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Introduction

Complications of cardiovascular disease,
including stroke, myocardial infarction
and sudden cardiac death, are the most
common cause of death in the world
[1]. Atherosclerotic disease accounts for
approximately 25% of ischemic strokes
and for the majority of myocardial infarc-
tions and sudden cardiac deaths.
Despite major advances in treatment of
atherosclerosis, a larger percentage of
victims of the disease who are apparently
healthy die without prior symptoms [2].
The challenge for screening modalities
and diagnostic methods is to identify
high risk patients with lesions that are
vulnerable to thrombosis, so called
“vulnerable plaques”, before the event
occurs. To tailor and improve treatment
strategies, these screening and diagnos-
tic methods must be able to determine
the patient-specific risk of suffering a
cardiovascular event.

“Vulnerable Plaques” are atherosclerotic
plaques which have a high likelihood

to cause thrombotic complications, such
as myocardial infarction or stroke.
Plaques which tend to progress rapidly
are also considered to be “vulnerable”.
Besides luminal stenosis, plaque compo-
sition and morphology are key determi-
nants of a plaque’s vulnerability to cause
cardiovascular events. A classification
for clinical as well as pathological evalu-
ation of vulnerable plaques was recently
put forward, which proposed 5 major
and 5 minor criteria to define vulnerable
plaques [3, 4]. These plaque features

were based on studies of coronary arter-
ies and included thin caps with large lip-
id/necrotic core, active inflammation, fis-
sured plaque, stenosis > 90%, endothelial
denudation with or without superficial
platelet aggregation and fibrin deposition,
endothelial dysfunction, calcified nod-
ules, intraplaque hemorrhage, glistening
yellow plaques (on angioscopy), and
outward remodeling.

Magnetic resonance imaging (MRI)

has unique potential to identify the key
features of the vulnerable plaque [5].
MRI is well suited for this role because

it is non-invasive, does not involve
ionizing radiation, enables the visualiza-
tion of the vessel lumen and wall and
can be repeated serially to track progres-
sion or regression. Furthermore, recent
in vivo MRI studies have shown that MRI
allows evaluation of compositional and
morphological features of atherosclerotic
plaques [6-9]. However, most of this
carotid MRI studies were done using 1.5T
MRI scanners. Disadvantages of previous
carotid MRI studies [6, 10, 11] at 1.5T
were relatively long scan times of up to
45 minutes and a relatively high number
of excluded subjects due to insufficient
image quality in 5-20% of the subjects.
Furthermore, the spatial resolution of
0.6 x 0.6 mm (0.3 x 0.3 mm? using inter-
polation techniques) typically used for
1.5T MRI studies might not be able to
identify very small features of the athero-
sclerotic plaque, such as the fibrous cap.
This article will give insight into the

hardware requirements and MRI proto-
cols currently used at 3T MRI studies,
will provide an overview of the literature
of recently published 1.5T carotid MRI
studies and will discuss the potential
role of 3T MRI in identifying the key fea-
tures of the vulnerable carotid athero-
sclerotic plaque.

Carotid Surface Coils

MR phased-array surface coil techniques
have been used in all vascular beds and
have been proven to be effective in im-
proving the signal-to-noise (SNR) ratio in
carotid arteries [12]. The carotid arteries
are relatively large, superficial and sta-
tionary vessels and therefore well suited
for high-resolution MR imaging with a
phased-array coil assembly consisting

of several adjacent small surface coils
that collect data simultaneously. Hayes
et al. developed a 1.5T MRI phased-array
coil for carotid arteries which has an
effective longitudinal coverage of up to
5 ¢cm and which improves SNR 37%
when compared to a commercially avail-
able 3-inch surface coil [12]. The 3T
carotid surface coil used at our institution
is a dedicated four-channel surface coil
(Machnet, Netherlands) which can be
used in combination with head and body
coils. This allows us to combine the
assessment of carotid plague morphology
and composition with an MR angiography
of the supraaortal vessels and / or with a
brain MRI.
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MRI protocol

