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INTRODUCTION

Cardiovascular disease remains the leading cause of
morbidity and death in the Western world and is rapidly
becoming the number one killer in the developing
countries.1 Atherothrombosis, characterized as athero-
sclerotic plaque disruption with superimposed thrombo-
sis, is the most important cause of acute coronary
syndromes and cardiovascular death.2-4 The underlying
pathology of most acute coronary syndromes involves
coronary atherosclerosis with ruptured plaques, followed
by acute occlusive or subocclusive thrombus forma-
tion.2-4 The term vulnerable plaque has been introduced
to identify thrombosis-prone plaques and plaques with a
high probability of undergoing rapid progression, thus
becoming culprit plaques. Recently, the term vulnerable
patient has been suggested in recognition of contributing
culprit factors including vulnerable blood (prone to
thrombosis) and vulnerable myocardium (prone to fatal
arrhythmia) that identify patients with a high likelihood
of having cardiac events develop in the near future.5

Investigators have shown multiple rupture-prone or
ruptured plaques in a wide range of cardiovascular patient
populations.6-11 As a result, the concept of pan-coronary
vulnerability has been introduced to emphasize the impor-
tance of going beyond a single vulnerable plaque and
evaluating the total arterial tree as a whole.12-14

Noninvasive visualization of evolving arterial
thrombus would facilitate detection of thrombosis bur-
den in patients with acute coronary syndrome. Similarly,
noninvasive imaging techniques may enhance our cur-
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rent understanding of the natural history and of the
pathophysiologic mechanisms of atherothrombosis. Ar-
terial thrombi are not reliably detected by current diag-
nostic techniques. Intravascular ultrasound and angiog-
raphy are invasive and use indirect and nonsensitive
criteria for thrombus detection. Angioscopy is highly
invasive and not widely available.15 Among the different
imaging modalities, cardiovascular magnetic resonance
(CMR) is emerging as the most comprehensive noninva-
sive in vivo imaging modality for atherothrombosis.16-18

In this review we will address the current and
evolving developments in CMR with a focus on coronary
plaque imaging and in vivo molecular imaging of coro-
nary thrombosis. With further development, CMR imag-
ing of atherothrombosis in the diseased vessel walls
(carotid arteries, thoracic and abdominal aorta, and
coronary arteries) may prove to be clinically beneficial in
identifying vulnerable patients.

DIAGNOSIS OF VULNERABLE PLAQUES

On the basis of autopsy studies, a number of major and
minor criteria for defining vulnerable plaques have been
proposed.5 These criteria of vulnerability (Tables 1 and 2)
include morphologic features (eg, size of lipid core and
thickness of fibrous cap), as well as markers of plaque
activity (eg, plaque inflammation, superficial platelet aggre-
gation, and fibrin deposition). Most of the proposed features
of plaque vulnerability are based on cross-sectional and
retrospective studies of culprit lesions. Noninvasive surro-
gate markers, such as coronary vessel wall thickness and
plaque burden, together with markers of plaque activity,
may supplement or improve cardiovascular risk stratifica-
tion especially in patients with an intermediate cardiovas-
cular risk. Noninvasive imaging techniques provide a
mechanism for prospective outcome studies to determine
whether identifying asymptomatic vulnerable patients may
allow for therapeutic interventions to reduce clinical car-
diovascular events.

CMR CORONARY ARTERY IMAGING

Recently, the accuracy of coronary magnetic reso-

nance imaging (MRI) was investigated among patients
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with suspected coronary disease in a prospective multi-
center study.19 Overall, coronary MRI had an accuracy
of 72% (95% confidence interval, 63%-81%) in diagnos-
ing coronary artery disease (CAD) (defined as �50%
diameter reduction on x-ray angiography).19 Coronary
MRI was particularly helpful for excluding left main
coronary artery or 3-vessel disease, with a negative
predictive value of 100%.19

However, coronary MRI remains technically de-
manding, as respiratory and cardiac motion limits the
useful data acquisition window. Imaging the walls of
coronary vessels is particularly challenging because of
their wall thickness (0.5-2 mm), tortuous 3-dimensional
(3D) course of the coronary vessels, and close proximity
to epicardial fat, coronary blood, and myocardium.
Motion compensation strategies for coronary vessel wall
imaging are therefore even more stringent than for
“lumen” coronary MRI. Technical solutions to meet the
challenges of coronary vessel wall imaging have been
developed, allowing more consistent visualization of the
proximal and mid portions of the native coronary vessel
walls.

