Molecular Imaging in Cardiology

Almost all aspects of life are engineered at the molecular level, and without understanding molecules
we can only have a very sketchy understanding of life itself.

17.1 The Clinical Problem

Coronary artery disease (CAD), stroke, and congestive
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 sub-
strate metabolism using FDA approved SPECT and
PET radiopharmaceuticals (Table 17.1). A number of
review articles have extensively discussed various clin-
ical issues and the relative significance of noninvasive
imaging techniques in nuclear cardiology (Schwaiger
and Bengel 2003; Machac 2005; Berman et al. 2007).
In the last 30 years, the application of qualitative per-
fusion imaging based on SPECT has been extended to
allow for the combined evaluation of perfusion, perfu-
sion reserve, and ventricular function. With PET, how-
ever, quantitative assessment of perfusion has become
possible. In combination with pharmacological stress
agents, the coronary flow reserve (CFR) can be quantita-
tively assessed as an early marker of endothelial dys-
function. Unfortunately, perfusion imaging often
identifies the disease process after it is well established
and has caused significant damage. Since many patients
with CAD do not have angina, the majority of patients
undergoing perfusion imaging may have advanced dis-
ease at the initial diagnosis. It is important to define the
CAD process early, when therapeutic interventions to
prevent clinical manifestations may be more appropriate.
PET in combination with metabolic tracers has become
an important clinical marker for the ischemically jeopar-
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dized myocardium. FDG-PET is widely considered as
the gold standard for tissue viability in the management
of patients with advanced CAD and impaired left ven-
tricular function (LVF). Radiolabeled catecholamine
analogues, such as MIBG and HED, provide visualiza-
tion of sympathetic nerve terminals that are functionally
altered in patients with diabetes mellitus and cardiomyo-
pathy. These procedures, however, have not been
approved by the FDA for routine clinical diagnostic use.

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, including genomics and proteom-
ics, molecular imaging using biologically targeted
radiopharmaceuticals (Table 17.2) will play a key role
in this interdisciplinary approach to understanding the
origins, pathogenesis, and progress of cardiac diseases,
and in evaluating therapeutic interventions. These
include novel imaging strategies for CAD, vulnerable

Table 17.1 FDA approved PET and SPECT radiopharmace-
uticals in cardiology

SPECT

201T1-chloride
9mTc-Sestamibi
(Cardiolite™)
#mTc-Teboroxime
(Cardiotec™)
9mTc-Tetrofosmin
(Myoview™)
#mTc-RBC or HSA
PmTc-PYP

PET

[1 3N] NH4+
82Rb chloride

Indication

Myocardial blood flow

Blood pool
Infarction
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Table 17.2 Molecular imaging in nuclear cardiology

Indication Biological process SPECT RP PET RP
Blood flow Myocardial perfusion [O]Water
[NINH;
82Rb chloride
SE-BMS-747158-02
©2Cu-PTSM or ETS
Metabolism Oxygen [*0]O,
[""C]Acetate
Glucose ["*FIFDG
Free fatty acids 12-BMIPP ['"*FIFTHA
Neurotransmission Presynaptic —adrenergic IZI-MIBG [""CJHED
['*F]Metaraminol
Adrenoreceptors [M"CICGP-12177
Angiogenesis o, B, integrin ""In-VEGF | 8F or “Cu-RGD
Atherosclerosis Macrophages ["*F]-FDG
Apoptosis PS expression #mTc-HYNIC-Annexin V 8F-Annexin V

%Cu-DOTA-Annexin V

plaque, atherothrombosis, angiogenesis, heart failure,
apoptosis, stem cell transplantation, and gene therapy
(Schwaiger and Bengel 2003; Strauss et al. 2004; Jaffer
and Weissleder 2004; Dobrucki and Sinusas 2005; Wu
et al. 2007; Sanz and Fayad 2008). The major goals of
molecular imaging techniques in nuclear cardiology
are (a) earlier detection of the disease, (b) objective
monitoring of therapies, and (c) better prognostication
of the disease progression.

17.2 Pathophysiology

The coronary arteries originate from the left and right
coronary sinuses of the aorta (Fig. 17.1). 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 posterior descending artery
(PDA) and a posterior left ventricular branch. The
cardiac muscle has two essential properties: electrical
excitability and contractility. The ability of myocar-
dial muscle cells to contract and generate the force
necessary to maintain blood circulation is achieved
through the unique contractile function of two pro-
teins of the sarcomere (actin and myosin) of the syn-
cytially arranged myocardial fibers. Also, the heart
muscle has a rich supply of the high-energy phos-
phates needed for the contraction.

1. Aorta

5. Left Main CA

2. RCA

3. LAD CA

4. Circumflex CA

Fig. 17.1 Heart with coronary arteries

17.2.1 Coronary Artery Disease

The majority of patients with acute coronary syn-
dromes (ACS) present with unstable angina, acute
myocardial infarction, and sudden coronary death. The
disease may be asymptomatic until advanced in sever-
ity or complications. CAD is an immune inflammatory
process, which, over decades, results in arterial nar-
rowing (Ross 1999; Libby 2002). Atherosclerosis is a
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Fig. 17.2 Atherosclerosis and thrombosis in coronary arteries
(CA): (a) Cross-sectioned CA containing a ruptured plaque with
a nonocclusive platelet-rich thrombus superimposed; (b) Cross
section of a CA containing a stenotic atherosclerotic plaque with
an occlusive thrombosis superimposed (plaque erosion); (c)
Atherothrombosis: a variable mix of chronic atherosclerosis and
acute thrombosis. Cross-sectioned arterial bifurcation illustrat-
ing a collagen-rich (blue-stained) plaque in the circumflex
branch (left) and a lipid-rich and ruptured plaque with a nonoc-
clusive thrombosis superimposed in the obtuse branch (right). C
= contrast in the lumen; Ca = calcification; T = thrombosis.
(Fuster et al. 2005)

systemic disease with focal manifestations, and it is by
far the most frequent underlying cause of CAD. It is
also is a complex disease in which cholesterol deposi-
tion, inflammation, and thrombus formation play a
major role. Atherosclerotic lesions (Fig. 17.2), accord-
ing to the American Heart Association classification
with recent modifications are divided into two groups:
nonatherosclerotic intimal lesions and progressive ath-
erosclerotic lesions (Spagnoli et al. 2007). 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 develop-
ment and progression of atherosclerosis. Dysfunction
of the endothelium, which maintains vascular homeo-
stasis by regulating vascular tone, smooth muscle cell
proliferation, and thrombogenicity, is thought to be the
earliest step in the development of CAD. The endothe-
lial dysfunction results in the imbalance of vascular

regulatory mechanisms to cause damage to the arterial
wall. Inflammation, macrophage infiltration, lipid
deposition, calcification, extracellular matrix diges-
tion, oxidative stress, cell apoptosis, and thrombosis
are among other molecular mechanisms that contrib-
ute to plaque development and progression (Libby
2002; Falk 2006; Virmani et al. 2006). Atherosclerosis,
alone, is rarely fatal; it is thrombosis, superimposed on
a ruptured or eroded atherosclerotic plaque, that pre-
cipitates the life-threatening clinical events, such as
acute coronary syndromes (ACS) and stroke (Falk
2006). Therefore, the term atherothrombotic disease
is more appropriate since the atherosclerotic and
the thrombotic processes are interdependent (Fuster
et al. 2005).

17.2.1.1 Vulnerable Plaque

Since the 1970s, scientists have sought to find the
mechanisms responsible for converting chronic coro-
nary 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 vulner-
able plaque was introduced to describe the rupture
prone plaques as being the underlying cause of most
clinical coronary events (Muller et al. 1994). Based on
histopathological observations, a nonthrombosed
lesion, that most resembles the acute plaque rupture,
has been identified as the thin cap fibroatheroma
(TCFA), which is characterized by a necrotic core with
an overlying fibrous cap measuring <65 um, contain-
ing rare smooth muscle cells and numerous mac-
rophages (Fig. 17.3) (Falk 2006; Virmani et al. 2006).
An inflamed TCFA is suspected to be a high risk/vul-
nerable plaque (Muller et al. 2006).

