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16Molecular Imaging in Cardiology

Almost all aspects of life are engineered at the 
molecular level, and without understanding mole-
cules we can only have a very sketchy understand-
ing of life itself. (Francis Harry Compton Crick)

16.1	� Nuclear Cardiology

Coronary artery disease (CAD), stroke, and con-
gestive heart failure (CHF) are responsible for 
the majority of all cardiovascular deaths. The 
current major diagnostic imaging procedures in 
nuclear cardiology to address the issues of CAD 
and heart failure are based on the assessment of 
myocardial blood flow (MBF) and substrate 
metabolism using FDA-approved SPECT and 
PET radiopharmaceuticals (Table 16.1). A num-
ber of review articles have extensively discussed 
various clinical issues and the relative signifi-
cance of noninvasive imaging techniques in 
nuclear cardiology [1–4]. In the last 30 years, the 
application of qualitative perfusion imaging 
based on SPECT has been extended to allow for 
the combined evaluation of perfusion, perfusion 
reserve, and ventricular function. The coronary 
flow reserve (CFR) is a quantitative parameter 
defined by the ratio of maximal myocardial 
blood flow to the rest myocardial blood flow, 
which allows to give functional information on 
the whole coronary arterial tree, integrating both 
epicardial arteries and microcirculatory. The 

CFR is a powerful tool to guide therapy and to 
assess prognosis [5]. With the improvements in 
SPECT instrumentation and with the availability 
of CZT-PECT and Dynamic PET scanners, the 
time has come for nuclear cardiology to provide 
the CFR measurements for clinical practice.

In cardiology, a paradigm shift is taking place 
with the emphasis from treatment to prevention 
of the disease. Current strategies involve the use 
of targeted markers of biological processes. With 
the recent advances in molecular biology, includ-
ing genomics and proteomics, molecular imaging 
using biologically targeted radiopharmaceuticals 
will play a key role in this interdisciplinary 
approach to understanding the origins, pathogen-
esis, and progress of cardiac diseases, and in 
evaluating therapeutic interventions. Several 
molecular imaging radiopharmaceuticals with 
potential clinical utility are listed in Table 16.1. 
Today, molecular imaging of the heart is increas-
ingly requested by cardiologists for infection, 
inflammation, infiltration, coronary atherosclero-
sis, vulnerable plaque, and heart failure. This 
trend is further fueled by the advent of an increas-
ing spectrum of novel molecule-targeted drug 
interventions in cardiology, which require early 
identification of the most suitable patients and 
subsequent monitoring of success [4]. Several 
recent reviews discussed the potential clinical 
significance of different molecular imaging stud-
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Table 16.1  Radiopharmaceuticals in nuclear cardiology

Assessment/mechanism RP for SPECT RP for PET
Myocardial perfusion/myocardial blood flow 201Tl-chloridea [15O]-water

99mTc-Sestamibi (Cardiolite™)a 82Rb chloridea

99mTc-Tetrofosmin 
(Myoview™)a

[13N]Ammoniaa

[18F]-Flurpiridaz
Blood pool/ejection fraction 99mTc-RBCsa

Myocardial infarction 99mTc-PYPa

Glucose metabolism (viability) [18F]Fluorodeoxyglucose (FDG)
Fatty acid metabolism 123I-BMIPP [11C]Palmitate

[18F]FTHA
Oxidative metabolism [11C]Acetate
Myocardial sympathetic innervation 123I-MIBG (Iobenguane) [11C]meta-hydroxyephedrine 

(HED)

β-adrenergic receptors [11C]CGP12177

Infection/inflammation 111In or 99mTc labeled 
leukocytes

[18F]FDG

Cardiac sarcoidosis 111In-DTPA-Octreotide 
(Octreoscan)

[18F]FDG
[18F]Fluorothymidine (FLT)
68Ga-Dotatate; 68Ga-Dotatoc

Cardiac amyloidosis 99mTc-PYP [11C]PiB, [18F]Flutemetamol
99mTc-HMDP [18F]Florbetaben
99mTc-DDP [18F]Florbetapir
99mTc-Aprotinin

Fibrosis: fibroblast activating protein (FAP) 68Ga-FAPI-04
Atherosclerosis [18F]FDG

[18F]Fluoride
Inflammatory pathway: chemokine receptor 
(CXCR4)

111In-Pentixafor 68Ga-Pentixafor

DPD = 3,3-diphosphono-1,2-propanodicarboxylic acid
aFDA approved agents

1. Aorta

5. Left Main CA

2. RCA

3. LAD CA

4. Circumflex CA

Fig. 16.1  Heart with coronary arteries

ies that are in clinical use and the new, and novel 
agents under investigation [4, 6–9].

16.2	� The Clinical Problem

16.2.1	� Coronary Artery Disease

The coronary arteries originate from the left and 
right coronary sinuses of the aorta (Fig.  16.1). 
The left main coronary artery divides into two 
major arteries: the left anterior descending artery 
(LAD) and the left circumflex artery (LCx). The 
right coronary artery (RCA) divides into a poste-
rior descending artery (PDA) and a posterior left 
ventricular branch. The cardiac muscle has two 
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essential properties: electrical excitability and 
contractility. The ability of myocardial muscle 
cells to contract and generate the force necessary 
to maintain blood circulation is achieved through 
the unique contractile function of two proteins of 
the sarcomere (actin and myosin) of the syncy-
tially arranged myocardial fibers. Also, the heart 
muscle has a rich supply of the high-energy phos-
phates needed for the contraction.

The majority of patients with acute coronary 
syndromes (ACS) present with unstable angina, 
acute myocardial infarction, and sudden coro-
nary death. The disease may be asymptomatic 
until advanced in severity or complications. CAD 
is an immune inflammatory process, which, over 
decades, results in arterial narrowing [10, 11]. 
Atherosclerosis is a systemic disease with focal 
manifestations, and it is by far the most frequent 
underlying cause of CAD. It is also a complex 

a b

c

Fig. 16.2  Atherosclerosis and thrombosis in coronary 
arteries (CA): (a) cross-sectioned CA containing a rup-
tured plaque with a nonocclusive platelet-rich thrombus 
superimposed; (b) cross section of a CA containing a ste-
notic atherosclerotic plaque with an occlusive thrombosis 
superimposed (plaque erosion); (c) atherothrombosis: a 
variable mix of chronic atherosclerosis and acute throm-

bosis. Cross-sectioned arterial bifurcation illustrating a 
collagen-rich (blue-stained) plaque in the circumflex 
branch (left) and a lipid-rich and ruptured plaque with a 
nonocclusive thrombosis superimposed in the obtuse 
branch (right). C contrast in the lumen, Ca calcification, T 
thrombosis [12]
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disease in which cholesterol deposition, inflam-
mation, and thrombus formation play a major 
role. Atherosclerotic lesions (Fig. 16.2), accord-
ing to the American Heart Association classifica-
tion are divided into two groups: 
nonatherosclerotic intimal lesions and progres-
sive atherosclerotic lesions [13]. A third group of 
lesions, healed atherosclerotic plaques, are the 
most prevalent lesions, particularly in the carotid 
arteries. A variety of factors contribute to the 
development and progression of atherosclerosis. 
Dysfunction of the endothelium, which main-
tains vascular homeostasis by regulating vascular 
tone, smooth muscle cell proliferation, and 
thrombogenicity, is thought to be the earliest step 
in the development of CAD. The endothelial dys-
function results in the imbalance of vascular reg-
ulatory mechanisms to cause damage to the 
arterial wall. Inflammation, macrophage infiltra-
tion, lipid deposition, calcification, extracellular 
matrix digestion, oxidative stress, cell apoptosis, 
and thrombosis are among other molecular 
mechanisms that contribute to plaque develop-
ment and progression [10, 14, 15]. The practice 
of estimating the severity of atherosclerotic dis-
ease by using CT calcification was introduced in 
the 1980s and was standardized with the publica-
tion of a CT calcium score. The utility in early 
diagnosis is limited by the fact that the macrocal-
cifications visible on CT are a relatively late-

stage manifestation of atherosclerosis. By 
contrast, molecular imaging techniques can theo-
retically visualize the preliminary stages and 
microscopic manifestations of the disease pro-
cess (such as inflammation, microcalcification) 
and, if validated, would constitute an ideal 
modality for early diagnosis and intervention [8].

Atherosclerosis, alone, is rarely fatal; it is 
thrombosis, superimposed on a ruptured or 
eroded atherosclerotic plaque, that precipitates 
life-threatening clinical events, such as acute cor-
onary syndromes (ACS) and stroke [14]. 
Therefore, the term atherothrombotic disease is 
more appropriate since the atherosclerotic and 
the thrombotic processes are interdependent [12].

16.2.1.1	� Vulnerable Plaque
Since the 1970s, scientists have sought to find the 
mechanisms responsible for converting chronic 
coronary atherosclerosis to acute coronary artery 
disease. Despite major advances in the treatment 
of coronary heart disease patients, a large number 
of victims of the disease, who are apparently 
healthy, die suddenly without prior symptoms. In 
the 1990s the term vulnerable plaque was intro-
duced to describe the rupture prone plaques as 
being the underlying cause of most clinical coro-
nary events [16]. Based on histopathological 
observations, a nonthrombosed lesion, that most 
resembles the acute plaque rupture, has been 

Fig. 16.3  Vulnerable plaque: cross section of a coronary 
artery containing plaque assumed to be rupture-prone 
containing a large lipid-rich necrotic core (NC), thin 

fibrous cap (FC), expansive remodeling (green arrow), 
and vasa vasorum and neovascularization (VV) [14]
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identified as the thin cap fibroatheroma (TCFA), 
which is characterized by a necrotic core with an 
overlying fibrous cap measuring <65  μm, 
containing rare smooth muscle cells and numer-
ous macrophages (Fig.  16.3) [14, 15]. An 
inflamed TCFA is suspected to be a high 
risk/vulnerable plaque [17, 18].

