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Abstract
This review examines the state of the art in vessel wall imaging by MRI with an emphasis on the
biomechanical assessment of atherosclerotic plaque. Three areas of advanced techniques are
discussed. First, alternative contrast mechanisms, including susceptibility, magnetization transfer,
diffusion and perfusion, are presented in regards to how they facilitate accurate determination of
plaque constituents underlying biomechanics. Second, imaging technologies, including hardware
and sequences, are reviewed in regards to how they provide the resolution and SNR necessary for
determining plaque structure. Finally, techniques for combining MRI data into an overall
assessment of plaque biomechanical properties, including wall shear stress and internal plaque
strain, are presented. The paper closes with a discussion of the extent to which these techniques
have been applied to different arteries commonly targeted by vessel wall MRI.
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Introduction
MR imaging of the arterial wall has emerged as a technology with potential to provide a new
level of performance for clinical diagnosis and management of patients with atherosclerotic
disease. The traditional measurement of atherosclerotic disease severity – stenosis – is
widely recognized to be insufficient as a marker of risk and only one of several factors that
predispose an atherosclerotic lesion to thromboembolic events [1]. The potential for vessel
remodeling, verified first by Glagov [2], means that large plaques can develop through
outward expansion of the vessel with little resultant stenosis. Furthermore, plaques can
exhibit a diverse range of features, including lipid-rich cores, calcifications, intraplaque
hemorrhages, and fibrous caps of various thicknesses. Histopathological studies of lesions
implicated in clinical events show that in addition to high-grade stenosis, other common
causes of thrombus development include fracture of the fibrous cap revealing the lipid-rich
core, calcified nodules protruding into the lumen, and erosion of the endothelial surface [3].
A picture has thus emerged that clinical events are tied to the biomechanical disruption of
the atherosclerotic plaque and these could be prevented if the presence of biomechanically
vulnerable features can be detected by MRI prior to clinical events.

Considerable progress has been made to date in validating the ability of MRI to distinguish
features of the atherosclerotic plaque. A large number of studies have been conducted on
human carotid arteries [4-13], which are large and superficial arteries that are well-suited for
imaging, are clinically important in causing stroke, and permit histological comparisons by
imaging candidates for endarterectomy, in which the plaque is surgically removed. MRI has
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been shown to accurately and reproducibly measure vessel wall volume and thickness,
volumes of necrotic core, calcification, hemorrhage, and loose matrix, and fibrous cap
condition [4-6]. These results have been extended to other vascular beds, notably the aorta
and femoral arteries [14-18]. The coronary circulation poses a particular challenge for vessel
wall MRI due to the smaller vessel size and cardiac motion. Nevertheless, specialized black-
blood imaging techniques have shown that estimates of plaque burden can be extracted from
axial and longitudinal views of the proximal right, left main, and left anterior descending
coronary arteries [19-22].

Despite the success of MRI in imaging atherosclerosis, considerable room for improvement
remains, making vessel wall imaging a high activity area for technological development.
The key biomechanical features of atherosclerotic plaque exist at the margins of resolution
and signal-to-noise ratio (SNR) of commonly available MRI technology. Thus many
advanced efforts have been focused on methods to improve resolution and SNR. In addition,
MRI offers numerous contrast mechanisms beyond basic T1 and T2 weightings commonly
used for plaque characterization. Thus, many alternative contrast mechanisms have been
explored for potential plaque characterization. Finally, the key determinant of plaque
vulnerability may not exist within a single feature, but instead may represent the complex
biomechanical interplay of multiple features. Thus, a third research thread has explored the
use of MRI to expose biomechanical properties of plaques. The purpose of this review is to
examine each of these three areas of technology development related to vessel wall MRI:
exploring new contrast mechanisms, advancing imaging performance, and developing a
global picture of plaque mechanics.