Stable plaques are characterized by intimal thick-
ening associated with lipid deposition, a chronic
inflammatory infiltrate, but without evidence of necro-
sis, whereas vulnerable and ruptured plaques are char-
acterized by an “active” inflammation involved in the
thinning of the fibrous cap, predisposing the plaque to
rupture (Spagnoli et al. 2007). Since rupture-prone
plaques are not the only vulnerable plaques, it was
proposed that all types of atherosclerotic plaques,
with high likelihood of thrombotic complications and
rapid progression, should be considered as vulnerable
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Fig. 17.3 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 neovascular-
ization (VV) (Falk 2006)

plaques. In addition, since the vulnerable blood
(prone to thrombosis) and vulnerable myocardium
(prone to fatal arrhythmia) play an important role in
the clinical outcome, the term “vulnerable patient”
has been regarded as being more appropriate (Naghavi
et al. 2003).

17.2.1.2 Myocardial Infarction

Myocardial infarction (MI) occurs in the setting of an
acute coronary vessel occlusion, with a variable
amount of spasm, and increased myocardial demand
as contributing factors. Most of the ACS are thought
to be the result of sudden luminal thrombosis which
occur from three different pathologies: plaque rup-
ture, erosion, and calcified nodules (Virmani et al.
2006). Histopathological studies reveal a large periph-
eral 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 meta-
bolic 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 disruption, and leakage. Different myocar-
dial tissue states or zones, such as hibernating and
stunned myocardium, may be present depending on
the extent of damage, viability and function (Travin
and Bergmann 2005). The hibernating myocardium is
the term applied to a dysfunctional myocardium with
reduced perfusion (ischemia) at rest, but preserved
cell viability.

17.2.2 Congestive Heart Failure

CHF stems from inadequate cardiac output, due to sys-
tolic or diastolic left ventricular function. The primary
causes are ischemic heart disease and hypertension. Both,
idiopathic cardiomyopathy (ICM) and ischemic cardio-
myopathy (ISM) are widespread and are major underly-
ing 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 ventricles to beat in an asyn-
chronous 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 (Barron and Lesh 1996). The
impaired cardiac presynaptic function has pathophysio-
logical implications in the occurrence of lethal cardiac
events in patients with heart failure.

The autonomic innervation of the heart is the pri-
mary extrinsic control mechanism regulating cardiac
performance. The heart is innervated by the parasym-
pathetic and sympathetic nerve fibers. The left ventricle
of the heart is primarily supplied by sympathetic nerves
that modify cardiovascular performance in adapting to
the changing hemodynamic requirements. The para-
sympathetic nervous system primarily innervates the
atria and the conduction system. The major neurotrans-
mitters of the sympathetic and parasympathetic sys-
tems are norepinephrine and acetylcholine, which
define the stimulatory and inhibitory physiological
effects of each system. There is a highly regulated bal-
ance in the sympathetic and parasympathetic input to
optimize cardiac performance.
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17.3 Radiopharmaceuticals in Nuclear
Cardiology

The conventional imaging procedures in nuclear cardi-
ology have focused on obtaining physiologic or meta-
bolic information in the diagnostic and prognostic
evaluation of cardiovascular diseases (Table 17.1).
In the near future, several molecular imaging approaches
will become important adjuncts to the clinical manage-
ment of patients with CAD and heart failure. These
techniques may offer the potential to directly track
biochemical processes and signaling events that pre-
cede the pathophysiological changes. The basic princi-
ples involved in the development of targeted biological
markers of molecular and physiological processes are
briefly discussed.

17.3.1 Myocardial Blood Flow

MBF is regulated by anatomical, hydraulic, mechanical
and metabolic factors. Autoregulation of MBF is
driven by changes in regional myocardial metabolism
and oxygen consumption. Under resting conditions,
MBEF is one fifth the maximum flow capacity, which
occurs during reactive hyperemia and, or with maxi-
mum pharmacological vasodilation (Sinusas and Zaret
1995). Near-maximal MBF can be produced by intense
metabolic stress associated with exercise. The differ-
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Fig. 17.4 Correlation between the measured MBF based on
imaging studies and the expected MBF

ence between the peak and basal MBF represents the
coronary flow reserve (CFR), which is reduced in the
presence of severe CAD.

The resting MBF is not reduced until the stenosis
exceeds 90% of the normal vessel diameter. The coro-
nary flow reserve, however, is reduced with only a
50% diameter stenosis (Gould et al. 1974). Therefore,
myocardial perfusion imaging (MPI) is performed in
conjunction with exercise or pharmacological vasodi-
latation (using adenosine, dipyridamole, or dobu-
tamine) in order to identify subcritical coronary
stenosis. MPI maps the relative distribution of coro-
nary flow, which is normally almost uniform in the
absence of prior infarction or fibrosis.

17.3.1.1 PET Radiotracers for Perfusion

Several radiopharmaceuticals are available for evalu-
ating the relative distribution of MBF based on SPECT
or for measuring regional MBF in absolute quantita-
tive units (mL/min/g) based on PET.

The ideal flow tracer accumulates in, or clears from,
the myocardium linear in proportion to MBF. The rela-
tionship between uptake and clearance of the radiotracer
and MBF should be constant and independent of MBF,
physiological and pathological changes of the myocar-
dial tissue state, and the myocardial metabolism. Most
radiotracers used for imaging the myocardial perfu-
sion/blood flow, however, do not fully meet these
requirements (Schelbert 2004).

As described previously (Chap. 16), the first pass
unidirectional extraction fraction E is the fraction of the
tracer that changes across the capillary membrane dur-
ing a single transit of tracer bolus through the coronary
circulation. For most diffusible radiotracers, such as
[O]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
radiotracers administered as bolus is generally higher
than the steady state extraction fraction, also called the
extraction ratio (Schelbert 2004). Also, the first pass
retention fraction R of the radiotracer may decrease at
higher flow rates due to back diffusion of the radiotracer
into the vascular space and blood. The plot of the myo-
cardial net uptake (E x F) for several radiotracers, as a
function of MBF (Fig. 17.4), suggests that the net
uptake would increase linearly with higher blood flows,
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but correlates nonlinearly with blood flow, except for
[PO]water.

[*O]water meets the criteria for an ideal radiotracer
for MBF measurement most closely. Based on a single
tissue compartment model, MBF (mL min~' g=!) esti-
mates in normal human subjects are 0.90 + 0.22 at rest
and 3.55+1.15 with stress, based on intravenous
dipyridamole (Schelbert 2004).

[*N]JAmmonia (NH,) in circulation exists predomi-
nantly as an ammonium ion NH; at normal pH.
It may be actively transported into the myocardial cells
via the Na*/K* pump or by the passive diffusion of
neutral lipid soluble ammonia. Inside the cell, ammo-
nia is quickly converted to ammonium ion which is
rapidly converted and trapped as glutamine by the
enzyme glutamine synthase (Schelbert 2004). Because
of the large intracellular levels of glutamine, the wash-
out of N-13 activity from the cell is minimal. Since the
rate of their back-diffusion depends on MBFE, the
retained fraction R declines with higher flow.

Intrasubject comparison studies have demonstrated
aclose linear correlation between MBF estimates deter-
mined by ["*O]water and ["*N]ammonia techniques,
over a range of flows from 0.5-5.0mL min™' g
(Nitzsche et al. 1996). Also, global and regional MBF
estimates with ['*NJammonia have shown a close cor-
relation to MBF estimates which were determined
based on the inert argon gas washout technique
(Kotzerke et al. 2001). In patients with CAD and previ-
ous myocardial infarctions, MBF estimates with ['*N]
ammonia and [*O]water may markedly differ in regions
of previously infracted myocardium (Schelbert 2004).
MBF imaging with [*N]ammonia-PET, demonstrating
anterior and lateral defects, is shown in Fig. 17.5.

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. %Rb*
appears to leak from the irreversibly injured myocar-
dium, but is retied or continues to accumulate in only
reversibly injured myocardium (Schelbert 2004). In
normal subjects, at base line, and with dipyridamole
stress, there is a close correlation between MBF esti-
mates with #Rb* and ["O]water (Lin et al. 2001). An
example of ¥Rb-PET images showing relatively nor-
mal perfusion (Machac 2005) is provided in Fig. 17.6.

