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Abstract The emphasis of current cardiovascular imaging
modalities is on the anatomic detection of coronary artery
luminal narrowing. However, in the clinical setting,
vulnerable plaques that are not flow limiting may account
for the majority of cardiovascular events. Thus, the pursuit
for developing noninvasive imaging techniques that target
vulnerable plaques is a laudable goal. Recent studies have
demonstrated the clinical feasibility of direct visualization
and characterization of coronary and carotid artery plaques
with 18F-fluorodeoxyglucose (FDG) positron emission
tomography imaging. In experimental studies, the intensity
of FDG uptake has been shown to correlate with macro-
phage density and inflammatory state of plaques. Vascular
plaque FDG uptake has been linked to cardiovascular
events such as myocardial infarction and stroke. Anti-
inflammatory drugs and statins have been shown to
attenuate FDG uptake in plaques. Thus, the identification
of FDG uptake in vascular plaques may have important
clinical implications for predicting and preventing future
cardiovascular events.
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Introduction

Vulnerable atherosclerotic plaques typically have a necrotic
lipid core with a thin fibrous cap and large amount of

macrophages. When such vulnerable plaques rupture, they
cause myocardial infarction, sudden death, or stroke.
Current cardiovascular imaging modalities, such as coro-
nary angiography and myocardial perfusion studies, iden-
tify coronary artery luminal narrowing and its downstream
flow-limiting functional consequence in the left ventricular
myocardium. These imaging techniques do not identify
non-flow-limiting vulnerable plaques that tend to be small
and imbedded within the walls of remodeled coronary
arteries.

It has been reported that a significant majority of plaque
ruptures occur in coronary arteries exhibiting none or only
modest luminal narrowing on angiographic examination [1–
3]. Epidemiologic studies have shown that a large propor-
tion of patients who have suffered sudden cardiac events
may in fact have no prior cardiovascular symptoms [4].
These data suggest that the biological composition and
inflammatory state of an atherosclerotic plaque, rather than
its degree of stenosis or size, may be the major determi-
nants for acute clinical events. Thus, the pursuit for
developing noninvasive imaging techniques that target
vulnerable plaques is a laudable goal.

Recent studies reported on the potential use of intravas-
cular ultrasonography, CT angiography, MRI, and metabol-
ic 18F-fluorodeoxyglucose (FDG) imaging with positron
emission tomography (PET) for this purpose [5–8]. A
combined functional and structural whole-body imaging
will likely afford the best potential for visualizing coronary
atherosclerosis and plaque inflammation [8, 9].

Plaque FDG Uptake and Calcification

FDG is a glucose analogue that is mainly used in patients
undergoing PET/CT studies for oncologic evaluation and in

W. Chen (*) :V. Dilsizian
Diagnostic Radiology and Nuclear Medicine,
University of Maryland Medical Center,
22 South Greene Street, Room N2W78,
Baltimore, MD 21201, USA
e-mail: wchen5@umm.edu

Curr Cardiol Rep (2010) 12:179–184
DOI 10.1007/s11886-010-0095-8



patients with ischemic cardiomyopathy for assessing myo-
cardial viability. Beyond its role in identifying malignancy
and myocardial viability, FDG also has been shown to
accumulate in areas of infection and inflammatory sites.
Uptake of FDG in patients with vasculitis of large arteries
was first described in 1987 [10]. Among patients undergo-
ing PET/CT studies for oncologic evaluation, it is not
uncommon to visualize localization of FDG in the carotid
arteries, aorta, and in the coronary arteries. Such vascular
uptake of FDG has been shown to correlate with cardio-
vascular risk factors, such as age, hypercholesterolemia,
and hypertension [11–13]. It is important to point out,
however, that most FDG-positive plaques seen on PET
show no calcifications on CT, and conversely, calcified
lesions detected on CT do not avidly accumulate FDG.
Thus, there is disparity between FDG uptake on PET and
calcification detected on CT in large arteries. Congruent
FDG uptake and calcification on CT were observed in only
2% to 14% of plaques in different studies [12–14]. The
findings are entirely consistent with the biological process
and progression of atherosclerosis. Plaque inflammation, as
assessed by FDG uptake, is likely transient and may
represent the vulnerable stages of a plaque, whereas
calcification, as measured by CT, represents advanced
lesions and may indicate stable plaques.