Alternative Contrast Mechanisms
The greatest advantage of using MRI for plaque imaging is its excellent soft tissue contrast.
Fast spin echo (FSE) imaging using standard contrast weightings, such as T1 and T2
weightings, and use of contrast-enhanced T1-weighted imaging with gadolinium-based
agents yield excellent differentiation of many plaque components. Comparisons of histology
and MRI for the presence or absence of necrotic core and calcification report strong
agreement, with Cohen's κ equal to 0.73 and 0.75, respectively [4]. In the same study,
estimates of cross sectional areas for these two components exhibited correlation
coefficients of 0.75 and 0.74, respectively. Other important components, notably
hemorrhage, exhibit more modest accuracies. Hemorrhage is typically identified by bright
signal on T1-weighted gradient echo images, including time-of-flight and inversion recovery
spoiled gradient recalled echo sequences [5-7]. Specificity for hemorrhage detection has
been reported as low as 74% and intereader agreement is modest [5]. Given the room for
improved detection of hemorrhage and other important plaque features, other contrast
mechanisms have been explored for potential to provide improved differentiation of plaque
components.

Magnetic Susceptibility
Among the biological processes associated with atherosclerosis, calcification and
intraplaque hemorrhage lead to increased magnetic susceptibility, the former due to the
introduction of calcium and the latter through the introduction of iron derived from
hemoglobin. Thus, detection of these plaque components can potentially be improved
through use of imaging contrasts that depend upon susceptibility. One effect of susceptibility
is to shorten T2* which can be measured using multi-echo imaging techniques to observe
T2* decay. In an in vivo study of carotid atherosclerosis, Raman et al. [8] found a significant
reduction of T2* in symptom-causing plaques, which was attributed to higher amounts of
T2*-shortening forms of iron. Recently, Zhu et al. [23] introduced a novel imaging
technique (3D SHINE) to combine T1-weighted spoiled gradient inversion recovery
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imaging to detect intraplaque hemorrhage with multi-echo measurement of T2* to stage the
hemorrhage in terms of hemoglobin byproducts.

Another measurable imaging effect of magnetic susceptibility is to locally alter the phase of
the magnetic resonance signal. Thus, phase images can highlight regions of different
susceptibilities. Additionally, phase masks can be used to modify contrast in magnitude
images and highlight specific features characterized by altered susceptibility. These
approaches are referred to as “susceptibility-weighted imaging” (SWI) [24]. SWI has
recently been applied to the femoral artery using a 3D acquisition protocol and found to
provide high vessel wall contrast with broad coverage (Fig. 1) [25]. In addition, areas of
calcification measured on the phase images were found to agree with CT-based
measurements with a correlation coefficient of 0.92. SWI is also very sensitive to small
amounts of blood or hemorrhage in the form of hemosiderin and in the future could serve as
a means to not only study the calcifications in vessel wall, but also hemorrhage.

Ultra-short T2 Species
Atherosclerotic tissues also exhibit components, such as lipoproteins and collagen, with T2
values too short to directly image using standard fast spin echo techniques. Ultra-short echo
time (UTE) imaging techniques have been introduced to obtain signal from species with T2
values well under 1 ms using specialized slice selection techniques and radial k-space
trajectories [26]. Du et al. [27] used a spiral trajectory to image normal carotid artery walls
with a UTE sequence. Herzka et al. [28] demonstrated the ability to obtain variable signals
within calcified regions of carotid atherosclerotic specimens imaged ex vivo with a UTE
protocol.

Magnetization transfer is another means of imaging species with ultra-short T2 values.
Magnetization transfer refers to the exchange of magnetization between bound protons
(typically associated with proteins) that have ultra-short T2 and free protons with long T2.
The short T2 value of the bound fraction leads to spectral broadening that allows an off-
resonance RF pulse to saturate the bound proton magnetization. Magnetization transfer then
leads to a fractional reduction of magnetization in the free pool, referred to as the
“magnetization transfer ratio,” that depends on the size of the bound pool and the rate of
transfer to the free pool. Differences in magnetization transfer have been reported between
lipid-rich and fibrous regions of atherosclerotic plaques imaged ex vivo [29-31].

