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Atherosclerosis is a systemic disease that affects most major
arteries of the body and is the most common cause of prema-
ture death in the western world. It develops slowly and often
asymptomatically, so that for many patients its first manifesta-
tion is sudden cardiac death, stroke, or myocardial infarction.
The current gold standard for imaging atherosclerosis is x-ray
angiography. However, recent advances in understanding of the
pathobiology of atherosclerosis have highlighted the inadequa-
cies of this technique and the need for better imaging ap-
proaches. The purpose of this article is to briefly outline the
biology of atherosclerosis and to review the techniques avail-
able to image it, concentrating specifically on those that detect
metabolic or inflammatory changes within the atherosclerotic
plaque.
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The purpose of this article is to briefly outline the biology
of atherosclerosis and to review the techniques available to
image it, concentrating specifically on those that detect
metabolic or inflammatory changes within the atheroscle-
rotic plaque.

BIOLOGY OF ATHEROSCLEROSIS

Atherosclerosis is characterized by accumulation of lip-
ids, inflammatory cells, and connective tissue within the
arterial wall (1). It is a chronic, progressive disease with a
long asymptomatic phase. The initial abnormality is the
fatty streak, a white/yellow linear discoloration, visible
macroscopically on the endothelial surface of an artery and
caused by accumulation of lipids and macrophages. This
develops into a mature atherosclerotic plaque consisting of
a central lipid core bounded on its lumen side by an endo-
thelialized fibrous cap containing vascular smooth muscle

cells and connective tissue, in particular collagen. As the
plaque grows, the vessel expands, so that the lumen diam-
eter and, therefore, blood flow are preserved, a process
know as positive remodeling. Consequently, large athero-
sclerotic lesions can accumulate without compromising
flow or producing symptoms. The artery eventually can
expand no farther, and the plaque begins to encroach into
the lumen of the vessel, causing obstruction to blood flow.

Atherosclerosis remains clinically silent until either of 2
occurrences. The lesion can expand to the point at which it
limits flow, producing symptoms of reversible ischemia,
such as angina, during periods of high demand. Alterna-
tively, the fibrous plaque can erode or rupture, resulting in
the exposure of subendothelial collagen and lipid (2). The
latter leads to activation of circulating platelets and clotting
cascade proteins. Platelet activation produces an upregula-
tion of glycoprotein IIb/IIIa (GPIIb/IIIa) receptors on the
platelet surface which, when stimulated, promote platelet
aggregation. Activation of clotting factor proteins VII and
XI results in the production of thrombin, fibrinogen, and
fibrin through the so-called extrinsic and intrinsic coagula-
tion pathways respectively. The result is the formation of
thrombus composed of both fibrin and platelets. The con-
sequences of plaque rupture range from complete lysis of
the thrombus by endogenous fibrinolytic pathways with
subsequent healing of the fibrous cap and overlying endo-
thelium to unchecked thrombosis and complete lumen oc-
clusion. Thus, such an event can range from being clinically
silent at one extreme through precipitation of an acute
vascular event, such as unstable angina, myocardial infarc-
tion, or stroke (depending on the vessel involved), to sudden
death at the other extreme (3).

Recent research has provided valuable insight into the
molecular and cellular biology of atherosclerosis and, in
particular, plaque rupture. This research is driving a re-
evaluation of the approach to investigation and management
of the patient with atherosclerosis. Endothelial cell dysfunc-
tion is the earliest detectable physiologic manifestation of
atherosclerosis (4). The major atherogenic risk factors, such
as smoking, high low-density lipoprotein (LDL) levels,
hypertension, and diabetes, have all been shown to impair
endothelial function. Normal endothelium has antithrom-
botic, antiinflammatory, and vasomodulatory functions
through secretion of substances, such as prostacyclin and
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nitric oxide (NO), which inhibit platelet activation and
promote vasodilatation (5,6). In addition, NO inhibits ex-
pression of the adhesion molecules responsible for inflam-
matory cell recruitment. Both the barrier function and se-
cretory capacity of the endothelium are disrupted in
atherosclerosis. This manifests as an increase in permeabil-
ity to lipids and inflammatory cells (mainly monocytes and
T lymphocytes) derived from the blood. Several techniques
have been devised to test endothelial function in humans,
and all demonstrate impaired endothelial function in the
context of atherosclerosis and, of note, in patients at risk of
atherosclerosis but without overt disease (7).