CARDIAC MOTION

Because of the rapid intrinsic cardiac motion during
the cardiac cycle, synchronization of data acquisition to
the electrocardiogram is mandatory. A short cardiac
acquisition window of less than 10% of the cardiac cycle
in either end systole or mid diastole (periods of relative
myocardial diastasis) with a well-defined delay to the R
wave is typically used for data acquisition.20,21 These
measures are essential to avoid cardiac motion–induced

Table 1. Criteria for defining vulnerable plaque,
based on the study of culprit plaques

Major criteria
Active inflammation (monocyte/macrophage �/�

T-cell infiltration)
Thin fibrous cap with large lipid core
Endothelial denudation with superficial platelet

aggregation
Fissured plaque
Diameter stenosis �90%

Minor criteria
Superficial calcified nodule
Glistening yellow
Intraplaque hemorrhage
Endothelial dysfunction
Outward (positive) remodeling (Glagov effect)

Modified from Naghavi et al.5
artifacts but reduce the scan efficiency by a large scale.
Subject-specific mid-diastolic acquisition usually pro-
vides the most optimal imaging in subjects with a heart
rate lower than 80 beats/min. For subjects with heart
rates greater than 80 beats/min, minimal motion is
usually during end systole. The timing of the subject-
specific image acquisition can be assessed from a cine
data set in the 4-chamber view by visual inspection or
automated analysis. The length of the mid-diastolic or
end-systolic rest period (which typically varies from
50-350 milliseconds) is heart rate–dependent.21 Subjects
with heart rates greater than 60 beats/min may benefit
from �-blockers to slow their heart rates and to increase
their rest period duration. A drawback of imaging within
a 50- to 100-millisecond time window per cardiac cycle
is that the total imaging time is relatively long. To
overcome this drawback, one may use a longer cardiac
acquisition window with intra-R-R interval motion cor-
rection.22 Combining the motion-corrected segments
produced a high-resolution image (Figure 1).22

RESPIRATORY MOTION COMPENSATION

Normal diaphragmatic excursion (10-20 mm) may
exceed a multiple of the coronary vessel wall thickness
(0.5-2 mm).23 Thus respiratory motion compensation is
critical for coronary vessel wall imaging.

Initial approaches for visualizing cross sections of
the proximal coronary vessel wall used 2-dimensional
(2D) breath-hold techniques with mid-diastolic image
acquisition.24 This approach has variable image quality
because many patients cannot hold their breath for the
required 15- to 20-second time period. Furthermore, the
limited spatial coverage of 2D techniques limits the
clinical potential because evaluation of the entire proxi-
mal coronary vessel wall is likely to be important.

To compensate for respiratory motion during a
free-breathing examination, a 2D-selective pencil beam
navigator placed on the right hemidiaphragm can be used
to monitor respiration and to perform real-time gating
and slice tracking.19 The use of navigator echoes that
record and correct for diaphragmatic motion25 allows for
free-breathing and removes the time constraints of the
breath-hold approach, thereby allowing for submillime-
ter spatial resolution.26,27 Similar to coronary MRI,
coronary vessel wall imaging can be combined with the
navigator technique and can be extended to 3D acquisi-
tions providing a higher signal-to-noise ratio and im-
proved vessel coverage.28 The major drawbacks of free-
breathing coronary MRI with respiratory navigator
gating are low navigator efficiency and prolonged scan
time as a result of irregular breathing patterns. A novel
technique has been presented, which enables the calibra-
tion of a 3D affine respiratory motion model to the

individual motion pattern of the patient.29 Preliminary
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results have shown that this approach increases the scan
efficiency without sacrificing image quality and has the
potential to be more robust for routine clinical usage.29

CORONARY PLAQUE BURDEN

Early in vivo coronary vessel wall imaging studies
used a 2D fat-suppressed fast spin echo technique.24,30

Coronary blood signal was suppressed by use of a double
inversion pulse,31 leading to optimal contrast between
lumen and vessel wall. This “black-blood” approach has
been implemented in both a 2D breath-hold mode24 and
a free-breathing mode30 and allows for visualization of
cross-sectional images of the left anterior descending
artery and right coronary artery vessel wall both in
healthy subjects and in patients with CAD. In-plane
spatial resolution of these first implementations varied
from 0.46 � 0.46 mm to 0.5 � 1 mm, with a typical slice
thickness of 3 to 5 mm. Wall thickness was found to be
higher in patients with CAD when compared with
normal healthy subjects.24,30