Stable plaques are characterized by intimal 
thickening associated with lipid deposition, a 
chronic inflammatory infiltrate but, without evi-
dence of necrosis, whereas vulnerable and rup-
tured plaques are characterized by an “active” 
inflammation involved in the thinning of the 
fibrous cap, predisposing the plaque to rupture 
[13, 17]. Since rupture-prone plaques are not the 
only vulnerable plaques, it was proposed that all 
types of atherosclerotic plaques, with a high like-
lihood of thrombotic complications and rapid 
progression, should be considered as vulnerable 
plaques [19]. In addition, since the vulnerable 
blood (prone to thrombosis) and vulnerable myo-
cardium (prone to fatal arrhythmia) play an 
important role in the clinical outcome, the term 
“vulnerable patient” has been regarded as being 
more appropriate [20, 21].

Molecular imaging of inflammation, athero-
sclerosis/atherothrombosis, and vulnerable 
plaque would play a major role in nuclear cardi-
ology in the near future ([4, 6, 8, 19, 22, 23].

16.2.1.2	� Myocardial Infarction
Myocardial infarction (MI) occurs in the setting 
of an acute coronary vessel occlusion, with a 
variable amount of spasm, and increased myo-
cardial demand as contributing factors. Most of 
the ACS are thought to be the result of sudden 
luminal thrombosis which occurs from three 
different pathologies: plaque rupture, erosion, 
and calcified nodules [15]. Histopathological 
studies reveal a large peripheral zone infiltrate 
by neutrophils that surround the subendocardial 
central zone devoid of neutrophils. The peri-
infarct zone is a complex collection of regions 
in different states of injury, depending on the 
amount of blood flow reduction, myocardial 
metabolic demand, and the rate of onset and 
duration of the blood flow reduction. Myocardial 

necrosis and severe acute ischemia lead to 
increased permeability, cell membrane disrup-
tion, and leakage. Different myocardial tissue 
states or zones, such as hibernating and stunned 
myocardium, may be present depending on the 
extent of damage, viability, and function [23]. 
The hibernating myocardium is the term applied 
to a dysfunctional myocardium with reduced 
perfusion (ischemia) at rest, but preserved cell 
viability.

16.2.2	� Congestive Heart Failure

CHF stems from inadequate cardiac output, due 
to systolic or diastolic left ventricular function. 
The primary causes are ischemic heart disease 
and hypertension. Both, idiopathic cardiomyopa-
thy (ICM) and ischemic cardiomyopathy (ISM) 
are widespread and are major underlying cardiac 
diseases responsible for heart failure. Besides the 
risk of sudden cardiac death, patients with CHF 
can have intraventricular dyssynchrony (or left 
bundle branch block), which causes the two ven-
tricles to beat in an asynchronous fashion, reduces 
systolic function, and increases systolic volume. 
Autonomic dysfunction has been shown to 
increase the risk of death in patients with heart 
disease and may be applicable to all patients with 
cardiac disease, regardless of etiology [24]. The 
impaired cardiac presynaptic function has patho-
physiological implications in the occurrence of 
lethal cardiac events in patients with heart 
failure.

The autonomic innervation of the heart is the 
primary extrinsic control mechanism regulating 
cardiac performance. The heart is innervated by 
the parasympathetic and sympathetic nerve 
fibers. The left ventricle of the heart is primarily 
supplied by sympathetic nerves that modify car-
diovascular performance in adapting to the 
changing hemodynamic requirements. The para-
sympathetic nervous system primarily innervates 
the atria and the conduction system. The major 
neurotransmitters of the sympathetic and para-
sympathetic systems are norepinephrine and ace-
tylcholine, which define the stimulatory and 
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inhibitory physiological effects of each system. 
There is a highly regulated balance in the sympa-
thetic and parasympathetic input to optimize car-
diac performance.

16.2.3	� Cardiomyopathy

Cardiomyopathy is a diseased heart muscle that 
cannot function (contract) adequately and results 
in the failure of the heart muscle to meet the needs 
of the body for oxygen-rich blood and the removal 
of carbon dioxide, and other waste products. 
There are many causes of cardiomyopathy but, 
the end result is a heart that is weak and cannot 
maintain a normal ejection fraction or cardiac out-
put. Primary cardiomyopathies are those that usu-
ally affect the heart alone. Secondary 
cardiomyopathies (such as sarcoidosis and amy-
loidosis) are those that are a result of an underly-
ing condition affecting many areas of the body 
[25, 26].

16.2.3.1	� Cardiac Sarcoidosis (CS)
Sarcoidosis is a systemic inflammatory disorder 
resulting from the combined effects of genetic 
susceptibility and environmental exposures. 
Sarcoidosis is a granulomatous disease that 
affects multiple organs and has no clearly defined 
etiology. Although much attention is focused on 
lymphocytes in directing inflammation in sar-
coidosis, macrophages remain the dominant 
constituent of the sarcoidosis granuloma. The 
cardiovascular system is the third most common 
site of sarcoidosis and is involved in 25–50% of 
patients. Patients with heart failure have a par-
ticularly poor prognosis [25, 91]. The prevalence 
of sarcoidosis-related cardiomyopathy is increas-
ing. Sarcoidosis impacts cardiac function 
through granulomatous infiltration of the heart, 
resulting in conduction disease, arrhythmia and/
or heart failure. Diagnosis of CS can be chal-
lenging and requires clinician awareness as well 
as differentiation from overlapping diagnostic 
phenotypes such as other forms of myocarditis 
and arrhythmogenic cardiomyopathy [25]. Early 
diagnosis is the key to preventing the potentially 
devastating effects of cardiac sarcoidosis (CS). 

Cardiac MRI offers high spatial resolution and 
enables evaluation of ventricular function, myo-
cardial edema, and scarring. It provides high 
diagnostic value (sensitivity, 76–100%; specific-
ity, 78–92%). However, contrast-enhanced car-
diac MRI cannot be performed in patients with 
implantable devices and/or severe renal impair-
ment 91. Molecular imaging with PET radiotrac-
ers has the advantages of  overcoming these 
disadvantages of cardiac MRI and provide defin-
itive diagnosis of CS.

16.2.3.2	� Cardiac Amyloidosis (CA)
CA is an infiltrative and restrictive cardiomyopa-
thy that leads to heart failure, reduced quality of 
life, and death. CA is a disorder characterized by 
deposition of insoluble protein fibrils (i.e., amy-
loid) in the extracellular space. Fibrils from two 
protein precursors, amyloid immunoglobulin 
light chain (AL) and amyloid transthyretin 
(ATTR), are the main causes of cardiac amyloi-
dosis [26]. Based on the protein fibrils, CA is cat-
egorized into two subtypes, transthyretin cardiac 
amyloidosis (ATTR-CA) and immunoglobulin 
light chain cardiac amyloidosis (AL-CA), char-
acterized by the precursor protein that forms 
amyloid and infiltrates the myocardium. AL 
amyloidosis develops after deposition of mis-
folded proteins that originate from the AL frag-
ments that are typically produced by bone 
marrow plasma cells. ATTR amyloidosis is 
caused by accumulation of transthyretin (TTR), a 
serum transport protein for thyroid hormone and 
retinol synthesized originally by the liver, and is 
classified into two subtypes: wild-type 
(ATTRwt-CA) and hereditary, previously called 
familial CA and now referred to as variant trans-
thyretin CA (ATTRv-CA) [26]. CA is caused by 
cumulative myocardial deposition of insoluble 
amyloid that causes chamber stiffening, conduc-
tion disturbances, impaired diastolic function ini-
tially, and heart failure with preserved ejection 
fraction (HfpEF) that can progress to a reduced 
ejection fraction (EF). Transthyretin (alterna-
tively, prealbumin) is a tetrameric protein mainly 
produced in the liver that transports thyroid hor-
mone and retinol. With aging, or a destabilizing 
mutation, the tetramer dissociates into monomers 

16  Molecular Imaging in Cardiology



431

or oligomers that misfold and aggregate into 
amyloid fibrils.

Recent advances in therapeutic options render 
accurate and early diagnosis of CA critical. 
Previously, definitive diagnosis of ATTR-CA 
often required an endomyocardial biopsy stain-
ing positive with Congo Red, with confirmatory 
testing for ATTR via immunohistochemistry or 
serum/urine protein electrophoresis with immu-
nofixation mass spectroscopy. Endomyocardial 
biopsy is highly sensitive and specific (nearly 
100% for each) and is considered the gold stan-
dard for diagnosis [26]. However, given its inva-
sive nature, biopsy was performed only when 
there was significant suspicion of 
CA.  Radionuclide planar/SPECT imaging stud-
ies with 99mTc bone agents or β-amyloid binding 
PET radiotracers can provide non-invasive diag-
nostic information.

16.2.4	� Fibrosis

Postinfarction remodeling involves infiltration of 
activated fibroblasts into affected myocardium to 
assist with repair and to maintain structural integ-
rity of affected tissue. Myocardial fibrosis is a 
common endpoint of cardiovascular disease, 
characterized by resident cardiac fibroblast trans-
differentiation and activation, which produce 
fibrillary collagen and reorganize extracellular 
matrix. Reparative or replacement fibrosis after 
ischemic injury culminates in scar formation and 
stabilization of the infarct [27]. The dynamic 
remodeling process is driven by a multitude of 
cells including cardiomyocytes, endothelial cells, 
immune cells, and cardiac fibroblasts. After MI, 
fibroblasts undergo dynamic phenotypic changes 
and differentiate into collagen-secreting proto-
myofibroblasts. These activated fibroblasts can 
further differentiate into mature myofibroblasts. 
After MI, activated fibroblasts migrate into the 
injured myocardium and contribute to tissue 
replacement, thereby helping to preserve the 
structural integrity of the infarcted heart. They 
secrete increased amounts of cytokines, growth 
factors, and pericellular proteases to maintain the 
extracellular matrix (ECM) and promote replace-

ment fibrosis—formation of a scar that stabilizes 
the ventricular wall and maintains the macroanat-
omy of the heart [28]. Excessive fibrosis, how-
ever, can lead to left ventricular stiffness, 
decreased contractility, and ultimately contrib-
utes to the progression to HF. Noninvasive imag-
ing of activated fibroblasts could therefore 
provide unique opportunities to study cardiac 
remodeling over time and to monitor therapeutic 
interventions that aim to prevent a progressive 
decline of ventricular function [29, 30].

16.3	� Radiopharmaceuticals 
in Nuclear Cardiology

SPECT and PET radiopharmaceuticals with spe-
cific clinical applications in cardiology are sum-
marized in Table 16.1. The mechanisms of uptake 
and clinical utility of both approved and investi-
gational radiopharmaceuticals will be described 
briefly in the following sections.