The combination of endothelial dysfunction and high
circulating levels of atherogenic lipoproteins leads to the
accumulation of lipid-laden, monocyte-derived foam
cells in the subendothelial layer, forming the early ath-
erosclerotic lesion. Accumulation of foam cells and their
subsequent death produces an acellular core of choles-
terol esters and cell debris. Vascular smooth muscle cells
(VSMCs) migrate from the medial layer of the vessel and
synthesize extracellular matrix components, such as elas-
tin and collagen, to form the fibrous cap. The fibrous cap
contains inflammatory cells, predominantly macro-
phages, but also some T lymphocytes and mast cells (1).

FIGURE 1. Cellular interactions in devel-
opment and progression of atherosclero-
sis. VSMC � vascular smooth muscle cell.
(Reprinted from Heart. 2000;83:247–252,
with permission from BMJ Publishing
Group).

IMAGING OF ATHEROSCLEROSIS • Davies et al. 1899



Figure 1 is a schematic representation of the atheroscle-
rotic disease process.

It has become clear that the cellular and extracellular
composition of the plaque is a primary determinant of
plaque stability. Lesions with a large lipid core, thin fibrous
cap, a preponderance of inflammatory cells, and a relative
paucity of VSMCs are at the highest risk of rupture (8).
Inflammatory cells, particularly macrophages, produce met-
alloproteinases, which break down the matrix proteins in the
fibrous cap (9). In addition, they secrete inflammatory cy-
tokines, in particular interferon � (IFN �), which inhibit
VSMC proliferation and collagen synthesis. Other cyto-
kines secreted by inflammatory cells, such as interleukin 1�
and tumor necrosis factor � are cytotoxic to VSMCs, and
activated macrophages can induce VSMC death by direct
cell-to-cell contact. Furthermore, VSMCs in the fibrous cap
have a reduced proliferative capacity and a propensity to
apoptosis (10,11). Consequently, the inflammatory process
within the lesions tends toward destruction of the fibrous
cap and subsequent thrombosis. There is a dynamic balance
within the plaque between macrophages, which promote
erosion and rupture of the fibrous cap, and VSMCs, which
nourish and repair it. These processes are independent of
plaque size. Consequently, small asymptomatic and angio-

graphically invisible plaques can rupture to precipitate a
fatal clinical event, whereas some large plaques that ob-
struct flow to produce symptoms such as angina may be
stable and not life threatening. There is an urgent need to
discriminate stable from potentially unstable lesions in clin-
ical practice.

IMAGING OF ATHEROSCLEROSIS

Many different techniques for imaging atherosclerosis aid
both in diagnosis and in guiding future management (Table
1). These can be categorized into invasive and noninvasive
techniques.

Invasive Imaging
X-ray angiography remains the current gold standard

imaging technique, although it has considerable limitations
(12–14). Because angiography simply images the lumen of
the vessel, it fails to detect atherosclerotic lesions that do not
protrude into the lumen and provides very little information
on atherosclerotic plaque composition. Thus, it cannot dif-
ferentiate between unstable and stable plaques and, there-
fore, is unable to predict the risk of plaque rupture. Conse-
quently, because it is mostly symptom driven, its main value
is in delineating the causative lesion in a symptomatic
patient. However, because of positive remodeling, a ‘nor-
mal’ angiogram cannot be interpreted as indicating an ab-
sence of atherosclerosis.

Intravascular ultrasound (IVUS), in which a small ultra-
sound probe mounted on the end of a catheter is passed into
a vessel, permits direct imaging of atheroma and can pro-
vide a 2-dimensional cross-sectional image of the entire
plaque and vessel wall (15). Thus, IVUS is able to define
angiographically invisible, nonstenotic atheromatous plaques
(Fig. 2). In addition, the acoustic properties of plaques allow

TABLE 1
Modalities for Imaging Atherosclerosis

Invasive Noninvasive

X-ray angiography B-mode ultrasound
Intravascular ultrasound CT
Angioscopy MRI
Intravascular thermography SPECT

