-R interval variability that can lower the 
counts and distort the last few frames of the time-
activity curve. This count drop-off does not affect 
ejection fraction calculation but is deleterious for 
diastolic function analysis. This limitation can be 
overcome by generating separate forward and 
backward time-activity curves and combining 
them in a final curve for analysis.

Patients in atrial fibrillation have variable 
diastolic filling intervals, and this results in a 
different ejection fraction for each beat. LV 
ejection fraction measurement by ERNA during 
atrial fibrillation has been shown to be an accu-
rate reflection of the summed ejection fraction 
of each of the individual bats. Thus, it is an 

accurate reflection of overall ventricular systolic 
function [55].

Contrast ventriculography and echocardiogra-
phy will sample only a few beats for ejection 
fraction calculation and may be less representa-
tive of true function.

9.5.1.2	� ECG-Gated Myocardial 
Perfusion SPECT

Gated myocardial perfusion SPECT studies pro-
vide information on both myocardial perfusion 
and ventricular function. Quantification of gated 
SPECT images provides a global LVEF, plus 
indices of regional wall motion and wall thicken-
ing, useful in the evaluation of ventricular func-
tion and LV dyssynchrony that occurs with 
primary contractile dysfunction [57] (see later). 
Recently, a low-dose SPECT (as low as 8 mci) 
gated bloodpool SPECT for quantification of LV 
function was used [58, 59]. The low-dose 99mTc-
RBC imaging method was proved to provide pre-
cise quantification of LV function and resulted in 
the most consistent assessment of LV function 
compared with the gold standard high-dose 
ERNA method, along with excellent inter-
observer reproducibility with a greater than 67% 
reduction in radiation dose [58].

9.5.2	� Evaluation of Myocardial 
Perfusion

9.5.2.1	� Myocardial Perfusion SPECT 
Imaging

Clinical manifestations of coronary artery dis-
ease include angina pectoris, myocardial infarc-
tion, congestive heart failure, and sudden death. 
It may be asymptomatic until advanced in sever-
ity or complications. Most diagnostic methods, 
both invasive and noninvasive, depend on the 
detection of luminal narrowing of the epicardial 
coronary vessels. Vessel narrowing of up to 75% 
of the cross-sectional area (or <50% of luminal 
narrowing) does not affect the resting coronary 
flow. Increase of coronary flow caused by exer-
cise or pharmacological stress exaggerates flow 
nonuniformity, through either increased meta-
bolic demand or vasodilation [60].
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Fig. 9.11  Ejection fraction calculation of an LAO radio-
nuclide ventriculogram. Shown are left ventricular edges 
as determined by an automated computer algorithm for 
end diastole (top left) and end systole (bottom left), chosen 

area for background subtraction, volume curve (right), 
and ejection fraction (60%) of the left ventricle. Specific 
information on heart rate and time/frame is also provided

The easiest method of increasing coronary 
flow is physical exercise, using a motorized 
treadmill or a stationary bicycle. In patients who 
are unable to exercise adequately, pharmacologi-
cal agents are used for transient elevation of coro-
nary flow.

SPECT Radiotracers
The ideal tracer of coronary flow would be extracted 
by the myocardium with 100% efficiency, like 
microspheres. Its myocardial uptake would be lin-
early related to coronary flow, and the tracer isotope 
would have optimal emission photon energy for 
imaging with a gamma camera. Currently, this ideal 
tracer is not present and two classes of tracers are 
widely used for conventional MPI: thallium-201 
and the Tc-99m-labeled tracers.

Thallium-201
Thallium-201 (Tl-201) has been in clinical use 
for decades. Tl-201 is a metal in group III-A of 
the periodic table and, as an isotopic cationic 
tracer, has properties similar to those of potas-
sium. Tl-201 is extracted with a high extraction 
fraction by the ATPase-dependent Na+/K+ chan-
nels (Table 9.6). Diagnostic and prognostic data 

on Tl-201 are extensive. An advantage of Tl-201 
is the ease of use since one injection only is 
needed (Fig. 9.12). Tl-201 is the preferred radio-
tracer for evaluation of myocardial viability 
among the conventional SPECT agents. Major 
drawbacks of Tl-201 include low energy of its 
principle X-ray photons (69–80 keV) and its long 
half-life (72  h), which limits the injected dose, 
due to its relatively higher radiation dose to the 
patient. The limited dose leads to suboptimal 
image quality due to noise [61].

Tc-99m Sestamibi and Tc-99m Tetrofosmin
Tc-99m sestamibi (MIBI) and Tc-99m tetrofos-
min have shorter physical half-life of Tc-99m 
(6 h) allowing the use of higher tracer doses (up 
to 50 mCi/day) (Table 9.6). Combined with the 
more optimal photon energy for gamma camera 
imaging (140 keV) compared with Tl-201, image 
quality is less noisy, and frequency and severity 
of attenuation artifacts are decreased. Negligible 
washout of Tc-99m-based tracers [62] requiring 
the use of two separate tracer injections: one for 
rest imaging and one for stress imaging. SPECT 
imaging is usually started 20–60 min after tracer 
injection. The delay is needed for blood pool 
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Table 9.6  Radiotracers for SPECT myocardial perfusion imaging

Thallium-201 Tc-99m sestamibi Tc-99m tetrofosmin
Brand name N/A Cardiolite Myoview
Class K+ analog Isonitrile Diphosphine
Preparation Cyclotron Kit (heated) Kit (cold)
Charge Cation Cation Cation
Lipophilicity Low High High
Redistribution Yes Minimal Minimal
Tissue clearance 50%/4 h >6 h >6 h
Excretion Renal GI (renal) GI (renal)
Time of imaging (min) 5–10 20–60 10–45
Completion time (h) 4–6 3–4 3–4
Counts Adequate High High
SPECT Yes Yes Yes
Extraction 0.85 0.39 0.24
Gating ± Yes Yes
Heart-liver (1 h) 2.6 1.2 1.4
TEDE (rem/3.5 mCi) 2.1 1.1 0.8
Clinical use
Diagnosis Yes Yes Yes
Prognosis Yes Yes Yes
Viability Yes Yes Yes

a N/A not applicable

Tl-201

Stress

Stress

Stress

Redistribution

Redistribution

Redistribution

Fig. 9.12  Thallium-201 stress and redistribution images 
of a patient showing a severe fixed inferolateral defect; a 
severe, partially reversible basal inferolateral defect; a 

reversible basal inferoseptal defect; and a mild to moder-
ate reversible anterolateral defect
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Short axis

Vertical long axis

Horizontal long axis

Tc99m sestamibi SPECT

Fig. 9.13  Normal stress Tc-99m sestamibi myocardial 
perfusion SPECT images in short axis, vertical axis, and 
horizontal long. There is homogeneous distribution of the 
radiotracer in the left ventricular wall. The short axis 
views have a doughnut shape distribution of radioactivity, 
while the horizontal and vertical long axis views are like a 
horse shoe. These views depict different parts of the left 

ventricle: apex, anterior wall, septum, lateral wall, and 
inferior wall, as well as the right ventricle. Gated images 
show uniform motion and thickening of ventricular walls 
with left ventricular ejection fraction (LVEF) greater than 
50%. Left ventricular end-diastolic and end-systolic vol-
umes were within normal limits. There is mild uptake in 
the normal right ventricle

clearance and partial liver clearance (Fig. 9.13). 
Gating of Tc-99m sestamibi or Tc-99m 
tetrofosmin images made possible because of the 
high photon flux, allows simultaneous evaluation 
of perfusion and function.

Excretion of the Tc-99m tracers is through the 
hepatobiliary and, to a lesser extent, renal sys-
tems. High subdiaphragmatic uptake in the liver 
or intestines occasionally interferes with the eval-
uation of cardiac perfusion.

In an attempt to utilize advantages of both 
types of tracers, dual-tracer protocols were devel-
oped: Tl-201 is injected at rest, and rest imaging 
is started within 15 min. Exercise or pharmaco-
logical stress is followed by Tc-99m MIBI or 
Tc-99m tetrofosmin injection at peak stress. The 
test is completed in less than 3 h [63].

A drawback from the different pharmacoki-
netic properties of the tracers results in nonparal-
lel flow-uptake relationships and different spatial 
contrast due to different isotope energies.

Tc-99m teboroxime was another perfusion 
agent that was marketed. This highly lipophilic 
agent readily crosses myocardial cellular mem-
branes but, unlike MIBI, rapidly diffuses out of 
the cells in 6–10 min, allowing only a few min-
utes for imaging [64].

It requires separate rest and stress injections. 
There is some evidence that the differential wash-
out rate of Tc-99m teboroxime obtained from 
stress-redistribution images can differentiate 
between ischemic and infarcted myocardium 
[65].

One advantage of teboroxime is its very high 
extraction fraction, which is higher than any of 
the other conventional SPECT agents at high 
flow rates during pharmacological vasodilation. 
Due to the demanding rapid imaging protocol 
required, its use never became extensively 
applied, in spite of examples of good quality 
images obtained with either multiheaded or 
single-headed gamma cameras in some laborato-
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ries. Its commercial availability has been stopped 
for years.

99mTc-3SPboroximine is a newer perfusion 
radiotracer since its cardiac uptake is largely 
relies on the regional blood flow. It can be used 
for the detection of perfusion abnormalities, 
accurate quantification, and determination of 
regional blood flow rate [66–68].

Methods of Stress

Exercise Stress
Exercise stress is the most frequently used test 
for noninvasive diagnosis of coronary artery dis-
ease (CAD). This form of stress is usually per-
formed with exercise protocols using either a 
treadmill or bicycle. Exercise is associated with 
sympathetic stimulation and changes in coronary 
vasomotor tone which affects coronary blood 
flow through dilatation of coronary arteries. 
Exercise results in increase in myocardial oxygen 
demand and coronary vasodilation allowing 
increased oxygen delivery which is crucial to 
myocardial perfusion to prevent ischemia. This 
hyperemic effect is behind the identification of 
ischemia, as stenotic vessels do not vasodilate 
efficiently [69].

Sensitivity of a symptom-limited exercise 
treadmill test (ETT) for the diagnosis of CAD is 
65–70% [70].

When combined with myocardial perfusion 
imaging, the sensitivity increases to 85–90%, 
while specificity is increased as well [61]. This 
combination of results also provides the best 
prognostic value and risk stratification for 
patients with coronary artery disease [71].

ETT evaluates the hemodynamic changes and 
provides independent prognostic information 
including total exercise time and capacity, heart 
rate response, blood pressure response, and 
symptoms during stress [71]. Systolic blood 
pressure is expected to increase during stress to 
maintain adequate cardiac output. Any drop in 
blood pressure during exercise may indicate the 
presence of coronary artery disease and, there-
fore, poor prognosis and outcome [72, 73]. Heart 
rate is also expected to increase during the exer-
cise preferably up to 85% of the maximum age 

predicted heart rate (MPHR) which can be calcu-
lated by subtracting the patient age from 220 
[74]. However, achievement of 85% of MPHR is 
not an indication for termination of the test and 
ETT should rather be symptom-limited. Slow 
heart rate during exercise can be normally seen in 
athletes. On the other hand, heart rate that is slow 
to return to baseline during recovery may indi-
cate inability of the heart to recover from this 
increased demand resulting in exercise intoler-
ance. This can be seen in patients with coronary 
artery disease and congestive heart failure and is 
considered as an independent predictor of risk for 
major cardiac events [71]. Metabolic equivalent 
(MET) is another parameter that is routinely 
recorded during exercise. One MET equals about 
3.5 mL of oxygen/kg of body weight [72]. This 
parameter can be used to assess the functional 
status of patients and help in treatment options by 
categorizing patients into three classes. Class I 
patients can exercise beyond 7 or 8 METs, class 
II patients get symptom-limited exercise at 5 or 6 
METs, while class III patients get symptom-
limited exercise at 3–4 METs. Healthy people 
can usually exercise beyond 10–11 METs [71].

The single most powerful prognostic predictor 
in both men and women is the exercise capacity 
(length of the exercise) [75].

