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Atherosclerosis remains the leading cause of
death in industrialized societies, and its incidence is
projected to increase worldwide in the next 2
decades [1]. It is recognized as a systemic disease
affecting the vessel walls of all the major arteries,
including the aorta, coronary, carotid, and periph-
eral arteries, and leads to a myriad of diseases,
including stroke, myocardial infarction, peripheral
vascular disease, aortic aneurysms, and sudden
death [2]. Traditionally, clinicians have focused on
atherosclerotic lesions that cause flow-limiting
stenoses. During the last 2 decades, however, it
has been shown that the process of atherosclerosis
begins as an extraluminal phenomenon in the
blood vessel wall, and the flow-limiting stenoses
constitute a much later stage in the process of ath-
erosclerosis [3]. Also, studies have demonstrated
that the benefits of therapy-related decreased
clinical events are not proportional to parallel re-
ductions in vessel stenoses [4]. Therefore, the con-
cept of flow-limiting stenoses has been challenged,
and studies now focus more on the progressively
atherosclerotic vessel wall. The American Heart
Association created a detailed classification scheme
designed to be used as a histologic template for
images obtained by a variety of invasive and
noninvasive techniques in the clinical setting [5,6].
It has been demonstrated that a vast majority of
the thromboembolic events result from plaque
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rupture or erosion [7,8], which is characterized by
thinning and rupture of the fibrous cap overlying
the thrombogenic lipid core [9,10]. Accurate in vivo
tracking of progressive lesions would be extremely
useful clinically to determine the status of patients’
atherosclerotic disease.

Because a major limitation of X-ray angiogra-
phy is being a “luminogram,” alternative imaging
modalities to detect atherosclerotic plaque have
been investigated. Intravascular ultrasound has
been used to discern plaque components accu-
rately [11], but it is an invasive procedure and is
associated with procedure-related complications,
and its ability to image the vessel wall downstream
from a stenosis is limited. Furthermore, because
of its high cost, intravascular ultrasound cannot
be justified as a screening tool in an asymptomatic
population. B-mode ultrasonography has been
used to measure plaque volume in the carotid
arteries, but its accuracy is limited by the plane
of acquisition and the fact that atherosclerosis is
a focal process [12,13]. CT has been used to detect
and quantify coronary calcification, but its ability
to detect soft, noncalcified plaques is not yet fully
determined [14]. MR imaging, because of its high
resolution, three-dimensional (3-D) capabilities,
noninvasive nature, and capacity for soft tissue
characterization, is emerging as a powerful mo-
dality to assess the atherosclerotic plaque burden
in the arterial wall and has been used to monitor
atherosclerosis in vivo [15,16]. This article reviews
the technical principles and current status of in
vivo MR imaging of atherosclerosis in various
arterial beds and briefly discusses ongoing re-
search in this field.
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Technical considerations for MR imaging of
atherosclerosis

To visualize the atherosclerotic plaque by MR
imaging accurately, many factors need to be taken
into consideration. Accurate imaging must obtain
adequate spatial resolution and adequate tissue
contrast, avoid or minimize artifacts, be highly
reproducible to facilitate longitudinal studies, and
at the same time cause little or no discomfort to
the subjects.

A normal artery wall is extremely thin (around
I mm for the coronaries and thicker for the aorta
and carotids), but with progressive arterial remod-
eling this thickness can vary from a few milli-
meters to more than a centimeter. An important
imaging consideration is the ability to discern
different plaque components, including the fibrous
cap, lipid core, hemorrhage, and calcification. To
do so, a spatial resolution in the submillimeter
range is necessary. With the advent of sophisti-
cated receiver coils and improvements in hard-
ware, it is now possible to achieve an in-plane
resolution in the order of 0.25 x 0.25 mm? in the
carotids, 0.8 x 0.8 mm? in the aorta, and 0.46 x
0.46 mm? in the coronaries, with a 2- to 5-mm
slice thickness [17-19] on a 1.5-T MR scanner. In
3-D coronary vessel wall imaging, an isotropic
resolution of 1.0 x 1.0 x 1.0 mm? has also been
reported [20]. The use of phased-array surface coil
techniques has proven to be effective in improving
the signal-to-noise ratio (S/N) [21,22]. The wide-
spread availability of 3-T MR scanners will prob-
ably help improve the S/N, which can be partially
traded for an improved spatial resolution.