PET

FIGURE 2. Representative intravascular
ultrasound images of left anterior descend-
ing coronary artery with corresponding x-
ray coronary angiogram. (A) Crescent-
shaped atheroma is evident despite normal
appearance on the corresponding seg-
ment of coronary angiogram. (B) Segment
of coronary artery in which a stent has
been deployed (arrows) to dilate a previ-
ously narrowed lumen. (C) Intravascular ul-
trasound appearance of a circumferential
atheroma, which is seen on angiogram as
gradual tapering of the lumen. (C�) Different
areas represented on intravascular ultra-
sound image have been color-coded:
black � intravascular ultrasound probe;
red � vessel lumen; yellow � atheroma;
light blue � internal elastic lamina. (Re-
printed from Heart. 2002;88:91–96, with
permission from BMJ Publishing Group).
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them to be categorized as soft, fibrous, or calcified, although
the clinical significance of such distinctions remains to be
determined. However, because IVUS is invasive and de-
mands considerable time, expertise, and expense, its use is
currently confined to research and determining the success
of interventions, such as balloon angioplasty in single ath-
erosclerotic lesions.

Angioscopy is a catheter-based technique that allows
direct visualization of the arterial surface (16). Thus, some
assessment of the plaque composition can be made through
direct visualization of thrombus and the color of the plaque
surface. However, there is limited evidence to suggest that
this technique is able reliably to identify unstable plaques
and predict adverse outcomes (17–19). This, coupled with
its high cost and invasive nature, confine its use to research.

Intravascular thermography, in which a highly sensitive
thermistor is introduced into an artery and applied to the
vessel wall, is the most recent innovation in catheter-based
technology aimed at defining plaque composition (20). Be-
cause of their inflammatory cell content, atherosclerotic
plaques emit more heat than adjacent normal vessel wall,
and unstable plaques emit more heat than stable ones. Thus,
intravascular thermography is the first clinical technique to
measure plaque metabolism, and numerous studies are cur-
rently under way to assess its role in predicting clinical
events and monitoring changes in plaque composition
(21,22). Despite its promise, it is an expensive and invasive
technique that is unlikely to gain widespread clinical appli-
cation.

In summary, although some catheter-based techniques,
such as IVUS and thermography, can provide important
information on the composition of individual plaques, their
invasive nature limits their use to only a few patients with
well-defined disease.

Noninvasive Imaging
Because of the difficulty in accessing the coronary bed,

most noninvasive imaging of atherosclerosis has been tar-
geted at other arteries. B-mode duplex ultrasound allows
noninvasive imaging of large, superficial arteries and has
become routine in the assessment of patients with suspected
carotid artery disease. Carotid atherosclerosis is a major
cause of ischemic cerebrovascular disease producing the
clinical syndromes of stroke and transient ischemic attack
(12). Through its ability to quantify blood flow velocity and
to define vascular wall boundaries, ultrasound can accu-
rately measure lumen stenosis as well as arterial wall thick-
ness, measured as combined intima media thickness (IMT).
Numerous population studies have now shown that mean
IMT predicts risk of both cerebrovascular and myocardial
events, presumably because atherosclerosis is a systemic
disease in which extent in a single vascular bed reflects that
in another (23,24). Moreover, in experienced hands, carotid
ultrasound can provide some information on plaque mor-
phology based on acoustic impedance, in which heteroge-
neous echolucency represents intraplaque hemorrhage

and lipids (instability), whereas homogeneous echodensity
indicates a fibrous plaque (stability). In addition, surface
nodularity can indicate lesions that are more prone to throm-
boembolism (25,26). Because carotid ultrasound is nonin-
vasive, safe, and inexpensive, it has become a useful tool for
the diagnosis, assessment, and follow-up of atherosclerosis.
Nevertheless, it provides no useful information on plaque
inflammation or risk of plaque rupture (27).

Because surface ultrasound has no real potential for im-
aging the coronary circulation, attention has focused on
other noninvasive techniques, such as CT and MRI. Both
CT and MRI can detect flow-limiting lesions in the proxi-
mal coronary arteries, particularly when combined with
appropriate intravenous contrast agents. Either or both may
someday provide a noninvasive substitute for conventional
angiography, once problems with motion artifact and image
resolution have been resolved (28,29). However, the funda-
mental criticisms of angiography as a means of evaluating
atherosclerosis, discussed previously, will still apply.

