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Background: MR plaque imaging is a valuable tool in characterizing carotid atherosclerotic plaque and identifying
high-risk features. There are limited data on the role of the widely available single-shot diffusion-weighted imaging
(DWI) in plague characterization along with histological correlation. This study aimed to correlate the plaque charac-
teristics identified by MR imaging in vivo at the level of maximum stenosis with histological plague characteristics in

Methods: Patients who underwent carotid endarterectomy in a tertiary care center during one and half years were
prospectively recruited for non-contrast MR carotid plague imaging (including single-shot EPI-DWI sequence) in a 3
Tesla MRI using a dedicated carotid coil. An experienced radiologist correlated DWI sequence findings with histopa-
thology of postsurgical sections to confirm the high-risk features.

Results: Twenty-three patients (mean age 66.1 years +SD 6.25) were evaluated, of which 65% were males and 96%
were symptomatic. Apparent diffusion coefficient (ADC) values in location of plaques could differentiate histopatho-
logical unstable from stable plaques (0.83 x 1072 mm?%/svs 1.7 x 1072 mm?/s; p 0.001), with a sensitivity and specific-
ity of 75% and 79%, respectively, at an ADC cutoff of 1.24 x 107> mm?/s. Plaques with and without lipid-rich necrotic
core (0.86 x 1073 mm?/s vs 144 x 107> mm?/s; p=0.042) as well as intraplaque hemorrhage could be differentiated
(0.751 x 107> mm?/s vs 1352 x 107> mm?/s; p 0.037) using the apparent diffusion coefficients.

Conclusion: The widely available single-shot EPI-DWI in assessing plaque characteristics in carotid stenosis is promis-
ing and correlated with histopathological features. Diffusion-weighted imaging will be a helpful adjunct in patients
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Background

MR imaging of the carotid plaque has evolved as an
essential tool for detecting high-risk plaque characteris-
tics, mainly since 25—-50% of ischemic strokes are caused
by an unstable carotid artery plaque [1]. There is a grow-
ing awareness that stenosis severity alone has limited
value in predicting plaque stability. Various molecular
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processes have shown to be associated with plaque vul-
nerability, independent of the degree of stenosis. Sympto-
matic patients were more likely to have a thin fibrous cap
(30-50%), intra-plaque hemorrhage (45-60%), a large
lipid core (50-80%), and a complex morphology (61.5%)
in MR imaging [2, 3]. Additionally, these characteristics
are independent predictors of future ischemic events.
Though contrast-enhanced MRI sequence is needed for
characterizing plaque, recently published American Soci-
ety of Neuroradiology consensus statement recommends
non-contrast protocols as well [4]. Standard single-shot
EPI-DWI with ADC measurement has been evaluated
only sparingly for plaque assessment in the published
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literature with most studies having in vitro evaluation
and small samples. This study aims to evaluate the utility
of comparing single-shot EPI-DWT at the level of maxi-
mum stenosis for plaque vulnerability assessment com-
pared to the histopathological specimen and identify the
high-risk features that are likely to translate into varia-
tions in ADC values. Single-shot EPI-DWI was chosen as
part of the study since it is the most widely available dif-
fusion sequence across vendors, thus enabling its univer-
sal application compared to the newer DWI sequences.
Since DWI does not require contrast administration, it
can be an adjunct tool in patients who require avoidance
of contrast agents as in chronic kidney disease, allergies,
and serial follow-up on medical management.

Methods

This was a prospective study conducted from October
2018 to June 2020 in a single center after obtaining the
institutional ethics committee approval. Informed writ-
ten consent was obtained from all the participants.
Twenty-seven consecutive patients who sought medical
care after at least one major or minor cerebrovascular
event and having a moderate to severe carotid artery
stenosis (>50% stenosis) were planned for carotid
endarterectomy after a multidisciplinary stroke team
meeting according to the European Society for Vascular
Surgery guidelines of 2017 [5]. Patients not consenting
for the MR examination and patients with a pacemaker
or metallic implant in the body were excluded from
the study. The study patients underwent carotid plaque
MR imaging in a 3.0 Tesla machine (General Elec-
tric Discovery 750E, GE Healthcare, Waukesha, WI,
USA) using a 6-channel carotid coil. Before placing the
patient in the MR scanner, the level of the maximum
carotid stenosis was marked over the skin using ultra-
sonography to ensure optimal carotid surface coil posi-
tion and resultant better signal. The sequences used
included T1, T2, T2FS, TOF, PD, and DWI (total acqui-
sition time ~23.5 min). The protocols for the primary
sequences were as described in previous papers [6-8].
The standard diffusion-weighted echo-planar sequence
was used as part of the study to provide a degree of
robustness against the involuntary patient motion and
keep acquisition times clinically acceptable. In DWI
acquisition, saturation bands were positioned superi-
orly and inferiorly to suppress signals from in-flowing
blood and anteriorly and posteriorly to minimize wrap-
around artifact. The b values used in the study were
10, 500, and 1000. A baseline b value of 10 was taken
instead of 0 for nulling the blood flow signals result-
ing from neovascularization of the plaque which might
confound the effect of necrosis or hemorrhage [9].