Because of the highly tortuous path of the coronary
artery system, cross-sectional vessel wall imaging of the

Table 2. Markers of vulnerability at plaque level. Mo

Plaque
Morphology/structure

Plaque cap thickness
Plaque lipid core size
Plaque stenosis (luminal narrowing)
Remodeling (expansive vs constrictive remodeling)
Color (yellow, glistening yellow, red, and so on)
Collagen content vs lipid content, mechanical stability
Calcification burden and pattern (nodule vs scattered,
Shear stress (flow pattern throughout coronary artery)

Activity/function
Plaque inflammation (macrophage density, rate of mo
Endothelial denudation or dysfunction (local NO prod

endothelium)
Plaque oxidative stress
Superficial platelet aggregation and fibrin deposition (
Rate of apoptosis (apoptosis protein markers, coronar
Angiogenesis, leaking vasa vasorum, and intraplaque
Matrix-digesting enzyme activity in the cap (MMPs 2,
Certain microbial antigens (eg, heat shock protein 60,

Pan-arterial
Transcoronary gradient of serum markers of vulnerabil
Total coronary calcium burden
Total coronary vasoreactivity (endothelial function)
Total arterial burden of plaque including peripheral (eg

Modified from Naghavi et al.5MMP, Matrix metalloproteinase; NO
coronary arteries is time-inefficient, therefore making a
vessel-targeted approach more desirable. Such an ap-
proach was implemented via a 3-point plan scan
method32 and combined with a modified black-blood
prepulse (local inversion),28 which allows acquisition of
3D stacks along the major axis of the coronary artery
system. This novel technique allowed for visualization of
the proximal and mid portions of the right coronary
artery and left anterior descending artery wall with good
contrast between coronary blood and the vessel wall.28

Free-breathing 3D black-blood coronary CMR identified
an increased coronary vessel wall thickness with preser-
vation of lumen size in patients with nonsignificant
CAD, consistent with a “Glagov-type” outward arterial
remodeling (Figure 2).33 Acquisition of isotropic vox-
els,34 which facilitates reconstruction of arbitrary views,
may prove useful for reconstruction of cross-sectional
vessel wall images along a user-defined path from a
single 3D data set.

CORONARY ATHEROTHROMBOSIS IMAGING BY
CMR

CMR has shown great promise as a comprehensive

from Naghavi5
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sis. Multispectral MRI relies on the fact that the magnetic
resonance (MR) signal emitted by water protons (1H)
varies according to their molecular environment. In
principle, each plaque component has an MR-specific
“ZIP code,” which is composed of the T1 and T2

relaxation times, proton density, molecular diffusion,
magnetization transfer, and so on.35 Because there is an
overlap of signal intensities between the different se-
quences and the different plaque components, unique
identification of plaque components can be difficult.
Nevertheless, multispectral MRI has been successfully
demonstrated for plaque characterization in ex vivo
vessel specimens,35-37 in experimental animals,17,38,39

and in human carotid artery18,40 and aorta41,42 in vivo.
Currently, spatial resolution remains the limiting factor
for detailed coronary plaque characterization. On the
basis of simulations and phantom studies, it was demon-
strated that at least 1 pixel is needed across the different
tissue layers of the vessel wall (fibrous cap, lipid pool,
smooth muscle) to characterize different vessel wall
components reliably.43 Furthermore, respiratory motion
correction needs to be as accurate as 3 times the
thickness of the tissue layer.43 In principle, these bound-

Figure 1. Reformatted coronary MR images of the right
coronary artery obtained by the conventional protocol (A and
B) and by the novel sequence comprising high scan efficiency
and intra-R-R interval motion correction (C and D). Higher
signal-to-noise ratio and contrast-to-noise ratio are evident in
the motion-corrected images. Also, more details such as small
distal branches could be reconstructed by use of motion-
corrected scanning (solid arrows). Some artifacts resulting
from the retrospective correction may occur, as regions may
comprise image data from a subset of the acquired segments
only (dashed arrow). However, these effects do not occur
within the region of interest, such as the coronary vessel.
(Reproduced with permission from reference 22.)
aries could be met with the current navigator-based 3D
coronary vessel wall sequences.28,33 However, from a
practical perspective, high-resolution imaging causes a
reduction in the signal-to-noise ratio. Therefore the use
of exogenous targeted contrast agents,44,45 intravascular
coils,46 and higher magnetic field strengths47 may be
required for detailed vessel wall imaging. Different MR
probes have been developed to study various biologic
processes (eg, thrombosis, angiogenesis, inflammation,
and neoplasia) and diseases (eg, cancer, cardiovascular
disease, stroke, and diabetes) by targeting a spectrum of
molecular markers such as fibrin, selectins, and integrins.
Most of these agents are in the preclinical stage.