However, both CT and MRI can provide more than
simple angiographic data. In particular, electron-beam CT
(EBCT) scanning can accurately quantify coronary calcium.
Because calcification is an early manifestation of athero-
sclerosis and is an almost ubiquitous feature of advanced
plaque, its presence or absence can include or exclude a
diagnosis of coronary atheroma (30,31). EBCT is increas-
ingly used in the United States as a screening technique for
coronary atheroma.

Recent studies have shown that MRI is capable of dis-
criminating between lipid core, fibrous cap, intraplaque
hemorrhage, calcification, and acute intralumenal thrombo-
sis in patients with carotid artery atheroma (32,33). When
combined with administration of ultra-small paramagnetic
iron oxide particles (USPIOs) that are taken up by macro-
phages, MRI has the potential to discriminate macrophage-
rich from macrophage-poor lesions (34). However, consid-
erably more work is required to overcome problems caused
by motion artifact, lack of resolution, and interpretation of
signal heterogeneity before MRI can realistically be used to
assess coronary artery plaque composition.

FUNCTIONAL IMAGING OF ATHEROSCLEROSIS

Most of the techniques described so far, with the possible
exception of thermography, have been aimed at providing
anatomic detail of plaque size and, to a limited extent,
composition. However, none is able to provide information
on cell biologic events that determine risk of plaque rupture.
Several radiolabeled tracers have been developed that will
bind to or be taken up by constituents of the atherosclerotic
plaque or associated surface thrombus (Fig. 3), so that
2-dimensional tomographic and 3-dimensional reconstruc-
tive images can be extrapolated from emitted �-rays, usually
by means of SPECT, or positrons by means of PET.

An ideal radiotracer to image atherosclerosis should have
a high sensitivity and specificity for the detection of ather-
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oma, be able to detect lesions in all vascular beds, and
provide information about the probability of adverse out-
come in both symptomatic and asymptomatic individuals.
To obtain clear images, it is imperative that tracers have
rapid clearance from the circulation and high target-to-
background ratios. Some of the more successful approaches
are discussed here.

Radiotracers for Imaging Atherosclerosis
As outlined earlier in this review, LDL accumulates

within atherosclerotic plaques, where it plays a pathogenic
role in the formation, progression, and destabilization of
lesions. LDL has been labeled with various radioisotopes,
including 123I, 99mTc, and 111In (35–40). Studies have shown
that radiolabeled LDL is taken up into experimental athero-
sclerosis in rabbits (40). Subsequent clinical studies showed
that 99mTc-LDL could be imaged in coronary, carotid, iliac,
or femoral arteries in 7 of 17 patients with proven atheroma.
Analysis of endarterectomy specimens 1 d after imaging in
6 of the patients revealed 2–4 times greater uptake into
lesions rich in macrophages than in those containing few
macrophages (38,39). However, because of slow radiotracer
clearance from the blood, the authors concluded that radio-
labels with improved kinetics were needed to provide useful
clinical information.

Because macrophages take up oxidized LDL via the
scavenger receptor much more readily than native LDL, a
logical step was to attempt to image atherosclerosis using
radiolabeled oxidized LDL (41–43). In a study of 7 patients
with symptomatic carotid artery disease, uptake of 99mTc-
oxidized LDL was seen in 10 of 11 atheromatous lesions,
with 99mTc-oxidized LDL target-to-background ratios ap-
proximately 1.5 times higher in diseased than normal ca-
rotid arteries (44). When compared with native LDL, oxi-
dized LDL has a higher sensitivity for detecting
atheromatous lesions as well as a more rapid blood clear-
ance, allowing imaging 1 h after injection.

