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Abstract

Unstable carotid plaques are associated with an increased incidence of embolic complications
after carotid artery stenting (CAS). Magnetic resonance (MR) imaging assessment of the unsta-
ble components of carotid plaque such as intraplaque hemorrhage and the lipid-rich necrotic
core has a high sensitivity and specificity and is capable of volumetric analysis. This is a review
of the current understanding of the association between MR carotid plaque imaging and silent
ischemic lesions or ischemic complications after CAS. Copyright © 2012 S. Karger AG, Basel

Carotid Artery Stenting and Preoperative Carotid Plaque Imaging

Carotid artery stenting (CAS) has recently emerged as a potential alternative to carotid
endarterectomy (CEA) because it is less invasive and requires a shorter hospital stay [1]. A
randomized controlled trial, SAPPHIRE, showed that CAS and CEA had similar efficacy in
patients at high risk for CEA [2]. Moreover, another recent randomized trial, CREST, showed
that the risk of the composite primary outcome of stroke, myocardial infarction, or death did
not differ significantly between CAS and CEA in patients at any risk for CEA [3]. Although
several advantages of CAS have been reported, one of its disadvantages is a high incidence
of distal emboli, which can be detected by diffusion-weighted MRI (DWI-MRI) regardless
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of the patient’s symptoms. It has recently been reported that plaque instability, e.g. intra-
plaque hemorrhage (IPH) and a lipid-rich necrotic core (LRNC), is associated with an in-
creased number of emboli after CAS; therefore, preoperative carotid plaque imaging is es-
sential [4-7].

Magnetic Resonance Carotid Plaque Imaging

Preoperative imaging for carotid plaque morphology can be performed by B-mode ultra-
sound (US), computed tomography (CT), conventional angiography (MRA), intravascular
ultrasound (IVUS), and MRI. Each of these modalities has strengths and limitations. B-mode
US is usually the first in line in preoperative imaging. It is readily available, inexpensive, and
provides information about the size of the plaque and the turbulence of flow. It can also give
a good approximation of plaque composition with regard to whether the core contains water
(blood) or lipids or is calcified or fibrous. The limitations of US are poor wall and lumen def-
inition, lack of quantitation capabilities, and obstruction of the view due to calcifications. It
is also very heavily operator dependent. CT has good wall and lumen definition and is fast
and reproducible. Its drawbacks are radiation exposure and poor soft tissue contrast and def-
inition. Conventional angiography (MRA) is ubiquitous and provides excellent information
about stenosis and the lumen surface; however, it can give no information about plaque com-
position. IVUS can give information about lumen, wall, and plaque composition but it has the
same limitations as B-mode US in that calcifications, which are common in the carotid plaque,
produce restrictive shadows. In addition, IVUS is invasive and carries the risk of emboliza-
tion. MRI also has distinct drawbacks. It is expensive, slow, and not applicable if patients are
claustrophobic. It is coil (hardware) dependent and not readily available in some areas. How-
ever, the strengths of this modality in preoperative screening are the focus of this review.

Noninvasive magnetic resonance (MR) has advantages over other modalities in that it
can visualize the vessel lumen and wall [8, 9] and has good soft tissue contrast which allows
for evaluation of the compositional and morphologic features of carotid atherosclerotic
plaques [10, 11]. By identifying the unique combination of signal intensities displayed by each
component in different contrast weightings, MRI is able to detect plaque components. In
early initial experiments involving ex vivo imaging of tissue components of CEA specimens,
including the LRNC, IPH, and calcification, components could be differentiated with sensi-
tivities and specificities ranging from 84 to 100% [12]. Translation of these findings to in vivo
imaging produced a sensitivity of 85% and a specificity of 92% [10] (table 1). Saam et al. [11]
demonstrated the in vivo capability of MRI to quantify major components of carotid plaque
by comparing results with histological findings. The MRI assessment of plaque composition
was statistically equivalent to those of histology for the LRNC and fibrous tissue. Intra- and
interobserver reproducibility was good to excellent for all tissue components, with intraclass
correlation coefficients ranging from 0.73 to 0.95 [11]. Multicontrast MRI assessment of ca-
rotid plaque uses fast spin-echo-based T1-weighted (T1W), T2-weighted (T2W) images and
time-of-flight (TOF) images [8, 11] (table 2).