Histologic studies have shown that different
plaque components co-exist, and these different
components produce differences in the MR signal
based upon their physical properties [23]. T1 and
T2 relaxation times vary among tissue types,
enabling the generation of tissue contrast. Thus,
to achieve tissue contrast and hence plaque
characterization, images obtained using different
weightings are necessary [18,24]. Another techni-
cal aspect to consider is the suppression of the
signal obtained from the blood flow; this suppres-
sion enhances the conspicuity of the vessel wall
and its components against the backdrop of
a hypointense lumen. Currently, the most effective
flow-suppression (black-blood) method in plaque
imaging is thought to be the double inversion
recovery (IR) technique [25]. IR, in combination
with fast spin echo (FSE) techniques, has been
used to image the carotid, aortic, and coronary

vessel wall [17-19,26]. To reduce the scan time
related to this technique, multislice techniques
have been developed that reduce the imaging
time by two- to fourfold without significantly
compromising the S/N [27,28].

The next technical issue to consider is that of
artifacts, including those caused by cardiac con-
traction, breathing, blood flow, and random
motion such as swallowing or tremors, all of
which can significantly deteriorate image quality.
To counter these artifacts, cardiac gating is used
to improve the quality of the scan. For aortic and
coronary imaging, along with cardiac gating,
breathing also is an issue, which is countered by
breath-holding or use of respiratory navigators
[18-20]. Also, perivascular fat, which can obscure
signal from the vessel wall, particularly in the
coronaries, needs to be suppressed [29]. An inter-
esting development is the use of contrast agents to
enhance plaque components. Usually gadolinium-
based agents are used in association with double
IR imaging or spoilt gradient echo sequences
[30,31]. With the use of novel contrast agents
such as ultrasmall paramagnetic particles of iron
oxide (USPIOs) or fibrin-specific agents, new data
are being acquired rapidly [32-34].

The final technical aspect that needs to be
considered is the processing of the MR images
that are obtained. Plaque analysis is generally
separated into two domains: assessment of mor-
phology (plaque dimensions) and assessment of
tissue characteristics. In general, these variables
are considered in continuous rather than categor-
ical form so that inferences can be drawn about
the longitudinal regression or progression of
plaque.

Assessment of plaque morphology using MR
imaging

Accurate quantification of vessel wall dimen-
sions depends upon the ability to discern the inner
and outer boundaries of the vessel wall. Once
these boundaries have been determined, the di-
mensions can be recorded as thickness or area
(difference between outer contour and inner
contour). Several semiautomatic image-processing
tools have been proposed for vessel boundary
detection [35,36]. Atherosclerosis, however, is
generally not a uniform process, and there can
be sudden variations in regional plaque surfaces.
The measurements of thickness and area are
less accurate and more vulnerable to anatomic
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mismatches because only a single slice is mea-
sured, and an entire anatomic rematch of the
patient’s prior scanning position is virtually im-
possible. Thus, to reduce the variation in plaque
dimensions from study to study, plaque volume
becomes the morphologic assessment of choice.
Generally, multiple (five or six) slices are obtained
with the center slice in the middle of the thickest
part of the plaque. A modification of Simpson’s
formula is used to calculate plaque volume. In this
process, the emphasis is on the middle slices rather
than the outer slices, and minimal errors of
registration do not significantly alter the volume
measurements. In a carotid artery study, the
variability in plaque volume assessment was
found to be between 4% and 6% [37]. In a recent
study of aortic atherosclerosis, the authors were
able to demonstrate that the reproducibility of
plaque volume assessment (intraclass correlation
coefficient, 0.95; coefficient of variation, 5.7%)
was significantly superior to that of plaque
thickness (intraclass correlation coefficient, 0.82;
coefficient of variation, 18.9%) or plaque area
(intraclass correlation coefficient, 0.90; coefficient
of variation, 21.3%). Based on these findings, the
authors concluded that changes of less than 4.6%
in aortic plaque volume could be considered as
accurately measured by MR imaging [38].

Characterizing plaque using MR imaging

The difference in MR signal between hydrogen
protons in different chemical environments make
it ideally suited for noninvasive characterization
of the different components of a given plaque.
Techniques focused on lipid assessment using spec-
troscopy and chemical-shift imaging have been
found less useful in the in vivo setting because of
the relatively low lipid concentration in the tissue
and hence poor S/N [39-41]. Most of the newer
techniques use water protons to generate the MR
signal. Different plaque components have been
characterized by TI1, T2, and proton-density
weightings in animals [42,43], ex vivo specimens
[41,44], in vivo carotids [44,45], in vivo aortas [18§],
and, more recently, the coronaries [19,22].