Radiolabeled antibodies raised against epitopes on the
LDL particle, such as the antibody MDA2, have also been
studied. MDA2 recognizes malondialdehyde-lysine epitopes
on oxidized LDL particles and has been studied in rabbits
(45). 125I-MDA2 was injected intravenously into 7 LDL
receptor-deficient Watanabe heritable hyperlipidemic
(WHHL) rabbits and 2 normal New Zealand White rabbits,
and aortic plaque uptake was evaluated by way of autora-
diography. Uptake of 125I-MDA2 was found to be 17 times
higher in the hyperlipidemic rabbits than in the normal
rabbits. Autoradiography confirmed that the uptake was
preferential in diseased segments of the artery. Imaging then

FIGURE 3. Schematic representation of
ruptured atherosclerotic plaque with sur-
face thrombus formation. Text boxes rep-
resent substrates that have been labeled
with radiotracer molecules related to their
targets within the plaque. AMA � amino
malonic acid; LDL � low-density lipopro-
tein; Ox-LDL � oxidized low-density
lipoprotein.
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was performed in similar groups of rabbits using 99mTc-
MDA2. Unfortunately, uniplanar images revealed a visible
signal in only 50% of hyperlipidemic rabbits. Suboptimal
imaging technique may have accounted for the poor result,
but no other studies have been published. Human studies
have not been performed because of the possibility of mu-
tagenic metabolites.

In comparison with lipoproteins, peptides clear from the
circulation quickly and theoretically could improve the tar-
get (atherosclerotic plaque)-to-background (blood pool) ra-
tio, potentially making the identification of atherosclerosis
easier. Radiotracers based on the apo-B portion of LDL
were the first peptides to be evaluated. Injection of a radio-
iodinated synthetic apo-B analog, SP-4, resulted in signifi-
cant uptake into experimental atherosclerotic lesions in
WHHL rabbits (46). A human pilot study using a 99mTc
label on a synthetic apo-B analog, P-215, showed uptake
into human carotid lesions (47). However, larger studies
with improved design have not been published. Radiola-
beled endothelin peptides have been derived and investi-
gated. Endothelin production by smooth muscle and endo-
thelial cells is upregulated in the presence of endothelial
dysfunction and, therefore, provides a potential target for
identifying atheroma. Both iodinated and 99mTc-labeled en-
dothelin and its derivatives have been shown to accumulate
in experimental atherosclerotic lesions in rabbits, but to date
no human studies have been published (48,49).

Macrophages within atherosclerotic plaques express cell
surface Fc receptors. 111In-Labeled polyclonal human IgG
contains an Fc subunit that binds to these macrophage
receptors. Its use has been evaluated in patients with carotid
atheroma, where it was found to identify 86% of lesions
detected by ultrasound. Uptake of 111In-polyclonal human
IgG did not correlate with morphology suggestive of a large
lipid core on ultrasound. However, ultrasound is not a
well-validated method of delineating plaque composition,
and the lack of a correlation is as likely to represent the
shortcomings of ultrasound as it is the failings of 111In-
polyclonal human IgG (50). Imaging studies on WHHL
rabbits with aortic atherosclerosis were unsuccessful be-
cause of poor target-to-background ratios. In addition, au-
toradiographic analysis revealed that uptake was not re-
duced in rabbits treated with lipid-lowering therapy (51).
Taken together, these results suggest that 111In-polyclonal
IgG is not an appropriate tracer to identify unstable athero-
sclerotic lesions.

Radiolabels have been produced with the potential to
provide an indirect measure of macrophage content. An
example is the radioiodinated monoclonal antibody against
amino malonic acid (AMA), a molecule vital to monocyte
recruitment and foam cell production within atherosclerotic
lesions (52). 131I-AMA was assessed in an experimental
rabbit model of atherosclerosis. As with 111In-polyclonal
human IgG, biodistribution studies revealed significantly
increased uptake in diseased as compared with normal aor-
tic tissue, but the slow radiotracer clearance from the cir-

culation meant that in vivo imaging of aortic plaque was
unsuccessful.

Antibodies directed against other cells and antigens
present in atheromatous lesions have been studied. In pre-
liminary experiments, Z2D3 F(ab�)2 IgM, an antibody frag-
ment that binds to antigen on the surface of VSMCs, has
been shown to localize in experimental lesions in rabbits
(53). Z2D3 has been evaluated in humans in a small study
of 11 patients with carotid disease (54). Planar and SPECT
images revealed focal uptake of the antibody in all symp-
tomatic plaques within 4 h of injection. The location of
uptake corresponded with the anatomic location of the
plaque as delineated by angiography. Uptake of tracer was
also seen in the contralateral asymptomatic carotid artery in
approximately 50% of the patients. Subsequent immunohis-
tochemical analysis of carotid endarterectomy specimens
confirmed the uptake of Z2D3 into areas of the plaque rich
in smooth muscle cells. The results of this study need to be
interpreted carefully and in conjunction with current theo-
ries regarding plaque instability and rupture. As stated pre-
viously, plaque rupture appears to correlate with lesions
with a thin fibrous cap containing many macrophages and
relatively few VSMCs. Therefore, imaging with Z2D3 is
unlikely to provide information about risk of plaque rupture.
Further studies are clearly needed.