Diffusion and Perfusion
A final source of novel contrast mechanisms within plaques is the microscopic structure of
the plaque components. Components can be organized, such as the laminar collagen of the
fibrous cap, or amorphous as in the necrotic core. Fibrous regions can be dense or loose.
Plaque regions can have a rich blood supply arising from the vasa vasorum or be relatively
avascular. Thus, macroscopic imaging techniques that reveal this microscopic structure can
be helpful for plaque characterization.

One such technique is diffusion weighted imaging (DWI), in which gradient pulses are
applied that dephase spins in proportion to the rate of water diffusion. Regions with smaller
diffusion coefficients undergo less dephasing and appear brighter on the resulting DWI
image. In direct measurements of the diffusion coefficient, Toussaint et al. [32] showed that
necrotic core regions of plaque have significantly lower diffusion coefficients than fibrous
regions. Clarke et al. [33] showed that this property leads to significantly higher DWI
intensities for necrotic cores compared to other plaque regions in carotid endarterectomy
specimens scanned ex vivo. In ex vivo experiments, DWI proved better then T2-weighted
images at distinguishing lipid and fibrous regions [34]. However, DWI suffers from long
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scan times and considerable motion sensitivity and may not be suitable for in vivo imaging
of pulsing atherosclerotic vessels.

Another technique that relies on molecular transport for contrast is perfusion imaging, which
quantifies the entry and extravasation of intravenously injected contrast agents into the
plaque. Kinetic modeling of the signal variations due to contrast agent uptake can quantify
biological properties such as the fractional plasma volume (vp) and transfer constant (Ktrans).
Kerwin et al. [35] used this approach to construct “vasa vasorum images” that color code
plaque regions according to the estimated vp and Ktrans (Fig. 2). In histological comparisons,
in vivo measurements of vp and Ktrans in carotid arteries have been shown to correlate with
plaque inflammatory features including neovascularity and macrophage content [9,10].
Recently, Chen et al. [36] showed that average Ktrans is significantly different among major
plaque components.

Imaging Technology
In addition to providing adequate contrast between components, another key imaging
challenge for assessing plaque features associated with biomechanical vulnerability is the
spatial resolution of the resultant images. The most sought after feature is the thickness of
the fibrous cap overlaying the thrombogenic necrotic core. Histological studies have used a
cap thickness of 65 microns as a cutoff between stable and high-risk coronary plaques [37],
which is well beyond resolutions on the order of 1 mm that are typically achieved in
coronary artery MRI. In carotid arteries, cutoff values for high risk of rupture were found to
be a minimal cap thickness of 200 microns and average thickness of 500 microns [38],
values that are at least within reach of the typical spatial resolution of 500-600 microns used
in carotid imaging. In carotids, however, even measurements of total wall thickness can be
subject to considerable bias due to obliquity of the artery wall coupled with the finite image
plane thickness, typically 2-3 mm [39]. Thus, considerable effort has been dedicated to
improving resolution in-plane and reducing effective slice thickness. These efforts are
inherently tied to considerations of signal-to-noise ratio, imaging time for large matrix
acquisitions, and spatial coverage.

High-Field MRI
The increasing availability of 3 Tesla field strength scanners is considered to be a
tremendous opportunity for improved vessel wall imaging. The doubling of field strength
over common 1.5 Tesla scanners imparts a theoretical doubling of SNR that can be used to
increase resolution and/or reduce imaging time. Experimentally, the achievable SNR
improvement in carotid imaging was found to be 1.5 – 1.8 times, depending on sequence
type [11]. Similar improvements were found in the aorta and shown to permit parallel
imaging at 3 Tesla with an acceleration factor of 3 without a loss in SNR compared to non-
accelerated imaging at 1.5 Tesla [16].