Pharmacological Stress
Patients who cannot exercise for noncardiac rea-
sons (e.g., orthopedic, neurological, peripheral 
vascular) or are unable to exercise adequately 
(for a meaningful period of time and/or to an 
adequate heart rate) are candidates for pharmaco-
logical stress testing. Five agents are currently 
approved for use in conjunction with MPI: ade-
nosine, dipyridamole, regadenoson, dobutamine, 
and arbutamine. Adenosine, dipyridamole, and 
regadenoson are coronary vasodilators. 
Dobutamine and arbutamine are beta-adrenergic 
agonists and increase myocardial oxygen 
demand; they also have some direct vasodilatory 
effect [76].

Pharmacological stress makes possible evalu-
ation of patients unable to exercise for noncar-
diac reasons, including sick and debilitated 
patients. However, physiologically useful param-
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eters derived from an exercise test, valuable for a 
comprehensive evaluation, are lost.

Adenosine
Adenosine is an endogenous coronary vasodila-
tor produced from ADP and AMP in myocardial 
and vascular smooth muscle cells. Adenosine 
affects two kinds of receptors: A1 and A2. 
Activation of the A1 receptor slows AV conduc-
tion. Activation of the A2 receptor leads to coro-
nary vasodilation (Fig.  9.14, Table  9.7). The 
half-life of adenosine is extremely short (seconds 
only). Perfusion tracers are therefore injected 
during continuous adenosine infusion (140  μg/
kg/min for 6  min). Side effects of adenosine 
include flushing in 37% of patients, chest pain in 
35%, shortness of breath in 35%, and gastrointes-
tinal symptoms in 15%. Chest pain is not indica-
tive of myocardial ischemia. Vasodilation causes 
a modest blood pressure drop, usually accompa-
nied by compensatory tachycardia, although 

transient second-degree AV block is seen in 
3–4% of patients and third-degree AV block in 
<1% of tested patients. All side effects and hemo-
dynamic changes are transient and reversible. 
Use of an antidote (IV aminophylline) is very 
rarely needed. Most situations can be controlled 
by decreasing the infusion rate and/or by shorten-
ing the duration of the infusion. Adenosine may 
trigger bronchospasm and should not be used in 
patients with bronchospastic disease, particularly 
those who have clinical asthma and/or are being 
treated with bronchodilators. Caffeine, theophyl-
line, and their metabolites competitively block 
adenosine receptors. Therefore, patients should 
abstain from caffeine-containing beverages and 
medication for 12–24 h prior to the test [74].

Dipyridamole
Dipyridamole is an indirect vasodilator: It 
increases intravascular concentration of endoge-
nously produced adenosine by blocking its cel-
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Fig. 9.14  Mechanisms of the vasodilating stress agents. 
Adenosine is synthesized intracellularly and leaves the 
cells to act on surface membrane receptors. Dipyridamole 
blocks adenosine reentry into the cell, increasing extracel-

lular adenosine that can bind to the receptor. 
Methylxanthines, such as theophylline and caffeine, com-
petitively block the receptor sites. (Reproduced from 
Iskandrian et al. [77] with permission)
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Table 9.7  Main coronary vasodilators

Adenosine Regadenoson Dipyridamole
Effect Direct Direct Indirect
Half-life <10 s 8.5 min Minutes
Onset of action Seconds Seconds Minutes
Time to peak effect ca. 1 min 20–40 s ca. 7 min
AV block 7% 3% 0%
Diagnostic utility Inability to exercise Inability to exercise Inability to exercise
Contraindications Bronchospasm Bronchospasm

Unstable/severe ischemia Unstable/severe ischemia Unstable/severe ischemia

lular reuptake (Fig.  9.14). Dipyridamole has a 
longer half-life than adenosine and does not 
affect AV conduction. Dipyridamole is usually 
infused for 4 min. The perfusion tracer is injected 
at 7  min. In some laboratories, the patient is 
asked to perform low-level exercise or handgrip 
exercise to enhance its effects. Contraindications 
for dipyridamole use are similar to those for ade-
nosine, although chest pain is less frequent. An 
effective antidote is IV aminophylline (50–
100  mg IV), which can be used to normalize 
hemodynamic changes, relieve ischemia, and/or 
treat side effects [74].

Dipyridamole potentiates the effects of exog-
enously infused adenosine. Therefore, oral dipyr-
idamole, when being taken for its antiplatelet 
effects, should be discontinued on the day of the 
stress test.

Regadenoson
The first historically available vasodilator stress 
agents, dipyridamole and adenosine, are effective 
and useful, but they do have significant side 
effects, making stress testing an unpleasant expe-
rience in many patients, and are contraindicated 
in patients with bronchospastic disease. It has 
been established that there are four adenosine 
receptor subtypes distributed in various loca-
tions: A1, A2A, A2B, and A3. The selective activa-
tion of A2A receptors leads to coronary 
vasodilation, while A1 are responsible for 
decreased AV conduction and chest pain, while 
the stimulation of A2B receptors leads to periph-
eral vasodilation, mast cell degranulation, and 
bronchiolar constriction, and the stimulation of 
A3 leads to ischemic preconditioning and mast 
cell degranulation [78].

Regadenoson is an A2A receptor agonist that is 
a coronary vasodilator with very weak affinity for 
A1, A2B, and A3 receptors that are associated with 
adenosine’s unpleasant side effects. It is supplied 
in prefilled syringe doses of 0.4 mg in 5 mL of 
solution. It is administered as a single-dose bolus 
(less than 10 s), which leads to increased coro-
nary blood flow to more than twice baseline lev-
els within 30  s, with maximal vasodilation 
1–4 min after injection, and decreases to less than 
twice baseline within 10 min. This is accompa-
nied by decrease in systolic and diastolic blood 
pressure and increase in heart rate [79].

In the ADVANCE MPI multicenter trial com-
paring myocardial perfusion imaging with 
regadenoson compared to adenosine pharmaco-
logical stress, it was demonstrated that regade-
noson was similar to adenosine for the detection 
of ischemia [79].

Methylxanthines block the effects of regade-
noson, as for adenosine. Patients should be 
instructed to avoid consumption of any products 
containing methylxanthines, including caffein-
ated coffee, tea, and other caffeine-containing 
beverages of drug products for at least 12 h prior 
use. In clinical trials conducted during regadeno-
son’s development, where side effects were com-
pared to adenosine, 80% of subjects had some 
kind of adverse reaction, including dyspnea 
(28%), headache (26%), flushing (16%), chest 
discomfort (13%), angina or ST segment depres-
sion as evidence of myocardial ischemia (12%), 
dizziness (8%), chest pain (7%), and nausea 
(6%). In most categories, this profile was similar 
to side effects from adenosine, except for a lower 
rate of chest discomfort (13% vs. 18%) or evi-
dence of ischemia (12% vs. 18%). There was a 
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similar rate (26% vs. 30%) of rhythm or conduc-
tion abnormalities, but a lower rate of first-degree 
block (3% vs. 7%) or second-degree AV block 
(0.1% vs. 1%). There was a higher rate of respira-
tory adverse reactions, such as dyspnea or wheez-
ing compared to placebo (12.9% in the asthma 
group and 19% in the COPD patient group), but 
most respiratory adverse reactions resolved with-
out therapy. Aminophylline was used 3% of the 
time to treat side effects from regadenoson, ver-
sus 2% for adenosine. As for dipyridamole and 
adenosine, serious ischemia, leading to myocar-
dial infarction, ventricular arrhythmias, and car-
diac arrest, has occurred following regadenoson 
injection [80].

Dobutamine and Arbutamine
Dobutamine is a synthetic catecholamine with 
predominantly β1 affinity and short plasma half-
life (approximately 2  min). In the presence of 
significant epicardial coronary artery stenosis, 
the increase in oxygen demand caused by posi-
tive inotropic and chronotropic effects of dobuta-
mine can induce myocardial ischemia. 
Additionally, dobutamine at higher doses induces 
coronary vasodilation. The infusion rate used for 
diagnostic imaging (40–50 μg/kg/min) is higher 
than the customary therapeutic infusion rate of 
dobutamine (10–20 μg/kg/min) used for inotro-
pic support in the intensive care units. The side 
effects of dobutamine in our patient series 
included supraventricular and ventricular arrhyth-
mia (6% of patients), palpitations (40%), chest 
pain (20%), shortness of breath (17%), headache 
(15%), and GI symptoms (5%). Dobutamine was 
used mostly in patients who are unable to exer-
cise and have bronchospastic disease [81], but its 
use has decreased since the introduction of the 
selective A2A vasodilator agonist regadenoson.

Arbutamine is also a synthetic catecholamine. 
It has been marketed with a computerized feed-
back system between arbutamine infusion rate 
and the heart rate. This approach attempts to min-
imize the time required to reach a selected peak 
heart rate. However, added complexity and 
expense of this approach limited its widespread 
use [81].

Combined Exercise and Pharmacological 
Stress
Many laboratories have found it useful to com-
bine low-level treadmill exercise with either ade-
nosine, regadenoson, or dipyridamole. This has 
been found to reduce the unpleasant side effects 
of flushing, headache, dizziness, or nausea due to 
either stressor. Image quality is also improved 
through a decrease in hepatic and gut uptake of 
the technetium-99m perfusion tracers, which is 
more common with adenosine or dipyridamole, 
compared to exercise [82].

On the other hand, the incidence of stress-
inducible ischemia is more common due to 
increased myocardial demand, leading to a higher 
prevalence of ischemic chest pain and ischemic 
ECG changes. The combination of adenosine or 
regadenoson and symptom-limited exercise in 
patients who can exercise but where it is not cer-
tain that they can attain maximal heart rate has 
been found safe and useful to achieve maximal 
level of stress [83].

Combined exercise with pharmacological 
stress should be avoided in patients with left bun-
dle branch block or RV pacemaker, since the like-
lihood of false-positive myocardial perfusion 
stress images is increased with exercise.

Methods of SPECT Imaging

SPECT
Single-photon emission computed tomography 
(SPECT) has by now been well standardized and 
optimized for either thallium-201 or Tc-99m ses-
tamibi or Tc-99m tetrofosmin imaging as well as 
optimized for each imaging system manufacturer. 
This includes timing of acquisition, choice of 
collimators, choice of step-and-shoot versus con-
tiguous acquisition, circular versus elliptical 
orbits, filtered versus iterative reconstruction, fil-
tering, display, quantification, and correction for 
movement artifact. The greatest area of concern 
and therefore undergoing the greatest evolution is 
the challenge of addressing inaccuracies in diag-
noses and inefficiencies in patient management 
arising from mistaking soft tissue attenuation 
artifacts from true perfusion defects.
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Solutions to the problem of soft tissue attenu-
ation include training in recognition by the tech-
nologist and the interpreting physician and the 
utilization of various compensation strategies, 
such as prone imaging, ECG gating, image quan-
tification, and the use of attenuation correction 
hardware and corrective reconstruction.

The inspection of the original multiplanar 
images allows one to detect movement artifact, as 
well as ascertain the presence of overlapping soft 
tissue likely to cause attenuation artifact, either 
due to an overlapping diaphragm, causing infe-
rior wall defects, or in women and obese men, 
overlapping breast tissue, causing anterior, 
anteroseptal, or anterolateral defects. This allows 
the interpreting physician to properly evaluate 
the obtained images and avoid an unnecessarily 
false-positive reading.

If an inferior wall defect is recognized early, 
while the patient is still in the laboratory, it has 
been demonstrated that inferior wall defects due 
to attenuation artifact seen in the standard 
supine position resolve after repeat imaging in 
the prone position, which improves diagnostic 
accuracy. Limitations of this approach include 
the creation of a new anterior wall attenuation 
defect and the apparent lack of efficacy in ante-
rior wall attenuation artifacts [84, 85]. This 
strategy is useful when other means are not 
available or in combination with gated SPECT 
imaging.

Gated SPECT
ECG gating of the SPECT myocardial perfusion 
images provides, independently from the perfu-
sion information, important information on 
global LV and RV function, LV ejection fraction, 
and regional wall motion and thickening. This 
information provides information that incremen-
tally add to the value of myocardial perfusion 
imaging alone. It can also help enhance the accu-
racy of perfusion imaging. When there is a wall 
motion abnormality corresponding to a perfusion 
abnormality, the presence of disease can be made 
with greater confidence, resulting in enhanced 
accuracy [86].