Radiotracers for Imaging Intraarterial Thrombosis
As discussed previously, plaque rupture leads to throm-

bus formation which, if not fatal, becomes incorporated into
an enlarged atherosclerotic plaque. Therefore, detection of
thrombus on the surface of or within atherosclerotic lesions
could aid identification of vulnerable plaques.

Imaging approaches have targeted 3 components of the
hemostatic process: platelets, fibrinogen, and fibrinolytic
molecules. Conflicting results have been found in studies
using radiolabeled autologous platelets in patients with ca-
rotid, femoral, and aortic atherosclerosis (55–57). These
studies have had important design differences that could
explain the discrepancy in outcome. In a study of 60 pa-
tients, 38 of whom had cerebrovascular events referrable to
the carotid system, Moriwaki et al. (55) showed that 111In-
labeled platelet accumulation correlated with overall plaque
burden and plaque ulceration as detected by careful B-mode
ultrasound examination. In contrast, Minar et al. (56) in a
similar study found no correlation between radiotracer up-
take and ultrasound parameters (56). Of note, in the first
study, antiplatelet medications were stopped 3 wk before
imaging, which was performed 48 h after injection of the
radiotracer, whereas, in the second study, antiplatelet med-
ications were continued and images were taken 24–26 h
after injection. Therefore, the conflicting results may be the
result of differences in study design. Nevertheless, the need
to image 48 h after tracer injection in patients not receiving
antiplatelet therapy would seriously limit the applicability
of this technique to patients with suspected vascular events.
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Radioiodinated fibrinogen has been used to detect throm-
bus in 4 patients with angiographically proven carotid dis-
ease (58). However, slow fibrinogen accumulation and the
low fibrin content in arterial thrombus compared with ve-
nous thrombus makes radioiodinated fibrinogen an unlikely
candidate for useful clinical imaging of atheroma.

Fibrin degradation products can be detected within hours
after thrombus formation and, therefore, provide potential
tracer molecules for the detection of thrombus. Fibrin frag-
ment E1 has been labeled with both 123I and 99mTc, and its
ability to detect the presence of thrombus in animals with
deep vein thrombosis (DVT) has been confirmed (59). It has
a short circulation half-life and, therefore, high target-to-
background ratios, making it potentially suitable for vascu-
lar wall imaging. However, no studies in animals or humans
have been published to date evaluating the detection of
thrombus associated with atherosclerosis using fibrin frag-
ment E1.

Annexin V is a small protein that binds avidly to a
phosphatidylserine moiety on the surface of activated plate-
lets and apoptotic VSMCs in the fibrous cap (60,61). It has
a rapid plasma clearance and, in a porcine model, 99mTc-
annexin V has been found to localize to thrombus generated
in the left atrium, giving high thrombus-to-blood ratios and
clear resolution (62). No in vivo studies, however, have
confirmed uptake by intraarterial thrombus.

Research has identified several radiolabeled antibodies
against platelets and fibrin with the potential to image
thrombus on atherosclerotic plaques. Monoclonal antibod-
ies against the GPIIb/IIIa receptor and the membrane gly-
coprotein GMP-140 on activated platelets have been devel-
oped, raising the possibility of using them to image
thrombus. S-12, an antibody against the GMP-140 glyco-
protein, has been radiolabeled with 99mTc and been shown to
localize to acute intraarterial thrombus in the animal model
(63). Antibodies against fibrin (T2G1s) bind solely to fibrin
and not fibrinogen, its circulating precursor, or fibrin deg-
radation products. Uptake of radiolabeled T2G1 by acute
venous and arterial thrombus has been shown in both ani-
mals and humans (64). However, it has a sensitivity of only
50% for the detection of chronic arterial thrombi in patients
with left ventricular thrombus, aortic aneurysms, and pe-
ripheral arterial grafts (65).