The characteristic appearance of different pla-
que components on MR imaging has been pre-
viously validated (Figs. 1 and 2) [17,23,44].
Generally, lipid components appear as isointense
regions within the plaque on T1- and proton
density—weighted images but hypointense on T2-
weighted images. On the other hand, the fibrous
cap appears bright, and calcium appears very

hypointense on all three weightings. Thrombus
appears hyperintense (albeit less so than fibrous
cap) on all three weightings. Perivascular fat,
which predominantly consists of triglycerides,
has a different MR appearance than the lipid
core, which generally consists of unesterified
cholesterol and cholesterol esters [23,41].

Recent studies have demonstrated that the use
of paramagnetic contrast agents, such as gadoli-
nium, enables subtle distinctions between different
plaque components to be detected (Fig. 3). In-
creases in T1 relaxation by gadolinium leads to
increased contrast enhancement on T1-weighted
pulse sequences. There is evidence of neovascu-
larization and inflammation in atherosclerotic
plaque [46], and it has been proposed that
contrast-enhanced MR imaging can aid in plaque
characterization by helping to detect these
changes [30,31]. These studies demonstrated that
pre- and postcontrast MR imaging helped differ-
entiate between the necrotic core and fibrous
tissue. In the study by Wasserman et al [31] the
S/N of fibrous cap was twice that of the lipid core.
Another study demonstrated that postcontrast
signal enhancement in carotid arteries and aorta
is associated with elevated serum levels of in-
terleukin-6, C-reactive protein, and cell adhesion
molecules [47].

USPIOs alter the relaxation times of adjacent
tissue and are avidly taken up by macrophages. It
has been demonstrated that injection of USPIO
into hyperlipidemic rabbits is associated with the
appearance of signal voids on the luminal surface
of the aorta [48]. Another active area of research is
the detection of thrombus or fibrin, which has
been demonstrated to play a role in plaque pro-
gression [7]. Contrast agents that can detect and
characterize thrombi have been developed, and
fibrin has been identified by lipid-encapsulated
perfluorocarbon paramagnetic nanoparticles in
vitro [33,49] as well as in vivo [33]. In a recent
report, the feasibility of a gadolinium-based fibrin-
binding contrast agent, EP-2104R (EPIX Medical,
Inc., Cambridge, Massachusetts) was demon-
strated in a swine model of coronary thrombus
and in-stent thrombosis (Fig. 4) [34]. Potential
applications include detection of coronary in-stent
thrombosis or thrombus burden in patients with
acute coronary syndromes.

MR imaging of carotid atherosclerosis

The carotid artery has become the most
common target vessel for MR imaging of
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Fig. 1. High-resolution MR images of the right carotid artery of a 72-year-old man with advanced atherosclerosis.
(A4) Oblique proton-density image through the proximal internal and external carotid arteries. This image was used to
prescribe subsequent images. CCA, common carotid artery ICA, internal carotid artery. (B) T2-weighted precontrast,
(C) Tl-weighted precontrast and (D) Tl-weighted postcontrast FSE images of the right internal carotid artery
demonstrating arterial wall remodeling caused by atherosclerotic plaque (AP). Note the lipid core (LC) within the
atherosclerotic plaque on T2-weighted and postcontrast T1-weighted images. L, lumen.

atherosclerosis (see Figs. 1-3). This application
has become widespread because of the use of
phased-array coils, well-validated multicontrast
imaging protocols [17,44], and the existence of
a reference based on histologic examination of
atherosclerotic lesions obtained surgically during
carotid endarterectomy [50].

MR imaging accurately identifies the adventi-
tial layer of the carotid artery and thus aids in
measurement of vessel wall dimensions with high
accuracy (4%—6% error of vessel volume mea-
surement) [16,37,51]. MR imaging has also been
used to demonstrate the state of carotid plaque
substructure, including the fibrous cap. In one
study, the in vivo state of the fibrous cap was
characterized based on its appearance on MR
images (intact and thin, intact and thick, or
ruptured), and there was a high level of agreement
between the MR images and the histologic state of
the fibrous cap [45]. When multicontrast MR
imaging has been compared with histology, a sen-
sitivity of 81% and specificity of 90% has been

demonstrated for identification of an unstable
fibrous cap [52]. A ruptured fibrous cap identified
on MR imaging was highly associated with
a stroke or a transient ischemic attack [53]. MR
imaging also has a high sensitivity and specificity
in detecting lipid core, hemorrhage, and calcifica-
tion in ex vivo imaging of endarterectomy speci-
mens (90%-100%) [54] and in vivo imaging
(85%-92%) [24,55]. The role of contrast-enhanced
MR imaging in characterizing carotid plaque has
been described previously in this article.