©2Cu-PTSM is a lipophilic Cu(Il) complex that can
diffuse across the cell membrane. Following reduction
by the sulfhydryl groups, copper binds to intracellular
proteins and is trapped in the myocardium. While

['*N]NH;: Myocardial PET

Stress

.,
<>

Fig. 17.5 Myocardial blood flow imaging with ['*N]ammonia-
PET demonstrating anterior and lateral defects during pharma-
cological stress and significant improvement at rest, consistent
with ischemia. SA, short axis; HLA, horizontal long axis; VLA,
vertical long axis (Machac 2005)
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Fig. 17.6 Comparison of Myocardial SPECT and PET: *"Tc
sestamibi dipyridamole stress and rest images show a mild-to-
moderate anterior wall defect at stress with a suggestion of
partial improvement at rest, while the 2Rb-PET images shows
normal perfusion (Machac 2005)

Cu-PTSM has demonstrated significant potential for
imaging myocardial blood flow, very high binding to
albumin in circulation impairs its ability for quantitative
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Fig.17.7 SPECT and PET radiopharmaceuticals for imaging myocardial perfusion

determination of myocardial perfusion (Basken et al.
2008). A second generation of the Cu-BTS complex
known as “Cu-ETS (Fig. 17.7), with minimal plasma
protein binding, is under clinical evaluation.

Recently, the first '®F-labeled radiopharmaceutical
for the assessment of myocardial perfusion was pro-
posed. More specifically, ['*F]fluorobenzyl triphenyl
phosphonium (®F-BMS-747158-02) (Fig. 17.7), a
member of the class of potentiometric lipophilic phos-
phonium cations originally developed for the measure-
ment of the mitochondrial membrane potential, was
introduced for myocardial perfusion imaging (Madar
et al. 2006). The accumulation of this tracer depends
primarily on the mitochondrial membrane potential.
Furthermore, the myocardium-to-liver uptake ratio is
approximately one, hampering image contrast for
myocardial structures (Huisman et al. 2008). Based on
preclinical studies, it has been observed that a high and
flow-independent first-pass extraction fraction prom-
ises linearity between tracer uptake and myocardial
blood flow.

17.3.1.2 SPECT Radiotracers for Perfusion

201T] as thallous chloride behaves like a K* analogue
and is highly extracted by the myocardial cell. It was
first introduced in the 1970s as a radiopharmaceutical

for myocardial perfusion imaging (Strauss et al. 1975).
2T], with a physical half life of 73.1h, decays by elec-
tron capture to *'Hg, which emits useful x-ray photons
(69-80KeV; 94.4% abundance) for gamma camera
imaging studies. It is produced in a cyclotron and is
indirectly based on the following nuclear reaction.

EC,94h

BT (p,3n) *uPb O SR S2He (17.1)
Following intravenous administration, it is rapidly
cleared from the circulation and normal myocardial tis-
sue extracts about 85% of the amount present in the
coronary arteries. At pH 4-7, 2°'T1 predominantly exists
as a monocation, and like K* ion, it relies on cell-mem-
brane 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 localiza-
tion, there is rapid redistribution of 2'T1 activity in the
myocardium. Early stress-induced defects, which later
normalize in redistribution images, imply myocardial
ischemia, while persistent defects indicate scarring.
Three important *™Tc labeled radiopharmaceuticals
(Fig. 17.7) were introduced for myocardial perfusion
imaging studies (Jain 1999); sestamibi (cardiolite®),
tetrofosmin (myoview™), and teboroxime (cardioTec).
Six molecules of MIBI (2-methoxy isobutyl isonitrile)
bind to the central *Tc atom forming a coordination
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complex with a single positive charge. As a cationic
complex, it is transported into the myocardium by pas-
sive diffusion (extraction efficiency < 60%), and the
myocardial retention is due to mitochondrial binding.
Tetroformin  (*™Tc-1,2-bis[bis(2-ethoxyethyl)phos-
phino] ethane) is also a monocation complex and is
transported into the myocardial tissue similar to sesta-
mibi. Teboroxime is a boronic-acid (BATO) derivative
and a neutral liophilic compound that passively diffuses
into the myocardial cells (extraction efficiency = 90%),
but then rapidly washes out. As a result, imaging must
be completed with in 10min following intravenous
administration. This compound, however, is not avail-
able commercially at this time.

17.3.2 Myocardial Metabolism

Understanding the myocardial metabolism of sub-
strates is very important for understanding the

['1C]Acetate
GluT
['*F]FDG
Glucos FBF]FDG
Glucose

Hexokinase

l\FDG-s-phosphate |
Glu-6-phosphat:e

Acetate ACV"COA

pathophysiology of various cardiac diseases and for
designing therapeutic interventions. The heart requires
a constant supply of energy to sustain contractile func-
tion. The energy is supplied by hydrolysis of ATP,
which is primarily derived from the aerobic metabo-
lism. The myocardium chooses between various sub-
strates, such as free fatty acids (FFA), glucose, lactate
and ketone bodies (Fig. 17.8) (Bing 1954). The tricar-
boxylic 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 for oxidation of carbo-
hydrates, glucose or lactate, and fatty acids is summa-
rized in Table 17.4. The selection of an appropriate
substrate, however, depends on several conditions,
such as plasma concentration of the substrate, hor-
monal control (insulin, glucagon, 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,

[''C]palmitate
_ [®FIFTHA

_FFA

FFA

i

p

Acyl-CoA

Mitochondria \

Fig. 17.8 PET and SPECT radiotracers to image myocardial substrate utilization and metabolism
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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 (Opie and Owen 1975;
Heineman and Balaban 1993). With strenuous exercise,
the release of lactate into the circulation from skeletal
muscle increases and lactate will then become the major
fuel for myocardial metabolism.

In various pathological conditions, the myocardial
metabolism can be changed significantly. In ischemic
myocardium, the oxidative metabolism is reduced and
as aresult, there is a shift from an aerobic to an anaero-
bic metabolism. With the lack of a sufficient oxygen
supply, glucose is now metabolized to lactate (glycoly-
sis). With ischemia, glucose is the preferred substrate
regardless of the availability of other fuels (Opie and
Owen 1975; Liedtke 1981). For ischemic heart dis-
ease, 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 conditions, such as
heart failure, cardiomyopathy and diabetes, which
involve the myocardium more globally, and involve
the myocardium as a whole. However, due to difficul-
ties in evaluating metabolism in human subjects, the
alterations in the myocardial metabolism under such
conditions are poorly understood Kudo 2007). The
substrate utilization may vary depending on the extent
of CAD and prior drug therapy to improve LV func-
tion. For example, long-term treatment with a
B-adrenergic receptor antagonist was reported to be
associated with a switch in myocardial metabolism
away from FFA oxidation towards glucose metabolism
(Wallhaus et al. 2001). Studies in animal models of
diabetes mellitus have demonstrated an upregulation
of myocardial fatty acid utilization and a reduction of
the insulin-mediated glucose transport. However, little
is known about the effect of diabetes mellitus on the
human heart.

In the near future, the major focus of cardiovascular
medicine will move from intervention for acute/
chronic coronary disease to primary/secondary pre-
vention. The non-invasive assessment of the metabo-
lism in the ischemic and nonischemic myocardium,
based on molecular imaging studies, may play a very
important role in understanding the disease develop-

ment, pathophysiology, and treatment (Kudo 2007;
Taki and Matsunari 2007).

17.3.2.1 Glucose Metabolism

Glucose is transported into the myocardial cell by
facilitated diffusion of insulin independent, GLUT 1
and insulin dependent, GLUT 4 glucose transporters
(Lopaschul and Stanley 1997). Intracellularly, glucose
is rapidly 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 mito-
chondria for oxidative metabolism (Fig. 17.8). Under
anaerobic conditions, pyruvate is further metabolized
to lactic acid.

