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Abstract

Background & Objective: The onset of cerebrovascular events is closely related to status of
atherosclerotic plaque, especially vulnerable plaques, but the majority of vulnerable plaques remain
clinically silent. This study aimed to investigate the characteristics of high-risk vulnerable plaque
that correlate with the onset of acute ischemic stroke. Methods: In this retrospective study. Patients
were recruited if they conformed to acute unilateral internal carotid artery or middle cerebral artery
territory infarction identified as artery to artery embolization with conjugated vulnerable plaque of
bilateral internal carotid artery siphon or middle cerebral artery M1segment vulnerable plaques by
3.0-T high-resolution magnetic resonance imaging examination. Characteristics of vulnerable plaques
were compared between culprit plaque and non-culprit plaque of the same patient. Results: A total
of 78 patients (64 males; mean age = 58.49 + 10.38 years) were included. There were statistically
significant difference in irregular surface, degree of stenosis, eccentricity index between culprit plaque
and non-culprit plaque (P <0.05). Multivariate analysis showed that irregular surface (OR 5.897,
95%ClI, 2.355-14.767, P <0.001), moderate stenosis (OR 3.163, 95%CI, 1.208 -8.283, P =0.019), and
plaque enhancement (OR 2.551, 95%CI, 1.028 -6.328, P =0.043) were associated with culprit plaque.
The area under the curve of plaque enhancement of irregular surface combined with moderate stenosis
was 0.816 (95% CI 0.748-0.884, p =0.000). Plaque enhancement of irregular surface combined with
moderate stenosis was associated with END (OR 2.131, 95% CI 1.224-3.712, p=0.008).
Conclusions: Plaque enhancement of irregular surface combined with moderate stenosis may be potential
imaging markers for predicting the occurrence of thromboembolic strokes caused by intracranial large
artery atherosclerosis and early neurologic deterioration.
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INTRODUCTION Atherosclerosis presents as stable plaque or
unstable plaque which is also called vulnerable
plaque. Plaque vulnerability depends on its
composition. The morphological characteristics
of vulnerable plaques mainly include rupture
of the plaque surface, calcification, thin fibrous
cap, large lipid-rich necrotic core, formation
of neovascularization, intraplaque hemorrhage
(IPH) and secondary thrombus.”” The majority
of vulnerable plaques remain clinically silent®,
but the vulnerable plaques can lead to the
occurrence of ischemic cerebrovascular event. It
is still unclear which characteristics of vulnerable

Stroke is the second most common cause of death
and the leading cause of death in Asia, the most
common cause of disability worldwide.! Ischemic
stroke accounts for 70%, which most results
from atherosclerosis in intracranial arteries.> The
Chinese Intracranial Atherosclerosis (CICAS)
study showed 46% of patients with acute ischemic
stroke result from intracranial atherosclerosis.?
The onset of cerebrovascular events is closely
related to status of atherosclerotic plaque?,
so it is feasible to predict ischemic stroke by
assessment of the atherosclerotic plaque itself.
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plaque are the most critical factors in resulting in
ischemic stroke.

The purpose of this study was to explore the
characteristics of high-risk intracranial cerebral
artery vulnerable plaques that correlate with
the onset of acute ischemic stroke using high-
resolution magnetic resonance imaging (HR-
MRI), to make an early assessment and effective
intervention in time to prevent the occurrence of
vascular events.

METHODS

Study population

This study was a retrospective observational
study. Patients were enrolled from January 2018
to December 2022, if they converted to acute
internal carotid artery (ICA) or middle cerebral
artery territory (MCA) infarction and underwent
3.0-T HR-MRI. Inclusion criteria were as follows:
(1) acute ischemic strokes (AIS) in the ICA/
MCA territory confirmed by diffusion weighted
imaging (DWI); (2) within 24 hours of onset; (3)
the etiology of cerebral infarction was considered
as artery to artery embolism based on clinical
evidence. (4) conjugated vulnerable plaque of
bilateral ICA/MCA M1 segment were identified
by HR-MRI. Exclusion criteria were as follows:
(1) nonatherosclerotic vasculopathy such as
vasculitis, Moyamoya disease, artery dissection
or arteriovenous malformation; (2) ICA/MCA
occlusion ipsilateral to the infarction; (3) unstable
plaques (presence of two or more of the following
characteristics: hemorrhage, fibrous cap thin or
ruptured, superficial irregularity, ulcer plaque,
thrombus, and heterogeneous hypoechoic mixed
echo) of the ipsilateral proximal carotid artery
detected by imaging (ultrasound, HR-MRI, or
DSA); (4) suspected cardiogenic or aortic arch
stroke (embolism in different arterial areas;
history of recent myocardial infarction, atrial
fibrillation or flutter, rheumatic hearts valve,
infective endocarditis; evidence of cardiac or
valvular thrombus on cardiac imaging and cardiac
rhythm monitoring); (5) undergoing emergent
thrombolysis or interventional treatments; (6)
contraindication to MRI examination; (7) poor-
quality images of HR-MRI.