16.3.1	� Myocardial Blood Flow/
Perfusion

Myocardial perfusion Imaging (MPI) with 
SPECT has been the clinical workhorse for MPI, 
but over the past two decades, PET MPI is expe-
riencing growth due to enhanced image quality 
that results in superior diagnostic accuracy over 
SPECT. Furthermore, dynamic PET imaging of 
the tracer distribution process from the time of 
tracer administration to tracer accumulation in 
the myocardium has enabled routine quantifica-
tion of myocardial blood flow (MBF) and myo-
cardial flow reserve (MFR) in absolute units [31].

MBF is regulated by anatomical, hydraulic, 
mechanical, and metabolic factors. Autoregulation 
of MBF is driven by changes in regional myocar-
dial metabolism and oxygen consumption. Under 
resting conditions, MBF is one-fifth the maxi-
mum flow capacity, which occurs during reactive 
hyperemia and, or with maximum pharmacologi-
cal vasodilation [32]. Near-maximal MBF can be 
produced by intense metabolic stress associated 
with exercise. The difference between the peak 
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(under stress) and basal MBF represents the cor-
onary flow reserve (CFR), which is reduced in 
the presence of severe CAD.

The resting MBF is not reduced until the ste-
nosis exceeds 90% of the normal vessel diameter. 
The coronary flow reserve, however, is reduced 
with only a 50% diameter stenosis [33]. 
Therefore, myocardial perfusion imaging (MPI) 
is performed in conjunction with exercise or 
pharmacological vasodilatation (using adenos-
ine, dipyridamole, or dobutamine) in order to 
identify subcritical coronary stenosis. MPI maps 
the relative distribution of coronary flow, which 
is normally almost uniform in the absence of 
prior infarction or fibrosis.

The ideal MPI radiopharmaceutical should 
have a linear relationship between myocardial 
uptake and blood flow, high first-pass extraction 
over a wide range of blood flow rates, low extra-
cardiac uptake, minimal myocardial redistribu-
tion, and intrinsic chemical stability. The 
relationship between uptake and clearance of the 
radiotracer and MBF should be constant and 
independent of MBF, physiological and patho-
logical changes of the myocardial tissue state, 
and the myocardial metabolism. Most radiotrac-
ers used for imaging the myocardial perfusion/
blood flow, however, do not fully meet these 
requirements [2, 34].

16.3.1.1	� SPECT Radiotracers 
for Perfusion

201Tl as thallous chloride behaves like a K+ analog 
and is highly extracted by the myocardial cell. It 
was first introduced in the 1970s as a radiophar-
maceutical for myocardial perfusion imaging 
[35]. 201Tl, with a physical half-life of 73.1  h, 
decays by electron capture to 201Hg, which emits 
useful X-ray photons (69–80 KeV; 94.4% abun-
dance) for gamma camera imaging studies. It is 
produced in a cyclotron and is indirectly based on 
the following nuclear reaction:

	81
203

82

201 9 4 201 73 1
80

201

3Tl , Pb Tl Hg.
h hp n EC EC( )  →  →, . , .

	
(16.1)

Following intravenous administration, it is rap-
idly cleared from the circulation and normal 

myocardial tissue extracts about 85% of the 
amount present in the coronary arteries. At pH 
4–7, 201Tl predominantly exists as a monoca-
tion, and like K+ ion, it relies on cell-membrane 
integrity and active metabolic transport using 
Na+/K+ pump for its uptake into the myocardial 
cells. Approximately 3–5% of the injected dose 
localizes in the normal myocardial tissue and 
after initial localization, there is rapid redistri-
bution of 201Tl activity in the myocardium. 
Early stress-induced defects, which later nor-
malize in redistribution images, imply myocar-
dial ischemia, while persistent defects indicate 
scarring.

Three important 99mTc labeled radiopharma-
ceuticals (Fig. 16.4) were introduced for myocar-
dial perfusion imaging studies [36]; sestamibi 
(cardiolite®), tetrofosmin (Myoview™), and 
teboroxime (CardioTec), however, CardioTec is 
no longer commercially available. In the case of 
99mTc-Sestamibi, six molecules of MIBI 
(2-methoxy isobutyl isonitrile) bind to the central 
99mTc atom forming a coordination complex with 
a single positive charge. As a cationic complex, it 
is transported into the myocardium by passive 
diffusion (extraction efficiency < 60%), and the 
myocardial retention is due to mitochondrial 
binding. Tetrofosmin (99mTc-1,2-bis[bis(2-
ethoxyethyl)phosphino]ethane) is also a monoca-
tion complex and is transported into the 
myocardial tissue similar to sestamibi.

16.3.1.2	� PET Radiotracers 
for Perfusion

Several PET radiopharmaceuticals are available 
for evaluating the relative distribution of MBF and 
for measuring regional MBF in absolute quantita-
tive units (mL/min/g) based on PET [2, 31].

As described previously, the first-pass unidi-
rectional extraction fraction E is the fraction of 
the tracer that changes across the capillary mem-
brane during a single transit of tracer bolus 
through the coronary circulation. For most dif-
fusible radiotracers, such as [15O]water, E  <  1 
declines with increasing MBF. The relationship 
between E and the permeability-surface product 
and blood flow is described by Renkin and Crone. 
It is also important to note that the E for radio-
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Fig. 16.4  SPECT and PET radiopharmaceuticals for myocardial perfusion imaging

tracers administered as bolus is generally higher 
than the steady state extraction fraction, also 
called the extraction ratio [34]. Also, the first-
pass retention fraction R of the radiotracer may 
decrease at higher flow rates due to back diffu-
sion of the radiotracer into the vascular space and 
blood. The plot of the myocardial net uptake 
(E × F) for several radiotracers, as a function of 
MBF (Fig.  16.5), suggests that the net uptake 
would increase linearly with higher blood flows 
but, correlates nonlinearly with blood flow, 
except for [15O]water.

[15O]water meets the criteria for an ideal radio-
tracer for MBF measurement most closely. Based 
on a single tissue compartment model, MBF 
(mL min−1  g−1) estimates in normal human sub-
jects are 0.90 ± 0.22 at rest and 3.55 ± 1.15 with 
stress, based on intravenous dipyridamole [34].

[13N]Ammonia (NH3) in circulation exists pre-
dominantly as an ammonium ion NH4

+ at normal 
pH. It may be actively transported into the myo-
cardial cells via the Na+/K+ pump or by the pas-

sive diffusion of neutral lipid-soluble ammonia. 
Inside the cell, ammonia is quickly converted to 
ammonium ion which is rapidly converted and 
trapped as glutamine by the enzyme glutamine 
synthase [34]. Because of the large intracellular 
levels of glutamine, the washout of N-13 activity 
from the cell is minimal. Since the rate of their 
back-diffusion depends on MBF, the retained 
fraction R declines with higher flow.

Intrasubject comparison studies have demon-
strated a close linear correlation between MBF 
estimates determined by [15O]water and [13N]
ammonia techniques, over a range of flows from 
0.5 to 5.0  mL  min−1  g−1 [37]. Also, global and 
regional MBF estimates with [13N]ammonia have 
shown a close correlation to MBF estimates 
which were determined based on the inert argon 
gas washout technique [38]. In patients with 
CAD and previous myocardial infarctions, MBF 
estimates with [13N] ammonia and [15O]water 
may markedly differ in regions of previously 
infracted myocardium [34]. MBF imaging with 
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Fig. 16.5  Schematic representation of cardiac PET and 
SPECT radiotracers uptake in relation to myocardial per-
fusion. [15O]H2O demonstrates close to linear uptake 
whereas the initial linear extraction of 99mTc labeled com-
pounds plateau at approximately 2 mL/min/g. PET radio-

tracers 13NH4
+ ion and 82Rb+ fall between 201Tl+ and the 

99mTc-SPECT radiotracers, whereas 99mTc-teboroxime 
(discontinued) demonstrates superior extraction at high 
flow rates. [18F]Flurpiridaz rivals [15O]H2O with closer to 
linear extraction. (From [31])

[13N]ammonia-PET, demonstrating anterior and 
lateral defects, is shown in Fig. 16.6.

82Rb+ as a K+ analog, is actively transported 
into the myocardial cells via the Na+/K+ pump. 
The extraction fraction decreases at high flows 
and can be altered by drugs, severe acidosis, 
hypoxia, and ischemia. 82Rb+ appears to leak 
from the irreversibly injured myocardium, but is 
retied or continues to accumulate in only revers-
ibly injured myocardium [34]. In normal sub-

jects, at baseline, and with dipyridamole stress, 
there is a close correlation between MBF esti-
mates with 82Rb+ and [15O]water [40]. Comparison 
of 82Rb-PET images with 99mTc-Tetrofosmin 
images obtained with SPECT-CZT scanner is 
shown in Fig. 16.7.

18F-Flurpiridaz (BMS-747158-02, Lantheus 
Medical, Inc.) is a novel PET mitochondrial com-
plex-1 inhibitor indicated for detection of CAD 
and risk stratification. Flurpiridaz is an analog of 
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Fig. 16.6  Myocardial blood flow imaging with [13N]
ammonia-PET demonstrating anterior and lateral defects 
during pharmacological stress and significant improve-

ment at rest, consistent with ischemia. SA short axis, HLA 
horizontal long axis, VLA vertical long axis [39]

mitochondrial complex-1 (MC1) inhibitor that 
specifically binds to the MC1 receptors on the 
inner mitochondrial membrane. Structurally it is 
an analog of the known MC-1 inhibitor, pyrida-
ben. [18F]Flurpiridaz can provide improved image 
quality due to the shorter positron range and lon-
ger half-life, enabling delayed imaging post 
injection. The longer half-life of 18F also provides 
an opportunity for exercise stress protocols. 