Thus far, a variety of MRI protocols have
been used to assess the carotid wall.
While some of the proposed image acqui-
sition techniques rely on one [13] or
two [14-16] MR sequences, others are
based on multiple contrast-weighted
images [6, 17, 18]. The number and
type of sequences used depends upon
which plaque characteristics are to be
studied. For instance, rapid assessment
of overall plaque burden is feasible using
one or two MR sequences [19, 20]. How-
ever, to evaluate plaque composition and
morphology in one imaging session, most
studies rely on multiple MR sequences.
Black-blood T1-, PD- and T2-weighted
images with fat and flow suppression
enable the visualization of the full vessel
wall and are needed to characterize the
major plaque components, such as lipid/
necrotic core, calcification and loose
fibrous matrix [6]. Bright-blood time-of-

flight (TOF) images are needed to evalu-
ate the status of the fibrous cap [21, 22]
and to identify calcified nodules. Other
sequences, such as contrast-enhanced
(GD-DPTA) T1-weighted images and
dynamic contrast-enhanced 2D spoiled-
gradient-recalled-echo-weighted images
are useful to quantify lipid/necrotic core
size and to evaluate plaque inflammation
[23-25]. Furthermore, the use of
sophisticated contrast agents, such as
USPIOs [26], fibrin [27, 28] — and
alpha(v)beta3-integrin [29] — targeted
nano-particles offers the promise of in
vivo targeted imaging of the plaque.

We currently use a multi-sequence pro-
tocol with dynamic contrast enhanced
sequences at our 3T MRI scanner which
allows to evaluating plaque composition
and morphology and provides perfusion
data which can be used to assess plaque
inflammation in less than 23 minutes
(see Table 1, TOF, pre-contrast T1, PD

Table 1: Multi-Sequence 3.0T MRI Protocol

and T2, post-contrast T1 and dynamic
contrast enhanced sequences (DCES);
best-in-plane resolution 0.5 x 0.5 mm?
[0.25 x 0.25 mm? interpolated]). Parallel
imaging is used for all sequences with
an acceleration factor (PAT) of 2 for T1-,
TOF-, PD and T2-weighted images and a
PAT factor of 4 for DCES images. Imaging
time for TOF, T1, PD, T2 and DCES
images is 4:11, 4:38, 2:08, 2:08 and
5:00 minutes, respectively, resulting in
a total scan time of 22:43 minutes.

Fat suppression is used for pre- and post
contrast TTW, PDW, and T2W images to
reduce signals from subcutaneous and
perivascular fat. Each scan covers 30 mm
(2 mm thickness x 15 matched images
across the 5 sequences). This coverage is
usually sufficient to image the complete
carotid atherosclerotic plaque.

TiW
Sequence 2D-TSE
Fat Suppression Yes
TR/ ms 800
TE / ms 12
PAT factor 2
ETL 11
Flip Angle /° 180
Averages 2
FOV/ mm 160 x 120
Matrix 240 x 320
Number of Slices 15
Slice thickness / mm 2
Pixel size | mm? 0,5x0,5
(Interpolated) (0,25 x 0,25)
Scan Time / min 4:38
Flow Suppression DIR

PDW T2W
2D-TSE 2D-TSE
Yes Yes
3000 3000
13 65
2 2
13 13
180 180
2 2
160 x 120 160 x 120
240 x 320 240 x 320
21 21
2 2
0,5x0,5 0,5x0,5
(0,25 x0,25) (0,25 x0,25)
2:08 2:08
Inflow Inflow

Suppression
(Arteries and
Veins)

Suppression
(Arteries and
Veins)

TOF DCE*
3D-GRE 2D-SR-SGRE
Yes No
21 307
3,96 1,72
2 4
n.a. n.a.
25 15
1 3
160 x 120 160 x 130
240 x 320 256 x 208
52 2
1 3,5
0,5x0,5 0,625 x 0,625
(0,25 x0,25)
4:11 5:13
Inflow None

Suppression

*Tl =159 ms; D = Dimensional; TSE = Turbo Spin Echo; SR-SGRE = Saturation-Recovery
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Plague Composition by MRI
(as percentage of the wall)

Lipid/Necrotic Core
Loose Fibrous Matrix
M Calcium
M (Dense) Fibrous Tissue

MRI validation studies

One of the advantages of carotid in vivo
MRI studies is the possibility of histo-
pathological validation using carotid
endarterectomy specimen. Several
groups have proven [7-9, 13, 30], that
in vivo carotid MRI is able to depict all
major plague components, including the
lipid/necrotic core, through unique com-
binations of signal intensity of each
component in different contrast weight-
ings. Furthermore MRI is able to quantify
the major components of carotid athero-
sclerotic plaques with good correlation
to histology [6]. MRI measurements of
plaque composition were statistically
equivalent to those of histology (Fig. 1)
for the lipid-rich/necrotic core (23.7 vs.
20.3%; p =0.1), loose fibrous matrix (5.1
vs. 6.3%; p = 0.1) and dense (fibrous)
tissue (66.3 vs. 64.0%; p = 0.4). Calcifi-
cation differed significantly when mea-
sured as a percentage of wall area (9.4
vs. 5.0%; p <0.001), but not in absolute
area (2.7 vs. 3.5 mm?; p = 0.1). Other
studies have demonstrated that MRl is
able to determine the presence, the age
and the location of plaque hemorrhages
[31-33]. Furthermore, MRl is able to
identify the fibrous cap, a layer of con-