The clinical data of each patient were recorded
such as age, gender, medical history (hypertension,
diabetes mellitus, coronary artery disease, alcohol
consumption, cigarette smoking). This study was
approved by the institution’s ethics committee
(GRYY-LL-KJ2022-006).
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Imaging scanning

All patients received a 3.0-T Siemens Trio
magnetic resonance scanner (Siemens Healthcare,
Ehrlangen, Germany) with a 12-channel head coil
within 1 week from onset. Scanning sequences
DWI: voxel size: layer thickness 6mm, B1000s/m,
TR4800ms, TE101ms, interlayer spacing 1mm,
FOV240x240mm, matrix 256x256. Scan sequence
and parameters of HR-MRI: @ Three dimensional
time of flight magnetic resonance angiography
(3D-TOF-MRA): TR20.0ms, TE4.9ms, layer
thickness 2.0mm, FOV160mmx160mm, Matrix
400x246. @ Tlweighted imaging (T1WI):
TE33.0ms, TR600.0ms, layer thickness 2.0mm,
FOV160mmx160mm, Matrix 332x301. @
T2 weighted imaging (T2WI): TE333.0ms,
TR2500.0ms, layer thickness 2.0mm, FOV160mm
x1 60mm, Matrix 260x201. @ Hyper_T1:
TR9.6ms, TE4.8ms, layer thickness 2.0mm, FOV
160mmx160mm, Matrix 200x196.

Imaging assessment

The image quality is classified into four grade’:
Grade 1: Vascular wall and vascular lumen are
not clearly displayed; Grade 2: lumen is clear,
plaque is not clear; Grade 3: a small amount of
motion artifacts in the lumen, with clear display
in vascular wall and plaque; Grade 4: plaque
structure is clear without motion artifacts. It was
excluded if its grade under level 2.

Vulnerable plaque was defined as the plaque
with presence of at least two of the following
features: plaque burden >40%, intra-plaque
hemorrhage, positive remodeling, irregular
surface, moderate or severe stenosis of vascular.
Culprit plaque was defined as vulnerable plaque
on the middle cerebral artery on the same side
as the infarct, non-culprit plaque as vulnerable
plaque in contralateral middle cerebral artery of
the same patient.

Plaque characteristics including plaque
distribution, irregular surface, plaque burden,
remodeling index (RI), eccentricity index (EI),
IPH, plaque enhancement and degree of stenosis
of vascular were measured. Plaque distribution
was recorded: plaques that were distributed across
at least three quadrants of the vessel wall were
defined as diffuse, and those across less than two
were defined as local. Plaque burden is equal
to plaque area/narrowest vessel area x100%.
Remodeling index was calculated as the ratio
of outer wall area (OWA) at the site of maximal
lumen narrowing to that at the reference site (RI
=OWA lesion/OWA reference). The reference



site was selected based on the WASID method."
A remodelling index =1.05 was defined as
positive remodelling, 0.95-1.05 as intermediate
remodelling, <0.95 as negative remodelling."
Eccentricity index was calculated [(the thickest
wall diameter)-(the thinnest wall diameter)]/the
thickest wall diameter. Intraplaque haemorrhage
was defined as a signal intensity greater than
150% of T1 signal of adjacent muscle.'> Degree of
stenosis = (1-Luminal Area at the maximal lumen
narrowing site/reference luminal area)*100%.

HR-MRI was assessed by two experienced
neuroradiologist together, who was blinded to
the patients clinical information.

Outcomes

We have defined early neurologic deterioration
(END) at least one of the following criteria
within 7 days: (1) an increase of =2 points on
the NIHSS score; (2) an increase of=1 points
on the consciousness score; (3) an increase
of>=1 points on the motor score of=1 point;
(4) any new neurological deficits that would
be unmeasurable by NIHSS scores. The cranial
computed tomography was performed to exclude
intracranial hemorrhage.