['*F]FDG that enters the myocardium is phosphory-
lated to FDG-6-phosphate, but then does not enter fur-
ther metabolic pathways; instead it accumulates in the
myocardium. Thus, the myocardial uptake of FDG
reflects the uptake and metabolism of glucose (Sokoloff
et al. 1977; Phelps et al. 1979). FDG-PET images
reflect the relative distribution of FDG uptake in dif-
ferent regions of the myocardium. Also, the metabolic
rate (MRglc) of glucose in absolute units can be mea-
sured with PET based on dynamic imaging studies,
mathematical modeling, 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 glu-
cose uptake. Usually, the value of LC is fixed, and is
approximately 0.6-0.7 for the FDG-PET measurement
of MRgle (Krivokapich et al. 1987). The LC, however
can vary over a wide range, depending on blood insulin
levels and cardiac disease (Botker et al. 1997).

Detection of viability in ischaemic heart disease is
one of the most important aspects of the diagnostic and
prognostic workup in patients with CAD. In some
cases of hibernating myocardium, the resting flow
based on PET or SPECT tracers cannot differentiate
hibernating myocardium from irreversible myocardial
scar formation. Relatively higher FDG uptake in an
area of decreased myocardial blood flow in the dys-
functional myocardium, known as “flow metabolism
mismatch,” indicates viable myocardium (Tillisch et
al. 1986). As a result, FDG-PET is considered as one
of the gold standards for the determination of myocar-
dial viability (Fig. 17.9).
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[**N]NH,-PET

Fig. 17.9 FDG-PET to image myocardial viability. Classic mis-
match showing FDG uptake in areas of decreased myocardial per-
fusion identified by [*N]NH,

17.3.2.2 Fatty Acid Metabolism

Since the FFAs are hydrophobic, they are delivered to
the heart by binding to plasma proteins, albumin or
lipoproteins. After dissociating from proteins, FFAs
easily pass through the myocardial membrane by diffu-
sion or a facilitated transport mechanism. Based on
clinical and animal experiments, it has been shown that
CD36 plays a crucial role in the fatty acid transport into
the cells (Brinkmann et al. 2002; Taki and Matsunari
2007). Intracellularly, FFAs are activated as acylcoen-
zyme A, (Acyl CoA) and then carried into the mito-
chondria through an acyl carnitine carrier system and
catabolised by B-oxidation into two-carbon fragments,
acetyl-CoAs, which enter the TCA cycle for further
oxidative metabolism (Fig. 17.8). A part of FFAs is not
oxidized but is formed into triglycerides and myocar-
dial structural lipids and stays in the myocardium for a
long time. The straight-chain FFAs are generally
metabolized through B-oxidation and released from the
myocardium, while the development of modified FFAs
is based on the concept of myocardial retention from
metabolic trapping (Tamaki et al. 2000).

Radiolabeled Fatty Acids for PET

A physiological radiotracer 1-["'C]palmitate (Fig.
17.10) was the first FFA introduced to image fatty acid
metabolism of the heart (Schon et al. 1982).

Subsequently, 14(RS)-["*F]fluoro-6-thia-heptadecanoic
acid (FTHA) was developed as a metabolically trapped
radiotracer (Stone et al. 1998).

[""C]Palmitate is biologically identical to non-
radioactive circulating palmitate. The first pass extrac-
tion fraction (0.67) is relatively high and the initial
uptake and regional distribution in the myocardium are
largely determined by MBF (Schelbert 2004). It clears
from the myocardium in a biexponential fashion. Once
the tracer is taken up into the myocardium, 3-oxidation
breaks it down to generate acetyl-CoA. This [''C]
acetyl-CoA 1is oxidised via the citric acid cycle and
finally released from the myocardium in the form of
[! 1C]COZ. The rapid clearance fraction corresponds to
B-oxidation, whereas the slow-washout fraction
reflects the turnover rate of the intracellular lipid pool
and is an index of FFA metabolism (Tamaki et al.
2000). In severely ischemic myocardium, the regional
uptake of [!'C]palmitate is reduced. The PET images
provide qualitative and semiquantitative evaluation of
fatty acid metabolism. The quantitative value of myo-
cardial fatty acid use and oxidation is difficult to esti-
mate in absolute units (milliequivalents of free fatty
acid per minute per gram of myocardium). Since the
C-1 label of 1-[''C]palmitate is removed in the initial
step of B-oxidation, w-[''C]palmitate was proposed as
a potential tracer to prolong the myocardial retention
of trapped metabolites (Buckman et al. 1994).

With FTHA, the rate of metabolic trapping is thought
to be proportional to the rate of B-oxidation. In patients
with CAD, estimates of myocardial FFA utilization
(MFAU) in a normal myocardium was found to be
approximately 5.8 = 1.7umol 100g™" min™', while in
patients with CHF, the MFAU was found to be elevated
(19.3 £2.3umol 100 g™ min™') (Schelbert 2004; Taylor
et al. 2001). Further, because FTHA does not trace the
FFA uptake under hypoxic conditions accurately, sev-
eral "®F analogs have been developed. It is still not clear
which tracer is the most reliable or the most clinically
useful PET tracer to image fatty acid metabolism in
different cardiac diseases (Kudo 2007).

Radiolabeled Fatty Acids for SPECT

Since the 1970s several iodinated fatty acid tracers for
SPECT have been developed (Fig. 17.10) by introduc-
ing radioiodine to the terminal position of fatty acids
without significant alteration of the extraction efficiency,
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Fig.17.10 PET and SPECT radiotracers of free fatty acid analogs to assess myocardial metabolism

compared with the natural FFAs (Poe et al. 1977; Tamaki
et al. 2000; Taki and Matsunari 2007). The two groups
of iodinated fatty acid compounds include straight-chain
FFAs and modified branched FFAs. In a clinical study,
13]-17-iodoheptadecanoic acid (IHA), an analog of
stearic acid demonstrated a high-quality image early
after injection, but the image quality deteriorated rap-
idly because of the rapid reduction of myocardial counts
and increase in background counts due to deiodinated
radioiodine (Freundlieb et al. 1980). To prevent in vivo
deiodination, the phenyl fatty acids were developed by
attaching iodide to the para or ortho position of the phe-
nyl ring (IPPA). For routine clinical use, however, the
rate of metabolism and clearance of IPPA is still rela-
tively too fast for SPECT imaging studies.

In order to develop a tracer with more prolonged
cardiac retention and with improved image quality, a
methyl branching was introduced at the -carbon posi-
tion to slow the myocardial clearance by inhibiting
B-oxidation. Two iodinated branched fatty acid ana-
logs, 15-(p-iodophenyl)-3-R,S-methylpentadecanoic

acid (BMIPP) and 15-p-iodophenyl)-3,3-methylpenta-
decanoic acid (DMIPP) were, therefore, developed
(Knapp et al. 1986a, b; Tamaki et al. 2000; Taki and
Matsunari 2007). FTHA has shown to be metabolically
retained in the myocardium and has very good imag-
ing 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 B-oxidation through the introduc-
tion of methyl branching, at the B-carbon position.
Under the condition of ischemia, 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 glu-
cose (Fig. 17.11). When compared with myocardial
perfusion imaging, BMIPP imaging enables “ischemic
memory imaging,” with detection of previous myo-
cardial ischemia (metabolically stunned myocar-
dium) and viable but chronically dysfunctional
myocardium (hibernating myocardium), (Taki and
Matsunari 2007). Also, in cardiomyopathy, BMIPP
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Fig. 17.11 Myocardial metabolic imaging using '*I-BMIPP in
patients with unstable angina: Although °'TI scans did not show
definite perfusion abnormalities, decreased BMIPP uptake was
noted in the lateral region, indicating decreased regional myo-
cardial metabolism (Tamaki et al. 2000)

-3 ho

Fig. 17.12 Myocardial metabolic imaging using '*’I-BMIPP in
patients with hypertrophic cardiomyopathy (HCM). There is
increased *°'T1 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 (Taki and Matsunari 2007)

imaging may be useful for the early detection of HCM,
the differentiation of ischaemic cardiomyopathy from
idiopathic DCM, and also for the prediction of progno-
sis (Fig. 17.12). 'I-BMIPP has been the most com-
monly used commercially available SPECT tracer to
assess fatty acid metabolism in patients, especially in
some of the European countries and in Japan.