Higher field strength also has the potential to alter image contrast through changes in tissue
magnetization parameters. However, in reviews of paired images taken with 1.5 and 3 Tesla
field strengths, both manual outlining and an automatic classifier revealed no major
differences in the detection or size measurement of plaque components [12,13]. Slight
increases in the apparent size of calcifications and variations in hemorrhage appearance
were observed at 3 Tesla, likely due to the increased susceptibility at higher field strength.

Higher field strengths above and beyond 3 Tesla may lead to further improvements in SNR.
In vivo imaging of carotid atherosclerosis was recently demonstrated at 7 Tesla [40]. At
these ultra-high fields, further changes in image contrast and susceptibility are apparent (Fig.
3). Thus, the relative merits of ultra-high field strengths require further investigation.
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3D MRI
Another strategy for improving SNR and resolution is to use 3D acquisition protocols. The
use of phase encoding rather than slice selection to establish position in the third dimension
permits isotropic or nearly isotropic image resolution while maintaining or increasing SNR.
For example, Balu et al. [41] compared 2D and 3D protocols with fundamental resolutions
of 0.6 × 0.6 × 2 mm and 0.6 × 0.6 × 1 mm, respectively. Despite the improved resolution,
the 3D sequence retained similar and slightly higher SNR compared to the 2D sequence.

Although this result is encouraging, 2D acquisitions currently remain the standard for many
plaque imaging sequences. 3D imaging is widely used for bright-blood acquisitions [17] and
in inversion recovery sequences for detecting hemorrhage [7,42], but these approaches use
gradient echo acquisitions that yield inferior vessel wall conspicuity compared to FSE
acquisitions. For 3D imaging, however, FSE sequences suffer from long imaging times, high
motion sensitivity, and difficulties with flow suppression in black-blood acquisitions. To
address these issues, Crowe et al. [43] proposed a 3D FSE sequence with DIR blood
suppression and navigator detection of swallowing. Koktzoglou and Li [44] proposed the
use of steady-state free precession (SSFP) imaging with use of navigators to detect
swallowing and a diffusion preparation for blood suppression in an isotropic 0.6 mm
resolution 3D acquisition. The related motion sensitized driven equilibrium (MSDE)
technique for blood suppression [45] has also been investigated for use in a 3D protocol
because it does not depend on inflow for blood suppression [46]. Mitigation of swallowing
artifacts was also proposed by Chan et al. [47] using an electrical signal induced by motion
of a coil placed on the neck to reject data acquired during swallowing. If the challenges of
3D imaging of artery walls can be overcome, 3D imaging also offers potential time
efficiencies for certain imaging geometries. For example, Zhang et al. [48] showed a nearly
75% reduction in imaging time for a long course of the femoral arteries by orienting a 3D
slab along the axis of the artery and reformatting the result into the axial plane. This
efficiency has also led Chung et al. [49] to propose whole-body plaque imaging in which 3D
vessel wall imaging is performed at 4 separate imaging stations within 1 hour.

Coils
In addition to imaging sequences, hardware and particularly coils play an important role in
atherosclerosis imaging. Thus coil design has been an area of significant effort [50-53]. The
recent push for increased numbers of receivers in MRI scanners has opened the door for coil
designs with large numbers of elements [54]. For example, the use of an 8-element carotid
phased array was shown to increase SNR by more than 60% compared to a 4-element
version [55]. In addition, coil placement is a key concern, especially for deep arteries, ill-
suited for small surface coils. This has led to the introduction of transesophageal coils [56]
and intravascular coils [57-59]. Design of coils for parallel imaging has not been addressed
for atherosclerosis imaging because of the SNR-limited nature of the acquisitions.
Nevertheless, as higher fields and 3D imaging yield improved SNR, parallel imaging will
likely become a consideration in coil design for vessel wall imaging.