Detection of High-Risk Features for CAS Using MR Carotid Plaque Imaging

A large LRNC and the presence of IPH are considered to be the important factors deter-
mining the amount of debris produced during carotid stenting [7, 13, 14]. Therefore, preop-
erative assessment and exclusion of such plaques is necessary to reduce the rate of complica-
tions after CAS.
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Table 1. Performance of multicontrast MRI in the identification of carotid plaque components

Studies Plaque component Sensitivity (95% CI) Specificity (95% CI)
Ex vivo study LRNG; 100% (95-100); 100% (40-100);
(Schinnar et al. [12]) thrombus 84% (73-90) 100% (80-100)

In vivo study LRNC without IPH; 85% (78-92); 92% (86-98);
(Yuan et al. [10]) LRNC with IPH 98% (96-100) 100% (92-100)

Table 2. MRI criteria used to identify plaque tissue components

TOF TIW T2W
LRNC with
no or little IPH Iso Iso to Hyper Hypo to Iso
fresh IPH Hyper Hyper Hyper
recent IPH Hyper Hyper Hyper

The classification is based on the following signal intensities relative to sternocleidomastoid muscle:
Hyper = Hyperintense; Iso = isointense; Hypo = hypointense.

The LRNC is generally located in the bulk of the plaque and produces an isointense im-
age on TIW images. However, depending on the amount and age of hemorrhage present in
the core, the LRNC may have varied signal intensities in T2W images [11] (table 2). Yoshida
et al. [15] reported that the signal intensity ratio (SIR) (intensity of plaques/intensity of ster-
nocleidomastoid muscle) of the LRNC with IPH was significantly higher than that of fibrous
tissue and calcification (1.569 £ 0.251; 1.099 % 0.312, and 0.717 £ 0.251). The group also
showed that unstable plaques (% LRNC area more than 50% on cross section) could be dif-
ferentiated from stable plaques with a sensitivity of 79% and a specificity of 84% when the
SIR cutoff value was 1.25 using a cross-sectional analysis of TIW images [15].

Fresh hemorrhage appears as a hyperintense signal on TIW and TOF images but has an
iso- to hypointense signal on T2W images (fig. 1). Recent hemorrhage is identified by a hyper-
intense signal on all three contrast weightings. Area measurements of hemorrhage generally
combine fresh and recent hemorrhage [11] (table 2). Moreover, recent works by Yim et al. [16]
and Yoshimura et al. [7] have indicated that maximum intensity projection (MIP) images from
TOF MRA can identify IPH as a high-intensity signal (HIS) in the plaque [7, 16]. MIP images
from TOF MRA are widely used for screening carotid artery stenosis [17] and allow for rapid
determination of the degree of stenosis and other anatomical findings by use of rotational
views. Therefore, this recent finding raises the possibility of an additional application of MIP
images from TOF MRA used for the investigation of carotid artery stenosis (fig. 2).

Association between Preoperative MR Carotid Plaque Image Findings and
Ischemic Complications after CAS

An electronic literature search of MR carotid plaque imaging and CAS produced the fol-
lowing results, the main characteristics of which are summarized in table 3.
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Fig. 1. Representative images of a large carotid IPH. IPH produces a high signal intensity on both TOF (a)
and TIW (b) images, and iso- or hypointense signals on T2W (c) images (arrows). The asterisks denote
sternocleidomastoid muscle.

Fig. 2. a Example of an HIS-positive plaque on MIP images of TOF MRA. Images were obtained from a
61-year-old man who had asymptomatic severe carotid artery stenosis. HIS in the plaque was observed on
MIP images on TOF MRA (arrowhead). Numbers mean the slice level of MRA. Numbers in MRA and
histology are matched as the same slice level. b The matching histology Masson’s trichrome staining
showed large regions of IPH (asterisk). ¢ The antibody to glycophorin A also produced a strong signal in
areas of hemorrhage (asterisk). Scale bar = 2 mm. Reprinted with permission from Yoshimura et al. [7].
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Table 3. Preoperative MR plaque imaging and CAS

Reference  Year Proce- MR plaque  Definition of plaque Plaque characteristics New  Slow-flow Any
dures imaging characteristics (category and number) DWI  pheno-  new
n sequence lesion menon  stroke
Sakamoto 2010 31 T1W, T2W, Presence of main Vulnerable plaques: 14 6 8 1
etal. [13] TOF components (IPH, LRNC);
Presence of main Stable plaques: 17 10 2 1
components (Fib, CA)
Yamada 2011 56 TIW SIR >1.25 High SIR group: 28 17 NG 2
et al. [20]
SIR <1.25 Low SIR group: 28 6 NG 0
Yoshimura 2011 112 TOF HIS positive in the plaque ~ HIS-positive group: 38 25 NG 7
etal. [7] HIS negative in the plaque ~ HIS-negative group: 74 26 NG 1

NG = Not given; Fib = fibrous tissue; CA = calcification.