The  superior pharmacokinetic profile of [18F]
Flurpiridaz, including its sustained myocardial 
extraction at high flow rates (Fig. 16.5), enables 
the possibility of enhanced assessment of abso-
lute quantification of myocardial flow reserve to 
better identify multivessel disease, microvascular 
disease, and response to treatment of endothelial 
dysfunction [41]. [18F]Flurpiridaz was evaluated 
in an initial Phase III trial with mixed results and 
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a

b

Fig. 16.7  82Rb-PET/CT (a) and 99mTc-Tetrofosmin 
SPECT-CZT (b) images in a 52-year-old man 3 months 
following PCI of the LAD coronary artery. Persantine 
82Rb-PET images demonstrate substantial residual isch-
emia in the LAD territory with sum stress and sum defect 

scores (SSS and SDS respectively) equal to 18 (26% of 
LV). Exercise 99mTc-SPECT images in the same patient 
showed milder ischemia with SSS = SDS = 3 (4% of LV) 
due to lower tracer retention and lower hyperemic stress 
compared to persantine 82Rb PET. (From [2])

is currently undergoing a second Phase III trial 
sponsored by GE Healthcare [2].

16.3.2	� Myocardial Metabolism

Understanding the myocardial metabolism of 
substrates is very important for understanding the 
pathophysiology of various cardiac diseases and 
for designing therapeutic interventions. The heart 
requires a constant supply of energy to sustain 
contractile function. The energy is supplied by 
hydrolysis of ATP, which is primarily derived 
from the aerobic metabolism. The myocardium 
chooses between various substrates, such as free 
fatty acids (FFA), glucose, lactate, and ketone 
bodies (Fig.  16.8) [42]. The tricarboxylic acid 
(TCA) cycle is linked to the myocardial oxygen 
consumption via the electron transport chains, 
which supply most of the energy in the form of 
ATP. The amount of oxygen required, however, 
depends on the substrate. For example, one mol-

ecule of glucose requires 12 oxygen atoms to 
produce 38 ATP molecules. In contrast, one mol-
ecule of palmitate requires 46 oxygen atoms to 
produce 130 molecules of ATP. The selection of 
an appropriate substrate, however, depends on 
several conditions, such as plasma concentration 
of the substrate, hormonal control (insulin, gluca-
gon, and catecholamines levels), stress, and 
physical activity.

In the normal myocardium, and also with 
moderate levels of exercise, FFAs are considered 
the preferred substrate for metabolism at rest. In 
the fasting state, FFA levels in circulation are 
high and insulin levels are low so that up to 80% 
of energy is derived from the FFA metabolism. A 
diet rich in carbohydrates increases the plasma 
glucose and insulin levels, and then glucose 
becomes the preferred substrate [43, 44]. With 
strenuous exercise, the release of lactate into the 
circulation from skeletal muscle increases and 
lactate will then become the major fuel for myo-
cardial metabolism.
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Fig. 16.8  PET and SPECT radiotracers to image myocardial substrate utilization and metabolism

In various pathological conditions, the myo-
cardial metabolism can be changed significantly. 
In ischemic myocardium, the oxidative metabo-
lism is reduced and as a result, there is a shift 
from an aerobic to an anaerobic metabolism. 
With the lack of a sufficient oxygen supply, glu-
cose is now metabolized to lactate (glycolysis). 
With ischemia, glucose is the preferred substrate 
regardless of the availability of other fuels [44, 
45]. For ischemic heart disease, the major player 
in the disease pathophysiology is the reduction in 
regional or focal perfusion. Changes in regional 
metabolism are a consequence of reduced blood 
flow to these areas.

Changes in myocardial metabolism may also 
play a key role in various other cardiac condi-
tions, such as heart failure, cardiomyopathy, and 
diabetes, which involve the myocardium more 
globally, and involve the myocardium as a whole. 

However, due to difficulties in evaluating metab-
olism in human subjects, the alterations in the 
myocardial metabolism under such conditions 
are poorly understood [46]. The substrate utiliza-
tion may vary depending on the extent of CAD 
and prior drug therapy to improve LV function. 
For example, long-term treatment with a 
β-adrenergic receptor antagonist was reported to 
be associated with a switch in myocardial metab-
olism away from FFA oxidation towards glucose 
metabolism [47]. Studies in animal models of 
diabetes mellitus have demonstrated an upregula-
tion of myocardial fatty acid utilization and a 
reduction of the insulin-mediated glucose trans-
port. However, little is known about the effect of 
diabetes mellitus on the human heart.

In the era of traditional SPECT, MPI alone 
and exercise testing, with  relatively long-lived 
tracers that are retained by the myocardium were 
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advantageous but, with the shift to more sensitive 
imaging devices (i.e., PET and cardiac-dedicated 
SPECT), MBF quantification and an emphasis on 
dose reduction, short-lived tracers offer more 
advantages.

16.3.2.1	� Glucose Metabolism
Glucose is transported into the myocardial cell 
by facilitated diffusion of insulin-independent 
GLUT 1 and insulin-dependent GLUT 4 glucose 
transporters [48]. Intracellularly, glucose is rap-
idly phosphorylated to glucose 6-phosphate, 
which is further metabolized (glycolysis) to 
pyruvate. Under aerobic conditions, pyruvate is 
converted to acetyl-CoA, which enters the TCA 
cycle in the mitochondria for oxidative 
metabolism (Fig. 16.8). Under anaerobic condi-
tions, pyruvate is further metabolized to lactic 
acid.

[18F]FDG that enters the myocardium is phos-
phorylated to FDG-6-phosphate but, then, does 
not enter further metabolic pathways; instead, it 
accumulates in the myocardium. Thus, the myo-
cardial uptake of FDG reflects the uptake and 
metabolism of glucose [49, 50]. FDG-PET 
images reflect the relative distribution of FDG 
uptake in different regions of the myocardium. 
Also, the metabolic rate (MRglc) of glucose in 
absolute units can be measured with PET based 
on dynamic imaging studies, mathematical mod-
eling, compartment model analysis, or graphical 
plot analysis. Since the rate of the glucose uptake 
and FDG uptake is not equal, a lumped constant 
(LC) was developed to convert the FDG uptake to 
glucose uptake. Usually, the value of LC is fixed, 
and is approximately 0.6–0.7 for the FDG-PET 
measurement of MRglc [51]. The LC, however, 
can vary over a wide range, depending on blood 
insulin levels and cardiac disease [52].

Fig. 16.9  FDG-PET to image myocardial viability. Classic mismatch showing FDG uptake in the areas of decreased 
myocardial perfusion identified by [13N]NH3
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Detection of viability in ischemic heart dis-
ease is one of the most important aspects of the 
diagnostic and prognostic workup in patients 
with CAD. In some cases of hibernating myocar-
dium, the resting flow based on PET or SPECT 
tracers cannot differentiate hibernating myocar-
dium from irreversible myocardial scar forma-
tion. Relatively higher FDG uptake in an area of 
decreased myocardial blood flow in the dysfunc-
tional myocardium, known as “flow metabolism 
mismatch,” indicates viable myocardium [53]. As 
a result, FDG-PET is considered as one of the 
gold standards for the determination of myocar-
dial viability (Fig. 16.9).

16.3.2.2	� Fatty Acid Metabolism
Since the FFAs are hydrophobic, they are deliv-
ered to the heart by binding to plasma proteins, 
albumin, or lipoproteins. After dissociating from 
proteins, FFAs easily pass through the myocardial 
membrane by diffusion or a facilitated transport 
mechanism. Based on clinical and animal experi-
ments, it has been shown that CD36 plays a cru-

cial role in the fatty acid transport into the cells 
[54, 55]. Intracellularly, FFAs are activated as 
acylcoenzyme A (Acyl CoA) and then carried into 
the mitochondria through an acyl carnitine carrier 
system and catabolized by β-oxidation into two-
carbon fragments, acetyl-CoAs, which enter the 
TCA cycle for further oxidative metabolism 
(Fig. 16.8). A part of FFAs is not oxidized but, is 
formed into triglycerides and myocardial struc-
tural lipids and stays in the myocardium for a long 
time. The straight-chain FFAs are generally 
metabolized through β-oxidation and released 
from the myocardium, while the development of 
modified FFAs is based on the concept of myocar-
dial retention from metabolic trapping [56].

Radiolabeled Fatty Acids for PET
A physiological radiotracer 1-[11C]palmitate 
(Fig.  16.10) was the first FFA introduced to 
image fatty acid metabolism of the heart [57]. 
Subsequently, 14(RS)-[18F]fluoro-6-thia-
heptadecanoic acid (FTHA) was developed as a 
metabolically trapped radiotracer [58].

PaImitate H3C COOH

COOH

COOH

COOH

COOH

COOH

(CH2)14

H3C

H3

H

H

C

C

C

11COOH

18F

(CH2)14

H3
11C

123I

123I

123I

(CH2)14

(CH2)2

(CH2)16

(CH2)14

CH3

H2
(CH2)12

(CH2)7 (CH2)4

[11C]PaImitate

[11C]PaImitate

[18F]FTHA

[123I]p-IHA

[123I]p-IPPA

[123I]-BMIPP

C S

Fig. 16.10  PET and 
SPECT radiotracers of 
free fatty acid analogs to 
assess myocardial 
metabolism

16.3  Radiopharmaceuticals in Nuclear Cardiology



440

[11C]Palmitate is biologically identical to non-
radioactive circulating palmitate. The first-pass 
extraction fraction (0.67) is relatively high and 
the initial uptake, and regional distribution in the 
myocardium are largely determined by MBF 
[34]. It clears from the myocardium in a biexpo-
nential fashion. Once the tracer is taken up into 
the myocardium, β-oxidation breaks it down to 
generate acetyl-CoA.  This [11C] acetyl-CoA is 
oxidized via the citric acid cycle and finally 
released from the myocardium in the form of 
[11C]CO2. The rapid clearance fraction corre-
sponds to β-oxidation, whereas the slow-washout 
fraction reflects the turnover rate of the intracel-
lular lipid pool and is an index of FFA metabo-
lism [56]. In severely ischemic myocardium, the 
regional uptake of [11C]palmitate is reduced. The 
PET images provide a qualitative and semiquan-
titative evaluation of fatty acid metabolism. The 
quantitative value of myocardial fatty acid use 
and oxidation is difficult to estimate in absolute 
units (milliequivalents of free fatty acid per min-
ute per gram of myocardium). Since the C-1 label 
of 1-[11C]palmitate is removed in the initial step 
of β-oxidation, ω-[11C]palmitate was proposed as 
a potential tracer to prolong the myocardial reten-
tion of trapped metabolites [59].