Coronary Wall Imaging
The imaging technology described above is generally applicable to multiple vessels, but the
coronary arteries present special challenges that have led to unique technologies specific to
coronary arteries. Several of the challenges include the need to overcome cardiac and
respiratory motion, the generally large area of the chest compared to the small size of the
arteries, a tortuous vessel course, and difficulties with blood suppression. In early efforts
[19,20], 2D FSE cross-sectional images aligned using coronary MRA showed the ability to
obtain black-blood wall images. More recently, 3D gradient echo or SSFP sequences aligned
with the long axis of the vessel have become more common [20,21]. In addition, use of
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radial or spiral acquisitions [22] improves temporal performance and reduces motion
sensitivity. The long scan times are accommodated by the use of navigator gating and by
acquiring data during diastasis, a relatively long window during which coronary arteries are
nearly stationary. Because the 3D volume acquisitions do not accommodate standard
techniques for blood suppression, specialized sequences have been suggested using localized
inversion pulses [60] or MSDE blood suppression that does not rely on blood inflow (Fig. 4)
[61].

Biomechanical Analysis of Plaque
The overall goal of plaque imaging is to identify specific features of the plaque that are most
important for predicting risk of clinical events or evaluating plaque progression. Histological
and MRI studies [3-6] have pinpointed a number of key features – thin fibrous caps, large
lipid cores, presence of intraplaque hemorrhage – that share a common biomechanical
thread. Thus, the definition of the vulnerable plaque may not arise from a single
morphological feature, but instead from the biomechanical implications of all features.
Furthermore, numerous studies have linked biomechanical forces to the pathogenesis of
atherosclerotic plaque [62-68], implying that biomechanical analyses may reveal a
predisposition for future vulnerable plaque development. Thus, techniques are needed to
translate basic morphological images of the vessel wall into biomechanical assessments of
stresses within the plaque.

The mechanical factors of interest derive from two primary mechanical forces of
hemodynamic origin: fluid wall shear stress and tensile stress. The shear stress is the
frictional force per unit area acting on the endothelium, in the direction of the flow. Several
studies have shown that plaque development occurs in regions of low wall shear stress or
regions with marked temporal fluctuations in the direction of shear stress, whereas high
unidirectional shear stress may exert a protective effect against the induction of lesions
[62-65]. Recent studies have suggested that shear stress forces also play a role in the
biological processes that destabilize the fibrous cap, leading to a rupture-prone, vulnerable
plaque. In particular, it has been proposed that endothelial cells react to shear stress
modifying the balance between cap-reinforcing extracellular matrix synthesis by smooth-
muscle cells and extracellular matrix degradation by metalloproteinases secreted by
infiltrating macrophages [62].

The tensile stress, on the other hand, is the normal component of the stress tensor that
develops along the arterial wall in response to the mechanical loading exerted by the
transmural pressure and is the source of the mechanical strain exhibited by the arterial wall
components. Richardson et al [66] observed that tensile stresses were higher in regions
where fibrous cap rupture was reported to occur most frequently (the junction of the cap
with the adjacent normal intima). Cheng et al [67] found that the location of cap rupture was
not always the area of greatest stress in an individual lesion, suggesting that local variations
in plaque strength may determine the rupture site. However, not only the local weakening of
the fibrous cap, but also the failure of the biological tissues to compensate the effect of the
increased tensile stress [68] could be a major factor in plaque rupture.

Computational Modeling
Most efforts to assess plaque mechanics that have involved MRI depend on the use of
computational models derived from vessel wall morphology extracted from images.
Computational fluid dynamics (CFD) provides a means to derive the geometry and flow
boundary conditions from medical imaging data. Modeling blood flow using patient-specific
vessel geometry and blood flow conditions obtained from medical imaging is a multi-step
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task, involving geometric reconstruction from the segmented image, mesh generation,
acquisition and/or definition of boundary conditions, and numerical calculation (Fig. 5).