MR imaging of aortic atherosclerosis

The feasibility of detecting atherosclerosis of
the thoracic aorta using surface receiver coils has
been demonstrated, using transesophageal echo-
cardiography (TEE) as a reference [18]. MR as-
sessment of the aorta correlated well with TEE
for assessment of plaque thickness, extent, and
composition. This technique has been found to be
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Fig. 2. High-resolution MR images of the right carotid artery of a 75-year-old man with advanced atherosclerosis.
(A4) T2-weighted precontrast, (B) T1-weighted precontrast, and (C) T1-weighted postcontrast FSE images of the right
internal carotid artery (ICA) demonstrating only arterial wall remodeling caused by atherosclerotic plaque (arrows).

Note the lipid core is absent. L, lumen.

highly reproducible [26]. In subjects from the
Framingham heart study, aortic plaque burden
increases with age [56]. After 1 year of lipid-
lowering therapy, MR imaging of the aorta has
demonstrated plaque regression by 8% without
a change in the cross-sectional area of the arterial
lumen [15,57].

Transesophageal MR imaging (TEMRI) using
a loopless antenna coil has been developed for
aortic MR imaging. The rationale behind TEMRI
comes from a specific limitation for surface MR
receiver coils: the trade-off between depth of pen-
etration and S/N. To detect and visualize distant
structures such the thoracic aorta adequately, a
strong local signal could be of paramount impor-
tance; such a signal was achieved by using
a TEMRI coil [58]. The feasibility and utility of
this technique was demonstrated in patients with
aortic atherosclerosis [59]. The authors have

recently demonstrated that the addition of the
TEMRI coil increases the signal in the aortic arch
and descending aorta by 157% to 225% above
that attained by surface coils alone (Fig. 5) [38].
Furthermore, using the combined surface MR
imaging and TEMRI, the authors also have
demonstrated recently that aortic plaque regres-
sion of about 12% can be detected as early as
6 months (as compared with 1 year or longer)
following lipid-lowering therapy [60]. The disad-
vantage of this approach is that the technique is
invasive and requires a skilled operator to posi-
tion the TEMRI probe.

MR imaging of coronary atherosclerosis

Until recently, the acceptance of MR imaging
for coronary imaging has been hampered by many

Fig. 3. High-resolution MR images of the right carotid artery of another patient with advanced atherosclerosis.
(A4) Oblique proton density image through the proximal internal and external carotid arteries. This image was used to
prescribe subsequent images. AP, atherosclerotic plaque; L, lumen. (B) T1-weighted postcontrast FSE image of the right
internal carotid artery demonstrating significant arterial wall remodeling caused by atherosclerotic plaque with an
excellent postcontrast delineation of the lipid core (LC). L, lumen.
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Fig. 4. (4 and B) Two mural thrombi (arrows) observed at different levels of the aorta, with good contrast between
thrombus (arrow), arterial lumen, and vessel wall, 20 hours after administration of EP-1873 contrast agent. (Courtesy of

Dr. Phillip Graham, EPIX Medical Inc, Cambridge, MA.)

Fig. 5. Double IR FSE proton-density images of the
aortic arch, in a patient with advanced atherosclerosis,
obtained using a combination of surface and trans-
esophageal MR imaging, demonstrating excellent de-
lineation of the atherosclerotic plaque. The arrow points
to the hyperintense signal related to the transesophageal
receiver coil. AA, aortic arch; PA, pulmonary artery.

technical limitations, including constant car-
diac motion caused by contraction/relaxation,
diaphragmatic/chest wall motion caused by respi-
ration, the small caliber of the coronary vessels,
the tortuosity of the coronary arteries, and signal
from surrounding epicardial fat and myocardium
[61]. With the following refinements of MR
techniques, however, coronary imaging has be-
come technically feasible. To account for bulk
cardiac motion, ECG gating (particularly the
vector ECG approach) has been used with un-
precedented results [62]. Because coronary artery
motion is minimal at mid-diastole, it has become
the preferred time for imaging [61]. Several
different approaches have been used to minimize
the effect of respiratory motion. These methods
include sustained or multiple brief breath-holds,
coached breathing, free breathing using multiple
averages, and chest wall bellows. A more recent
innovation is the positioning of MR navigators at
any interface that accurately depicts respiratory
motion (eg, the dome of the right hemidiaphragm)
[61,63]. Advanced MR pulse sequences have been
developed that can suppress the signal from
surrounding epicardial fat and the myocardium,
thus enabling visualization of the coronary ar-
teries with contrast [29]. Finally, to improve in-
plane spatial resolution to image the coronaries,
newer cardiac-specific coils have been developed
that support an improved S/N [61].