Plaque FDG Uptake Correlates with Macrophage
Density and Inflammation

A large body of evidence in experimental animals and
human subjects has linked FDG uptake to plaque macro-
phage density. In rabbit models, FDG was shown to be
taken up by macrophage-rich atherosclerotic lesions in the
aortic arch, and there was a correlation between FDG
accumulation in the plaque with local macrophage density
[15–18]. In humans, accumulation of 3H-deoxyglucose was
shown in macrophage-rich areas of freshly isolated human
carotid plaques [19] along with a significant correlation
between FDG PET activity in carotid plaques and macro-
phage staining from the corresponding histologic sections
of post-endarterectomy samples [20]. However, before the
correlation of FDG uptake and macrophage density can be
linked to plaque inflammation, it is important to determine
conditions in which glucose utilization in macrophages is
preferred over fatty acid, and the magnitude of macrophage
content in inflammatory plaques.

Metabolic pathways in macrophages are tightly co-
regulated with their proinflammatory or anti-inflammatory
properties. In the setting of the classic activation pathway
by proinflammatory Th1 cytokines such as interferon-γ,
glycolysis is the dominant metabolic pathway. During
alternative activation by anti-inflammatory Th2 cytokines,

such as interleukin (IL)-4 and IL-13, fatty acid oxidation
provides the main energy source for macrophages. In
addition, transcription factors, such as peroxisome
proliferator-activated receptors, which are expressed in
plaque macrophages, regulate expression of genes involved
in lipid metabolism, glucose homeostasis, and inflammato-
ry response. All these factors could potentially affect
macrophage glucose consumption in plaques.

Currently, there are no studies that examine FDG uptake
in plaque macrophages with different activation pathways
that link FDG uptake to plaque inflammation. Nevertheless,
some studies have shown attenuation of plaque inflamma-
tion, as indicated by FDG uptake, with anti-inflammatory
therapy. For example, the administration of an anti-
inflammatory drug probucol in rabbits was associated with
a reduction in FDG uptake and macrophage infiltration in
the vulnerable atherosclerotic plaques [21]. In a prospective
study of 43 subjects who were undergoing FDG PET cancer
screening and had incidental FDG uptake in the thoracic
aorta and/or the carotid arteries, patients were randomized
to strict dietary management or administration of simvas-
tatin in addition to dietary management for 3 months.
Repeat FDG PET at 3 months showed significantly
decreased FDG uptake in the atherosclerotic plaques in
the simvastatin group, whereas no change was noted in the
group with dietary management alone [22]. One of the
major effects of statins is to promote plaque stability by
decreasing plaque macrophage content and activity [23].
Similarly, among patients undergoing a series of FDG PET/
CT studies and atherogenic risk reduction by lifestyle
intervention, vascular FDG uptake was shown to improve
with risk factor modification. The magnitude of improve-
ment in FDG uptake correlated with increasing plasma
high-density lipoprotein level [24]. These findings suggest
that FDG PET/CT may not only identify atherosclerotic
plaques but also monitor improvements in the inflammatory
component of atherosclerotic lesions in response to risk
modification or medical therapy.

Plaque FDG Uptake and Cardiovascular Events

Beyond identifying inflammatory atherosclerotic lesions, it
is equally important to determine whether vascular FDG
uptake is linked to cardiovascular events. Among patients
with recent transient ischemic attack who had FDG PET
imaging before carotid endarterectomy, the majority of
patients exhibited high FDG uptake in the targeted lesion
for endarterectomy or in nonstenotic lesions located in the
vascular territory that was considered to be responsible for
the presenting symptoms [25]. Others have reported that the
degree of inflammation in the culprit carotid lesions could
potentially be used to forecast future embolic events.
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Among patients with symptomatic carotid atherosclerosis
and increased FDG accumulation, the subset of patients
with intense FDG uptake suffered from subsequent death,
recurrent nonfatal ipsilateral ischemic stroke, or restenosis
after stenting [26].

Paulmier et al. [27•] retrospectively compared cardio-
vascular events in two groups of stable oncology patients,
with and without detectable large arterial wall FDG uptake,
who were otherwise matched for risk factors. Cardiovascular
events were found to be significantly more frequent in the
high-FDG uptake group compared with the low-FDG uptake
group. A multivariate analysis showed that the extent of
arterial FDG uptake was significantly related to the occur-
rence of a recent event. Conversely, vascular calcification
was related to old cardiovascular events. Although these
retrospective studies in a small number of subjects are
promising, a prospective study is needed to provide
unequivocal support of these preliminary observations.