Page 2 of 8

Other DWI parameters were TE 71.5 ms; TR 3800 ms;
matrix size 120 x 60; section thickness 2 mm; and
acquisition time 4.2 min. Zero interpolation algorithm
(ZIP) was applied in T2, T2 FS, and PD sequences.
Images were assessed on the GE Advantage workstation
(GE Healthcare, Waukesha, WI, USA) version 4.6 using
the GenlQ application. The site of maximum carotid
plaque thickness was identified on 3D TOF MRA in
the workstation. A corresponding cross section of the
carotid artery image in the DWI sequence was used to
measure the ADC values of the plaque. For ADC map
generation, ROI was drawn after correlation with T2
and T2 FS sequences in corresponding slices to con-
firm the plaque’s outer and inner limits (Figs. 1, 2, 3).
These images were analyzed by a reader with more than
5 years of experience in interpreting diagnostic vascular
imaging studies. The DWI and ADC images were ana-
lyzed for the image-quality-cum diagnostic confidence
and graded using a 4-point scale. An image-quality rat-
ing from 1 to 4, with 1 being poor and 4 being excellent,
was assigned before the review. Studies with an overall
image quality rating of 1 and 2 were excluded. Further,
the patient underwent surgery on an average of 4 days
after magnetic resonance imaging.

A total of 27 study patients were recruited of which
92.6% of the cases had adequate image quality to inter-
pret plaque characteristics. Two participants were
excluded due to the suboptimal image quality in MRI,
and two more were excluded due to inadequacy of
specimen for histopathological assessment.

Histology protocol

The endarterectomy specimens were fixed in buffered
formalin immediately after surgery. Serial cross sec-
tions were taken from the specimens at 2-mm intervals
and processed as per standard protocols in the histopa-
thology laboratory. For all cases, the entire endarterec-
tomy specimen was processed. However, the maximum
carotid luminal narrowing level was used to align with
corresponding MR sections for correlation. Hematoxy-
lin and eosin (H&E), Masson’s trichrome (MAT), and
elastic van Gieson (EVG) stains were performed on
5-um sections. The pathologist assessed all the slides,
and the histological features were scored using a semi-
quantitative method as described by Lovett et al. [10,
11]. For analysis, probably and definitely unstable
plaques with grade 3/4 lipid necrotic core and intra-
plaque hemorrhage were categorized as being vulner-
able and the rest were categorized as being stable. For
analysis, only large lipid necrotic core and intraplaque
hemorrhage were considered instability features. A
similar criterion was also followed in imaging studies.
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Fig. 1 Carotid MR images of an ICA plaque in a 70-year-old diabetic male who had symptomatlc left MCA stroke, who had N\HS score of 8 at
admission, and no prior cerebrovascular events were detected to have 72% stenosis in MR TOF (a, b), with the ICA plaque (arrows) showing TOF(A)
and T1 (c) hyperintensity indicative of intraplague hemorrhage. The plaque appeared predominantly hyperintense in T2 (d), PD (e), and T2FS (f). DWI
image (g) showing plaque with inset showing ADC map with margins of vessel wall and vessel lumen demarcated by line tracing adapted from
corresponding T2FS image. The plaque had average ADC value of 0.83 x 1073 mm?/s. Histopathological images (h, i) of the same plaque showing
intraplague hemorrhage (*) containing RBCs admixed with few cholesterol clefts. (Hematoxylin and eosin, h original magnification 50x, scale bar
200 pm, i original magnification 200x, scale bar 50 um)

Statistical analysis

Each patient contributed only 1 set of observations (i.e.,
from only one carotid artery) to the dataset for analysis.
Statistical analysis was performed using SPSS Version
23.0 (IBM, Armonk, NY) software. Descriptive statisti-
cal tools were used for basic frequencies of plaque char-
acteristics and patient demographics. An independent
sample t test was used for the comparison of mean
ADC values between each of the plaque characteris-
tics and overall plaque vulnerability. Receiver operating
characteristic (ROC) analysis was performed to assess
optimal ADC value in detecting plaque vulnerability.