However, normal wall motion associated with 
a reversible perfusion defect does not exclude 

reversible ischemia. Normal wall motion in the 
presence of mild to moderate fixed perfusion 
abnormality could be due to non-transmural wall 
injury, insufficient to cause a discernible wall 
motion abnormality.

Quantification of gated SPECT images pro-
vides a global LVEF, plus indices of regional 
wall motion and wall thickening, useful in the 
evaluation of function. Whereas its original use 
was applied in planar gated blood pool imaging, 
it has been applied to three-dimensional SPECT 
gated blood pool images to overcome problems 
of overlap of adjacent cardiac structures and 
inaccurate localization of left ventricular and 
right ventricular abnormalities [87], which was 
subsequently applied to myocardial perfusion 
imaging [88].

This technique has been found useful in 
patients with advanced systolic heart failure and 
evidence of dyssynchrony on ECG due to con-
duction abnormalities, single ventricle pacing, in 
predicting which patients would benefit from car-
diac resynchronization therapy [89].

Clinical Uses of Myocardial Perfusion 
Imaging
Initially, myocardial perfusion imaging was a pri-
marily diagnostic method for noninvasive detec-
tion of coronary artery disease (Figs.  9.15 and 
9.16). Later applications have extended to evalu-
ation of prognosis to assess the patient risk and 
outcome (Table 9.8) [90, 91].

Advances in surgical, percutaneous, and med-
ical therapy of CAD have fundamentally changed 
the natural history of the disease. Thus, appropri-
ate identification of high-risk patients, followed 
by appropriate therapy, favorably modifies prog-
nosis. Conversely, the identification of low-risk 
patients with a benign prognosis reduces the need 
for costly and potentially detrimental invasive 
testing and therapy. A normal SPECT myocardial 
perfusion imaging study has been shown to be 
extremely effective in predicting a good progno-
sis in a variety of settings.

Diagnosis
Appropriate candidates for stress testing with 
MPI are patients with intermediate pretest 
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Fig. 9.15  Stress and rest Tc99m sestamibi myocardial 
perfusion SPECT images in short axis, vertical long axis, 
and horizontal long axis. SPECT images demonstrate 
fixed perfusion defect in the apex (arrows). There was also 
akinetic wall motion in this region. Findings are consis-

tent with apical scar/infarct with possible aneurysm sug-
gested by slight divergence of left ventricular walls as 
they approach the apex, instead of normal convergence on 
horizontal long axis images

probability for the presence of coronary artery 
disease. The pretest probability is determined 
from easily obtained parameters: age, gender, 
symptoms, and rest ECG [92]. Such patients 
might be chronically symptomatic with some 
atypical features at presentation. MPI is inap-
propriate for patients with a low pretest proba-
bility due to the high rate of false-positive 
results in such patients. Patients with several 
risk factors for CAD and typical symptoms 
with a high probability of CAD do not gain so 
much from MPI for diagnosis, as the diagnosis 
is nearly certain on clinical grounds. However, 
such patients would benefit from MPI for risk 
stratification. Exercise stress testing without 
MPI is inadequate for diagnostic purposes in 
patients who are unable to exercise adequately 

and in those with nondiagnostic baseline ECG, 
such as LBBB, paced rhythm, left ventricular 
hypertrophy, or users of digoxin [93].

In other patients, MPI adds to the diagnostic 
accuracy of ECG stress testing alone.

Average sensitivity and specificity of MPI 
for diagnosis of CAD have been reported close 
to 90 and 70%, respectively. The gold standard 
for diagnosis of CAD remains coronary angi-
ography, despite its known limitations and 
likely systematic underestimation of the extent 
of disease. True sensitivity and specificity with 
each new tracer and each new imaging protocol 
have been difficult to ascertain because of 
posttest angiographic referral bias. Patients 
with negative results on MPI are rarely referred 
for coronary angiography, except where clini-
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Fig. 9.16  Sixty-year-old male with history of hyperten-
sion and CAD and currently complains of shortness of 
breath. Stress and rest myocardial perfusion SPECT 
images in short axis, vertical long axis, and horizontal 
long axis (a) and stress and rest bullseye polar maps (b).

There is a large area of significant reversible perfusion 
defect involving the lateral wall, and inferolateral regions, 
which is consistent with stress-induced ischemia. A small 
fixed defect in the inferolateral base

Table 9.8  Candidate patients for MPI for prognostic and 
risk stratifications

1. Stable CAD evaluated for prognosis
2. Acute chest pain syndromes
3. Post-acute myocardial infarction
4. �Post-revascularization procedures (CABG, PTCA, 

coronary stenting)
5. Before noncardiac surgery
6. Post-cardiac transplantation

cal ECG responses or clues in the MPI images 
suggest possible global “balanced ischemia.” 
This practice is justified because of the known 
excellent prognosis of patients with a normal 
MPI study [94].

Nevertheless, this referral bias limits the use-
fulness of retrospective validation studies using a 
clinical test population.

Prognosis
Several distinct patient groups are commonly 
referred for MPI for prognostic assessment.

	1.	 Prognosis Assessment in Stable CAD
Current guidelines recommend that the care 

for ishemic heart disease patients is driven by 
risk assessment. Structural and functional infor-
mation provided by different imaging tech-
niques aids the physician in assessing different 
aspects of the disease. The recent shift in the 
management of these patients from an anatomi-
cal to a functional gold standard which further 
emphasized the importance of functional imag-
ing techniques. Recent technological advances 
in image acquisition and processing such as 
tomographic imaging (SPECT), gating, attenu-
ation correction, and Tc-99m-based tracers 
allow for more accurate simultaneous evalua-
tion of myocardial perfusion and function. 
Perfusion abnormalities can be classified 
according to size, localization, severity, and 
reversibility. Left ventricular volumes, systolic 
wall thickening, segmental wall motion, and 
ejection fraction can be quantified. Right ven-
tricular size and function can be assessed.
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Retrospective and prospective observa-
tions have defined patterns which are com-
patible with high-risk prognosis as well as 
benign prognosis. A normal perfusion pat-
tern in patients with an adequate level of 
stress and with high-quality study is consis-
tent with an excellent short-term prognosis, 
regardless of coronary anatomy [94]. The 
extent of perfusion abnormalities character-
ized by number of abnormal segments, 
severity of defects, and extent of reversibil-
ity (ischemia) defines prognosis. When inte-
grated with results of the exercise stress test 
and parameters of left and right ventricular 
function, combined information has a prog-
nostic value which exceeds prognostication 
based on performance of coronary angiogra-
phy [91]. The average annual cardiac event 
rate in patients with abnormal images is 
12-fold than in patients with normal images. 
Both fixed and reversible defects are prog-
nostically significant. Fixed defects are a 
predictor of death, whereas reversible 
defects are an important predictor of nonfa-
tal myocardial infarction [95].

The event rate is significantly greater in 
patients with severe than in those with mild 
abnormalities (10.6% annual hard event rate 
vs. 3.5%) [93]. Incorporation of other SPECT 
variables, such as stress-induced LV dilation, 
LVEF, and LV volumes, further enhances the 
prognostic power of SPECT imaging [93, 96].

A high likelihood of multivessel (hence 
surgical) CAD is indicated by the presence of 
perfusion defects in each of the three coronary 
artery territories, diffuse slow washout of 
Tl-201, prominent pulmonary Tl-201 activity, 
transient stress-induced LV dilation, fall in 
LVEF on the gated stress SPECT MPI images, 
and the “left main pattern” of anterior, septal, 
and posterolateral defects [97].

	2.	 Prognosis Assessment in Acute Chest Pain 
Syndromes

Acute chest pain may be due to myocardial 
ischemia as a result of a coronary artery 
plaque rupture and may be potentially life 
threatening. However, in only 40% of emer-
gency department (ED) visits for chest pain 

the pain of cardiac origin. Rapid and reliable 
triage is needed for speedy diagnosis of acute 
myocardial infarction and to prevent unneces-
sary hospitalizations and inappropriate dis-
charges from the ED [98].

Current diagnostic tools include clinical 
observation, serial ECGs, ST segment moni-
toring, serial measurements of serum markers 
of myocardial necrosis (such as CK-MB, tro-
ponins), and noninvasive cardiac imaging. 
Some centers perform MPI at rest. Abnormal 
results lead to hospital admission. Others per-
form stress testing, with or without MPI, 
6–12 h after a negative workup for an acute 
MI [99, 100]. Based on the results of MPI, a 
patient’s short-term prognosis can be 
determined.

	3.	 Prognosis Assessment After an Acute 
Myocardial Infarction

The purposes of early or predischarge MPI 
evaluation after an acute myocardial infarc-
tion are (a) to assess the extent of sustained 
damage, including determination of the ejec-
tion fraction, and (b) to detect residual isch-
emia, both in the infarct-related territory and 
in the other vascular territories using either 
exercise MPI or pharmacological stress. In the 
era of acute interventions (i.e., thrombolysis, 
PTCA, stenting), the urge to perform invasive 
assessment (by angiography) is often irresist-
ible. However, recent reports support a less 
aggressive approach: Patients with a limited 
amount of ischemia after an acute myocardial 
infarction can be risk stratified noninvasively 
and, if found to have a low-risk profile, treated 
medically with the same results as those 
treated with interventions [101, 102].

	4.	 Prognosis Assessment After Revas­
cularization Procedures

In view of the possibility of restenosis after 
percutaneous revascularization and of aorto-
coronary bypass graft closure after coronary 
artery bypass surgery, and the frequent 
absence of reliable symptoms, MPI is an effi-
cient means to determine the need for 
additional and/or repeat interventions, espe-
cially when the clinical symptoms are vague 
or nonspecific [103].
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	5.	 Risk Assessment Prior to Noncardiac 
Surgery

Preoperative evaluation for noncardiac sur-
gery depends partly on a patient’s risk factors. 
These include severity and/or stability of 
known heart disease; the presence of concom-
itant conditions such as diabetes mellitus, 
peripheral vascular disease, renal insuffi-
ciency, and pulmonary disease; urgency of the 
surgery (emergency vs. elective); and type of 
surgery planned. Several principles for preop-
erative evaluation are summarized in the 2002 
AHA/ACC Task Force guideline update rec-
ommendations [104].

There is currently no evidence that preop-
erative revascularization alters the outcome of 
noncardiac surgery. However, risk stratifica-
tion based on preoperative testing can help the 
patient and physician choose the best type and 
timing of surgery, perioperative care, and 
long-term postoperative management.

	6.	 Prognosis Assessment After Cardiac 
Transplantation

Long-term survival after heart transplanta-
tion, in excess of 80% after 1  year, is now 
common [105, 106].

Immunologically mediated obstructive 
coronary vasculopathy has emerged as the 
most devastating late complication. Pain 
symptoms of myocardial ischemia are absent 
because of denervation of the transplanted 
heart. Frequent invasive (angiographic) evalu-
ation is not practical. MPI and perhaps stress 
echocardiography are emerging as surveil-
lance methods for detection of asymptomatic 
myocardial ischemia [107, 108].

9.5.2.2	� PET Myocardial Perfusion 
Imaging

Currently, PET is considered the gold standard 
for noninvasive quantitative assessment of myo-
cardial perfusion and metabolism although the 
availability is still limited. Although the role of 
SPECT MPI in the diagnosis and management of 
ischemic heart disease is well established and its 
qualitative or semi-quantitative assessment of 
regional perfusion is most used in clinical prac-

tice, it has limitations in determining the extent of 
the disease particularly in patients with multives-
sel disease and its inability to delineate the extent 
and severity of diffuse atherosclerosis and micro-
vascular dysfunction. On the other hand, PET 
enables better assessment of disease by analyzing 
myocardial perfusion, function, and metabolism 
(Table 9.9).

Myocardial Perfusion PET imaging
The tracers used most commonly are 
82Rb-chloride and 13N-ammonia [109]. Less 
commonly used are and O-15 water and 
F-18flurpiridaz (Table  9.10). Each has specific 
features that make one preferable over another in 
individual situations.