17.3.2.3 Oxidative Metabolism

The assessment of myocardial oxidative metabolism
involves the estimation of myocardial ventricular oxy-
gen consumption (MVO,) in absolute units, mL min™!

g”'. Under steady-state conditions, MVO, 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 ['°O]
water, myocardial blood volume using [*O]CO, and
oxygen inhalation studies using ['*O]O,, myocardial
oxygen extraction can be determined. The MVO, is
then estimated using the plasma oxygen content as the
arterial input function. In normal subjects, an average
MVO, is 0.097 £ 0.022mL min~' g*' (Yamamoto et al.
1996). While this method provides an absolute quanti-
tative estimation of regional MVO, in various cardiac
diseases, the PET imaging studies involving O (T, =
2min) are not practical got routine clinical use.

[""ClAcetate

Acetate is avidly extracted from the coronary circula-
tion and rapidly distributed in the myocardium. In cyto-
sol, it is activated to acetyl-CoA and, subsequently,
enters the TCA cycle in the mitochondria for oxidation
and metabolism to [''C]O, and water (Fig. 17.8). It is
important to realize that the myocardial kinetics of [''C]
acetate is independent of the metabolic milieu, such as
the blood glucose level or FFA concentration in the
blood (Tamaki et al. 1992). Following intravenous bolus
administration, the myocardial wash out of activity
demonstrates a biexponential clearance. The myocardial
oxidative metabolism, however, can be estimated based
on the rapid washout rate determined, using monoexpo-
nential curve fitting of the time—activity data (Armbrecht
et al. 1989). Because of its high myocardial first-pass
extraction fraction, the early phase (1-3min) is flow
dependent and provides an estimation of regional myo-
cardial perfusion (Gropler et al. 1991; Sciacca et al.
2001). With ["'C]acetate, simultaneous determination of
myocardial blood flow and oxygen consumption can be
performed with a single data acquisition (Kudo 2007).

17.3.3 Myocardial Neuronal Imaging

The mammalian heart is characterized by dense adren-
ergic innervation with a norepinephrine (NE) concen-
tration 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
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throughout the atrial and ventricular walls, with a gra-
dient from the former to the latter, with acetylcholine
(ACh) being the main neurotransmitter. Both, the sym-
pathetic and parasympathetic tone control the rate of
the physiologic stimulation and conduction, while the
contractile performance is primarily modulated by
sympathetic neurotransmission. The major neurotrans-
mitters of the sympathetic and parasympathetic sys-
tems, NE and ACh, define the stimulatory and
inhibitory physiologic effects of each system.

The NE is produced from tyrosine within a neuron
(Fig. 17.13). Tyrosine is converted to DOPA, which is
converted to dopamine by DOPA decarboxylase.
Dopamine is then transported by a vesicular monoam-
ine transporter (VMAT?2) into the vesicles, where it is
converted to NE by dopamine -hydroxylase. Adrenergic
nerve stimulation leads to the release of NE into the syn-
apse. The sympathetic neurotransmission in the heart is
mediated by adrenoreceptors of type B, and B,, which

are located on the myocardial cells. Only a small amount
of NE, released into the synapse, binds to the adrenore-
ceptors while most of the NE in the synapse undergoes
reuptake (uptake-1 mechanism) back into the presynap-
tic nerve terminal by a saturable and Na*, temperature,
and energy dependent mechanism (uptake-1) via a neu-
ronal norepinephrine transporter (NET) or by nonsatu-
rable, and not Na*, temperature or energy dependent
mechanism (uptake-2). The free cytosolic NE is
degraded by MAO to dihydroxyphenylglycol (DHPG).

Choline, the precursor for the synthesis of ACh is
transported into the parasympathetic presynaptic nerve
terminal, where choline acetyl transferase (ChAT)
catalyses the reaction between acetyl CoA and choline.
ACh is then stored in the vesicles and upon nerve stim-
ulation is released into the cholinergic synapse where
it binds to specific receptors (mAChR). Within the
synapse, ACh is also rapidly degraded by acetylcholin-
esterase (AChE) acetate and choline.

Presynaptic
adrenergic neuron

Tyrosine

| 123.MIBG

['"CJHED
['"C]Epinephrine

1ICGP12177

Fig. 17.13 Adrenergic neurotransmission in the heart. PET and SPECT tracers for imaging presynaptic adrenergic neurons and

postsynaptic adrenoceptor density
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With conventional anatomic imaging techniques, it
is not possible to separate nerve fibers from myocar-
dial or vascular cells. Using molecular imaging
radiotracers, that are specifically retained in the neu-
ronal structures, it is possible to image the cardiac neu-
ronal innervation and regional distribution.

17.3.3.1 Radiotracers for Presynaptic
Sympathetic Innervation

All of the radiotracers developed for imaging cardiac
sympathetic innervation are analogs of NE (Fig.
17.14). As discussed earlier, NE within the synapse is

transported back into the presynaptic neuron termi-
nals via NETs, based on the uptake-1 mechanism.
Structural analogs of NE such as epinephrine, guan-
ethidine, and metaraminol are also transported into
synaptic terminals by this uptake-1 mechanism (Raffel
and Wieland 2001)

1Z-MIBG

Guanethidine is a potent neuron-blocking agent that
acts selectively on sympathetic nerve endings. Based
on this molecule, "“'I-meta-iodobenzylguanidine
(MIBG) was initially developed as an agent for imaging

Dopamine Norepinephrine OH
HO HO
Dopamine-b-hydroxylase
NH, NH,
HO HO
6-['®F|Fluorodopamine [''C|Epinephrine (EPI)  OH
HO HO
NH,
HN
HO 18 i
HO CH;
6-["8F]Fluorometaraminol ['C]meta-Hydroxyephedrine (HED)
OH OH
HO WCH; HO WCH;
NH, HN_
18 1cCH;

meta-lodobenzylguanidine (MIBG)

*X

NH

PN

N NH,
H

MIBG = *X= 15[ or 124

Fig.17.14 Norepinephrine analogs labeled for PET and SPECT imaging studies to assess cardiac neurotransmission
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tumors of adrenal medulla origin (Wieland et al. 1979).
The avid heart uptake and retention of MIBG observed
in animal biodistribution studies strongly suggested
that MIBG might also be successfully used for imag-
ing cardiac sympathetic neurons (Wieland et al. 1981).
Consequently, '*I-MIBG was developed for imaging
the heart, in patient studies (Kline et al. 2001). 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, storage 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 (Carrié
2001; Yamashina and Yamazaki 2007). 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 factors. The unla-
beled catecholamines (cold MIBG) may compete with
the labeled tracer and may not only limit image quality
but also cause pharmacologic action via adrenoceptor
activation. Therefore, high SA 'I-MIBG (1,665-
2,035MBq mg") may be beneficial for clinical studies.

Radiotracers for PET

PET radiotracers (Fig. 17.14) resemble the endogenous
NE more closely than MIBG. Two different groups
of PET tracers are available for presynaptic sympa-
theticimaging of the heart; radiolabeled catecholamines
and radiolabeled catecholamine analogs (Carrié 2001;
Lautamiki et al. 2007).

[''C]Hydroxyephedrine (HED) is the most widely
used tracer for cardiac neuronal imaging. HED has
high affinity for the NETs and shows negligible non-
specific binding. Following transport into the presyn-
aptic terminal, it is not metabolized by MAO or COMT
enzymes (Rosenpire et al. 1990; Carrié 2001). Since
HED is not metabolized, it diffuses out of the nerve
terminal and is transported back into the nerve termi-
nal. Therefore, HED myocardial retention is actually
dependent on both the continuous release and reuptake
by NETs (Lautamiki et al. 2007).

While HED is a false neurotransmitter, [''CJepineph-
rine (EPI) is a more physiological tracer since it is pri-
marily a circulating hormone produced 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 deg-
radation and causing slow clearance of the tracer from
the heart. Therefore, EPI reflects the whole cascade of
uptake, metabolism, and storage of neurotransmission,
while the primary target for HED and MIBG is the
uptake-1 system. Both, HED and EPI can be synthe-
sized with high chemical purity (> 95%) and SA (33—
74GBq umol™). As a result, ''C tracers may be better
compared to the MIBG preparation for quantitative
measurement of presynaptic NETs in cardiac disease.