Visualization of Coronary Artery Plaques

Atherosclerosis is a systemic inflammatory disease that
involves multiple vessels in the body. Although plaque
information from large arteries such as in carotid or major
branches of aorta could potentially represent those in the
coronary arteries and overall vascular systemic inflamma-
tory status, there is a clinical necessity to directly visualize
the vulnerable plaques in coronary arteries. Some studies
have shown successful visualization of FDG uptake in
coronary artery plaques (Fig. 1) [14, 28•]. However, several

technical issues limit its application, such as 1) background
myocardial FDG uptake, which decreases the target-to-
background ratio; 2) cardiac motion during PET acquisi-
tion; and 3) partial volume effect due to small coronary
artery and the size of plaques. All of these factors reduce
the sensitivity of PET for coronary plaque identification.

Depending on the dietary condition, myocardial glucose
utilization can be prominent and the myocardial activity of
FDG can overwhelm focal activities within the walls of the
coronary arteries. Theoretically, increasing the target-to-
background ratio improves PET sensitivity, which is more
relevant in plaque detection than the size of the inflamed
plaque. Background myocardial FDG uptake may be
suppressed by a strict high-fat diet with low carbohydrate
for a day before the scan [29•]. Cardiac motion may be
attenuated by β blockade and the use of cardiac gating [30].
The current PET/CT has a usual spatial resolution of about
4 to 6 mm, which is likely the major challenge of
identifying coronary plaque. With the development of
PET/CT with high spatial resolution, or a specialized
cardiac PET/CT, direct visualization of plaques less than
5 mm may become feasible.

The current PET/CT imaging protocol requires that patients
are imaged 1 h after FDG injection, which is optimized for
oncologic evaluation. Several studies have suggested that
plaques may be visualized better when images are acquired
1.5 to 3 h after the injection of FDG [20, 31], although a
recent study showed no significant advantage in imaging at
3 h over 1 h after FDG injection [32]. Standardization of
imaging protocols (fast and diet preparation, FDG dose, data
acquisition mode, and particularly imaging time) is essential

Fig. 1 18F-fluorodeoxyglucose
uptake in the aortic arch
(arrowheads in a) and ascending
aortic root (arrowhead in b), as
well as in the left main coronary
artery (arrow in b), which cor-
responds to a noncalcified
plaque in coronary CT angiog-
raphy images (arrow in c).
(From Alexanderson et al. [28•];
with permission.)
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and would incrementally facilitate the appropriate use of
FDG PET/CT in the evaluation of plaques.

New Emerging Targets for Plaque Imaging

Beyond FDG, there are other emerging tracers that target
specific pathways and molecules in atherosclerotic lesions.
The three major targets that are currently under investigation
are apoptosis, αvβ3 integrin, and matrix metalloproteinase
(MMP). Different from FDG, targeting these pathways may
result in a significantly decreased background myocardial
uptake, and thereby higher lesion-to-background ratio and
increased sensitivity to detect coronary artery plaques.
However, atherosclerosis is a dynamic and complex
inflammatory process, mediated by multiple factors. Target-
ing a single molecule or pathway in the progression of
atherosclerosis may not necessarily be a representative
signal for the vulnerable atherosclerotic plaque. Focusing
the target to the final pathway or end point of plaque
formation, rather than all earlier pathways leading up the
final end point, may be the ultimate goal for imaging the
vulnerable plaque.

Apoptosis Imaging

As an atherosclerotic lesion matures, macrophage apoptosis
contributes to the development of plaque necrotic core.
Apoptotic macrophages are the major source of proinflam-
matory cytokines such as tumor necrosis factor-α and IL-6,
which further promote plaque inflammation. It is believed
that progressive loss of smooth muscle cells through
apoptosis could account for the weakening of the fibrous
cap of the plaque. Plaque rupture and the ensuing intraplaque
hemorrhage allows binding of apoptotic agent Annexin V
(which can be radiolabeled with single photon emission
radionuclides, such as 99mTc and indium-111, or positron
emission radionuclides, such as 124I, 64Cu, and 18F) to the
externalized phosphatidylserine of the red blood cells, which
is normally confined exclusively in the inner cell membrane.