The perfusion tracer is injected intravenously 
at rest, followed by a PET acquisition, and again 
during pharmacological stress with either intra-
venous regadenoson, dipyridamole, adenosine, or 
dobutamine/arbutamine.

The rest and stress perfusion studies can and 
should be gated, if possible, providing valuable 
information about LV function at rest and during 
stress. With a PET-CT scanner, a CT transmis-
sion scan with each of the rest and stress perfu-
sion scans is performed. For N-13 ammonia or 
F-18 flurpiridaz, it is possible to perform either 
exercise or pharmacological stress, although 
pharmacological stress is been used in most 
patients. In the USA, regadenoson is the agent 
utilized most commonly for inducing coronary 
vasodilation [110]. Exercise stress is challenging 
technically because of the short half-lives of PET 
radiotracers, size of PET gantry for supine bicy-
cles, and motion artifacts with exercise [109].

Table 9.9  Advantages of PET imaging in heart disease

Offers reliable attenuation correction
Higher resolution
Ability to reliably detect coronary disease down to 
about 50% occlusion
Ability to delineate the extent and severity of diffuse 
atherosclerosis and microvascular dysfunction
More reliable in obese patients
Absolute perfusion quantitation
Lower radiation than SPECT MPI
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Table 9.10  Positron-emitting tracers for myo cardial perfusion

Tracer
Physical 
half-life

Mean range 
(mm) Production Scan duration Mechanism

Require on-site 
cyclotron

N-13 ammonia 9.8 min 0.7 Cyclotron 20 min Metabolic trapping in 
myocardium

Yes

Rubidium-82 75 s 2.4 Generator 6 min Free diffusion, 
metabolically inert

No

F-18 
flurpiridaz

110 min 0.2 Cyclotron 20 min Metabolic trapping in 
myocardium

Yes

O-15 water 2.0 min 1.1 Cyclotron 6 min Metabolic trapping in 
myocardium

No

	1.	 N-13 Ammonia
In the bloodstream, N-13 ammonia con-

sists of the neutral NH3 molecule in equilib-
rium with NH4

+. At normal pH, NH4
+ is the 

predominant form. The neutral, lipid-soluble 
NH3 readily crosses cell membranes by diffu-
sion. Inside the cell, the NH3 converts into 
NH4

+and is trapped in the cell as glutamine in 
a reaction catalyzed by glutamine synthase 
[111].

Egress from the cell is slow, mostly through 
catabolism of proteins and amino acids. N-13 
ammonia has been used as a PET myocardial 
perfusion agent since 1972 [112] with either 
pharmacological or exercise stress. Its extrac-
tion fraction remains high even with high 
flows during pharmacological vasodilation, 
although under severe metabolic derange-
ment, the glutamine synthase pathway can be 
blocked and the uptake of N-13 ammonia can 
become low [113].

Its half-life allows high-quality image 
acquisition and gating. In dogs, Gould et al. 
demonstrated that coronary stenoses of 47% 
or greater can be detected by perfusion imag-
ing with N-13 ammonia in conjunction with 
IV dipyridamole [114].

In human beings, Schelbert et al. correctly 
identified 52 of 58 stenosed vessels (90% sen-
sitivity per vessel) and correctly diagnosed 
the presence of CAD in 31 of 32 patients 
(97% sensitivity) [111]. Tamaki et  al. [115] 
demonstrated a sensitivity of 95% for N-13 
ammonia rest and exercise stress imaging 
(Fig. 9.17).

	2.	 Rubidium-82
Rubidium-82 is a potassium analog. Like 

Tl-201, Rb-82 is transported into cells by the 
Na+/K+ ATPase pump. Like Tl-201, Rb-82 
extraction decreases at high blood flow and 
can be altered by drugs, severe acidosis, 
hypoxia, and ischemia [116, 117].

With ischemia, segmental reduction of 
Rb-82 uptake can persist following exercise, 
even after symptoms and ECG abnormalities 
have resolved, for up to 30 min. Owing to its 
short half-life (75  s), Rb-82 is injected at a 
high dose (30–60 mCi); this is followed by a 
short acquisition lasting 4–6 min. The imag-
ing sequence can be fast and efficient. An 
example of rest and stress Rb-82 PET myo-
cardial perfusion images and gated resting 
images is shown in Fig. 9.18. In chronically 
instrumented dogs, Gould et al. detected coro-
nary stenoses of 50% or greater with Rb-82 
imaging and dipyridamole stress [118].

Gould et  al. [119] compared Rb-82 rest 
and dipyridamole-handgrip stress imaging 
with a validated quantitative flow reserve 
index obtained from contrast angiograms. The 
results showed a sensitivity of 95% and a 
specificity of 100% for impaired flow reserve. 
Studies performed to study the accuracy of 
Rb-82 PET perfusion MPI for the detection of 
CAD showed a sensitivity from 85 to 93% 
and a specificity of 50–90% (Fig. 9.19).

The normal myocardial distribution of 
Rb-82 is similar to Tc-99m-labeled SPECT 
tracers, but the image resolution is better 
(Fig. 9.18).
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Stress

Stress

Rest

Rest

N-13 ammonia PET
Fig. 9.17  Stress and 
rest N-13 ammonia PET 
images demonstrating a 
mild lateral wall defect 
during stress, with 
normal distribution at 
rest

	3.	 Oxygen-15 Water
The use of O-15 water is limited to quanti-

fication of coronary blood flow. Water enters 
all cells by diffusion, with a high extraction 
fraction even at high myocardial flow. Owing 
to the very short half-life of O-15, the tracer 
must be produced by an on-site cyclotron.

	4.	 Fluorine-18 Flurpiridaz
F-18 flurpiridaz is lipophilic and, like Tc-

99m sestamibi, binds to mitochondria with 
high affinity. Preclinical studies showed that 
the extraction fraction of F-18 flurpiridaz was 
greater than that of N-13 ammonia, R-82, 
thallium-201 (201Tl), or technetium-99m 
(Tc-99m) sestamibi and was in fact found to 
be greater than 90%. Both sensitivity and 
absolute quantification of MBF would be 
expected to be more suitable with this high-
extraction-fraction tracer because there is sig-
nificantly less roll-off in extraction at high 

flows than there is with other tracers [119]. In 
Phase I trials, the heart exhibited high and 
sustained retention of F-18 flurpiridaz from 
the earliest images through approximately 5 h 
after injection [120].

Similar to the Tc-99m perfusion agents, 
one administers a slightly lower for resting 
study dose (approximately 74–111  MBq 
(2–3 mCi)). After waiting for approximately 
50–70  min, perform exercise or pharmaco-
logical stress, and administer a higher 
(approximately 240  MBq (6.5  mCi)) during 
stress for stress study (Fig. 9.20). In a Phase II 
study comparing F-18 flurpiridaz MPI to 
Tc-99m sestamibi SPECT MPI in the same 
143 subjects in 21 centers, a higher percent-
age of images was rated as excellent or good 
on PET versus SPECT imaging, with a higher 
diagnostic certainty. In 86 patients who under-
went coronary angiography, sensitivity of 
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Stress Rest

RB-82

Fig. 9.18  Stress and rest selected Rb-82 short axis and 
horizontal and vertical long axis images demonstrating 
normal perfusion

F-18 flurpiridaz PET for individual coronary 
vessel disease was higher than SPECT MPI, 
79% versus 62%, with similar specificity, and 
a normalcy of 90% with F-18 flurpiridaz PET 
versus 97% with SPECT.  In patients with 
CAD on angiography, the magnitude of 
reversible defects was greater with PET com-
pared to SPECT [121].

Myocardial Metabolism FDG PET Imaging
The major source of ATP in a normal heart is oxi-
dation of free fatty acids, rather than of carbohy-

drate. With ischemia, reversible metabolic 
adaptation will occur to enable myocytes to sur-
vive in a low oxygen environment. Mitochondrial 
oxidation is supressed and anaerobic metabolism 
may occur. Exogenous glucose uptake and glyco-
gen breakdown are increased with stimulation of 
glycolysis and ATP production from the anaero-
bic catabolism of glucose. Accordingly F-18 
FDG is the radiotracer used for PET metabolic 
imaging [122].

FDG is a glucose analogue that is transported 
into the myocyte by the same carriers (GLUT-1 
and GLUT-4) as glucose and phosphorylated to 
FDG-6-phosphate by hexokinase. PET imaging 
of regional glucose uptake reflects overall cell 
glucose uptake. FDG uptake may be increased in 
hibernating but viable myocardium; uptake in 
regions with reduced blood flow at rest has 
become a marker of hibernation.

Clinical Uses of PET in Heart Diseases
Positron emission tomography is increasingly 
used in the diagnosis and risk stratification of 
patients with ischemic heart disease (Table 9.11). 
PET myocardial perfusion imaging has a mean 
sensitivity and specificity of around 90% for the 
detection of angiographically significant coro-
nary artery disease, and is also highly accurate 
for assessing the prognosis of patients with isch-
emic heart disease. Based on the tracer used, it 
can provide information not only on myocardial 
perfusion but also on myocardial metabolism, 
which is important for myocardial viability eval-
uation. The value of this imaging technique has 
been further enhanced with the introduction of 
hybrid scanners (PET/CT and PET/MR), offer-
ing integrated morphological and functional 
information and consequently comprehensive 
assessment of atherosclerosis effect on the myo-
cardium [123].

PET in the Diagnosis of Ischemic Heart Disease
FDG-PET has several advantages including 
higher sensitivity and specificity over perfusion 
tracer, reliable attenuation correction, thus avoid-
ing the attenuation artifacts seen frequently in 
SPECT imaging, although caution needs to be 
exercised to recognize and correct for PET emis-
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Fig. 9.19  (a) Stress and 
rest of Rb-82 PET 
images demonstrating 
severe extensive apical, 
septal, and inferior 
scarring and only 
minimal basal septal 
ischemia. (b) Resting 
end-diastolic and 
end-systolic gated 
images, showing poor or 
absent contractility in 
the scarred regions and 
poor overall LV function

sion-transmission misregistration artifacts. PET 
imaging also offers higher resolution. A number 
of studies have shown a higher accuracy of coro-
nary disease detection by stress PET imaging 
compared with SPECT imaging [111, 120, 124, 
125]. The high extraction fraction of the PET 
tracers, especially N-13 ammonia and O-15 
water, assures higher sensitivity for disease at 
high flows during pharmacological stress, result-
ing in the ability to reliably detect coronary dis-
ease down to about 50% occlusion [124, 126]. 
Comparisons of sestamibi and PET perfusion 
imaging showed that adenosine stress MIBI 
SPECT imaging significantly underestimates 
ischemia and defect severity compared with N-13 
ammonia PET [127, 128].

Many studies indicate that PET imaging con-
sistently yield higher diagnostic accuracy for 
detection of coronary artery disease compared to 
gated Tc-99m sestamibi SPECT imaging, both 
with and without SPECT attenuation correction 

[129–135]. One study performed head-to-head 
comparison of 208 adults of coronary computed 
tomography angiography, single-photon emis-
sion tomography, [15O]H2O positron emission 
tomography, and hybrid imaging for the diagno-
sis of myocardial ischemia [133]. demonstrated 
highest diagnostic accuracy for Positron emis-
sion tomography compared with single-photon 
emission tomography and coronary computed 
tomography angiography.

The gating of MPI at rest and during stress 
with PET imaging allows the additional diag-
nostic and prognostic relevant information 
about the severity of disease. During gated vaso-
dilator stress Rb-82 PET imaging, LVEF 
increases with vasodilator stress in patients 
without significant stress-induced perfusion 
defects or severe left main/3-vessel CAD.  A 
high LVEF reserve appears to be an excellent 
tool to exclude left main/3-vessel CAD nonin-
vasively [136].
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Stress
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Rest

Rest

F-18 flurpiridaz
Fig. 9.20  Stress and 
rest PET images with 
F-18 flurpiridaz, 
demonstrating severe 
inferolateral and mild 
anterolateral and 
apicolateral defects with 
stress, with complete 
improvement in the 
anterolateral and 
apicolateral wall and 
partial improvement in 
the inferolateral wall

Table 9.11  Clinical applications of PET in heart 
diseases

1. Perfusion assessment
2. Absolute quantification of myocardial blood flow
3. Assessment of myocardial viability
4. Prognostic assessment
5. Assessing ventricular function
6. Cardiovascular prosthetic infection
7. Cardiac sarcoidosis, amyloidosis

Quantation of myocardial perfusion in absolute 
units by PET further improves its diagnostic accu-
racy. Patients with multivessel disease, microvas-
cular disease, and obese patients may benefit most 
from this quantitative assessment [137, 138].