6-["*F]fluorodopamine has been safely used in
humans to assess cardiac and extracardiac sympathetic
innervation. Based on the synthesis method used, one
can obtain SA in the range of 7,400-29,600 MBq mmol™!
(Carri6 2001). Following intravenous administration, it
is transported into the presynaptic sympathetic nerve
terminals via the uptake-1 mechanism, after which it is
rapidly internalized into the vesicles and -hydroxylated,
forming radiolabeled NE (Goldstein et al. 1993). The
release of this tracer into the synapse and reuptake into
the nerve terminal are similar to NE. However, ['*F]flu-
orodopamine, can undergo extensive metabolism in
vivo. While this tracer is potentially useful to assess NE
synthesis, transport and storage in the vesicles of pre-
synaptic adrenergic neurons, PET quantitation needs the
incorporation of the fluorodopamine metabolism in the
compartmental modeling techniques.

17.3.3.2 Radiotracers for Cardiac
Neuroreceptors

The sympathetic adrenoreceptors 3, and f3,, located on
the myocardial cells, play a major role in the regula-
tion of cardiac function. In the healthy myocardium,
B,-receptors are the most abundant, forming 80% of all
B-receptors, while in heart failure the proportion of
B,-adrenoceptors may increase to 50% (Schagfers et al.
2002; Lautaméki et al. 2007). Also, sympathetic acti-
vation results in the elevation of systemic cate-
cholamine levels and subsequent down regulation of
B-receptors. Many different pharmaceuticals, that act
as cardiac receptor antagonists, such as B-blockers or
B-receptor antagonists, are used in cardiological prac-
tice. The efficacy of these drugs depends on many dif-
ferent factors, especially the [-receptor density.
Noninvasive imaging and quantitation of B-receptor
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density (B ) before initiation of therapy with
B-blockers might predict the outcome of therapy.

["CICGP-12177 (4-(3-t-butylamino-2-hydroxypropoxy)
-benzimidazol-1), a hydrophilic, nonselective antago-
nist (Fig. 17.8), that binds to the B-receptors with high
affinity (0.3nmol L), was one of the first ligands
developed for cardiac PET adrenoreceptor imaging
studies (Delforge et al. 1991). CGP-12177 can be
labeled with ''C using CGP-17704 and ''C-phosgene as
precursors. Subsequently, a number of B-blockers, such
as pindolol, atenolol, propranolol, carazolol, meto-
pronolol have all been labeled with ''C, but none of
these agents have optimal imaging characteristics. So
far, ['""C]CGP-12177, is the only tracer, that has been
used more extensively in patient populations, such as
patients with dilated hypertrophic and arrhythmogenic
right ventricular cardiomyopathy (Carrié 2001;
Lautamiki et al. 2007). Because of the difficulties
involved in the synthesis of this tracer, the N-isopropyl
derivative, [''C]CGP-12388 was developed as an alter-
native for clinical use (Elsinga et al. 2004).

Carazololisalipophilic,nonselective B-adrenoceptor
antagonist and can be labeled with either ''C or '8F
(Berridge et al. 1994). The in vivo binding is stereose-
lective because the R-isomer does not accumulate in
the target organs.

17.3.3.3 Clinical Applications

Clinical PET findings in diseases associated with car-
diac neuronal dysfunction of the adrenergic system are
summarized in Table 17.3. MIBG myocardial scintig-
raphy is one of the few methods available for objec-
tively evaluating cardiac sympathetic function at the
clinical level, and provides an abundance of informa-
tion useful for the evaluation of various heart diseases
(Yamashina and Yamazaki 2007). 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 alle-
viation of the ischemia. 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. 17.15). 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 hypofunc-
tion in the left ventricle, regardless of the underlying
diseases (Imamura et al. 1995). Similar results have
been reported from studies on dilated cardiomyopathy,
hypertrophic cardiomyopathy (HCM), valvular heart
disease, pulmonary hypertension, amyloidosis and
diabetes (Yamashina and Yamazaki 2007).

Table 17.3 PET and SPECT studies to assess myocardial neuronal transmission

Disease Radiotracer Findings

[''C]JHED
["CICGP12177
[C]CGP12388

Heart failure

Globally and regionally decreased uptake
Reduction in B-adrenoceptor density

Increased washout rate and the decreased heart/myocardium ratio on the delayed MIBG

image become marked with an increase in hypofunction in the left ventricle

Denervated hearts show no tracer uptake.
Tracer uptake reduced in neuropathy. Sympathetic dysinnervation is related to

impaired coronary reserve and diastolic dysfunction

Sympathetic dysinnervation in chronic CAD
Association between coronary reserve and segmental tracer uptake
Decreased regional myocardial uptake in patients with unstable angina and vasospastic

angina, and in nonQ-wave myocardial infarction

2Z[-MIBG

Heart transplant [""CIHED

Diabetes ["CJHED

CAD ["CIHED
[**F]Fluorodopamine
2Z[-MIBG
["CICGP12177

Arrhythmias HED

[''CICGP12177

Reduced B-adrenoceptor density after myocardial infarction
Normal, increased or reduced uptake
Decreased B-adrenoceptor density in patients with arrhythmogenic right ventricular

cardiomyopathy and in RVOT tachycardia

Note: The above table was modified from Lautamiki et al. (2007)
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123-MIBG

Early

Fig. 17.15 'I-MIBG imaging in patient with ischaemic heart
disease. In a patient with unstable angina, myocardial perfusion
with 2'TI-SPECT at rest was relatively normal with no signifi-
cant findings. In contrast, MIBG SPECT (early and delayed)
showed decreased accumulation in the infero-posterior wall.
Coronary angiography performed later, advanced stenosis was
recognized in the proximal part of the RCA (Yamashina and
Yamazaki 2007)

PET imaging of the cardiac autonomic nervous
system has advanced extensively in recent years, and
multiple pre- and postsynaptic tracers have been used

["SNINH,

Fig.17.16 [''CJHED-PET for
imaging presynaptic sympa-
thetic 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 [*N]
ammonia-PET. In a patient
with idiopathic dilated
cardiomyopathy (IDC) and
severely reduced left ventricu-
lar ejection fraction (22%),
there is a significantly reduced
retention of HED compared
with the myocardial perfusion
(Lautamaki et al 2007)

['"C]HED

'0
e

Normal subject

to determine the involvement of the sympathetic dys-
innervation at different stages of heart diseases, such
as ischemia, heart failure, and arrhythmia. In general,
[""CJHED is the most widely used PET tracer for
cardiac neuronal imaging. In a healthy heart, there is
an even distribution of HED over the left ventricle,
making it a valuable tracer for detecting specific regional
defects of the presynaptic sympathetic system in disease
(Lautamaiki et al. 2007). In patients with dilated cardi-
omyopathy there is a loss of neurons or downregulation
of uptake-1. In a patient with idiopathic dilated cardio-
myopathy and severely reduced left ventricular ejec-
tion, the myocardial retention of HED was reduced
significantly (Fig. 17.16). Similarly, a PET study with
[''C]-CGP12177 has shown that in patients with idio-
pathic dilated cardiomyopathy, there is a significant
reduction in the amount of left ventricular
B-adrenoceptors (Merlet et al. 1993).