Sakamoto et al. [13] studied the relation between preoperative carotid plaque features by
MR imaging and arterial flow impairment (slow-flow phenomenon) during CAS in 31 pa-
tients. Flow impairment such as antegrade flow reduction or flow arrest in the internal ca-
rotid artery is sometimes observed as a spurious angiographic finding. This phenomenon is
considered to be ‘pre-complication status’ and is associated with an increasing risk of peri-
procedural embolic stroke [18]. The group chose this slow-flow phenomenon as a marker of
high risk for CAS. Plaques containing either IPH or LRNC were assigned to the vulnerable
plaque group and plaques composed of fibrous tissue and dense calcification were assigned
to the stable plaque group according to previously established criteria [8]. The slow-flow phe-
nomenon was observed in ten CAS procedures (five flow arrests and five flow reductions).
The slow-flow phenomenon occurred significantly more frequently in patients in the vulner-
able plaque group than in the stable plaque group (p < 0.01). The authors concluded that
vulnerable carotid plaques have a significantly higher risk of slow-flow phenomenon than
stable plaques and the occurrence of the slow-flow phenomenon can be predicted by MR
plaque imaging before CAS [13].

Yamada et al. [6] performed quantitative analysis of plaque characteristics in carotid ar-
teries using the SIR (intensity of plaques/intensity of sternocleidomastoid muscle) of TIW
images before CAS in 56 patients. Plaque with SIR =1.25 was defined as high SIR plaque and
plaque with SIR <1.25 was defined as low SIR plaque according to previously reported crite-
ria [6, 15]. DWI-MRI of the brain was performed before and after CAS. The incidence of
newly appearing ipsilateral silent ischemic lesions was significantly greater in high SIR
plaques (17/28; 68%) than in low SIR plaques (6/28; 21%: p = 0.003). The number of new DWI-
MRI lesions was higher in patients who developed a minor or major stroke within 30 days
after CAS than in patients who did not [19]. It was concluded that it may be possible to avoid
neurological complications and improve the clinical outcome by assessing tissue character-
istics of carotid plaques using MRI and performing CEA for carotid stenosis with high SIR
[20] (fig. 3).

The authors also reported the association between the presence of HIS in the plaque on
MIP images from TOF MRA and cerebral embolism during CAS. They validated the relation
of high signals in the plaque on MIP images from TOF MRA and the presence of IPH with
histology. Then, as a clinical study, the HIS in the plaque on MIP images from TOF MRA
were assessed with regard to the ability to discriminate plaque at high risk for cerebral em-
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Fig. 3. Representative images of CAS for left carotid artery stenosis in a 74-year-old woman with a left-
sided stroke. a The arrowhead shows an axial image of the most stenotic lesion of the plaque on the TIW
image. The SIR was 1.37. The asterisk indicates sternocleidomastoid muscle. b Angiogram of the left ca-
rotid artery stenosis before stenting. ¢ Angiogram of the stenosis after stenting shows successful dilatation
of the carotid arterial lumen. d DWI-MRI. The arrows indicate multiple ischemic lesions which are de-
tected in the left cerebral hemisphere after the stenting procedure. Reprinted with permission from Yama-
da et al. [20].
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Fig. 4. Relationship between the presence of HIS in the plaque on TOF MRA and new ischemic lesions on
DWI (a) and periprocedural ischemic symptoms (b). a New ischemic lesions on DWI were more frequent-
ly observed in the HIS-positive group than in the HIS-negative group. b Periprocedural ischemic symp-
toms were more frequently observed in the HIS-positive group than in the HIS-negative group. Reprinted
with permission from Yoshimura et al. [7].
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bolism during CAS in 112 patients. The authors found that postoperative ischemic lesions on
DWI-MRI were more frequent in the HIS-positive plaques (25/38; 65.8%) than in the HIS-
negative groups (26/74; 35.1%; p = 0.002). Periprocedural ischemic symptoms were more fre-
quently observed in HIS-positive plaques (7/38; 18.4%) than in HIS-negative plaques (1/74;
1.4%; p = 0.003). In multivariate logistic regression analysis, HIS on MIP image from TOF
MRA was an independent predictor of periprocedural ischemic symptoms. Therefore, it was
concluded that HIS in the plaque on MIP image from TOF MRA could discriminate plaques
at high risk for cerebral embolism during CAS [7] (fig. 2, 4).

The above three studies emphasized the possibility of MR carotid plaque imaging using
TIW and TOF images for predicting ischemic complications during CAS. However, these
studies were performed in a retrospective manner; prospective studies will be required in the
future. The studies also did not consider the volume of components or plaques. The volumes
of hemorrhage, necrotic core, or plaque wall may be important indicators of distal embolism
as these might correlate with the amount of debris produced during CAS and will be part of
future work [13, 14].

Conclusions

This review was undertaken to highlight recent studies of MR plaque imaging and the
association between preoperative MR carotid plaque imaging and CAS. MRI is well suited
for preoperative carotid plaque imaging because it is noninvasive, enables visualization of
the carotid vessel lumen and wall, and can quantify plaque components. Few clinical studies
have focused on the possibility of preoperative MR plaque imaging for the prediction of new
ischemic lesions or ischemic complications during CAS. Precise plaque evaluation and a pro-
spective clinical study will be required to establish the importance of preoperative MR plaque
imaging for the prediction or the reduction of complications during CAS.
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