Quantification of Myocardial Blood Flow
In addition to qualitative and semi-quantitative 
grading, PET enables absolute quantification of 
perfusion. Absolute quantification of myocardial 
blood flow expands the scope of conventional 
relative MPI from identifying only end-stage epi-
cardial IHD to the earlier identification and char-
acterization of abnormalities in coronary 
endothelial function and subclinical stages of 
IHD (microvascular dysfunction) [139]. 
Quantitation of myocardial perfusion offers an 
objective parameter which is more reproducible 
than visual interpretation. PET has become the 
noninvasive imaging modality of choice for the 
quantification of MBF. In conclusion, it adds not 
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only to diagnostic certainty but also provides 
prognostic value (see later).

PET in Prognosis Assessment
PET MPI, similarly to SPECT MPI, has great 
prognostic value in patients with known or 
suspected IHD. Marvick et al. noted that defect 
severity with PET was related to outcome [140, 
141]. Normal ribidium-82 PET MPI have good 
prognosis, regardless of ECG changes during 
stress including patients whose diagnosis was 
uncertain after SPECT MPI and in obese patients 
[142–144]. A multicenter observational registry 
in 7061 patients from 4 centers underwent a clini-
cal indicated rest-stress Rb-82 PET MPI, with a 
mean follow-up of 2.2  years. The investigators 
found that the risk-adjusted hazard of cardiac 
death increased with 10% with abnormal stress 
PET, compared to normal PET results. The model 
worked even better when clinical risk factors 
were combined with PET MPI findings [145]. In 
a related work, Rb-82 PET findings were particu-
larly helpful in identifying high-risk, older 
women [146]. Similarly, perfusion findings on 
256 N-13 ammonia PET MPI studies were shown 
to be strong predictors of clinical outcome [147]. 
Dorbala et  al. [148] demonstrated that not only 
vasodilator stress Rb-82 PET MPI provides 
incremental prognostic value to historical/clini-
cal variables to predict risk of cardiac events and 
all-cause death, but also the left ventricular ejec-
tion fraction reserve provides significant inde-
pendent and incremental value to Rb-82 MPI for 
predicting the risk of future adverse events. The 
extent and severity of PET perfusion defect, rest 
left ventricular (LV) ejection fraction (LVEF), 
stress LVEF and LVEF reserve (stress LVEF - 
rest LVEF), LV volumes and myocardial flow 
reserve provide valuable prognostic information 
[144–146, 149]. Even in the presence of angio-
graphically significant IHD, normal findings on 
stress MPI are generally associated with a low 
risk of CV events (around 1% per year) [150].

The risk of cardiac events, however, must con-
sider all factors besides imaging information. 
Ceratin groups of patients such as diabetics, those 
with known IHD, old age group were found to 
have higher annual event rate (1.4–1.8%) despite 
normal MPI.  The warranty period of a normal 

PET MPI in is around 2 years [151] depending on 
risk factor control.

Myocardial flow reserve was found to inde-
pendently augment clinical outcome prediction. 
The quantification of blood flow at rest and dur-
ing maximal pharmacological stress allows mea-
surement of flow reserve in various hypertrophies 
and cardiomyopathies, post-transplant CAD 
[152], syndrome X, and other vascular endothe-
lial disorders and to study the effects of smoking, 
diabetes, various medications [153–156], and 
lipid control [157–159].

Multiple studies documented the greater prog-
nostic value of PET-derived myocardial flow 
reserve (MFR) compared to clinical factors and 
perfusion defect size and severity in patients with 
known or suspected IHD [160, 161]. Addition of 
PET derived MFR, led to correct reclassification 
of estimated risk categories in 35% of patients 
with previously intermediate risk of death [162]. 
Since MFR indirectly reflects microvascular dis-
ease, it also has prognostic value in diabetic 
patients with diabetes and in patients with chronic 
kidney disease [163].

In viability imaging, FDG PET has the great-
est sensitivity for predicting global LV functional 
recovery following revascularization, compared 
with SPECT, dobutamine stress echocardiogra-
phy, and cardiac MRI [164–166].

The amount of tissue of scarring as well as 
hibernating myocardium on FDG PET has also 
been shown to be an important predictor of 
improvement in LVEF following revasculariza-
tion [167–169]. Additionally, compared to scar, 
dysfunctional myocardium diagnosed as hiber-
nating or stunned by PET has a high chance of 
functional improvement following revasculariza-
tion [169].

PET in Assessment of Myocardial Viability
PET is very valuable in assessing viability in 
stunned myocardium (Delayed functional recov-
ery myocardium) and hibernating myocardium 
(chronically depressed function of hypoperfused 
myocardium). Demonstration of preserved glu-
cose metabolism by FDG is a marker of myocar-
dial viability (Fig. 9.21) While matching defect 
on perfusion and FDG indicates non-viable myo-
cardium (Fig. 9.22). The detection of viable myo-

A. H. Elgazzar et al.



359

Horizontal long axis

Tc99m Sestamibi SPECT FDG-PET
Fig. 9.21  Viable 
myocardium pattern

Horizontal long axis

Tc99m sestamibi SPECT FDG-PETFig. 9.22  Pattern of 
non-viable myocardium

cardium is accurately estimated by referencing 
the level of myocardial glucose metabolism to 
the level of MBF [123, 169]. Sequential 
perfusion-metabolism imaging gives the most 
complete information, yielding different inter-
pretation scenarios. See later more details.

PET in Assessing Ventricular Function
Gated first-pass 18F-FDG PET has also been 
introduced for assessing ventricular function 
[170].

PET in Endocarditis and Cardiovascular 
Prosthetic Infection
Cardiovascular prosthetic infection is a difficult 
condition to diagnose. PET has a major role in 
the diagnosis of endocarditis and prosthetic 
infections (Pathophysiology and diagnosis is pre-
sented in Chap. 4).

PET in Assessing Ventricular Function
Gated first-pass 18F-FDG PET has also been 
introduced for assessing ventricular function 
[170].

PET in Endocarditis and Cardiovascular 
Prosthetic Infection
Infective endocarditis is among the most severe 
infectious diseases. Patients with damaged or 
artificial heart valves and heart defects are at 
greatest risk for endocarditis. Cardiovascular 
prosthetic infection is a difficult condition to 
diagnose. PET has a major role in the diagnosis 
of endocarditis and prosthetic infections Fig. 9.23 
(see details in Chap. 4).

PET in Cardiac Sarcoidosis and Amyloidosis
Sarcoidosis and Amyloidosis are both multiorgan 
systemic diseases. Diagnosis of cardiac involve-
ment is particularly important because it can be 
fatal. Sarcoidosis is a multisystem granuloma-
tous disorder affecting the heart in up to 25% of 
patients. Cardiac involvement is often associated 
with a poor prognosis [171] as it may lead to 
advanced heart block, cardiomyopathy, arrhyth-
mias, or death. PET may be essential in the diag-
nosis, risk stratification, and patient management 
[172, 173]. When sarcoidosis involves the heart it 
affectst left ventricular subepicardial regions,  
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Axial

FDG-PET/CT

Coronal

CT PET PET/CT

Fig. 9.23  FDG PET/CT study for a 68-year-old male 
with bacteremia and questionable infectious endocarditis. 
There is increased FDG accumulation around electrode in 
the left subclavian vein near superior vena cava. Findings 

are consistent with infection. Note successful suppression 
of normal cardiac uptake of FDG after 6–12 h fasting and 
unfractionated iv heparin administration

septal, and right ventricular free wall in >90% of 
cases [174]. F-18 FDG PET and 18-FDG PET/ 
MRI are useful in the diagnosis of cardiac 
involvement of sarcoidosis [175, 176]. Cardiac 
sarcoidosis may be an incidental finding cardiac 
MR or PET show similar accuracy in the diag-
nostic workup of CS compared with autopsy 
studies. Combining 18F-FDG-PET/CT study 
with SPECT/CT perfusion is particularly useful, 
as the finding of multiple uptake areas associated 
with the matching perfusion abnormalities seen 
in SPECT/ CT indicate high probability of an 
accurate diagnosis 18F-FDG-PET/CT may also 
be useful to assess the therapeutic and prognostic 
factors [177].

Amyloidosis is the clinical condition caused by 
the deposition of unstable misfold proteins as 
amyloid fibrils. Cardiac amyloidosis is the condi-
tion in which the primary interstitial protein depo-
sition occurs in the extracellular space of the heart. 
Systemic amyloidosis represents a debilitating, 
under-diagnosed but increasingly recognized 
group of disorders characterized by the extracel-
lular deposition of these misfolded proteins in one 
or more organs. Cardiac amyloid deposition leads 
to an infiltrative or restrictive cardiomyopathy and 
is the major contributor to poor prognosis in 

patients with systemic amyloidosis. Many proteins 
can form amyloid fibrils, but the two main types 
that can infiltrate the heart are monoclonal immu-
noglobulin light-chain amyloid and transthyretin 
amyloid. Cardiac amyloidosis is classified into 
amyloid immunoglobulin light chain (AL) and 
amyloid transthyretin (ATTR) types [178]. These 
two most common types of cardiac amyloidosis 
have distinct therapeutic management and progno-
sis. Cardiac amyloidosis can be acquired in older 
individuals or inherited from birth. Early and accu-
rate diagnosis of cardiac amyloidosis is crucial for 
the implementation of appropriate patient care and 
is now more important than ever given the avail-
ability of new therapies [179].

Cardiac amyloidosis is currently diagnosed 
more frequently than in the past owing to 
the advanced diagnostic modalities. 
Echocardiography and Cardiac MRI play a cru-
cial role in the diagnostic workup of cardiac 
amyloidosis; however, the differentiation 
between the subtypes of cardiac amyloidosis is 
still difficult [177]. Scintigraphy is valuable in 
the diagnosis and follow-up of the disease. 
Radiotracers for amyloidosis include (1) bone 
tracers including PYP, (2) amyloid-directed mol-
ecules, (3) PET amyloid agents, and (4) I-123-
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MIBG. Bone tracers are particularly sensitive in 
the detection of ATTR type amyloidosis, whereas 
PET amyloid agents show a higher affinity for 
the AL type. An important limitation of 18F-FDG 
is the physiologic uptake in the myocardium, 
which may remain in approximately 20% of 
patients even after proper preparation [178]. 
This fact limited the FDG PET scan’s sensitivity 
for detection of cardiac involvement to 62.5% 
[180]. 11C-Labeled Pittsburgh compound B (11C-
PiB), a radio-labeled derivative of thioflavin-T 
that is used to detect Αβ amyloid deposition in 
Alzheimer’s disease [181]. The findings of 
11C-PiB PET were found to correlate well with 
post-mortem histopathological samples [180]. 
Finally, 123I-MIBG scintigraphy is capable of 
detecting cardiac sympathetic denervation in 
cardiac amyloidosis [181].

9.5.2.3	� Hybrid Myocardial Perfusion 
and CT Imaging

CT Attenuation Correction
Combining PET and CT imaging as a single 
combined PET-CT unit has become the preferred 
approach for PET imaging in oncology. For car-
diac PET imaging, the scout CT checks the posi-
tion of the patient in a few seconds. The CT 
transmission scan, lasting 10–30  s, saves a sig-
nificant amount of time compared to transmis-
sion imaging using radiation pin-sources. The CT 
transmission scan is relatively noise free, com-
pared to the dedicated PET transmission scan. It 
enables one to perform an entire rest and pharma-
cological stress PET perfusion imaging study 
with rubidium-82  in 30–40  min, compared to 
45–60 min for a dedicated PET scanner.