17.3.4 Angiogenesis

Angiogenesis is a process fundamental to neovascu-
larisation stimulated by inflammation and ischemia.
Angiogenesis is generally defined as the growth and
development of new capillary blood vessels from

['3NJNH,

4 A\

['"C]JHED

y

Patient with IDC
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Fig. 17.17 '"F-galacto-RGD, a specific radiotracer to image
angiogenesis based on owvf3 integrin expression in a rat model of
coronary occlusion. In vivo short axis MicroPET images demon-

preexisting vasculature involving mature endothelial
cells (Carmeliet 2000). Myocardial ischemia causes
reversible or irreversible myocardial injury and trig-
gers the formation of collateral vessels via angiogenesis,
which occurs as part of the natural healing process
after ischemic injury. The process of angiogenesis
involves a complex interplay of many molecules and
cells (vascular smooth muscle cells, endothelial cells,
macrophages, and circulating stem cells), as well as
the extracellular matrix (ECM) (Higuchi et al. 2007).
Migration and proliferation of endothelial cells are
promoted by angiogenic factors, such as vascular
endothelial growth factor (VEGF) and basic fibroblast
growth factor (bFGF), which are released from the
endothelial and inflammatory cells via transcription
factors, such as activation of hypoxia-inducible factors
(HIFs). During angiogenesis endothelial cells must
adhere to one another and to the ECM to construct and
extend new microvessels. Integrins, a family of het-
erodimeric cell surface receptors capable of mediating
cell adhesion, migration, proliferation, differentiation,
and survival play a major role in the angiogenic
response. Among them, o 3, integrin has been identi-
fied as a critical modulator of angiogenesis.
Radiolabeled tracers targeting owvB3 integrin expres-
sion was evaluated in animal models of myocardial
ischemia using '"F-galacto-RGD, ''"In-RP747, and
2mTc-NC100692 (Higuchi et al. 2007). In preclinical
studies, '®F-galacto-RGD has shown focal tracer accu-
mulation in the ischaemic heart in specific areas that
have decreased perfusion on [1*N]ammonia-PET, one
week after the ischaemic event (Fig. 17.17). Further,

['®F]gRGD

»

L3

strate a focal uptake of galacto-RGD in an area with a decrease in
myocardial perfusion. The images were obtained 1 week after the
ischaemic event (Higuchi et al 2007)

the in vivo image data showed excellent correlation
with autoradiographic data.

VEGF is one of the most important and potent
angiogenic factor in the regulation of endothelial cell
proliferation. Expression of the VEGF gene and VEGF
receptors is strongly enhanced by hypoxia in the angio-
genic process. Therefore, VEGF receptors are good
candidates for imaging angiogenesis in ischaemic tis-
sues. '''In-labeled recombinant human VEGF , has
shown specific tracer localization in a rabbit model of
unilateral hindlimb ischemia (Lu et al. 2003).

Matrix metalloproteinases (MMP) are proteolytic
enzymes that cause extracellular protein degradation and
are involved in the endothelial cell migration and growth
factor liberation. MMPs are also responsible for the left
ventricular remodeling by degrading extracellular matrix
in the heart after myocardial infarction. Recently, Su
et al. demonstrated the feasibility of MMP activation
imaging in a murine model of myocardial infarction.
Further ''In and *™Tc labeled RP782 were developed
and evaluated in animal models (Su et al 2005).

17.3.5 Vulnerable Plaque
and Atherothrombosis

The executive summary of the screening for heart
attack prevention and education (SHAPE) task force
report, published in 2006, suggests that a molecular
imaging technique that could accurately identify the
site of vulnerable plaques should be one of the four
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Fig.17.18 The biology of

atherosclerosis initiation, p
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progression, and complica-
tions. CCR2 = chemokine (CC
motif) receptor 2; MCP =
monocyte chemoattractant
protein; M-CSF = monocyte
colony-stimulating factor; =
MMP = matrix metalloprotei- :
nase; ROS = reactive oxygen
species; VCAM = vascular
cell adhesion molecule. (From
Jaffer et al 2006)
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major areas of future research in CAD (Naghavi
et al. 2006). A number of noninvasive 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 atherosclerotic 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 frac-
tion of the vessel circumference and often extend
from 1 to 2cm. 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 B* emitting radiotracers, however,
may provide the potential to detect coronary athero-
sclerotic lesions.

The biology of atherosclerosis (Fig. 17.18) provides
a basis for the development of radiolabeled molecular
imaging probes. Fundamentally, the process of inflam-
mation regulates atherosclerosis. Specifically, the mac-
rophage has emerged as the key cellular mediator of
inflammation in atheroma, and participates in all
phases of atherogenesis, including lesion initiation,
progression, and complication (Falk 2006; Jaffer et al.
2006). Following the initial recruitment of monocytes
into the arterial wall, the cells mature into macrophage,
which ingest oxidized lipoproteins, become foam cells,
and, thus, contribute to the atheroma expansion. A sub-
set of macrophages can die within the atheroma, via
oncosis and/or apoptosis (programmed cell death),
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leading to the development of a paucicellular lipid
core. Macrophages also produce and/or secrete a num-
ber of proteases, such as cathepsins and matrix metal-
loproteinases (MMP), that can degrade the extracellular
matrix comprising the fibrous cap. Autopsy studies
have demonstrated prominent macrophage accumula-
tion in ruptured atherosclerotic lesions (Davies et al.
2006). These findings underscore the key role of mac-
rophages in plaque complications (Naghavi et al.
2006). Under inflammatory conditions, endothelial
cells express adhesion molecules, such as VCAM-1.
In addition, the fragile endothelium in angiogenic ves-
sels, typically associated with o 3, integrin, can pro-
mote lesion progression via intraplaque hemorrhage
and may produce plaque complications. Apoptosis of
both macrophages and vascular smooth muscle cells
is seen in the wall of atherosclerotic vessels. Smooth
muscle cells undergoing programmed death in the
fibrous parts of plaque have been shown to express
genes encoding for inflammatory cytokines and
chemoattractant factors (Libby 2002), and colocalize
with oxidized low-density lipoprotein. Apoptosis of
macrophages is found in the vulnerable plaque. Thus,
the biology of atherosclerotic lesion itself provides the
basis for the development of atherosclerosis-targeted
molecular imaging probes (Table 17.4). In order to
identify the most specific radiotracers for imaging vul-
nerable plaques in patients who are at very high risk,
several promising imaging agents need comparative
evaluation in the same animal model, under similar
pathophysiological conditions.
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Table 17.4 Atherothrombosis: Imaging targets and radiotracers

Biological process

Class

Specific molecular target

Radiotracer

Cholestrol transport

Macrophage activity

Lipid core

Surface receptors

Low density lipoprotein (LDL)

Scavenger receptor A, Monocyte
chemoattractant peptide (MCP)
Peripheral Benzodiazepine receptor

9mTe or ''"[n-LDL Radiolabeled
peptides (based on Apo B-100)
9mTc-oxidized-LDL

'B-MCP-1
'ZI- or [''CTPK11195

Metabolism Hexokinase Choline kinase [ F]FDG, ['®F]Fluorocholine
Proteases Matrix metalloproteinase IZ[-HO-CGS 27023A (MMP
(MMP),Cathepsins inhibitor)
Peroxidases Myeloperoxidase (MPO) [methyl''CIABAH
Modified lipoproteins Oxidized LDL, 9mTc-oxidized-LDL
Angiogenesis Increased vascularity Perfusion markers
Endothelium VCAM-1, E-selectin o3, integrin %Cu-DOTA-RGD
18E-gluco-RGD
"Tn-RP748
"n-VEGF121
Apoptosis Cell membrane Phosphatidylserine #mTc-Annexin V (AS)
F-annexin V
%“Cu-DOTA-Annexin V
Enzymes Caspases, scramblases
Cell trafficking Monocytes, lymphocytes,  Specific molecular target Radiolabeled cells
Stem cells
Thrombosis Activated platelets GP IIB/IIIA RGD peptides "Tn or #*Cu-DOTA-P280, P748
peptides
Radiotracer E MBF (mL min~' g")
Rest Stress®
["O]Water 0.96 £ 0.05 0.90 +0.22 355+ 1.15
[*NJAmmonia 0.83-0.60 Glutamine synthase
82Rb chloride 0.68-0.60 0.80 +0.26
2Cu-PTSM

*After intravenous dipyridamole

17.3.5.1 Radiotracers for Vulnerable Plaque

In the 1970s it was first demonstrated that '»I-labeled
LDL localizes in the carotid atherosclerotic lesions in
human subjects (Lees et al. 1983). Since that time a
number of radiolabeled LDL preparations, antibodies,
and peptides have been extensively evaluated in ani-
mal models as potential radiotracers for imaging ath-
erosclerotic lesions (Vallabhajosula et al. 1995).
Molecular imaging based on PET and SPECT
radiotracers is a rapidly evolving discipline that aims
to develop imaging agents and technologies to visual-
ize the specific molecular processes associated with
vulnerable plaque. In the 1990s, it was demonstrated
that FDG-PET identifies macrophage rich atheroscle-
rotic lesions in hypercholesterolemic rabbits (Fig.
17.18) (Vallabhajosula et al. 1995; Vallabhajosula and