Plague Composition by Histology

(as percentage of the wall)

Lipid/Necrotic core MRI vs. Histology: p = .1
Loose Fibrous Matrix MRI vs. Histology: p = .1
Calcium MRI vs. Histology: p <.0001

(Dense) Fibrous Tissue MRI vs. Histology p = .4

nective tissue which is covering the lipid-
rich/necrotic core. Lesions with large
lipid/necrotic cores and thin, fibrous
caps are considered to be most likely

to rupture. There are several imaging
approaches for MR imaging of the fibrous
cap. Hatsukami et al. [21] reported the
use of a 3D-TOF bright blood imaging
technique (multiple overlapping thin
slab angiography, or MOTSA) to identify
ruptured fibrous caps in atherosclerotic
human carotid arteries in vivo. Trivedi et
al. [9] used a short tau inversion-recov-
ery (STIR) to quantify the fibrous cap and
lipid/necrotic core of 25 recently symp-
tomatic patients and showed good
agreement between MRI and histology.
Cai et al. [24] used T1 and contrast-
enhanced-T1-weighted images to mea-
sure the intact fibrous cap. The authors
showed good correlation between carotid
MRI and the excised histology specimen
for maximal thickness (r=0.78, p
<0.001), length (r =0.73, p <0.001) and
area (r=0.90, p <0.001) of intact
fibrous cap. In our opinion the combina-
tion of pre- and post contrast T1, TOF, PD
and T2-weighted images has the highest
potential to identify the fibrous cap and
to differentiate between thick, thin and
ruptured fibrous cap. Figures 2A-C
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El This figure shows the
plaque composition calculated
as percentage of the vessel
wall for MRI and histology
(the paired t-test was used for
statistical comparison. (With
permission of Saam T et al.
Arterioscler Thromb Vasc Biol
2005 January; 25(1):234-9)

show 3T MR images of an intact fibrous
cap that is thick (Fig. 2A), an intact but
rather thin fibrous cap (Fig. 2B) and a
ruptured fibrous cap (Fig. 2C). The dif-
ferentiation between intact-thick, intact-
thin and ruptured fibrous caps is impor-
tant, as a prospective 1.5T MR study
[34] has shown that the presence of a
thin or a ruptured fibrous cap at baseline
is associated with an increased risk of
suffering an ischemic cerebrovascular
event during follow-up (hazard ratio,
9.4;,95% Cl, 2.1-42.1; P <0.001). The
same study found that plaques with
intraplague hemorrhage (hazard ratio,
4.7;95% Cl, 1.6-14.0; P = 0.004), larger
maximum % lipid/necrotic core (hazard
ratio for 10% increase, 1.4; 95% Cl,
1.1-1.9; P=0.01), and maximum wall
thickness (hazard ratio fora 1 mm
increase, 1.6; 95% Cl, 1.1-2.1; p = 0.007)
were associated with occurrence of
cerebrovascular events.

1.5T versus 3T MRI

Most imaging of the vessel wall by MRI
has been performed at 1.5T scanners.
Recently, 3T scanners and their resulting
high resolution images have opened the
field of vascular imaging to new poten-
tials. These new scanners increase reso-
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lution and image quality. A recent study
showed that wall SNR and lumen/wall
CNR significantly increased (P < 0.001)
at 3T with a 1.5-fold gain for T1-weighted
images and a 1.7/1.8-fold gain for PD-/
T2-weighted images compared to 1.5T.
Quantitative plaque measurements of
lumen and wall areas demonstrated
good agreement between 1.5 and 3T
MRI with no significant bias (P 0.5), a
coefficient of variation (CV) of <10%,
and intraclass correlation coefficient
(ICC) of > 0.95. Another recent study
[35] showed signal gains at 3.0T relative
to 1.5T for carotid artery wall SNR of
223% and wall-lumen CNR of 255% in all
sequences (P <0.025). T1-weighted
(TTW) inflow/outflow saturation band
(I0SB) and rapid extended coverage
double inversion-recovery (REX-DIR)
were found to have different levels of
SNR and CNR (P <0.05) with 0SB values
observed to be larger. While these varia-
tions can be resultant of different coil
designs, pulse sequences, and contrast
weightings, even the most conservative
estimates (1.4-1.6 times) provide high
potential for improved image resolution
and/or shorter scan time. Compared to