Calcium Scoring
Another application of PET-CT and SPECT-CT 
is the possibility of obtaining coronary calcium 
scores in the same imaging session as the PET or 
SPECT MPI, which is feasible with an 8-, 16-, or 
64-slice multidetector CT scanner. Calcium scor-
ing requires gating and a higher current from the 
CT scanner than a transmission scan, resulting in 
higher patient radiation exposure, but still lower 
than diagnostic CT imaging [182–185].

CT Coronary Angiography
The possibility of performing CT coronary angi-
ography performed together with PET or SPECT 
MPI in selected patients can be very valuable.

9.5.2.4	� Assessment of Myocardial 
Viability

Nonfunctioning but viable myocardium includes 
stunned and hibernating myocardium and also 
remodeling.

	1.	 Stunned myocardium reoresents reversible 
regional decreased contractility after an epi-
sode of prolonged ischemia, but intact blood 
flow at the time of observation [169]. Oxygen-
derived free radicals contribute to postisch-
emic dysfunction [186]. Stunned myocardium 
generally improves without further interven-
tion. In most cases of exercise-induced isch-
emia, this may take a few minutes or, 
uncommonly, several hours. Following an 
acute coronary occlusion and thrombolysis, 
most of the improvement takes place over 
7–10 days, but it may take longer in the pres-
ence of residual stenosis and/or repeated stun-
ning [187]. Patients may experience repeated 
episodes of ischemia, often silent, in the same 
territory, and the stunned myocardium may 
not be able to recover, leading to a quasi-per-
manent state of stunning [188, 189] and pro-
gressing to hibernation [190]. When 
superimposed on an already severely dysfunc-
tional heart, it may become dangerous, and 
the patient may require hemodynamic sup-
port. Recovery of myocardial function is 
spontaneous provided that myocardial perfu-
sion remains normal. The duration of stun-
ning is directly proportional to the duration of 
the preceding ischemia.

	2.	 Hibernation occurs in myocardium that has 
undergone a downregulation of contractile 
function, thus reducing cellular demand for 
energy, in response to chronic or repetitive 
ischemia [123]. Hibernation may represent a 
spectrum, with chronic repetitive stunning 
showing normal or near normal resting perfu-
sion and impaired MFR at one end and reduced 
rest MBF at the other. In most cases, the impair-
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ment is only detected through reduced MFR, 
with reduced rest MBF only being seen in the 
most advanced cases [123]. Hibernation, by 
definition, requires the restoration of blood 
flow in order to improve function. Benefit also 
may be expected from reduced metabolic 
demand via hemodynamic support.

	3.	 Remodeling may result in dysfunctional myo-
cardium in the area adjacent to an infarct or 
hibernation also that may or may not improve 
with revascularization [169].

Normal myocardium uses several different met-
abolic substrates (predominantly glucose or fatty 
acids) for its energy needs. In the fasting state, the 
myocytes predominantly use fatty acids, whereas in 
the post-prandial state, they switch to use glucose 
[191]. The majority of dysfunctional but viable seg-
ments are in fact due to stunning (72%), with only a 
minority (28%) due to hibernation [192]. The defi-
nition of either stunning or hibernation includes the 
recovery of function, either spontaneously or after 
intervention. Other potential benefits from the 
reversal of stunning or hibernation, including pre-
vention of remodeling or arrhythmias.

Dysfunctional but viable myocardium is not 
uncommon. Up to 50% of patients with previous 
infarction may have areas of dysfunctional viable 
myocardium mixed with scar tissue, even in areas 
with Q waves on the ECG [191].

Resting wall motion imaging identifies myo-
cardium which is thickening and moving well 
and that which is not. It cannot differentiate dys-
functional viable myocardium from perma-
nently scarred myocardium, except by 
documenting serial changes in function over 
time. Stimulation by exercise, catecholamines, 
or nitrates and post-exercise and post-PVC 
potentiation are all evidence of viability, but 
with limited sensitivity. Low-dose dobutamine 
(LDDE) and high-dose dobutamine echocar-
diography (LDDE) showed that both biphasic 
response (improvement at low dose and deterio-
ration at high dose) and sustained improvement 
of wall motion (improvement at both low dose 
and high dose) in dysfunctional segments were 
highly predictive of reversible dysfunction 
[193], with a combined sensitivity of 84% and 
specificity of 81% [193–196].

The uptake and retention of myocardial perfu-
sion agents is good evidence of myocardial viability. 
However, impaired retention of perfusion tracers 
can be seen in dysfunctional, stunned myocardium, 
while decreased uptake due to decreased perfusion 
is often seen in hibernation [195]. Simple stress-
redistribution imaging with Tl-201 has been shown 
to underestimate the presence of viability. 
Augmentation with late (12–24 h) imaging and/or 
resting reinjection was found to increase sensitivity 
for viability [196–199]. The latter approach yielded 
a combined mean sensitivity of 86% but at the cost 
of a lower specificity [194] (Table 9.12). In patients 
who cannot exercise owing to poor LV function and 
clinical CHF, rest-redistribution Tl-201 imaging has 
shown a combined sensitivity of 90% and specific-
ity of 54% [194]. Comparisons showed LDDE to be 
slightly less sensitive but more specific.

Myocardial perfusion imaging with Tc-99m 
sestamibi has yielded a slightly lower sensitivity 
of 83% but higher specificity of 69% [202]. 
Tc-99m sestamibi imaging combined with nitrate 
administration has yielded an improved sensitiv-
ity of 91% and specificity of 88% [194]. Gated 
Tc-99m sestamibi imaging with nitroglycerin 
(NTG) administration can be used successfully 
as an alternative to rest-redistribution Tl-201 
SPECT imaging [203]. Tc-99m tetrofosmin 
showed performance similar to that of Tl-201 
stress-redistribution imaging and slightly lower 
sensitivity than rest-late redistribution Tl-201 
imaging [204].

Table 9.12  Sensitivity and specificity of various meth-
ods of imaging for myocardial viability

Method Patients Sensitivity Specificity
Dobutamine stress 
echocardiography

1869 76 81

Tc99m 695 83 69
Tl-201 1067 87 51
F-18 FDG PET 930 90 68
Dobutamine 
cardiovascular 
magnetic resonance 
(Db CMR)

247 81 91

Late gadolinium-
enhanced 
cardiovascular 
magnetic resonance 
(LGE-CMR)

331 95 51

Data extracted from [193, 200, 201]
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Myocardial perfusion can be imaged with 
N-13 ammonia or Rb-82 with PET imaging or 
Tl-201, Tc-99m sestamibi, or Tc-99m tetrofos-
min imaging using SPECT (Figs. 9.24, 9.25, and 
9.26).

Stunned myocardium shows relatively pre-
served flow and either matched or excessive FDG 
accumulation. At times, stunning results in 
impaired FDG accumulation, producing an 
underestimation of viability [205]. Hibernation 

Short axis

Vertical long axis

Horizontal long axis

Short axis

Vertical long axis

Horizontal long axis

Tc99m sestamibi SPECT

F18-FDG PET

Stress

Rest

Stress

Rest

Stress

Rest

a

b

Fig. 9.24  Tc-99m sestamibi stress and rest myocardial 
perfusion SPECT images and polar maps (a) and F-18 
FDG studies (b) for a 62-year-old male with dyslipidemia, 
smoking, and fixed perfusion defect on myocardial perfu-
sion SPECT. The patient was referred for viability study. 
Tc-99m sestamibi SPECT images (a) demonstrate a large 

area of fixed perfusion defect involving apex and mid-
anteroseptal region with stress-induced ischemia in the 
anteroseptal base. FDG PET images (b) demonstrate 
absent glucose metabolism in the same region. Findings 
are consistent with nonviable/scar tissue in the apex/mid 
anteroseptal region
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Rubidium 82 stress SA

Rubidium 82 rest SA

F-18 FDG SA

Fig. 9.25  Selected short axis frames of Rubidium-82 and 
F-18 FDG are shown. Viable myocardium is indicated by 
filling of the inferior-lateral defect by activity on FDG 

images (arrows) while is fixed on the perfusion study 
obtained utilizing Rubidium-82

Fig. 9.26  Rubidium-82Perfusion (upper) and FDG metabolic (lower) images show no difference in an apical defect 
indicating a scar with no viability

has been shown to demonstrate decreased perfu-
sion and relatively preserved or disproportion-
ately increased FDG accumulation [202, 206]. 
Infarcted myocardium shows a matched decrease 
in both perfusion and FDG uptake (Figs. 9.25 and 
9.26) while ischemia shows a mismatched 
pattern.

Addition of metabolic imaging to perfusion 
imaging using analogs of either free fatty acids or 
glucose imaging is valuable. Injured myocardium 
frequently demonstrates impaired oxidative 
metabolism, impaired free fatty acid utilization, 
and an excess of glucose utilization relative to 
flow. Myocardial FFA uptake is proportional to 
blood flow. FFA beta-oxidation is reduced in the 

presence of ischemia, stunning, and hibernation, 
which increases the proportion of FFAs accumu-
lating in the triglyceride pool. Myocardial imaging 
with iodine-123-labeled FFAs shows uptake and 
rapid clearance in the normal myocardium and 
delayed clearance or accumulation in the presence 
of impaired oxidation. Thus, impaired FFA clear-
ance represents recoverable myocardium [207, 
208]. Labeled FFAs are only investigational in the 
USA. BMIPP is approved for clinical use in Japan. 
Where FDG production and PET imaging equip-
ment are unavailable, I-123-labeled FFA imaging 
is a feasible alternative to FDG imaging.

More recently, several studies tried to address 
the role of viability imaging in routine decision 
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making, with complex results. In the PARR-1 
study, in 82 patients with severe LV dysfunction 
who had FDG PET perfusion imaging before 
revascularization, the amount of scar was a sig-
nificant independent predictor of LV function 
recovery after revascularization. A combination 
of PET and clinical parameters predicted the 
degree of recovery [209]. In PARR-2 the investi-
gators conducted a randomized trial to assess the 
effectiveness of FDG PET-assisted management 
in a patient with severe LV dysfunction followed 
for 1 year for cardiac death, myocardial infarc-
tion, or recurrent hospital stay. Two hundred and 
eighteen patients were randomized to manage-
ment assisted by FDG PET or 212 randomized to 
standard care. The study did not demonstrate a 
significant reduction in cardiac events for FDG 
PET-assisted management versus standard care. 
Given that there was a substantial proportion 
where the recommendations based on FDG PET 
were not followed, a separate analysis of patients 
where management adhered to PET recommen-
dations and in patients without recent angiogra-
phy, significant benefits in event-free survival 
were observed, thus supporting the utility of 
viability FDG PET imaging [210]. The complex-
ity of the relationship between clinical factors 
and viability imaging and management decisions 
was also illustrated in the STICH trial. Among 
1212 patients with CAD and LV dysfunction 
enrolled, 601 were randomized to assessment of 
myocardial viability. Of these, 298 were ran-
domized to medical therapy plus CABG, and 
303 were randomized to medical therapy alone. 
While 37% of 487 patients have viable myocar-
dium and 51% without viable myocardium, 
seemingly confirming utility of viability imag-
ing, after adjustment for baseline variable, the 
association between mortality and viability was 
no longer significant. One potential weakness of 
the study was that the viability studies were a 
mixture of SPECT MPI and dobutamine stress 
echocardiography [211].

9.5.2.5	� Imaging of Myocardial 
Metabolism

While gated myocardial perfusion SPECT imag-
ing offers invaluable diagnostic and prognostic 
information for the evaluation of patients with 

suspected or known coronary artery disease, 
advances in the cellular and molecular biology of 
the cardiovascular system lead to molecular 
imaging, which can play a role in in the early 
detection of CAD at the level of the vulnerable 
plaque, the evaluation of cardiac remodeling, and 
monitoring of important new therapies including 
gene therapy and stem cell therapy [212].