With FTHA, the rate of metabolic trapping is 
thought to be proportional to the rate of 
β-oxidation. In patients with CAD, estimates of 
myocardial FFA utilization (MFAU) in a normal 
myocardium were found to be approximately 
5.8 ± 1.7 μmol 100 g−1 min−1, while in patients 
with CHF, the MFAU was found to be elevated 
(19.3 ± 2.3 μmol 100 g−1 min−1) [34, 60]. Further, 
because FTHA does not trace the FFA uptake 
under hypoxic conditions accurately, several 18F 
analogs have been developed. It is still not clear 
which tracer is the most reliable or the most clini-
cally useful PET tracer to image fatty acid metab-
olism in different cardiac diseases [46].

Radiolabeled Fatty Acids for SPECT
Since the 1970s several iodinated fatty acid trac-
ers for SPECT have been developed (Fig. 16.10) 
by introducing radioiodine to the terminal posi-
tion of fatty acids without significant alteration 
of the extraction efficiency, compared with the 

natural FFAs [55, 56, 61]. The two groups of 
iodinated fatty acid compounds include straight-
chain FFAs and modified branched FFAs. In a 
clinical study, 123I-16-iodoheptadecanoic acid 
(IHA), an analog of stearic acid demonstrated a 
high-quality image early after injection but, the 
image quality deteriorated rapidly because of the 
rapid reduction of myocardial counts and 
increase in background counts due to deiodin-
ated radioiodine [62]. To prevent in  vivo deio-
dination, the phenyl fatty acids were developed 
by attaching iodide to the para or ortho position 
of the phenyl ring (IPPA). For routine clinical 
use, however, the rate of metabolism and clear-
ance of IPPA is still relatively too fast for SPECT 
imaging studies.

In order to develop a tracer with more pro-
longed cardiac retention and with improved 
image quality, a methyl branching was intro-
duced at the β-carbon position to slow the myo-
cardial clearance by inhibiting β-oxidation. Two 
iodinated branched fatty acid analogs, 
15-(p-iodophenyl)-3-R,S-methylpentadecanoic 
acid (BMIPP) and 15-(p-iodophenyl)-3,3-
methylpentadecanoic acid (DMIPP) were, there-
fore, developed [55, 56, 63, 64]. FTHA has 
shown to be metabolically retained in the myo-
cardium and has very good imaging properties in 
normal human subjects, and in patients with 
CAD. The concept underlying BMIPP imaging is 
metabolic trapping of BMIPP-CoA, similar to 
FDG, but by inhibition of β-oxidation through 
the introduction of methyl branching, at the 
β-carbon position. Under the condition of isch-
emia, a reduction in BMIPP uptake is observed, 
reflecting the reduction in ATP production due to 
depressed oxidative fatty acid metabolism and 
substrate shift from fatty acids to glucose 
(Fig.  16.11). When compared with myocardial 
perfusion imaging, BMIPP imaging enables 
“ischemic memory imaging,” with detection of 
previous myocardial ischemia (metabolically 
stunned myocardium) and viable but chronically 
dysfunctional myocardium (hibernating myocar-
dium) [55]. Also, in cardiomyopathy, BMIPP 
imaging may be useful for the early detection of 
HCM, the differentiation of ischemic cardiomy-
opathy from idiopathic DCM, and also for the 
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Fig. 16.11  Myocardial metabolic imaging using 
123I-BMIPP in patients with unstable angina: Although 
201Tl scans did not show definite perfusion abnormalities, 

decreased BMIPP uptake was noted in the lateral region, 
indicating decreased regional myocardial  fatty acid 
metabolism [56]

Fig. 16.12  Myocardial metabolic imaging using 
123I-BMIPP in patients with hypertrophic cardiomyopathy 
(HCM). There is increased 201Tl uptake in the apex to the 
anteroseptal wall but, BMIPP uptake is reduced in that 

area. Discordant BMIPP uptake less than blood flow in 
the hypertrophic area is a rather early phenomenon of 
HCM [55]
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prediction of prognosis (Fig. 16.12). 123I-BMIPP 
has been the most commonly used commercially 
available SPECT tracer to assess fatty acid 
metabolism in patients, especially in some of the 
European countries and in Japan.

16.3.2.3	� Oxidative Metabolism
The assessment of myocardial oxidative metabolism 
involves the estimation of myocardial ventricular 
oxygen consumption (MVO2) in absolute units, mL 
min−1 g−1. Under steady-state conditions, MVO2 
provides an accurate measure of overall myocardial 
metabolism regardless of which substrate or fuel is 
used. Based on the determination of myocardial 
blood flow, using [15O] water, myocardial blood vol-
ume using [15O]CO, and oxygen inhalation studies 
using [15O]O2, myocardial oxygen extraction can be 
determined. The MVO2 is then estimated using the 
plasma oxygen content as the arterial input function. 
In normal subjects, an average MVO2 is 
0.097 ± 0.022 mL min−1 g−1 [65]. While this method 
provides an absolute quantitative estimation of 
regional MVO2 in various cardiac diseases, the PET 
imaging studies involving 15O (T½ = 2 min) are not 
practical for routine clinical use.

[11C]Acetate
Acetate is avidly extracted from the coronary cir-
culation and rapidly distributed in the myocar-
dium. In cytosol, it is activated to acetyl-CoA 
and, subsequently, enters the TCA cycle in the 
mitochondria for oxidation and metabolism to 
[11C]O2 and water (Fig. 16.8). It is important to 
realize that the myocardial kinetics of [11C] ace-
tate is independent of the metabolic milieu, such 
as the blood glucose level or FFA concentration 
in the blood [66]. Following intravenous bolus 
administration, the myocardial washout of activ-
ity demonstrates a biexponential clearance. The 
myocardial oxidative metabolism, however, can 
be estimated based on the rapid washout rate 
determined, using monoexponential curve fitting 
of the time–activity data [67]. Because of its high 
myocardial first-pass extraction fraction, the 
early phase (1–3 min) is flow-dependent and pro-
vides an estimation of regional myocardial perfu-
sion [68]. With [11C]acetate, simultaneous 

determination of myocardial blood flow and oxy-
gen consumption can be performed with a single 
data acquisition [46].

16.3.3	� Myocardial Presynaptic 
Adrenergic Neuronal Imaging

The cardiac sympathetic nervous system remains 
of interest for molecular imaging, due to the 
direct relationship between sympathetic activity, 
cardiomyocyte β-adrenoceptor expression, and 
ventricle remodeling. In the failing heart, 
increased sympathetic drive leads to increased 
norepinephrine stimulation and downregulation 
of adrenoceptors, the pathophysiology underly-
ing the common use of β-blocker therapy to nor-
malize contractility [69].

The mammalian heart is characterized by 
dense adrenergic innervation with a norepineph-
rine (NE) concentration gradient from the atria to 
the base of the heart and from the base to the apex 
of the ventricles. In contrast, parasympathetic 
innervation is distributed throughout the atrial 
and ventricular walls, with a gradient from the 
former to the latter, with acetylcholine (ACh) 
being the main neurotransmitter. Both, the sym-
pathetic and parasympathetic tones control the 
rate of the physiologic stimulation and conduc-
tion, while the contractile performance is primar-
ily modulated by sympathetic neurotransmission. 
The major neurotransmitters of the sympathetic 
and parasympathetic systems, NE and ACh, 
define the stimulatory and inhibitory physiologic 
effects of each system.

The NE is produced from tyrosine within a 
neuron (Fig.  16.13). Tyrosine is converted to 
DOPA, which is converted to dopamine by DOPA 
decarboxylase. Dopamine is then transported by 
a vesicular monoamine transporter (VMAT2) 
into the vesicles, where it is converted to NE by 
dopamine β-hydroxylase. Adrenergic nerve stim-
ulation leads to the release of NE into the syn-
apse. The sympathetic neurotransmission in the 
heart is mediated by adrenoreceptors of type β1 
and β2, which are located on the myocardial cells. 
Only a small amount of NE, released into the 
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Fig. 16.13  Adrenergic neurotransmission in the heart. PET and SPECT tracers for imaging presynaptic adrenergic 
neurons and postsynaptic adrenoceptor density
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synapse, binds to the adrenoreceptors while most 
of the NE in the synapse undergoes reuptake 
(uptake-1 mechanism) back into the presynaptic 
nerve terminal by a saturable and Na+, tempera-
ture, and energy-dependent mechanism 
(uptake-1) via a neuronal norepinephrine trans-
porter (NET) or by nonsaturable, and not Na+, 
temperature, or energy dependent mechanism 
(uptake-2). The free cytosolic NE is degraded by 
MAO to dihydroxyphenylglycol (DHPG).

16.3.3.1	� Radiotracers for Presynaptic 
Sympathetic Innervation

All of the radiotracers developed for imaging car-
diac sympathetic innervation are analogs of NE 
(Fig. 16.14). As discussed earlier, NE within the 
synapse is transported back into the presynaptic 
neuron terminals via NETs, based on the uptake-1 
mechanism. Structural analogs of NE are also 
transported into synaptic terminals by this 
uptake-1 mechanism [70].

[11C]Hydroxyephedrine (HED)
PET radiotracers (Fig.  16.14) resemble the 
endogenous NE more closely than 
123I-MIBG. Two different groups of PET tracers 
are available for presynaptic sympathetic imag-
ing of the heart; radiolabeled catecholamines and 
radiolabeled catecholamine analogs [71, 72].

[11C]Hydroxyephedrine (HED) is the most 
widely used tracer for cardiac neuronal imaging. 
HED has a high affinity for the NETs and shows 
negligible non-specific binding. Following the 
transport into the presynaptic terminal, it is not 
metabolized by MAO or COMT enzymes [71, 
73]. Since HED is not metabolized, it diffuses out 
of the nerve terminal and is transported back into 
the nerve terminal. Therefore, HED myocardial 
retention is actually dependent on both the con-
tinuous release and reuptake by NETs [72].

While HED is a false neurotransmitter, [11C]
epinephrine (EPI) is a more physiological tracer 
since it is primarily a circulating hormone pro-
duced together with NE by the adrenal medulla 
and other chromaffin tissues. Unlike HED, EPI is 
degraded by MAO but, its storage in the vesicles 

is very efficient, preventing it from degradation 
and causing slow clearance of the tracer from the 
heart. Therefore, EPI reflects the whole cascade 
of uptake, metabolism, and storage of neuro-
transmission, while the primary target for HED 
and MIBG is the uptake-1 system. Both, HED 
and EPI can be synthesized with high chemical 
purity (>95%) and SA (33–74 GBq μmol−1).