Recently, advances have been made with in vivo
imaging of arterial thrombus by fibrin-binding molecular
MR contrast agents.44,45 Direct imaging of arterial
thrombus by targeted or “molecular” contrast agents
(which are engineered to bind to specific target mole-
cules) is advantageous to classical noncontrast multi-
spectral MRI because the demand for high spatial reso-
lution and motion compensation strategies is less
stringent. Furthermore, even though several studies have
shown high sensitivity of MRI in the detection of carotid
and aortic thrombi,48-50 differentiation between complex
atherosclerotic plaques and mural thrombosis remains
difficult because of the complex composition (eg, plate-

Figure 2. X-ray angiography in 2 patients with a focal 40%
stenosis (white arrow) (A) and minor (approximately 10%
stenoses) luminal irregularities (white arrows) (C) of the
proximal right coronary artery. The corresponding black-blood
3D cardiovascular magnetic resonance vessel wall scans (B and
D) demonstrate the irregularly thickened right coronary artery
wall (�2 mm) indicative of an increased atherosclerotic plaque
burden. The inner and outer walls are indicated by the black
dotted arrows. (Reproduced with permission from reference
33.)
lets, fibrin, and red blood cells) of thrombus and resultant
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complex MR signal characteristics on T1-, T2-, and
proton density–weighted images of arterial thrombi. The
concept of targeted imaging was first introduced over a
decade ago and has since been further developed by
Weissleder and colleagues51-53 for MRI and optical
imaging in recent years. The advantage of CMR molec-
ular plaque imaging is the potential for relatively high
spatial resolution. The limitation is the inherently low
sensitivity of MR contrast enhancement technology,
requiring a relatively high target molecule concentration
(�50-100 �mol/L gadolinium at target site) for suffi-
cient signal amplification. Initial attempts were made
with targeting fibrin,54-56 which is abundant in arterial
clots and plays an important role in acute coronary
syndromes and stroke. In vivo MRI of acute and sub-
acute thrombosis after plaque rupture in an animal model
of aortic atherosclerosis has been implemented by use of
a small-molecule fibrin-binding peptide derivative, EP-
1873 (EPIX Pharmaceuticals Inc, Cambridge, Mass)
(Figure 3).44 This novel molecular agent allowed for
imaging of large lumen encroaching thrombi as well as
submillimeter mural thrombi with signal enhancement of
the entire thrombus and excellent differentiation from the

Figure 3. A, Reformatted coronary MR image from coronal 3D
data set shows subrenal aorta 20 hours after EP-1873 admin-
istration in a rabbit model of atherosclerosis and plaque rupture.
Three well-delineated mural thrombi (arrows) can be observed,
with good contrast between thrombus (numbered), arterial
blood (dotted arrow), and vessel wall (dashed arrow). The
in-plane view of the aorta allows simultaneous display of all
thrombi, showing head, tail, length, and relative location. B, C,
and D, Corresponding cross-sectional views show good agree-
ment with histopathology (E, F, and G). (Reproduced with
permission from reference 44.)
vessel wall. Combining the advent of fibrin-binding
molecular MR contrast agents and advances in coronary
MRI techniques offers the potential for direct imaging of
coronary thrombosis. The feasibility of this approach
was demonstrated by use of a gadolinium-based fibrin-
binding contrast agent, EP-2104R (EPIX Pharmaceuti-
cals Inc), in a swine model of native coronary thrombus
(Figure 4) and in-stent thrombosis by use of MR-lucent
stents (Figure 5).45 Potential applications for direct
thrombus imaging include detection and evaluation of
acute coronary syndromes and ischemic strokes.