Unlike skeletal muscle, cardiomyocytes sus-
tain an everlasting cycles of contraction and 
relaxation in order to supply the body with blood 
and maintain the homeostasis of nutrients and 
metabolic gases [213]. Cardiomyocytes are 
specialized for aerobic metabolism of fatty acids 
and are packed with mitochondria performing 
oxidative phosphorylation and β-oxidation. 
Cardiac health is dependent on the heart’s ability 
to utilize different substrates to support overall 
oxidative metabolism to generate ATP.  In other 
words, it is a process that converts energy-
providing fuels to ATP, the energy currency in the 
cell. ATP is largely used to maintain myocardial 
contraction and to regulate the membrane pumps 
and movements of ions in and out of the cell. 
Cardiac health is dependent on the heart’s ability 
to utilize different substrates to support overall 
oxidative metabolism to generate ATP.

For a given physiologic environment, the heart 
consumes the most efficient metabolic fuel. In 
the normally oxygenated heart, fatty acids 
account for the majority of ATP production with 
glucose making only a small contribution to the 
ATP production, unless there is an insulin surge. 
During an acute increase in work load (for exam-
ple, inotropic stimulation), the heart immediately 
mobilizes its metabolic reserve contained in gly-
cogen (transient increase in glycogen oxidation) 
and meets the needs for additional energy from 
the oxidation of carbohydrate substrates (glucose 
and lactate). When the oxygen supply is 
decreased, the heart protects itself from an 
oxygen-deficient state by switching its energy 
source to glycolysis, downregulating mitochon-
drial oxidative metabolism, and reducing con-
tractile function. A substrate preference is 
characteristic of a variety cardiac diseases such 
as diabetic heart disease, in which fatty acid 
metabolism predominates, and dilated cardiomy-
opathy, in which glucose metabolism predomi-

9  Circulatory System (Cardiovascular and Lymphatic Systems)



366

Table 9.13  Main conditions evaluated by molecular 
imaging for evaluating metabolic alterations

Radiotracer Condition evaluated Basis of uptake
F-18 FDG Myocardial viability Glucose 

metabolism
C-11 
palmitate

Idiopathic dilated 
cardiomyopathy

Fatty acid 
metabolism

C-11 
acetate

Hypertrophic 
cardiomyopathy

Tricarboxylic 
acid flux

F-18 
FTHA

CAD Fatty acid 
metabolism

F-18 FTP Diabetes type-2 Fatty acid 
metabolism

F-18 
FCPHA

CAD Fatty acid 
metabolism

Anterior Posterior

Tc99m MAA

Fig. 9.27  Tc99m MAA shunt study illustrating normal 
findings. There is intense activity is een in the lungs, and 
no abnormal activity in the brain or kidney parenchyma. 
Mild activity in the kidneys is due to excreted activity in 
pelvicalyceal structures

nates [214]. Thus, the tight coupling between 
metabolism and contractile function in the heart 
offers a unique opportunity to assess cardiac per-
formance at different levels in  vivo: coronary 
flow, myocardial perfusion, oxygen delivery, 
metabolism, and contraction [215].

Based of understanding the metabolic changes 
of several cardiac diseases, several tracers are 
used for evaluation such diseases. Table  9.13 
summarizes the main tracers and conditions 
evaluated.

9.5.2.6	� Cardiac Shunt Evaluation
Two distinctive types of studies can be obtained 
to both qualitatively and quantitatively evaluate 
cardiac shunts, depending on the type of shunt 
suspected.

Left-to-Right Shunt
A first-pass study should be performed to assess 
patients with this type of shunt. Subsequently, a 
time-activity curve is generated from a region of 
interest drawn in the lung field. The pulmonary 
transit time is normally shown as a narrow spike, 
with symmetric limbs that represent the pulmo-
nary blood flow of the radioactivity. However, 
this curve, particularly the descending limb, is 
distorted in left-to-right shunts due to early recir-
culation of pulmonary blood from the shunt. 
Calculation of the pulmonary-to-systemic flow 
ratio can be obtained by subtracting the fitted 
shunt curve from the pulmonary one. This is a 
sensitive method for detecting pulmonary-to-
systemic blood flow shunts between 1.2 and 3.0, 

provided that the patient has no pulmonary 
hypertension, congestive heart failure, or tricus-
pid regurgitation [53].

Right-to-Left Shunt
This can be suggested from visual examination 
of a first-pass study, where there will be early 
visualization of the LV.  A more accurate and 
quantitative method of assessing these types of 
shunt is to inject 99mTc-macroaggregated albu-
min (Fig.  9.27). The small particles of this 
radiopharmaceutical, used mainly in perfusion 
lung scan, are trapped in the capillary beds as 
they pass through the pulmonary arteries. 
However, in the presence of a right-to-left shunt, 
the pulmonary capillary system is bypassed and 
the particles enter the systemic circulation, 
where they are trapped in end organs such as the 
brain and the kidneys. Qualitative as well as 
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quantitative analysis of activity within the body 
can be accurately obtained. A significant right-
to-left shunt is present if the organ counts are 
greater than 7% of the total lung uptake [55]. 
Complication because of capillary blockage is 
not a clinical concern with this procedure, as the 
number of particles used is very small compared 
with the number of capillaries in any organ.

9.6	� Lymphatic System

9.6.1	� Anatomic and Physiologic 
Considerations

The lymphatic system is the second vascular sys-
tem, after blood circulation, in mammalian spe-
cies. The function of the lymphatic system 
includes drainage of excess interstitial fluid, 
absorption of fat, and immune surveillance. 
Knowledge of the normal anatomy of the lym-
phatic system is crucial for predicting which 
lymph nodes may be the site of metastatic disease 
for primary tumors and for understanding the 
pathophysiological changes of lymphatic disor-
ders such as lymphedema. The lymphatic system 
is composed of many structures including lymph 
nodes, tonsils and adenoids, bone marrow, thy-
mus, and spleen, all of which are connected via a 
network of lymphatic vessels (Table 9.14) that 
run parallel to the venous circulation. Lymphatic 
vessels form a complex network that transport 
the ultrafiltrate of extracellular fluid back to the 
intravascular space. The lymphatic capillary net-

work wraps around the surface of the body and 
also lines the internal surface of the gastrointesti-
nal and respiratory tract. Normally, some fluid is 
forced out of the vascular space at the arterial end 
of the capillary bed but is reabsorbed at the 
venous end. Capillary egress, however, exceeds 
venous reabsorption by approximately 3  L/day 
(approximately 10% of capillary contents), leav-
ing behind fluid in the interstitial tissue [99]. This 
fluid can contain protein and often fat, especially 
after meals. The peripheral lymphatic capillary 
collection site has a single layer of overlapping 
endothelial cells with a poorly developed base-
ment membrane [216]. When the volume of fluid 
in the interstitial space increases, the intercellular 
gaps between the endothelial cells widen to allow 
the surplus of fluid to enter [216]. Lymphatic ves-
sels coalesce into increasingly larger vessels that 
eventually contain smooth muscle and one-way 
valves to promote forward flow back toward the 
vascular space via the thoracic duct or the right 
lymphatic duct. Fluid travels through the lym-
phatic system at an average rate of 120 mL/h or 
2–3 L/day, encountering numerous lymph nodes 
which serve as filters to remove foreign elements 
such as tumor cells and bacteria. Lymph enters 
the nodes through the afferent lymphatic vessel, 
filtering through the sinusoids of the node and 
subsequently leaving through the efferent lym-
phatic vessel. The lymphatic system plays an 
important role in the dynamic control of fluid 
volume, protein concentration, and, conse-
quently, the pressure in the interstitial space.

The lymphatic system is distributed through-
out the entire human body, except CNS (not 
including the dura mater), the bone marrow and 
cartilage [217], endomysium of muscle [216]. All 
human beings have similar lymphatic system 
anatomy; however, there can be considerable 
variation in the exact route of drainage from dif-
ferent locations of the body. The lymphatic ves-
sels are usually located in close proximity to the 
venous system. Approximately 800 lymph nodes 
are present in the human body, with a short axis 
diameter that ranges from a few millimeters to 
1 cm [218, 219]. Lymph nodes contain reticulo-
endothelial cells, primarily tissue phagocytes, 
that remove abnormal substances.

Table 9.14  Components of lymphatic system

a. Organs
  I. Primary lymphoid organs
    1. Bone marrow
    2. Thymus
  II. Secondary lymphoid organs
    1. Spleen
    2. Lymph nodes
    3. Tonsils and adenoids
b. Tissue
    1. Peyer’s patches
    2. Vermiform appendix
c. Lymphatic vessels
d. Collecting ducts

9  Circulatory System (Cardiovascular and Lymphatic Systems)



368

Lymphatic vessels have the capability of regen-
eration and can establish their own anastomoses 
within a short period (weeks) after organ trans-
plantation [220, 221]. Additionally, new lymph 
tracts can develop and may subsequently recon-
nect to the main system. This occurs when small 
lymphatics are surgically transected or there is an 
attempt to circumvent flow obstruction.

Lymphatic vessels are divided into three cate-
gories according to their structural characteris-
tics: lymph capillaries, pre-collectors, and lymph 
collecting vessels [222]. The lymph capillaries 
(between 20 and 70 μm in diameter) do not have 
a valvular structure. The lymph capillary begins 
with a blind ending. The endothelial cells that 
form the lymph capillary connect with each other 
loosely. A fibrous structure called an anchoring 
filament connects the endothelial cell with the 
surrounding tissue [223]. When the tissue 
increases in volume owing to extra interstitial 
fluid (edema), the anchoring filaments pull the 
endothelial cells outward so that the junctions 
between the cells open up to capture the extra 
interstitial fluid into the lumen [217].

The lymph capillaries connect to pre-
collectors (70–150 μm in diameter) which have a 
valvular structure that regulates the direction of 
lymph flow unidirectionally. The pre-collectors 
connect to the lymph-collecting vessels, or col-
lectors. These collectors (between 150 and 
500 μm in diameter). The lymph-collecting ves-
sels have a three-layered wall made of endothe-
lial cells, smooth muscle cells, and collagen 
fibers with fibroblasts that contracts rhythmically 
to propel lymph flow [217].

The lymph node barrier theory postulates that 
each lymphatic vessel connects to at least one 
lymph node before connecting to the vein. Lymph 
nodes are classified as regional or interval, 
according to their location. Regional lymph 
nodes are groups of lymph nodes that form lym-
phatic basins into which lymph drains from dif-
ferent skin regions or organs. The regional lymph 
nodes are the target of lymph node dissection in 
cancer treatment to halt the spread of cancer 
cells, with neck dissection for tongue cancer, 
axillary dissection for breast cancer, and inguinal 
dissection for lower extremity melanoma. 

Interval lymph nodes are located in the limbs, 
and the lymph vessels pass through them on the 
way to the regional lymph nodes. The superficial 
lymphatic system in the upper extremities origi-
nates in the lymph capillaries in the fingertips and 
palm while the superficial lymphatic system in 
the lower extremities originates in the lymph cap-
illaries in the toes and soles of the feet [217].

9.6.2	� Pathophysiology of Relevent 
Lymphatic Disorders

9.6.2.1	� Lymphedema
Lymph is a body fluid with low protein content, 
high fat level, and circulating lymphocytes. 
Lymph drains from peripheral tissues in blind-
ended lymph vessels passing through lymph 
nodes and ending into the central venous circula-
tion. Failure of lymph drainage from an area of 
the body results in lymphedema. Lymph drainage 
can be studied by following the movement of 
radiolabeled microparticles injected intrader-
mally by scintillation camera imaging.

Lymphedema is the excess accumulation of 
protein-rich fluid in the interstitial space. It may 
develop due to excess production of lymph, 
obstruction of lymphatic drainage, or disruption 
of the integrity of the lymphatic system. Excess 
production occurs when there is (a) obstruction 
of the capillary or venous system with resultant 
increased pressure, (b) excessive fluid migration 
from the vascular space due to low oncotic pres-
sure, or (c) a leak in the system. Obstruction of 
lymphatic drainage occurs secondary to scarring 
following trauma, radiation, surgery, and infec-
tion or when there is abnormal development of 
the lymphatic system or compression of a main 
lymphatic by a mass [224]. These conditions 
force fluid to travel back to the vascular space via 
the nearest accessible lymphatic route.