Results

Demographics and risk factors in the study population

The demographic and clinical data of the final 23
patients of the study are summarized in Table 1. 17.3%
of the study patients had moderate (50-70%) carotid
stenosis. 69.5% of the plaques revealed unstable fea-
tures on histopathological evaluation.

DWI and ADC value relation with plaque composition

The mean ADC values could differentiate vulnerable
from non-vulnerable plaques (0.83 x 107> mm?/s vs.
1.7 x 1073 mm?/s; p 0.001).

Besides, it also revealed a significant difference in
mean ADC values in plaques with lipid necrotic core
(0.86 x 10> mm?/s) and absent lipid necrotic core
(1.44 x 10~ mm?/s).

The mean ADC values between plaques with hemor-
rhage (0.751 x 10 mm?/s) and without hemorrhage
(0.751 x 10 mm?/s) was also statistically significant
(p=0.037). The findings are summarized in Table 2.

ROC analysis (Fig. 4) with an ADC value of
1.1145 x 10~ mm?/s had a sensitivity of 71.4% and
specificity of 81.2%. Representative cases of vulnerable
and non-vulnerable plaques are shown in Figs. 1, 2 and
3, respectively.

Discussion

Identifying the plaques as vulnerable will allow a more
vigilant follow-up strategy and early interventions to
these plaques despite presenting as mild stenosis or as
incidental findings. ADC was found to be better than
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Fig. 2 Carotid MR images of a 66-year hypertensive female with left ICA stenosis detected following right upper limb paresis. TOF images (a, b)
showed mildly hyperintense plaque (arrows) involving carotid bulbs extending into the proximal left ICA causing ~ 80% stenosis. T1 image (c)
showed the plaque to have iso-hyperintense areas, which showed hyperintensity in PD (d) compared to T2 (e), suggesting lipid-rich plaque. The
plaque, as identified better in a T2 FS (f) image, showed hyperintense areas in and DWI (g) with an ADC value (inset, g) of 0.41 x 10 mm?/sec. Post
endarterectomy, histopathological analysis (h, i) showed necrotic lipid core with inflammatory cell infiltrate (arrows in h - Haematoxylin and Eosin,
original magnification 50X, Scale bar 200 um, i - Original magnification 100X, Scale bar 100 um).

even T1/T2 mapping techniques in differentiating fibrous
plaques and lipid-rich necrotic plaques by Clarke et al.
[12]. Our study used the plaque characteristics at the
maximum stenosis in MRI and histopathology for com-
parison; on the contrary, most of the previous studies
that assessed DWI have used average ADC value from
multiple levels of plaque for evaluation of plaque com-
position [9, 13, 14]. This was based on the notion that
the most aggressive part of the plaque would be at level
of maximum stenosis and the ADC characteristics of
that level will predict the vulnerability in the most rep-
resentative manner. Our study showed that the EPI-DW1I
sequence with ADC measurement is effective in differ-
entiating histologically stable and unstable plaques. A
significant difference in mean ADC values between vul-
nerable and non-vulnerable plaques was depicted with a
cutoff of 1.24 x 10~ mm?/s, with a sensitivity of 75% and
specificity of 79%. This was despite the overall moder-
ate image quality compared to a few of the recent studies
which used 3D DWI, at the cost of increased acquisition
time. DW1I was found to be applicable for the assessment
of carotid plaque by Kim et al. [15] using 2D ss-IMIV-
DWEPI sequence with both in vivo and ex vivo mean
ADC measurement on 8 study patients and documented

detection of the lipid necrotic core. In their study, the
mean ADC for normal vessel wall and hemorrhage was
1.27x 107 and 0.98 x 10> mm?/s, respectively. 2D
ss-IMIV-DWEPI was used to avoid the geometrical dis-
tortion in EPI. 3D DW1I was used for a better depiction of
the vessel wall by Xie et al. [13], but no histological cor-
relation was done as part of the study.

In our study, plaques with and without lipid-rich
necrotic core could also be differentiated. Earlier ex vivo
studies had already evaluated the utility of decreased
ADC in necrotic core detection, with only very limited
in vivo studies with a relatively small sample size [9, 16].
In the study by Kim et al., the lipid-rich necrotic core had
a mean ADC of 0.38 x 10~ mm?/s as against our values
of 0.86 x 107> mm?/s, which was similar to values in the
study by Ota et al. [9] Our ADC values also were similar
to the results by Young et al., with the ADC value for lipid
core being 0.73 x 10> mm?/s using EPI-DW1I sequence
[14].