Several synthetic peptides that bind to thrombus have
been radiolabeled. Most target the GPIIb/IIIa receptor on
activated platelets. Because of their small size, they have the
advantage of rapid clearance from the circulation. They are
also less likely to raise an immune response than the im-
munoglobulin labels. Rapid uptake of 99mTc-P748, a syn-
thetic peptide ligand to the GPIIb/IIIa receptor, by thrombus
in the carotid arteries of dogs (induced by crush injury) has
been demonstrated with very favorable thrombus-to-blood
ratios (66). 99mTc-P280 was the first GPIIb/IIIa binding
peptide to be studied in humans (67). A pilot study of 9
patients with carotid atherosclerosis who underwent SPECT
of the neck after injection of 99mTc-P280 demonstrated

uptake of tracer in 11 of 18 carotid arteries. There was only
moderate correlation when compared with duplex ultra-
sound findings. Recently Mitchel et al (68) have tested the
ability of a new GPIIb/IIIa platelet inhibitor, DMP-444,
labeled with 99mTc, to identify platelet-rich thrombus by
nuclear imaging in the coronary arteries of a canine model.
They found that markedly positive nuclear images could be
obtained and that postmortem studies confirmed the pres-
ence of radioactive platelet-rich thrombus. In dogs with very
little DMP-444 uptake, there were lower postmortem nu-
clear counts and thrombus weights, a result that reached
statistical significance. No DMP-444 human studies have
thus far been published. Other similar peptides have been
developed and radiolabeled, but few studies have been
performed to make them relevant to this review. However,
one additional study looking at 99mTc-apcitide deserves
mention because it addressed the question of differentiating
between acute and chronic thrombus, albeit in venous
thrombosis (69). This is clearly a potentially important issue
in terms of identifying arterial lesions responsible for recent
symptoms. 99mTc-Apcitide, like the other synthetic peptides
mentioned here, binds to the GPIIb/IIIa receptors expressed
on activated platelets. Bates et al. (69) enrolled patients with
newly diagnosed first DVT and patients with previous DVT.
With images interpreted in a blinded fashion, they found
that the sensitivity and specificity of 99mTc-apcitide for
differentiating between acute and chronic thrombus were
92% and 86%, respectively.

Positron-Emitting Radiotracers
PET has certain advantages over conventional nuclear

medicine �-camera technology. PET can provide 4- to
5-mm resolution compared with 1- to 1.5-cm for planar and
SPECT. PET images are derived from the detection of
positron-emitting radionuclides, such as 11C and 18F, to label
various biochemical and metabolic substrates. PET agents
have the potential to provide a better functional assessment
of atherosclerotic plaques than tracers used in conventional
nuclear imaging, in part as a result of the higher spatial
resolution of PET.

Deoxyglucose, a glucose analog, competes with glucose
for uptake into metabolically active cells. When labeled
with 18F, the resultant 18F-FDG is taken up into metaboli-
cally active cells but is not metabolized and so accumulates.
18F-FDG has been used extensively to estimate metabolism
in heart, brain, and tumor tissue (70,71). Kubota et al. (72)
first noted uptake of 18F-FDG by macrophages present
within tumors. This discovery has led to investigation into
the possibility of using 18F-FDG to image macrophages in
atherosclerotic plaque.

Preliminary studies using a rabbit model of atherosclero-
sis confirmed uptake of 18F-FDG in the region of the aortic
arch in rabbits fed a high-cholesterol diet (73). Normal
rabbits did not show uptake above that of background
levels. Ex vivo analysis of the aortic arch confirmed 18F-
FDG uptake in areas of atherosclerosis rich in macrophages.
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A further study by Lederman et al. (74) confirmed a 4-fold
increase in 18F-FDG uptake by diseased segments of iliac
artery when compared with normal segments. A positron-
sensitive fiber-optic probe placed in contact with the arterial
intima was used to detect 18F-FDG uptake in rabbit iliac
artery specimens ex vivo after injection of 18F-FDG 2–4 h
earlier. Subsequent histopathology confirmed that injured
artery had significantly higher macrophage and smooth
muscle cell density than uninjured artery. In preliminary
studies, we have recently shown focal areas of 18F-FDG
uptake into atherosclerotic lesions in rabbits maintained on
a high-cholesterol diet, with markedly reduced 18F-FDG
uptake into the same lesions after cholesterol withdrawal
(Rudd et al., unpublished data, April 2002). Together these
studies suggest that 18F-FDG PET has the potential to mon-
itor plaque inflammation in vivo.