Black blood MRI has been used to depict and render the luminal geometry in CFD studies of
carotid atherosclerosis [69-71]. Groen et al. [72] described a case where an ulcer developed
at a location exhibiting high shear stress prior to the ulceration. MRI-based CFD
calculations have proven to be reasonably reproducible except for the bifurcation apex area
where wall shear stresses are usually high [73,74]. Models have been built to assess the
effect of inter-individual geometrical variations of the carotid bifurcation on blood flow
patterns and geometrical surrogates of its exposure to disturbed flow have been proposed
[75-77]. Such geometrical variations have a greater effect on the resulting wall shear stress
patterns than variations in the assumed inlet velocity profile [78] or in the rheological blood
properties [79]; thus, more effort should be made on incorporating a larger section of the
common carotid artery when studying the disease in this arterial bifurcation.

In the aforementioned CFD models, rigid walls are commonly used under the assumption
that the effect of wall motion on flow patterns, in particular on wall shear stress, is minimal
in diseased arteries. However, to better understand the role of hemodynamics in plaque
progression and rupture, the mechanical response of the arterial wall to the tensile stresses
needs to be modeled. In fact, much work has been done to incorporate the mechanical
behavior of the atherosclerotic plaque coupling flow and wall mechanics in the image-based
numerical simulations using fluid-structure interaction (FSI) models (Fig. 6) [80-84]. These
FSI models require knowledge of the presence and size of the different plaque constituents
within the wall (e.g., fibrous cap, lipid pool, etc) and of their material properties. Due to the
lack of in vivo measurements of the tissue mechanical properties, different models have
been proposed [85] and Williamson et al showed a low sensitivity of the predicted stress
levels to the proposed models [86]. However, differences in stress due to hypothetical
changes in the position of the necrotic core [87] suggest that accurate depiction of the
component morphologies is critical.

Direct Imaging
MRI also affords the opportunity to directly characterize arterial flow patterns, as well as
measure blood flow velocity using phase-contrast MRI (PC-MRI) [88-91]. The velocity
information provided by PC-MRI has been used to compute wall shear stress maps along
different arterial segments, using interpolation techniques to overcome the relatively low
spatial resolution [92-94]. However, the interpolation method used in some of these
techniques is based on assumptions about the blood flow, such as having a parabolic profile,
that are an invalid approximation when dealing with the complex flow that characterizes
diseased arteries. In fact, some authors have compared the numerically computed flow
patterns with PC-MRI velocity measurements in healthy and stenotic carotid artery models
[95-97]. They found qualitative agreement between both techniques except at the regions
where the flow was most disturbed: at the bulb in the healthy carotid and at post-stenotic
region in the diseased model. There have been some attempts to increase the spatial
resolution without reducing the signal-to-noise ratio by varying the velocity encoding along
the cardiac cycle [98] but, again, the method was limited to arterial segments with no
disturbed or complicated flow patterns.

Finally, MRI techniques exist to directly measure strain [99,100] in tissue that can
potentially be used to replace, validate, or augment FSI models of vessel wall strain. Lin et
al. [99] recently demonstrated that circumferential strain measured by displacement
encoding with stimulated echoes (DENSE) agreed with CINE measurements of changes in
lumen circumference in normal carotid arteries. Such strain imaging approaches, however,
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may not have the required resolution to measure other components of strain, most notably
radial strain.

Discussion
Considerable work has been performed to advance the state of the art in vessel wall imaging.
These activities have led to viable approaches for imaging atherosclerotic plaque in the
carotid arteries [4-13], femoral arteries [14,15], aorta [16-18], cerebral arteries [101], and
coronaries [19-22]. Because each vessel presents its own unique challenges, the extent to
which each of these technologies applies to each artery varies.

Overview by Artery
By far the most activity in vessel wall MRI has focused on the carotid arteries. Virtually all
MRI-guided biomechanical analyses in the presence of plaque have been performed using
carotid arteries. Also, novel contrast mechanisms have been tested first using the carotid
arteries because of the availability of endarterectomy specimens for ex vivo imaging and
histological comparison. High-field MRI is considered to be well-suited to the carotids as
are specialized surface coil designs. Although 3D acquisition techniques have been proposed
for the carotid arteries, 2D imaging remains common, given the compact, localized nature of
carotid disease.