Integrins, such as �v�3, are associated with angio-
genesis, which is a critical feature of plaque development
in atherosclerosis, and likely play a key role in plaque
rupture leading to myocardial infarction or stroke. In-
creased angiogenesis is detected as signal enhancement
in the MR signal averaged throughout the abdominal
aortic wall among hyperlipidemic rabbits that receive
�v�3-targeted, paramagnetic nanoparticles.57 Histology
and immunohistochemistry confirm marked proliferation
of angiogenic vessels within the aortic adventitia among
cholesterol-fed, atherosclerotic rabbits in comparison
with a sparse incidence of neovasculature in control
animals.

Vascular inflammation and associated endothelial
activation are believed to play an integral role in the
initiation and progression of atherosclerosis. Endothelial
cells express adhesion molecules such as E- and P-
selectin, which facilitate adhesion and migration of
monocytes. Differentiation of monocytes into macro-
phages and subsequent digestion of lipoproteins by
macrophages occur in a later stage and eventually lead to
the accumulation of lipid-filled macrophages, which are
believed to be a precursor of rupture-prone vulnerable
plaque. Early endothelial activation has been detected by
use of a novel MR contrast agent in rats with brain
inflammation (after interleukin-1�– and tumor necrosis
factor �–induced E- and P-selectin upregulation)58 and in
focal ischemia in mice brains.59 This novel gadolinium-
labeled contrast agent, gadolinium–diethylenetriamine pen-
taacetic acid–B(sLex)A,60 consists of the Sialyl Lewisx

(sLex) carbohydrate, which interacts with both E- and
P-selectin. These promising results encourage further stud-
ies including assessment of E- and P-selectin upregulation
in early atherosclerotic lesions in the coronary arteries.

SUMMARY

Atherothrombosis, defined as atherosclerotic lesion
disruption with superimposed thrombus formation, is the
major cause of acute coronary syndromes and cardiovas-
cular death. CMR imaging of coronary atherothrombosis
is challenging because of the small caliber of the vessels
combined with respiratory and cardiac motion. Free-

breathing 3D CMR coronary vessel wall imaging has
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Figure 4. In vivo MR image of gadolinium-labeled fibrinogen clots. Coronary MR images before
(A) and after (D) thrombus delivery. On both scans, no apparent thrombus is visible (circle).
Black-blood inversion recovery turbo field echo scans (MR thrombus imaging) before (B) and after
(E) clot delivery (same view as A and D) are shown. After thrombus delivery (E), 3 bright areas are
readily visible (arrows and circle), consistent with the location of thrombus. No apparent thrombus
was visible on prethrombus images (B) (arrow and circle). C, X-ray angiogram confirming MRI
finding of thrombus in mid left anterior descending artery (LAD) (circle). F, Magnified view of C.
LM, Left main artery; LAD, left anterior descending artery; LCX, left circumflex coronary artery.

(Reproduced with permission from reference 45.)
Figure 5. In-vivo MR molecular imaging of coronary in-stent thrombosis. A, Bright blood
steady-state free precession images (coronary lumen MRI) of LM/LAD after stent placement and
injection of EP-2104R. No apparent thrombus and no stent artifacts are visible on the post-stent
placement and EP-2104R bright blood images. B, MR thrombus imaging after stent placement and
EP-2104R. A bright spot (arrow) is visible after intracoronary injection of EP-2104R. C, Thrombus
was subsequently confirmed by x-ray angiography. D, Bright blood image after LCX stent
placement and EP-2104R. No apparent thrombus is visible. E, MR thrombus imaging after stent
placement and EP-2104R demonstrating 2 thrombi in the mid LCX (arrows). F, X-ray coronary

angiogram confirming MR findings. (Reproduced with permission45)
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enabled in vivo quantification of coronary plaque burden
and remodeling as a marker of subclinical CAD. Molec-
ular imaging via novel target-specific contrast agents
such as fibrin-binding agents to detect arterial thrombus
shows great promise as the new frontier in noninvasive
imaging. Advances in molecular imaging and CMR
techniques offer the potential for direct imaging of
coronary thrombosis and in-stent thrombosis by use of
novel fibrin-binding molecular MR contrast agents. Al-
though the current role of noninvasive CMR imaging of
atherothrombosis remains investigational, these tech-
niques should enhance our understanding of the natural
history of acute coronary syndromes and thereby facili-
tate strategies to prevent acute coronary syndromes and
cardiovascular death in vulnerable patients.
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