123I-MIBG
Guanethidine is a potent neuron-blocking agent 
that acts selectively on sympathetic nerve end-
ings. Based on this molecule, 131I-meta-
iodobenzylguanidine (MIBG) was initially 
developed as an agent for imaging tumors of 
adrenal medulla origin [74]. The avid heart 
uptake and retention of MIBG observed in ani-
mal biodistribution studies strongly suggested 
that MIBG might also be successfully used for 
imaging cardiac sympathetic neurons [75]. 
Consequently, 123I-MIBG was developed for 
imaging the heart, in patient studies [76]. MIBG 
is transported into presynaptic terminals by the 
uptake-1 mechanism and is stored mainly in the 
NE storage vesicles. In other words, MIBG and 
NE have the same mechanisms for uptake, stor-
age, and release. Unlike NE, MIBG does not bind 
to receptors on the myocardial cell membrane, 
and does not undergo any metabolism within the 
presynaptic terminals [71, 77]. As a result, MIBG 
is retained in sympathetic nerve endings, and 
provides clinically useful diagnostic information 
for different cardiac diseases.

For practical clinical application, the SA and 
radio-chemical purity of MIBG are critical fac-
tors. The unlabeled catecholamines (cold MIBG) 
may compete with the labeled tracer and may not 
only limit image quality but, also, cause pharma-
cologic action via adrenoceptor activation. The 
specific activity (SA) of commercial preparation 
of 123I-MIBG (Adreview) is ~1.0 GBq/mg and is 
sub-optimal for imaging studies. Therefore, high 
SA 123I-MIBG (>50 GBq) may be beneficial for 
clinical studies.

To overcome the limitations of [11C]HED and 
123I-MIBG, several 18F-labeled MIBG analogs 
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have been developed [78–81]. 18F-N-[3-bromo-4-
(3-fluoro-propoxy)-benzyl]-guanidine (18F-
LMI1195) showed specific uptake in the heart as 
assessed by in  vivo PET imaging in rabbits. 
Stable retention under a desipramine chase indi-
cates promising properties as a new class of PET 
tracer for visualizing the cardiac nervous system, 
mimicking physiologic norepinephrine turnover 
at nerve terminals [79]. In a phase I clinical study, 
[18F]4F-MHPG and [18F]3F-PHPG have demon-
strated that both tracers provide high-quality car-
diac PET images, with extremely low uptake in 
lungs and acceptable uptake levels in the liver. 
Comparing the two tracers, an advantage of 
[18F]4F-MHPG is its more rapid clearance from 
the liver [78].

16.3.3.2	� Radiotracers for Cardiac 
Neuroreceptors

The sympathetic adrenoreceptors β1 and β2, 
located on the myocardial cells, play a major role 
in the regulation of cardiac function. In the 
healthy myocardium, β1-receptors are the most 
abundant, forming 80% of all β-receptors, while 
in heart failure the proportion of β2-adrenoceptors 
may increase to 50% [72, 82]. Also, sympathetic 
activation results in the elevation of systemic cat-
echolamine levels and subsequent downregula-
tion of β-receptors. Many different 
pharmaceuticals, that act as cardiac receptor 
antagonists, such as β-blockers or β-receptor 
antagonists, are used in cardiological practice. 
The efficacy of these drugs depends on many dif-
ferent factors, especially the β-receptor density. 
Noninvasive imaging and quantitation of 
β-receptor density (Bmax) before initiation of ther-
apy with β-blockers might predict the outcome of 
therapy.

[11C]CGP-12177 (4-(3-t-butylamino-2-
hydroxypropoxy)-benzimidazol-1), a hydro-
philic, nonselective antagonist, that binds to the 
β-receptors with high affinity (0.3 nmol L−1), was 
one of the first ligands developed for cardiac PET 
adrenoreceptor imaging studies [83]. So far, [11C]
CGP-12167, is the only tracer, that has been used 
more extensively in patient populations, such as 
patients with dilated hypertrophic and arrhyth-
mogenic right ventricular cardiomyopathy [71, 

72]. Because of the difficulties involved in the 
synthesis of this tracer, the N-isopropyl deriva-
tive, [11C]CGP-12388 was developed as an alter-
native for clinical use [84].

16.3.3.3	� Clinical Applications
Sympathetic nerve endings are easily damaged 
by ischemia, in comparison to myocardial cells, 
and sympathetic function disorders are known to 
persist for a certain period even after alleviation 
of the ischemia. The utility of cardiac sympa-
thetic imaging is most widely studied in patients 
who have heart failure with reduced ejection 
fraction (HFrEF) [6, 85, 86] (Fig. 16.15).

PET imaging of the cardiac autonomic ner-
vous system has advanced in recent years and 
multiple pre- and postsynaptic tracers have been 
used to determine the involvement of the sympa-
thetic dysinnervation at different stages of heart 
diseases, such as ischemia, heart failure, and 
arrhythmia. In general, [11C]HED is the most 
widely used PET tracer for cardiac neuronal 
imaging. In a healthy heart, there is an even dis-
tribution of HED over the left ventricle, making it 
a valuable tracer for detecting specific regional 
defects of the presynaptic sympathetic system in 
disease [72]. In patients with dilated cardiomy-
opathy there is a loss of neurons or downregula-
tion of uptake-1. In a patient with idiopathic 
dilated cardiomyopathy and severely reduced left 
ventricular ejection, the myocardial retention of 
HED was reduced significantly (Fig.  16.16). In 
heart failure patients, the extent of denervation 
denoted by HED retention predicts sudden car-
diac arrest [87, 88]. The [11C]HED is the most 
commonly used PET tracer for sympathetic nerve 
imaging. The superior sensitivity and quantitative 
capability of HED-PET allow for reliable assess-
ment of regional neurohumoral abnormalities.

In patients with unstable angina, MIBG-
SPECT makes it possible to identify the culprit 
coronary artery with a high probability and, thus, 
is of diagnostic value (Fig.  16.16). In patients 
with heart failure, the increased washout rate and 
the decreased heart/myocardium (H/M ratio) on 
the delayed MIBG image become marked with 
an increase in hypofunction in the left ventricle, 
regardless of the underlying diseases [89]. 
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Fig. 16.15  [11C]HED-PET for imaging presynaptic sym-
pathetic innervation in the heart. In a normal subject, there 
is an even distribution of HED in the heart similar to the 
myocardial perfusion images of [13N] ammonia-PET. In a 

patient with idiopathic dilated cardiomyopathy (IDC) and 
severely reduced left ventricular ejection fraction (22%), 
there is a significantly reduced retention of HED com-
pared with the myocardial perfusion [72]

Similar results have been reported from studies 
on dilated cardiomyopathy, hypertrophic cardio-
myopathy (HCM), valvular heart disease, pulmo-
nary hypertension, amyloidosis, and diabetes 
[77]. 123I-MIBG planar/SPECT has been used in 
numerous studies to document regional denerva-
tion for arrhythmic event risk assessment [90].

16.3.4	� Cardiac Sarcoidosis (CS)

As discussed earlier, CS occurs most commonly 
in patients who are 20–40 years old, with a pre-
dominance of female patients. The cardiovascu-
lar system is the third most common site of 
sarcoidosis and is involved in 25–50% of patients. 
Patients with heart failure have a particularly 

poor prognosis. Because corticosteroid therapy 
improves cardiac function and prognosis, accu-
rate diagnosis, and timely intervention for 
improving outcomes is necessary [25, 91].

In the 1990s, it was documented that a combina-
tion of 201Tl chloride and 67Ga citrate scintigraphy 
may be useful not only in the diagnosis of cardiac 
sarcoidosis but, also, in the prediction of the effects 
of corticosteroids [92]. 67Ga-SPECT/CT scanning 
was also shown to be a very useful diagnostic imag-
ing technique because it improves the diagnostic 
specificity of 67Ga-SPECT to allow the highly spe-
cific diagnosis of cardiac sarcoidosis [93].

It is well recognized that glucose metabolism 
is increased in inflammatory cells. Macrophages 
and CD4+ T cells present in sarcoid granulomas 
have a high energy demand requiring increased 
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Fig. 16.16  123I-MIBG imaging in patient with ischemic 
heart disease. In a patient with unstable angina, myocar-
dial perfusion with 201Tl-SPECT at rest was relatively nor-
mal with no significant findings. In contrast, MIBG 

SPECT (early and delayed) showed decreased accumula-
tion in the infero-posterior wall. Coronary angiography 
performed later, and advanced stenosis was recognized in 
the proximal part of the RCA [77]

glycolysis and, therefore, cellular inflammation 
can be detected by PET/CT using [18F]
FDG.  Consequently, the clinical utility of FDG 
PET/CT for diagnosis and management in patients 
with known or suspected CS was investigated. 
Background cardiomyocyte uptake, however, rep-
resents a major limitation of FDG-PET scan, and 
may be suppressed by fasting, fatty meals, and 
heparin infusion, though nonspecific uptake may 
still be present in some patients [91].

FDG-PET is currently the best clinical tool for 
the assessment of myocardial inflammation in CS 
[25, 94]. Suppression of baseline myocardial 
FDG uptake via fasting and adoption of a very 

low carbohydrate diet allows for visualization of 
FDG uptake by inflammatory cells. The optimal 
PET protocol used to evaluate CS requires rest 
myocardial perfusion, cardiac and whole body 
FDG-PET imaging. FDG-PET imaging provides 
a good diagnostic accuracy for CS. However, accu-
rate interpretation may be hampered by physio-
logic accumulation of FDG in the myocardium, 
which is seen in up to 20% of patients even after 
elaborate preparation [94]. Most patients with 
cardiac sarcoidosis have extracardiac involve-
ment, and identification of the extracardiac 
lesions is essential in diagnostic evaluation of 
patients with suspected CS. The major advantage 
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a b

Fig. 16.17  Representative [18F]FDG-PET images from a 
patient with cardiac and pulmonary sarcoidosis. Baseline 
cardiac FDG-PET images (Panel a) demonstrate a 
moderate-sized area of abnormal FDG uptake extending 

to medial and basal segments of the inferior and infero-
septal wall. After treatment with prednisone and myco-
phenolate mofetil, there is resolution of cardiac FDG 
uptake (Panel b) [25]

of whole-body FDG PET/CT is that it enables 
evaluation of the systemic extent of sarcoidosis 
beyond the myocardium. Figure 16.17 shows the 
diagnostic value of FDG-PET in CS, and to mon-
itor treatment response. The advantage of FDG-
PET in the diagnosis of CS, the detection of the 
extracardiac sarcoidosis involvement, and the 
response to therapy is shown in Fig. 16.18.