Lymphedema may be primary or secondary 
(Table  9.15). The primary type is uncommon, 
may be congenital or developmental, and usually 
causes only minimal disturbances in lymphatic 
flow. Primary lymphedemas have been subclassi-
fied on the basis of their onset into congenital, 
peripubertal (lymphedema Praecox) and late-
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Table 9.15  Causes of lymphedema

Class Pathogenesis
Primary Defects in genes involved in lymphatic 

vessel development
Secondary Damage or physical obstruction of 

lymphatic vessels or LNs due to 
Inflammation Malignancy Radiation 
therapy Filariasis Surgical dissection 
Trauma Recurrent dermatitis

onset lymphedema (Tarda). Many genes have 
been associated with different forms of primary 
lymphedemas including VEGFC-VEGFR3, 
CCBE1, PTPN14, FOXC2, and SOX18 [225]. 
The more common secondary type can be due to 
several factors including infection, trauma, and 
other venous disorders. Since lymph is rich in 
protein, it promotes a cycle of inflammation that 
may be followed by fibrosis, leading to progres-
sive scar formation which can worsen lymphatic 
obstruction [224]. Lymphedema should not be 
confused with lipedema which is a chronically 
progressive accumulation of adipose tissue pri-
marily in the lower extremities but can also affect 
arms. It affects almost exclusively woman and 
can be inherited. It is symmetrical (Lymphedema 
is assymetrical) and does not involve feet 
(affected by Lymphedema) [226].

Severe edema of the upper limb may compli-
cate the effective treatment of breast cancer. The 
surgical removal and irradiation of the breast and 
associated axillary lymph nodes result in lymph-
edema in 4–49% of patients [224, 226].

The most dramatic example of secondary 
lymphedema is seen in lymphatic filariasis, a 
neglected tropical disease that affects about 40 
million people in the endemic areas of Africa, 
South America, and South-East Asia. This disease 
is caused by mosquito-transmitted parasitic nema-
todes, such as Wuchereriabancrofti (in 90% of the 
cases), which targets and dwell in lymphatic ves-
sels and LNs for years, resulting in extensive fibro-
sis. This may cause significant edema of the lower 
limbs and external genitalia that is so massive to 
be named elephantiasis [225].

Podoconiosis (endemic nonfilarial elephantia-
sis), another tropical secondary lymphedema visa 
noninfectious geochemical disease of the lower 
limb lymphatic vessels resulting from chronic 

barefoot exposure to red-clay soil derived from 
volcanic rock. Pathogenesis was suggested to be 
due to mineral particles in red-clay soils are 
absorbed through the skin of the foot and engulfed 
by macrophages in the lymphatic system of the 
lower limbs, inducing an inflammatory response 
in the lymphatic vessels resulting in fibrosis and 
vessel obstruction [227].

9.6.2.2	� Lymph Nodes with Metastases
In general, tumors can metastasize by several 
routes including venous, arterial, lymphatic, and 
local invasion. It is believed that while most 
tumors initially spread through the lymphatic 
system, temporarily being retained at successive 
levels of lymph nodes by the body’s defense sys-
tem, some tumors may spread through both the 
vascular and lymphatic systems nearly 
simultaneously. Since lymph nodes are common 
sites of metastasis, knowledge of their involve-
ment is crucial for patient management and prog-
nosis. When small numbers of tumor cells 
(micrometastases) are found in lymph nodes, the 
architecture and physiological characteristics of 
the lymph node are not altered. Even with larger 
tumor loads, lymph nodes may remain normal in 
size, making them difficult to detect with ana-
tomical imaging studies. Determination of focal 
defects within lymph nodes secondary to tumor 
infiltration is usually unreliable with all current 
imaging modalities.

9.6.2.3	� Sentinel Node
The lymph node(s) that receives initial lymphatic 
drainage from a location harboring tumor has 
been termed the “sentinel node.” There can be 
single or multiple nodes which may be located in 
one or different lymphatic beds [228]. Since 
determination of lymph node involvement is an 
integral part of tumor staging and management, 
lymph node excision with pathological evalua-
tion is commonly performed. A complete nodal 
dissection (often involving large areas of tissue), 
however, can cause considerable morbidity, 
including lymphedema, and still fail to remove 
small diseased nodes [228, 229]. If the sentinel 
node(s) can be identified, extensive pathological 
examination of the node(s) can forecast whether 
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tumor dissemination has occurred, since it is the 
first filter that metastatic cells encounter. 
Identification of the sentinel node can be done by 
injections of blue dye around the tumor just 
before surgery or by using a radiopharmaceutical 
injected in a similar fashion.

9.6.3	� Scintigraphy of Lymphatic 
System

Tracer is injected into a specific location, and 
imaging is then performed while the material 
crosses into the lymphatic system and migrates 
toward the vascular space. Agent movement will 
depend on the specific radiopharmaceutical used 
and the location of the injection. Particulate 
agents such as colloids are not transported into 
the peripheral collection sites as well because of 
their larger size. However, they are better retained 
in the lymph nodes because of their localization 
within RES cells. Nonparticulate agents travel 
much faster and efficiently but are not retained 
within a lymph node because they do not localize 
to any of the tissue components but are simply 
passing through. Because of the very rich supply 
of lymphatics in the skin, injections into this 
location will show very efficient uptake and 
movement of tracer, while breast injections move 
much slower due to a much sparser lymphatic 
system.

9.6.3.1	� Detection and Follow-Up 
of Lymphedema

Lymphoscintigraphy can demonstrate (a) clear-
ance of radiolabeled colloid from an interstitial 
injection and (b) flow to regional lymph node(s), 
along with some lymph node anatomical fea-
tures. Several acquisition protocols can be used. 
The procedure usually consists of a 45-min 
dynamic acquisition followed by delayed imag-
ing, usually at 90 min post injection. For lower 
extremity disease, if movement of the tracer 
through the lymphatic system is not seen on 
early images, patients may be instructed to exer-
cise their calf muscles by walking. Interpretation 

of images includes visual assessment of the 
injection sites, lymphatic tracts, lymph nodes, 
and time-activity curves, along with review of 
the early dynamic acquisition via a computer-
generated cine display. Several quantitative pro-
cedures have been advocated for use in detecting 
lymphatic flow disturbances, with some attempt-
ing to define the cause of the disease. These 
include determination of the timing as well as 
the amount of tracer uptake in the draining 
lymph nodes. However, care is advised when 
using such measures because there is a normal 
decrease in lymphatic flow parameters with age, 
and the use of different radiopharmaceuticals, 
different injection techniques, and additional 
procedures such as exercise can alter expected 
values.

Normally, there is rapid and fairly symmetri-
cal transport of the radiotracer from foot injec-
tions through one or two lymphatic vessels in the 
calf and one lymphatic vessel in the thigh. 
Multiple pelvic lymph nodes should be clearly 
visualized within 1 h (Fig. 9.28) but may be seen 
within 6 min when a nonparticulate agent such as 
99mTc-HSA is used [230]. Upper extremity find-
ings in normal flow are similer (Fig. 9.29).

Scan findings in patients with lymphedema 
will depend on the cause of the swelling, the 
length of time that the process has been present, 
and compensatory mechanisms that have devel-
oped to circumvent the flow disturbance [231]. 
Figure 9.20 shows the pathological mechanisms 
that lead to lymphedema and the corresponding 
scan patterns. Figures 9.30, 9.31, and 9.32 illus-
trate a lymphedema studies.

9.6.3.2	� Detection of Lymph Node 
Metastases

Since lymph nodes have reticuloendothelial cells 
that phagocytose foreign material, radiocolloids 
are used to visualize them. Direct determination 
of the presence of tumor is extremely difficult, 
since the desired space-occupying defects caused 
by tumor infiltration require a significant portion 
of the node to be involved. When lymphatic tis-
sue is largely replaced by tumor, lymph nodes 
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10 min 60 min 120 min 240 min

Tc-99m nanocolloid

Fig. 9.28  Tc-99m nanocolloid images of the lower 
extremities. Anterior view images at 10, 60, 120, and 
240 min. Images demonstrate normal ascend of activity 
throughout the lymphatic channels, particularly the 

medial band, and localization in the inguinal nodes bilat-
erally within 1  h. The lymph nodes are in symmetric 
appearance and similar number

15 min 30 min 60 min 120 min

Tc-99m nanocolloid

Fig. 9.29  Tc-99m nanocolloid lymphoscintigraphy 
images of the upper extremities. Anterior view images at 
15, 30, 60, and 120 min. Normal upper extremity lympho-
scintigraphy images demonstrate normal ascend of activ-

ity through lymphatic channels and localization in axillary 
lymph nodes bilaterally within 30 min. The lymph nodes 
are in symmetric appearance and similar number

9  Circulatory System (Cardiovascular and Lymphatic Systems)



372

10 min 60 min 120 min 240 min

Tc-99m nanocolloid

Fig. 9.30  Forty-seven-year-old male with severe right 
leg swelling. No lymphatic channels or lymph nodes are 
identified in the significantly swollen right leg and ingui-
nal region (primary lymphedema). Findings are normal on 

the left side with normal visualization of lymphatic chan-
nels and inguinal lymph nodes which are in normal 
appearance

5 min 45 min 90 min

Tc-99m nanocolloid

Fig. 9.31  Bilateral Lower Limb Lymphedema in a 
65-year-old female with bilateral leg swelling for 2 years. 
Images were obtained at 5, 45, and 90 min and demon-

strate prominent lymphatic channels and dermal backflow 
in the left lower and upper leg (arrows) indicating second-
ary lymphedema in bilateral legs
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30 min 60 min 120 min

Tc-99m nanocolloid

Fig. 9.32  Lymphoscintigraphy of the upper extremities 
for a 75-year-old woman with history of long-standing 
lymphedema in upper limbs. There is dermal backflow 
which is significant in the right arm and mild in the left 

arm. No lymphatic channels are identified in both arms. 
There is activity in few lymph nodes in both axilla 
(arrows)

may not be visualized because the tracer is 
blocked from entering. Tumor-involved nodes 
can even show more tracer uptake than normal 
nodes. This may be explained by reactive changes 
in the lymph node, with increased numbers of 
RES cells being present, possibly in reaction to 
the presence of tumor antigens.

Lymphoscintigraphy with radiolabeled anti-
tumor antibodies such as anti-CEA has been 
used to detect occult tumor in lymph nodes. 
Contrary to radiocolloid lymphoscintigraphy, 
which depends on phagocytosis, radiolabeled 
antibody localization requires attachment of the 
antibody directly to tumor cells. Interstitial 
injection of these agents has the advantage of 
producing a higher concentration of tracer at the 
tumor site in the lymph node than when the anti-
body is injected intravenously. However, the 
presence of a definitive number of metastatic 

cells is required for detection, depending on the 
agent and the imaging technique used. More 
recently FDG PET is being used to detect more 
effectively lymph node metastasis of many 
tumors. It has proven useful in detecting lymph 
node metastasis of lung cancer changing the 
mode of therapy in a significant number of cases 
[232, 233].

9.6.3.3	� Sentinel Node Detection
Radioactive sentinel nodes can be detected using 
imaging with a gamma camera and/or a gamma 
probe at surgery. Lymphoscintigraphy using 
dynamic and static imaging better defines the 
sequence of lymphatic flow from the tumor site 
to draining lymph nodes, especially the sentinel 
node (Fig.  9.33) SPECT/CT is much better in 
achieving accurate localization, (Fig. 9.34) (see 
Chap. 12 for more details).
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Anterior Lateral

Fig. 9.33  A sentinel lymph node localization study in a patient with left breast cancer showing visualization of a sen-
tinel lymph node in the anterior projection and more clearly in the left lateral projection (arrows)

Planar

Coronal
b

a

Sagittal

Transaxial

SPECT/CT

Tc-99m nanocolloid

LAO

Fig. 9.34  Tc-99m nanocolloid sentinel node scintigra-
phy in a patient with breast cancer. Anterior oblique view 
of the left breast and axilla (a) and selected coronal, sagit-
tal, and transaxial SPECT/CT fusion images of the chest 
(b). Breast lymphatic tracts, nodes, and their surgical clas-

sification. Images show intense activity at the injection 
site in the left breast as well as radiotracer accumulation in 
the left axillary sentinel lymph node. SPECT/CT better 
locates the lymph node in the axilla (level 1)
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