Fuster 1997). It was also shown that FDG-PET is use-
ful to detect the atherosclerotic lesions in the carotid
arteries of patients undergoing surgery (Fig. 17.19)
(Rudd et al. 2002). Based on the carotid specimens from
these patients, it was also shown that FDG specifically
localizes in the macrophages very close to the fibrous
cap. Subsequently, localization of FDG in human
atheromas has been documented for the carotid arter-
ies, aorta and other major vessel (Weissberg 2004;
Ben-Haim and Israel 2006). The potential of FDG-
PET to identify vulnerable plaques characteristic of
subclinical coronary disease, however, has not yet been
validated. Several other radiotracers have also been
proposed as specific markers for imaging vulnerable
plaque and atherosclerosis (Table 17.4).
(R)-[11C]PK11195 (1-[2-chlorophenyl]-N-methyl-
N-[1-methyl-propyl]-3-isoquinoline carboxamide) is a
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specific ligand for the peripheral benzodiazepine bind-
ing site, which is particularly abundant on cells of the
mononuclear phagocyte lineage. Several investigators
have previously used this tracer to image activated
microglia/brain macrophages (Banati 2003). Choline
is taken up into cells and phosphorylated by choline
kinase, metabolized to phosphatidylcholine, and even-
tually incorporated into the cell membrane. ['*F]fluo-
rocholine (FCH) has been introduced as a tracer for
tumor, but it also is taken up by macrophages. Recently,
FCH has been shown to be taken up by murine athero-
sclerotic lesions ex vivo and the uptake of FCH was
even greater than that of FDG (Matter et al. 2006). As
discussed above, apoptosis is a potential target for
imaging atherosclerosis since annexin V specifically
binds to apoptotic cells with nanomolar affinity. *™Tc-
Annexin V has shown strong uptake in the balloon
injured aortas of cholesterol-fed rabbits and identified
coronary atherosclerotic lesions in a porcine model of
atherosclerosis. In a clinical study, *™Tc-Annexin V
has demonstrated in vivo uptake into carotid plaques,
containing macrophages and intraplaque hemorrhage,
but not in the carotid plaques with stable histological
features (Kietselaer et al. 2004). Annexin V has been
labeled with other SPECT radionuclides (***I and '''In)
and can be also be labeled with PET radionuclides,
such as ®F, " and *Cu. Matrix metalloproteases
(MMP) can degrade extracellular matrix macromole-

cules, including elastin and collagen. Further, increased
MMP activity in humans suggests a causative role for
MMPs. Imaging of MMP activity in atherosclerosis,
therefore, offers another method for detecting inflamed
atherosclerotic lesions.'”I and '''In labeled compounds
that bind to MMP were recently shown to be taken up
by carotid lesions in a mouse model (Schafers et al.
2004). Myeloperoxidase (MPO) is also present within
human atherosclerotic plaques and its products may
promote atherogenesis by modifying LDL to an athero-
genic form, functionally inactivating HDL, activating
MMPs, causing endothelial cell apoptosis, tissue factor
release, and inactivation of nitric oxide. Recently ben-
zoic acid hydrazides have also been identified as pre-
ferred inhibitors of MPO. Among these agents,
4-aminobenzoic acid hydrazide (ABAH) is the most
potent inhibitor identified to date. Its binding leads to
irreversible inactivation of the enzyme by a suicide
substrate mechanism.

The “high risk,” “thrombosis prone,” and “vulnera-
ble” plaques all describe a plaque that is at increased
risk of thrombosis and rapid stenosis progression. Since
these plaques are often not identified, before causing
clinical events, there is great need to identify these
plaques before the onset of symptoms. Based on nonin-
vasive imaging techniques, patients identified as being
at “high-risk” need further stratification to identify
those with vulnerable plaques who are at “very high
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risk.” The development of novel imaging modalities
capable of detecting vulnerable plaques is hindered by
the lack of a suitable animal model with plaque charac-
teristics that have clinical relevance. Also, the design of
radiotracers capable of detecting and characterizing
rupture-prone lesions in humans, may eventually lead
to the development of (a) noninvasive, relatively safe,
screening technique to identify patients with subclini-
cal disease and (b) innovative therapeutic alternatives
designed to “passivate” the plaque with the potential of
preventing future major cardiovascular events.

17.3.5.2 Radiotracers for Intraarterial Thrombus

Blood clots or thrombi in veins are generally composed
of layers of zones of polymerized fibrin with entrapped
plasma proteins and red cells (red thrombus), inter-
spersed with whitish layers primarily composed of
aggregated platelets. In arteries and in areas where the
thrombus is exposed to high blood flow rates, the
thrombus may predominantly consist of activated plate-
let aggregates. In contrast, when the thrombus is com-
pletely occlusive, where the blood flow is sluggish, the
thrombus may predominantly consist of fibrin deposits.
In order to develop molecular imaging probes to image
thrombus in vivo, radiotracers have been developed
based on two different approaches; Radiotracers that
bind specifically to fibrin or to activated platelets.
Radioiodinated ('*I or ') fibrinogen was introduced
almost three decades ago for imaging deep vein throm-
bosis (DVT). Subsequently, platelets labeled with ''In
oxine were introduced for imaging active thrombi in
vivo. Since radiolabeled fibrinogen and platelets have
long circulation times a number of radiolabeled pep-
tides and polypeptides have been developed for throm-
bus imaging. The development of radiopharmaceuticals
for thrombus detection have been reviewed extensively
(Knight 2001; Taillefer 2001)

Autologous platelets can be labeled efficiently
with ""In or *™Tc- lipophillic complexes, such as
oxine and tropolone. A number of clinical studies
have demonstrated !''In-platelet uptake in atheroscle-
rotic lesions of carotid and femoral arteries, and in
the abdominal aorta (Knight 1990, 2001).The o3,
integrin (GP IIb/IIla receptor) on platelets is the most
commonly targeted receptor for imaging platelet
deposits in thrombi. These receptors are present in
high concentrations on activated platelets with fibrin-

ogen being main ligand for these receptors. The main
binding region of fibrinogen contains a tripeptide
motif RGD (Ag-Gly—Asp). Further, it has been
shown that a number of small peptides containing
RGD sequence also bind to these receptors. It has
also been observed that in addition to the RGD
sequence other tripeptide motifs, such as RYD (Arg—
Tyr—Asp) present in PAC-1 antibody and KGD pres-
ent in polypeptides known as disintegrans (such as
bitistatin), bind to the glycoprotein IIb/Illa receptor
on activated platelets. A number of linear peptides
(such as PAC-3 and PAC-8) and cyclic peptides (such
as DMP-728, MK-0852 and integrilin) containing
RGD or RYD motifs were developed. Among the
cyclic peptides, integrilin is an FDA approved anti-
thrombotic drug, while *™Tc-P280 or Apcitide
(AcuTect) is approved for imaging DVT (Taillefer
2001; Knight 2003).

Radioiodinated fibrinogen was the first scintigraphic
agent used successfully to detect thrombus. This tracer
localizes only in actively growing thrombus, but
requires delayed imaging for optimal diagnostic accu-
racy because the plasma clearance of the tracer is very
slow. Fibrinogen is a bivalent plasma protein consisting
of three polypeptide chains (a, b, and g). During clot-
ting, the enzyme, thrombin cleaves the fibrinopeptides
from the fibrinogen leading to the formation of a fibrin
polymer. Within hours after acute thrombus formation,
a number of fibrin degradation products are formed.
Both, 1%’ and *™Tc labeled fibrin fragment E1 (60kDa)
have shown excellent thrombus uptake in vivo (Knight
1993). In addition it has been shown that a peptide with
the sequence, Gly—Pro—Arg—Pro, is capable of inhibit-
ing fibrin polymerization. It has also been shown that
the pentapeptide, Gly—Pro—Arg—Pro—Pro (GPRPP), has
the highest fibrinogen/thrombin clotinhibiting activity
(Laudano and Doolittle 1978). An analog of GPRPP,
9mTc-TP850 with high affinity for a chain of fibrin
polymer was also found to localize, in a swine model of
experimental deep venous thrombosis and pulmonary
emboli (Thakur et al. 2000; Aruva et al. 2006).
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