The coronary arteries have also received considerable attention. However, the imaging
challenge associated with viewing even basic morphology of the coronary wall has led to
most efforts being directed toward specialized sequences for morphological imaging. In the
event that MRI-based compositional analyses become possible for coronary arteries, the
unique contrast aspects of these sequences will need to be understood. In regards to field
strength, preliminary studies have established the feasibility of coronary wall imaging at 3T
[102,103], but whether the benefits of higher fields will outweigh the increased field
inhomogeneity and SAR considerations remains uncertain.

In arteries such as the femorals and aorta, 3D imaging is emerging as an important tool that
allows time-efficient, extended coverage. These arteries may also be especially well suited
for some of the novel contrast mechanisms. Specifically, the femoral arteries are a good
target for SWI because they exhibit comparably slow blood flow and tend to be heavily
calcified. The aorta is a common target for shear stress analysis because its large size is
compatible with accurate characterization of blood velocities by PC-MRI.

Other Advanced Technologies
Although this review attempted to be comprehensive in examining three core technology
areas for vessel wall imaging, other core areas exist. Most notably, targeted contrast agents
are being developed to reveal specific molecular aspects of atherosclerotic plaque, as
previously reviewed in this journal [104]. These technologies are generally limited to animal
research at this time, with the exception of USPIOs that target macrophages in humans
[105]. In addition, all of the techniques described here require advanced image processing
applications to extract the relevant information regarding plaque morphology [106].

Conclusion
Given the significant activity in the area of vessel wall MRI, considerable new technology is
likely to be developed in the coming years. The ability to accurately identify, measure, and
model plaque composition and mechanics will enable the biomechanical theory of plaque
rupture to be tested in prospective studies. Vessel wall imaging will also be increasingly
applied beyond the carotid arteries to other clinically relevant areas of disease.
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Figure 1.
Susceptibility weighted image of a femoral artery showing a) the magnitude image and b)
the phase image. Calcification (arrowhead) is dark on the magnitude image and causes a
distinct phase difference on the phase image. The phase image also exhibits high wall
contrast. The dotted line marks the location of the inset image.

Kerwin and Canton Page 15

Top Magn Reson Imaging. Author manuscript; available in PMC 2011 April 12.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 2.
Vasa vasorum image of a carotid artery showing a) corresponding T1-weighted image, b)
vasa vasorum image with vp mmapped to the red channel (full red corresponds to100%) and
Ktrans mapped to the green channel (full green corresponds to 0.2 min-1). Arrow indicates
eccentric plaque with high Ktrans.
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Figure 3.
Matched cross sections of a carotid endarterectomy specimen imaged on a) 3 Tesla and b) 7
Tesla whole body scanners. At 7 Tesla, the specimen exhibits an apparent increase in the
size of calcifications (arrows), more conspicuous variations in wall contrast, and overall
higher signal-to-noise ratio.
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Figure 4.
Coronary wall imaging showing a) MRA of right coronary artery, b) longitudinal vessel wall
image with thickening indicated by arrow, c) cross sectional vessel wall image. Blood
suppression was accomplished using motion-sensitized driven equilibrium, which does not
depend on inflow over the long course of the artery.
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Figure 5.
Illustration of computational fluid dynamics for assessment of wall shear stress showing a)
lumen contours extracted from cross-sectional MRI, b) reconstructed lumen surface, c)
estimated flow pattern depicted using streamlines, d) estimated flow profiles in each cross-
section, e) resultant wall shear stress map. In the map, low shear stress is shown in blue and
high stress is shown in red.
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Figure 6.
Illustration of fluid structure interaction model of a carotid plaque showing a) plaque regions
extracted from cross sectional MRI and b) corresponding stress map within the wall. A high-
stress region (arrow) is associated with a small juxtaluminal calcification. In the map, low
stress is shown in blue and high stress is shown in red.
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