Radiotracers that do not have any uptake in 
the myocardium but, are taken up by inflamma-
tory cells have also been evaluated for imaging 
CS. [18F]Fluorothymidine (FLT), a tracer to study 
cellular proliferation and DNA synthesis has 
been reported to be useful for the detection of CS 
[91, 96]. The main advantage is that FLT PET/CT 
can provide detectability as high as that for FDG 
PET/CT but, without fasting or change in the 
diet. In CS lesions containing granulomas with 
high-turnover traits, proliferation tracers accu-
mulate predominantly in active lesions. A corre-
lation between FLT uptake and myocardial 
scarring was observed indicating that FLT-PET/
CT allows detection of areas that are developing 
into myocardial scars [97].

Somatostatin receptors (SSTRs), specifically 
subtype 2, are expressed not only in neuroendo-
crine tumors (NETs) but, also, on the surface of 
activated inflammatory cells such as macro-
phages, epithelioid cells, and multinucleated 
giant cells, which are the main constituents of 
sarcoid granuloma [98]. SSTR-agonists such as 
111In-DTPA-octreotide (Octreoscan) and 68Ga 
labeled Dotatoc, dotatate, and Dotanoc have 
shown potential clinical utility for detecting CS 
[99–102]. SSTR imaging has the  potential for 
differentiation of active CS lesions from those in 
the chronic phase because fibrotic tissue, which 
is seen in the chronic phase, lacks extensive 
SSTR expression [91].

16.3.5	� Cardiac Amyloidosis (CA)

CA is more prevalent than previously expected, 
contributing to significant cases of heart failure 
with preserved ejection fraction [103]. Recent 
developments in treatment strategies have also 
shown the importance of early and accurate diag-
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Fig. 16.18  FDG-PET 
to assess response to 
therapy in cardiac 
sarcoidosis (CS). 
Examples of using 
18F-FDG PET to assess 
response to therapy. 
(Top) Patient with no 
response to treatment. 
(Bottom) Patient with 
marked response of both 
extra CS and CS to 
treatment. (From [95])

nosis in CA.  In patients with CA with amyloid 
fibril protein (AL-CA), novel antiplasma cell 
therapy has been proved effective, even in popu-
lations of patients with refractory disease. A 
lower mortality rate and improved overall sur-
vival can be achieved with earlier diagnosis of 
AL amyloidosis [42]. Introduction of therapy 
with the  FDA-approved drug, tafamidis, which 
binds to transthyretin (TTR) and inhibits tetramer 
dissociation and amyloidogenesis, has improved 
outcomes in patients with ATTR-CA [26, 91]. 
The improved therapeutic options render accu-
rate and early diagnosis critical.

Several 99mTc labeled bone-seeking SPECT 
radiopharmaceuticals (Fig.  16.19)  have shown 
the clinical utility to detect and provide confir-
matory diagnosis of CA. Additionally, PET tech-
niques are emerging in amyloidosis [91, 
104–108]. Although the role of the bone-seeking 
agent 18F-sodium fluoride for the workup of 
ATTR-CA is still under debate because of low 
signal intensity, PET amyloid mark-
ers (Fig. 16.19) originally developed for neurol-
ogy to identify β-amyloid in neurodegenerative 
disease have also been used to  detect cardiac 
amyloidosis.
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Fig. 16.19  Radiopharmaceuticals for imaging cardiac amyloidosis

Fig. 16.20  (Left) 99mTc-pyrophosphate planar scan 
showing avid myocardial tracer uptake (Perugini grade 3, 
myocardial uptake greater than rib). (Right) Cardiac 
SPECT showing diffuse myocardial tracer uptake in 
short-axis images (top row), vertical long-axis images 

(middle row), and horizontal long-axis (bottom row). This 
scan is diagnostic of ATTR cardiomyopathy if serum and 
urine studies for AL amyloidosis are negative. (From 
[106])
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A resurgence of interest and an improved 
understanding of the performance characteristics 
of CA imaging with SPECT using 99mTc-labeled 
bone-seeking tracers, such as PYP (pyrophos-
phate) DPD (3,3-diphosphono-1,2-
propanodicarboxylic acid), and HEDP 
(hydroxymethylene diphosphonate), have been 
transformative for the field of CA and nuclear 
cardiology as well. The mechanism of uptake of 
bone agents is attributed to the binding to the 
microcalcifications in the amyloid fibrils, espe-
cially in the ATTR-CA but, not in the AL-CA. A 
meta-analysis of 5 studies found a sensitivity of 
92.2% and specificity of 95.4% for detecting 
ATTR-CA, whereas its diagnostic performance 
for AL amyloidosis is poor (sensitivity and speci-
ficity <50%) [91]. ATTR-CA shows higher 
uptake of bone tracer (Fig.  16.20) because the 
density of microcalcifications is greater in ATTR 
amyloidosis than in AL amyloidosis [109]. 
Binding mechanisms and the effect of fibril type 
on tracer affinity need to be clarified. Thus, 
whereas scintigraphy with the 99mTc bone-seeking 
tracers is a remarkably useful test for patients 
with suspected amyloidosis, vigilance is required 
to identify and further evaluate cases in which 
there is discordance between clinical and imag-
ing findings [106].

[11C]PiB, a derivative of thioflavin-T, has been 
used with success in β-amyloid imaging in neu-
rodegenerative diseases and has also been shown 
to accurately identify cardiac AL-amyloidosis 
[110]. Thus, it may prove to be useful to monitor 
response to therapeutic interventions or for prog-
nostication in the realm of cardiac amyloidosis. 
Pilot studies reported that 18F-labeled amyloid 
tracers, such as [18F]Florbetapir, have the poten-
tial to detect CA but, well clinical studies need to 
confirm the accuracy of the β-amyloid tracers for 
the diagnosis of CA [111].

Aprotinin (Trasylol), a small protein (6.511 
kDa) bovine pancreatic trypsin inhibitor (BPTI) 
is an antifibrinolytic molecule that inhibits tryp-
sin and related proteolytic enzymes. It was 
reported that 99mTc-aprotinin binds to amyloid 
deposits which contain proteases. Pilot studies 
documented the potential of this tracer to detect 

CA.  However,  more studies are  needed to con-
firm the pilot data [112, 113].

16.3.6	� Cardiac Fibrosis

Fibrosis is the excessive accumulation of extra-
cellular matrix typically found in the remodeling 
left ventricle, resulting from activation of cardiac 
fibroblasts. The feasibility of imaging matrix 
metalloproteinases using radiopharmaceuti-
cals such as 111In-RP782 or 99mTc-RP805, which 
accumulate in remodeling vasculature and myo-
cardium has been reported. However,  matrix 
remodeling is a relatively late pathogenetic pro-
cess in ischemic heart failure progression, which 
may restrict the benefit for many patients [114]. 
Since fibroblasts comprise up to 50% of the cel-
lular content of the heart, and fibrosis is the con-
sequence of fibroblast activation, a promising 
target for molecular imaging is the fibroblast acti-
vation protein (FAP), which exhibits low expres-
sion by quiescent cardiac fibroblasts but, is 
rapidly upregulated in response to injury stimuli, 
and during fibroblast transdifferentiation [115, 
116]. Also targeting activated myofibroblasts can 
depict the active disease at a very early stage 
where treatments would likely have the most 
benefit.

The feasibility of PET imaging of activated 
fibroblasts with 68Ga-FAPI-04, a FAP inhibitor 
was first demonstrated in a preclinical model of 
myocardial infarction. 68Ga-FAPI-04 uptake in 
the injured myocardium peaked on day 6 after 
coronary ligation. The tracer accumulated 
intensely in the MI territory, as identified by 
decreased [18F]FDG uptake and confirmed by 
PET/MR and H&E staining [28]. Autoradiography 
and H&E staining of cross-sections revealed that 
68Ga-FAPI-04 accumulated mainly at the border 
zone of the infarcted myocardium (Fig.  16.21). 
Subsequently, several clinical studies docu-
mented the potential of 68Ga labeled FAPI radio-
tracers to image the activated fibroblasts in the 
myocardium [117–120]. Figure  16.22 shows 
68Ga-FAPI-04 PET/CMR in a patient after myo-
cardial infarction. Recently, another FAP-

16.3  Radiopharmaceuticals in Nuclear Cardiology



452

Fig. 16.21  Axial sections of in  vivo PET/CT imaging 
with [18F]FDG (day 3 after MI) and 68Ga-FAPI-04 (day 6 
after MI) and corresponding ex  vivo PET/MRI with 
68Ga-FAPI-04 (day 7 after MI). [18F]FDG image was used 
to identify areas of infarcted myocardium (arrow), where 
increased uptake of 68Ga-FAPI-04 was apparent (arrow-

head). 68Ga-FAPI-04 exhibited elevated uptake in postsur-
gical scar (asterisk). The dashed line separates 
68Ga-FAPI-04 uptake in myocardium from surgical 
wound. High-resolution MR and PET/MR data confirmed 
infarcted area, where 68Ga-FAPI-04 uptake was increased. 
(From [28])

30000

25000

20000

15000

10000

5000

0
0 500 1000 1500

Time (sec)

infarct subendocardial blood

M
ea

n
 (

B
q

/m
l)

2000 2500 3000 3500

b c d

e

a

f

Fig. 16.22  68Ga-FAPI-04 PET/CMR in a patient after 
myocardial infarction. 68Ga-FAPI-04 PET/CMR in a 
patient after acute STEMI in LAD territory and 
68Ga-FAPI-04 tracer kinetics. (a) Attenuation corrected 
axial PET. Fusion images of PET with 15 min late gado-
linium enhancement sequences in (b) short axis, (c) hori-
zontal long axis, and (d) vertical long axis and 

corresponding MR.  Arrowhead indicates small mature 
scar. (e) Example placement of ROI for dynamic analysis. 
(f) 68Ga-FAPI-04 tracer kinetics. Intense 68Ga-FAPI-04 
uptake was observed in anterior and anterior septum wall 
in LAD territory. No significant 68Ga-FAPI-04 uptake is 
shown in the remote area similar to blood pool [119]

targeting PET radiotracer, 68Ga-MHLL1, was 
evaluated for non-invasive tracking of dynamic 
fibrosis in an animal model. 68Ga-MHLL1 dis-
played selective binding to FAP in the infarct and 
infarct border zone, as well as remote non-
infarcted myocardium, post-MI [121].