protocols previously used at 1.5T MRI
[36] the protocol which we use at our
institution has a larger longitudinal cov-
erage (+ 25%), a smaller pixel size (- 31%)
and a shorter scan time, which decreased
from 28:30 minutes to 22:43 minutes
(17:43 minutes without DCE). Currently
the percentage of non-diagnostic scans is
approximately 2%, which is substantially
smaller than the number of excluded
scans in previous 1.5T MRI studies [10,
11], where the number of excluded
exams ranged from 5-20%.

A study by Underhill et al. [37] com-
pared the interpretation and quantifica-
tion of carotid vessel wall morphology
and plaque composition at 1.5T with
those at 3.0T MRI in 20 subjects with
16%—-79% carotid stenosis at duplex
ultrasonography. There was a strong lev-
el of agreement between field strengths
for all morphologic variables, with intra
class correlation coefficients ranging
from 0.88 to 0.96. Agreement in the
identification of presence or absence of
plaque components was very good for
calcification (kappa = 0.72), lipid/necrotic
core (kappa = 0.73), and hemorrhage
(kappa = 0.66). However, the visualiza-

110 MAGNETOM Flash - 1/2009 - www.siemens.com/magnetom-world

Figure 2A shows MR images
of a 74-year-old asymptomatic
patient with a 90% carotid
stenosis in his right internal ca-
rotid artery (ICA; ECA = external
carotid artery). Cross- sectional
MR images show a large eccen-
tric plaque in the right ICA with
a large necrotic core without in-
traplaque hemorrhage (arrow),
which is covered by a thick layer
of dense and loos fibrous tis-
. sue, which can be depicted on

" ﬂ T1w-, PD- and T2w- images as a

‘ compared to the inner of the
plaque moderately hyperin-
tense area near the lumen sur-
face. Extraction flow images
show an absence of flow within
the lipid/necrotic core (dark
area, arrow) and an increased
extraction flow in the shoulder
of the plaque, indicative of an
area of loose fibrous tissue.

tion of hemorrhage was greater at 1.5T
than at 3.0T (14.7% vs. 7.8%, P <.001)
and calcifications measured significantly
(P =.03) larger at 3.0T. The authors con-
cluded that at higher field strengths, the
increased susceptibility of calcification
and paramagnetic ferric iron in hemor-
rhage may alter quantification and/or
detection. Nevertheless, imaging criteria
at 1.5T for carotid vessel wall interpreta-
tion are applicable at 3.0T.

Outlook

Initial experience suggests that imaging
of the carotid arterial wall on a 3.0T
scanner with dedicated surface coils has
a number of advantages, including
shorter overall imaging time, higher spa-
tial resolution, larger volume coverage,
and improved overall image quality as
compared to 1.5T carotid plaque imag-
ing. In our opinion, carotid black-blood
multi-echo-sequence 3.0T MRI with
parallel imaging is a fast, reproducible
and robust method to assess carotid
atherosclerotic plaque in vivo. Thus, this
method seems to be ready to be used in
clinical practice.
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Figures 2B and C show MR images of
the right internal carotid artery of a
78-year-old patient with a right-hemispheric
stroke ipsilateral to a 60% carotid stenosis

4 days before the MRI scan.

Figure 2B shows a large eccentric plaque

in the left internal carotid artery (ICA) with

a large lipid/necrotic core with hemorrhage,
which has a high signal intensity on TOF-
and pre-contrast T1w images and moderate
to low signal intensity on PDw and T2w
images and does not enhance on the post
contrast TTw images (arrow). The surface
of the plaque is smooth, suggesting that the
fibrous cap is intact. However, the fibrous
cap cannot be differentiated from the lipid/
necrotic core and is therefore classified as a
thin fibrous cap by MRI criteria.

Figure 2C shows MR images of the same
patient 4 mm distally in the ICA. At this
location the surface of the plaque appears
irregular and TOF images show a very bright
area posterior to the lumen of the ICA,
corresponding to a hypointense area in all
other sequences, suggestive of a ruptured
fibrous cap. It is tempting to assume that
the rupture of the fibrous cap — which is
known to cause thrombotic complications —
is the reason for the ischemic stroke in this
previously asymptomatic patient.
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