The initial study done by Yao et al. on intraplaque hem-
orrhage detection using ADC values in 3T MRI showed
that the mean ADC value in IPH was 0.98540.376 pum?
[17]. However, the study did not have histopathological
evaluation. In the study by Kim et al. and Ota et al., there
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Fig. 3 Carotid MR images of a 65-year-old male with left hemiparesis, who was detected to have right ICA 80% stenosis (arrows). His NIHS at
admission was 6, with a total of 2 cerebrovascular events before surgery. TOF images (a, b) showing right ICA stenosis with axial TOF showing a
largely preserved periluminal dark band indicative of intact fibrous cap. T1 image (c) showed mildly increased signal with T2 (d) and PD (e), showing
the plague to have largely similar intensities. T2 FS (f) also showed the luminal stenosis with DWI image (g) with an ADC value of 1.290 x 107 mm?/s

was an overlap between ADC values of hemorrhage and
lipid-rich necrotic core [9, 15]. Moreover, in the study
by Ota et al., there was a considerable difference in ADC
values between the two institutions where the study was
done. We found a considerable overlap of ADC values
within hemorrhage and lipid-rich necrotic cores possibly
due to the various stages of the hemorrhage, coexistent
lipid necrosis with hemorrhage, and inherent errors of
the sequence used for assessment.

Compared to the previous studies which did histopatho-
logical correlations, our study had a reasonable sample size
[7, 12]. The technical ease of doing endarterectomy was
similar in both subsets of plaques. The vulnerable plaque
carries a slightly higher theoretical risk for distal emboli

while dissecting the vessel; however, no such differences
were noticed in our patients. The use of readily available
EPI-DWI makes the sequence suitable for routine use,
unlike the majority of the studies which have used various
modifications of the sequence.

Limitations

The limited number of patients in our study would
have reduced our sensitivity in differentiation of vari-
ous pathologies. All our study patients had moder-
ate to severe stenosis (>50%); thus, visualization of
the plaque in our protocols was not much of an issue.
Hence, its applicability in patients with 50-70% ste-
nosis may be potentially used for decision-making
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Table 1 Demographic and clinical data of the study (n=23)
Gender Male—15; Female—8
Age Median age 66 years (range 50-74 years)
Clinical status Symptomatic—22; asymptomatic—1
Risk factors
Present Absent

Smoking 8 15
Diabetes mellitus 15 8
Alcoholism 6 17
Hypertension 20 3
CAD 0 23
Dyslipidemia 11 12
CKD 0 23
POVD 2 21
MRl evaluation and histopathology
Mean number of days between the last cerebrovascular event and carotid plaque 57 days
MRI
The mean number of days between MRI and carotid endarterectomy 4 days
Degree of carotid stenosis
50-70% stenosis 4
More than 70% stenosis 19
Plaque vulnerability in histopathological evaluation
Vulnerable plaque 16
Stable plaque 7
CAD coronary artery disease, CKD chronic kidney disease, POVD peripheral occlusive vascular disease
Table 2 Mean ADC values assessed in each of the carotid plagques in the particular histological characteristics

No. of study Mean ADC value Standard error 95% ClI p value

patients
Overall plaque vulnerability
Vulnerable 16 0.83x 107 0.10x 107 0405 x 10°-144 x 1073 0.001
Non-vulnerable 7 17%x107 029x 107
Lipid-rich necrotic core (LRNC)
LRNC present 13 0.86x 107 0.13x 107 0022 % 107-1.14x 10 0.042
LRNC absent 10 144 %107 026 %107
Intra-plaque hemorrhage (IPH)
IPH present 9 0751 x 1073 0.111x 1073 0.038x 1031164 x 107> 0.037
IPH absent 14 1352x107° 0203 %1073

ADCapparent diffusion coefficient

for revascularization. However, the utility in patients
with<50% stenosis with reduced plaque burden may
be limited. Inter- and intraobserver variability was not
assessed in this study, which would have evaluated the
reproducibility of this modality. The unavailability of the
newer motion correction sequences may also have influ-
enced image acquisition. The inclusion of only>50%
stenosis patients who mostly had prior cerebrovascu-
lar events is in itself a selection bias, as is the case in all
similar studies in the literature. Evaluation with much

larger samples may be vital in validating the findings
and their utility.

Conclusions

The standard DWI with ADC assessment at the level of
maximum stenosis of the carotid artery in delineating
plaque characteristics correlates with histopathology.
Diffusion-weighted imaging will be a helpful adjunct in
patients when contrast administration is intolerable.
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