Fayad et al [19] have demonstrated the feasi-
bility of in vivo imaging of the coronary vessel
wall using a 2-D black-blood technique [19]. The
reproducibility of this technique, which must be
excellent for this imaging method to become
a useful clinical tool, has only recently been
studied at John Hopkins University. The authors
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have recently demonstrated that coronary vessel
wall imaging (Fig. 6) using the double IR FSE
(2-D black-blood pulse sequence) was reproduc-
ible (r = 0.87) with good inter- and intraobserver
agreement [64]. This technique allows only limited
spatial coverage, however. To overcome this
problem, Botnar et al [65] have attempted to
image the coronary vessel wall using 3-D black-
blood coronary MR imaging, along with a local
inversion prepulse to suppress unwanted signal
(ventricular blood, myocardium, and chest wall
tissue) outside a user-defined region of interest,
and a spiral imaging technique. They were able to
show the phenomenon of outward arterial remod-
eling noninvasively [20]. This technique enables
the imaging of a long segment of the coronary
artery wall and might be a useful screening
technique for measuring plaque burden.

Role of intravascular MR imaging

The ability of MR imaging to generate high-
resolution images of the vessel wall, delineate
perivascular soft tissue structures, and generate
multiplanar images in real time have generated
interest in MR imaging as a replacement for X-ray
angiography [66]. In a recent study on swine, an
intravascular MR coil/guide wire (Surgi-Vision,
Gaithersburg, Maryland), introduced through the
external iliac vein into the inferior vena cava
generated excellent images in vivo that corre-
lated well with histologic findings (Fig. 7) [67].
Preliminary studies have also demonstrated the
feasibility of MR-guided percutaneous angio-
plasty in rabbit aorta [68], stent deployment in
pig femoral arteries [69] and pig coronary arteries

Fig. 6. (4) MR angiogram of the right coronary artery
(arrows). AO, aorta. The bold line indicates where the
image of the vessel wall was obtained. (B) Double IR
FSE image of the right coronary artery (arrow) in
a healthy volunteer.

Fig. 7. Double IR FSE image of the abdominal aorta
(A) in a patient with advanced atherosclerosis, obtained
using an intravascular coil positioned in the inferior
vena cava (IVC). Notice the bright signal emanating
from the coil (arrow). The atherosclerotic changes in the
aortic wall (arrowheads) are well delineated.

[70], and monitoring of catheter-based gene ther-
apy in pig femoral arteries [71].

Future of MR-based atherosclerosis imaging

As described in this article, the past decade has
seen significant developments in the MR imaging
of atherosclerosis. Most of the studies, however,
have involved a small number of subjects, and
there is paucity of multicenter data. Because there
is considerable institutional variation in acquisi-
tion and in analysis techniques, it is difficult to
classify current findings as anything other than
preliminary. Nonetheless, current results open an
exciting window of opportunity that can be used
to devise an optimal treatment strategy, monitor
the effect of therapy, and understand better the
pathophysiology of atherosclerosis.

Potential applications of MR atherosclerosis
imaging might include its use in longitudinal
studies looking at the effects of newer drug
therapies on plaque composition and morphol-
ogy. Advantages would include noninvasive or
minimally invasive monitoring of plaque regres-
sion with MR imaging and the potential to reduce
the sample size compared with intravascular
ultrasound. MR imaging also can be used to
monitor disease progression in high-risk patients.
Further refinements of the technique and in image
analysis will be necessary before the use of MR
imaging for this purpose becomes widespread.



178 DESAI & BLUEMKE

Other potential applications include individu-
ally tailored therapy for patients based on their
plaque characteristics and plaque burden. Because
of advances in MR hardware and software, MR
imaging could be used as a screening tool to
stratify patients based on their cardiovascular
risk. Finally, the high resolution of MR imaging
and the development of sophisticated contrast
agents offer tremendous promise of in vivo
molecular imaging of the atherosclerotic plaque.

Summary

Because of its high resolution, 3-D capabilities,
noninvasive nature, and capacity for soft tissue
characterization, MR imaging has emerged as
a powerful modality to assess the process of
atherosclerosis comprehensively in different arte-
rial beds, including the coronary arteries. It holds
great promise in studies involving longitudinal
follow-up of plaque progression and for detection
of therapeutic intervention-related changes. With
the development of newer, target-specific contrast
agents and molecular imaging applications, an
exponential growth in its current applications is
anticipated.
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