Dedicated prospective clinical studies are nec-
essary to determine the added value of FAP imag-
ing of myocardial fibrosis for predicting 
functional outcomes in cardiac patients.
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16.3.7	� Inflammation 
and Atherosclerosis

Atherosclerosis is a well-known disease leading 
to cardiovascular events, including myocardial 
infarction and ischemic stroke. The biology of 
atherosclerosis (Fig. 16.23) provides a basis for 
the development of radiolabeled molecular imag-
ing probes. Fundamentally, the process of inflam-
mation regulates atherosclerosis. Specifically, the 
macrophage has emerged as the key cellular 
mediator of inflammation in atheroma, and par-
ticipates in all phases of atherogenesis, including 
lesion initiation, progression, and complication 
[14, 19, 122].

The main structural change in the vascular 
wall in atherosclerosis is thickening, associated 
with the accumulation of lipid metabolism prod-
ucts in the intima, the development of fibrous 
transformation, necrosis and calcification, and 
the formation of atheroma. The growth of ath-
erosclerotic plaque over time leads to increasing 
stenosis of the lumen of the vessel and impaired 
hemodynamics, which, within certain limits, can 
be partially or completely compensated both by 
the expansion of the vessel and by the elasticity 
of intact sections of the walls. Rupture of the 
plaque capsule, with subsequent thrombosis, can 
lead to both acute occlusion of the vessel itself 

and embolism in its distal branches, which are 
direct causes of vascular events. Factors leading 
to a decrease in blood flow in the vessel can 
include either an increase in the size of the 
plaque itself, while maintaining its integrity, or a 
tear or complete rupture of the capsule with sub-
sequent thrombosis on its surface or in the result-
ing crater. In addition, with the fragmentation of 
blood clots or the plaque itself, emboli may be 
formed that spread with the flow of arterial 
blood, occluding the lumen of blood vessels dis-
tal to the plaque. Atheroma that are prone to rup-
ture are usually referred to as vulnerable. The 
concept of “vulnerable plaque” was first pro-
posed by J. Muller et al. in 1989 to designate ath-
erosclerotic plaques that do not affect 
hemodynamics but, at the same time, are danger-
ous from the point of view of thrombosis [16, 18, 
123]. Fatal myocardial infarctions or sudden car-
diac death have been presented as the first mani-
festation of coronary artery disease without 
preceding ischemic symptoms. Thus, vulnerable 
atherosclerotic plaque, also called ‘active-
forming’ or ‘rupture-prone’ plaque, needs to be 
discriminated from stable plaques.

Thus, the biology of the atherosclerotic lesion 
itself provides the basis for the development of 
atherosclerosis-targeted molecular imaging 
probes (Table  16.1). A number of noninvasive 
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Fig. 16.23  Pathogenesis mechanism and molecular imaging targets in vulnerable plaque. (From Lee and Paeng [128])
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and invasive diagnostic imaging techniques are 
being evaluated to accurately identify high-risk 
individuals, based on the presence of high-risk 
anatomical or structural features of atheroscle-
rotic plaques in the coronary arteries. However, 
imaging coronary lesions is a challenge since 
they are contained within the wall of the vessel, 
and typically these lesions occupy a fraction of 
the vessel circumference and often extend from 1 
to 2 cm. In addition, the residual activity of the 
radiotracer in blood, and the myocardial tissue 
uptake of the radiotracer make these lesions more 
difficult to detect. Molecular imaging technique 
based on specific β+ emitting radiotracers, how-
ever, may provide the potential to detect coronary 
atherosclerotic lesions (Fig. 16.23).

16.3.7.1	� Radiotracers for Vulnerable 
Plaque

In the 1970s it was first demonstrated that 
125I-labeled LDL localizes in the carotid athero-
sclerotic lesions in human subjects [124]. Since 
that time a number of radiolabeled LDL prepara-
tions, antibodies, and peptides have been exten-
sively evaluated in animal models as potential 

radiotracers for imaging atherosclerotic lesions 
[19]. Molecular imaging based on PET and 
SPECT radiotracers is a rapidly evolving disci-
pline that aims to develop imaging agents and 
technologies to visualize the specific molecular 
processes associated with vulnerable plaque. 
Several reviews discussed extensively the devel-
opment and evaluation of PET and SPECT radio-
tracers for molecules imaging of atherosclerosis 
and vulnerable plaque [125–131]. 

In the 1990s, investigators at the Mount Sinai 
Medical Center in New  York were the first to 
demonstrate that FDG-PET identifies 
macrophage-rich atherosclerotic lesions in 
hypercholesterolemic rabbits (Fig.  16.24). The 
histopathological data also suggested that the 
amount of FDG uptake in the lesion correlates 
with the macrophage density in the lesion [132, 
133]. FDG accumulation in ruptured plaques has 
been first confirmed in the carotids of patients 
who presented transient ischemic attack where 
symptomatic carotid artery lesions exhibited 
higher FDG uptake than asymptomatic lesions 
[134]. Ex vivo incubation of excised carotid 
plaques with tritiated deoxyglucose confirmed 
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Fig. 16.24  [18F]FDG-PET to image atherosclerosis in 
hypercholesterolemic rabbits (HCR). The bottom in vivo 
image shows FDG uptake in the ascending aorta (AA) of 
HCR while the top ex vivo image shows comparison of 

HCR and normal aortas. The FDG uptake in the athero-
sclerotic lesions appears to depend on the macrophage 
density
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a b c d

Fig. 16.25  Transaxial PET/CT images of atherosclerotic 
plaque in aortic arch: CT image (a), [18F]FDG PET image 
(b), 18F-fluoride PET image (c), and coregistered and 
fused [18F]FDG/18F-fluoride PET/CT image (d). 

Accumulation of 18F-fluoride is colocalized with large cal-
cification but, not with [18F]FDG uptake. Short arrow five 
calcifications; long arrow five tracer uptake. (From [140])

that metabolic activities in plaques have a het-
erogeneous distribution and concentrate pre-
dominantly within macrophage-rich areas on 
autoradiographs [135]. Using carotid specimens 
from patients who had an endarterectomy after 
intravenous administration of [18F]FDG, 
microPET-MRI analysis confirmed that FDG 
accumulates mostly in regions of the plaque with 
high density of macrophages and foam cells but, 
also in regions with loose matrix containing acti-
vated smooth muscle cells, fibroblasts, and 
neovessels [136]. Subsequently, localization of 
FDG in human atheroma has been documented 
for the carotid arteries, aorta, and other major 
vessels [137, 138].

During the last two decades, FDG-PET imag-
ing has emerged as a powerful tool to explore 
noninvasively inflammatory activities in athero-
sclerotic plaques providing new insights on the 
evolution of metabolic activities in the vascular 
wall over time. Vascular inflammation evaluated 
with FDG-PET appears to be an interesting 
marker of cardiovascular risk. Unlike circulating 
biomarkers, FDG-PET imaging provides a direct 
assessment of the intensity of inflammation in the 
vascular wall [127].

The most promising radiopharmaceutical that 
emerged in the past 10 years for plaque imaging 
is [18F]sodium fluoride [18F]NaF, a PET radio-
pharmaceutical for imaging metastatic bone 
lesions. [18F]NaF PET/CT (Fig.  16.25)  showed 
the potential for the imaging of arterial calcifica-
tion in major arteries [139, 140]. Fluoride-PET 

has the potential to detect microcalcifications 
located in culprit lesions or high-risk plaques. In 
a prospective study of 40 patients with myocar-
dial infarction and 40 with stable angina, [18F]
NaF successfully identified vulnerable coronary 
lesions in 93% of the lesions implicated in caus-
ing the infarction [141]. Increased uptake was 
also observed in 45% of the patients with stable 
coronary artery disease being referred for inva-
sive coronary angiography. In these patients and 
in 40 patients with stable angina, regions of 18F 
uptake correlated with intravascular ultrasound 
findings of microcalcification, a necrotic core, 
and positive remodeling. A major research study 
CAMONA (Cardiovascular Molecular 
Calcification Assessed by NaF PET/CT) was 
conducted to compare the performance of FDG- 
and NaF-PET for assessing atherosclerosis. 
Based on the data from this study, a recent review 
concludes that NaF as a PET tracer will play a 
critical role in detecting atherosclerosis in both 
normal aging as well as in patients with low or 
high risk for this potentially fatal disease [142]. 
Since [18F]Fluoride uptake is due to the presence 
of micro or macro calcifications, prospective 
clinical trials are needed to assess the prognostic 
value of [18F]Fluoride-PET as a novel biomarker 
for plaque vulnerability.

Several other potential atherosclerotic plaque 
imaging agents, many of which are still in pre-
liminary preclinical and clinical studies, have 
been described. Some of these approaches 
include somatostatin receptor (SSTR) binding 
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ligands (68Ga-Dotatoc, 64Cu-Dotatate), the integ-
rin αvβ3 binding RGD tripeptides analogs 
(18F-Galacto-RGD, 18F-Flotegatide, 
18F-Fluciclatide), and translocator protein 
(TSPO) specific inflammation markers ([11C]
PK11195; [18F]PBR-714), chemokine receptor 
(CXCR4) specific ligands (68Ga-Pentixafor). In 
addition, several potential molecular imaging tar-
gets and approaches which remain relatively 
unexplored in atherosclerosis. As imaging instru-
ments (PET/CT and PET/MRI) become more 
advanced and artificial intelligence becomes 
more clinically useful, investigations will con-
tinue into the selection of appropriate molecular 
imaging probes for atherosclerosis and vulnera-
ble plaque.
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