The first evidence of apoptosis imaging in atherosclero-
sis plaque came from single photon emission computed
tomography (SPECT) imaging of 99mTc-labeled Annexin
V in animal models [33]. Annexin V uptake was clearly
visualized in apolipoprotein E knockout mouse aorta
lesions and correlated with the histologic extent of plaques
[33]. In a subsequent study, 99mTc-labeled Annexin V was
found to co-localize with FDG uptake in atherosclerotic
lesions in mice [34]. In a pilot clinical study of two patients
with recent transient ischemic attacks, 99mTc-labeled
Annexin V uptake was shown to be substantial in the
carotid lesions that were considered to be responsible for
the presenting symptoms and correlated with histopatho-

logic assessment of the endarterectomy specimens taken
from the patients [35]. In contrast, among the two control
patients with a remote history of transient ischemic attack,
no significant Annexin V uptake was identified.

αvβ3 Integrin Imaging

One of the hallmarks of atherosclerosis is the development
of microvascular networks of vasa vasorum extending
deeply from the adventitia and outer media toward the
intima. The integrin αvβ3, which has been extensively
investigated for tumor neovascularization, also plays an
important role in plaque vasa vasorum neoangiogenesis.
The αvβ3 is highly expressed in atherosclerotic plaque
intimal smooth muscle cells and by endothelial cells of
angiogenic microvessels, as well as in plaque macrophages.

Imaging of plaque vasa vasorum neoangiogenesis was
first performed by MRI using a nanoparticle agent targeting
αvβ3 integrin [36]. Recently, a new 18F-labeled radiotracer
(18F-galacto-RGD) was shown to be specifically taken up
in atherosclerotic lesions of mouse aorta, and its uptake was
associated with macrophage density [37]. Whether this
signal of plaque vasa vasorum neoangiogenesis and
inflammation can ultimately be used to evaluate athero-
sclerotic lesions in patients remains untested.

MMP Imaging

MMPs are expressed in atherosclerotic plaque and play an
important role in plaque stability. MMPs mediate vascular
remodeling after the breakdown of extracellular matrix.
Gradual dissolution of matricial content by MMPs in the
fibrous cap results in cap thinning and renders the atheroscle-
rotic plaque unstable. Among patients with carotid lesions
who were undergoing stent placement, baseline and post-
stenting MMP levels were shown to be higher in patients with
carotid lesions exhibiting high FDG uptake [38].

Imaging of MMP activity can be achieved by two ways.
The first approach is to use MMP substrate linked to a
radioligand, which can be cleaved and activated only in
lesions expressing active MMP. The second approach is to
use radiolabeled MMP inhibitors, which bind specifically to
the lesions with significant MMP activity. Studies in animal
models have shown clear visualization of 99mTc-MMP
inhibitor in mouse aortic lesions by micro-SPECT. 18F-
labeled MMP inhibitor (CGS 27023A) has also been
synthesized for PET imaging.

Conclusions

Plaque macrophage has been the main target for athero-
sclerosis imaging. FDG is a nonspecific tracer and has been

182 Curr Cardiol Rep (2010) 12:179–184



shown to accumulate in inflammatory sites, such as
vulnerable atherosclerotic plaque. Preliminary studies in a
small number of subjects have suggested a potential role for
FDG PET/CT imaging in identifying vulnerable atheroscle-
rotic plaques and monitoring treatment response. However,
the limitations of the partial volume effect of small plaques,
low target-to-background ratio of FDG uptake, and cardiac
motion make direct visualization of atherosclerotic plaques
in coronary arteries with the current PET/CT technology
rather challenging. Nevertheless, in the near future, with the
development of a PET/CT technology that is optimized for
cardiovascular imaging, along with progress in standardi-
zation of cardiac imaging protocol (e.g., dietary prepara-
tion, acquisition mode, acquisition time after the injection
of the radiotracer, and cardiac gating), direct visualization
of coronary artery plaques may become clinically feasible.
Identifying FDG uptake in vascular plaques may have
clinical implications for medical therapy or intervention as
well as preventing adverse cardiovascular events in the
future. Although there are other emerging tracers that target
specific pathways and molecules in atherosclerotic lesions,
such as apoptosis, αvβ3 integrin, and MMP, they remain
predominantly in the experimental phase.
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