Few studies have been reported in humans. Yun et al.
(75) reported the incidental observation of vascular 18F-
FDG uptake in patients undergoing PET for cancer. They
found that in 137 consecutive patients undergoing PET,
approximately 50% had vascular wall uptake of 18F-FDG.
They made the presumption that the 18F-FDG uptake seen
on the scans was representative of atheroma. Post hoc
analysis reported a statistically significant difference be-
tween vascular wall 18F-FDG uptake in patients with at least
one of the traditional atherogenic risk factors and that ob-
served in patients with no risk factors (76). Among all risk
factors, age was found to be the most significant and con-
sistent factor correlating with 18F-FDG uptake, but hyper-
cholesterolemia also correlated consistently with vascular
18F-FDG levels.

The only published study to date looking at 18F-FDG PET
of atheroma in symptomatic humans has been performed by
our group (77). In this study, we tested the ability of
18F-FDG PET to image inflammation within carotid artery
atherosclerotic plaques. Eight patients with symptomatic
carotid atherosclerosis were imaged with 18F-FDG PET.
Uptake of 18F-FDG was seen in all patients within 3 h of
injection, and coregistration using CT angiography con-
firmed that uptake was located within the atherosclerotic
plaque (Fig. 4). In those patients with bilateral carotid
disease, the 18F-FDG accumulation rate in symptomatic
lesions was 27% higher than in contralateral asymptomatic

lesions. No measurable 18F-FDG uptake into normal carotid
arteries was found. Autoradiography of excised plaques
confirmed accumulation of deoxyglucose in macrophage-
rich areas of the plaque. This study shows that plaque
macrophage activity, the major determinant of plaque rup-
ture, can be imaged and potentially quantified by 18F-FDG
PET.

Because 18FDG is taken up by all metabolically active
tissues, including myocardium, 18F-FDG PET cannot be
used to image coronary atheroma, in which a more macro-
phage-specific ligand is desirable. Currently, the most
promising macrophage ligand in clinical use is PK11195,
which binds to peripheral benzodiazepine receptors in mi-
tochondrial membranes, particularly in macrophages (78).
Studies are currently under way to evaluate the potential of
this ligand for imaging atherosclerosis.

CONCLUSION

Until recently, imaging technology for atherosclerosis
has focused almost entirely on defining anatomic obstruc-
tions to flow. However, advances in our understanding of
the cell biology that leads to clinical events in atheroscle-
rosis have highlighted a clear need for imaging techniques
that can provide information about plaque composition.
These advances are driving the development of more infor-
mative imaging techniques. X-ray angiography, the current
gold standard imaging tool in clinical practice, is unable to
provide such information. Newer imaging modalities, such
as IVUS and MRI, are able to provide information on
plaque composition in some vascular beds but are unlikely
to be able to provide metabolic data on plaque inflammatory
cell activity, the major determinant of plaque stability.

Nuclear imaging has the potential to provide invaluable
information on the cellular, metabolic, and molecular com-
position of the plaque. However, both scanning technology
and the radiolabeled tracer molecules need to be improved
to produce images of sufficient resolution and quality to
allow detection and functional assessment of atherosclerotic
lesions in medium-to-small arteries, such as those found in
the coronary circulation. Recent PET studies in animals and
humans suggest that this should be achievable.

FIGURE 4. PET of symptomatic carotid
atherosclerosis. Images (from left to right)
show PET, contrast CT, and coregistered
PET/CT images in sagittal plane, from 63-
y-old man who had experienced 2 epi-
sodes of left-sided hemiparesis. Angiogra-
phy demonstrated 80% stenosis of

proximal right internal carotid artery. This was confirmed on CT image (black arrow). White arrows show FDG uptake at the level
of the plaque in carotid artery. As expected, there was high FDG uptake in brain, jaw muscles, and facial soft tissues.
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