Statistical analysis

Continuous variables were presented as means
and standard deviations or median (interquartile
range). Categorical variables were presented as

225 patients with AIS of ICA/MCA
who underwent HR-MRI

counts or percentages. We compared datas from
plaque composition between culprit plaque and
non-culprit plaque. Between-group comparisons
were performed using Paired Student’s T test if
normally distributed, using nonparametric test
of two paired samples (Wilcoxon test) if not.
We compared categorical variables between
groups with (Wilcoxon test or McNemar’s
test). Multiple logistic regression was used to
investigate independent risk factors of culprit
plaque. We evaluated the predictor efficiency of
culprit plaques by the independent risk factors,
which was equivalent to the area under the curve
(AUC) of the receiver operating characteristic
curve (ROC) curve. An AUC of 0.5 indicates
no discrimination whereas AUC of 1.0 indicates
perfect discrimination. The relationship between
independent risk factors and END was discussed
by regression analysis. P values were two-sided,
and values of <0.05 were considered statistically
significant. All data were analyzed using SPSS
software (version 22.0).

RESULTS

Patient demographics

The patient selection flowchart was shown in
Figure 1. A total of 225 patients with AIS in the
ICA/MCA territory were recruited and performed
HR-MRI 147 of them were excluded. Seventy
eight patients with vulnerable plaques conjugated
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Figure 1. Flow chart of this study
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in bilateral ICA/MCA who only had unilateral
stroke were enrolled in the study eventually. In
total, 64 (82.05%) were men, and the mean age
was 58.49 + 10.38 years. 49 patients (62.82%)
had a history of hypertension, 18 (23.08%) had
diabetes mellitus, 6 (7.69%) had coronary artery
disease, 20 (25.64%) had a history of cigarette
smoking, and 15 (19.23%) alcohol consumption.

Culprit plaque and non-culprit plague composition
comparison

Culprit plaques had higher plaque irregular surface
than non-culprit plaques (58.97% vs. 15.38%, P
<0.001). The degree of stenosis was significantly
different between culprit plaques and non-culprit
plaques (no and mild stenosis, 34.62% vs. 60.26%;
moderate stenosis, 34.62% vs. 14.10%; severe
stenosis, 30.80% vs. 25.64%, respectively. P
=0.027). The eccentricity index of culprit plaques
[0.66,(0.59,0.74)] was more obvious than that of
non-culprit plaques [0.60,(0.52,0.70)] (P=0.034).
The proportion of plaque enhancement of culprit
plaques was higher than that of non-responsible
plaque (39.74% vs.14.10%, P <0.001). However,
there was no association with plaque distribution,
arterial remodeling, IPH (P >0.05) (Table 1).
Multivariate analyses showed irregular surface
(OR 5.897, 95%CI, 2.355-14.767, P <0.001),
moderate stenosis (OR 3.163, 95%CI, 1.208
-8.283, P =0.019), and plaque enhancement (OR
2.551, 95%CI, 1.028 -6.328, P =0.043) were
independent characteristics of vulnerable plaque
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significantly associated with acute ischemic stroke
(Table 2). Representative case was shown in
Figure 2.

Characteristics of plaque and acute ischemic
stroke

Plaque enhancement of irregular surface combined
with moderate stenosis were associated with acute
ischemic stroke (OR 3.026,95% CI 2.139-4.280,
P<0.001). We compared the accuracy of irregular
surface and moderate stenosis for distincting
culprit plaque using ROC curve analysis. The
AUC of irregular surface, moderate stenosis and
plaque enhancement was 0.718 (95%CI 0.636-
0.800, P <0.001), 0.603 (95%CI 0.514-0.692,
P =0.027), and 0.679 (95%CI 0.595-0.764,
P <0.001) respectively. The AUC of plaque
enhancement of irregular surface combined with
moderate stenosis was 0.816 (95% C10.748-0.884,
P <0.001). (Figure 3).

Relationship between characteristics of culprit
plaque and END

Among the enrolled, 20 (25.64%) patients
developed END. Plaque enhancement of irregular
surface combined with moderate stenosis was
associated with END (OR 2.131,95% CI 1.224-
3.712, P=0.008).

DISCUSSION

The ischemic stroke represents an etiologically

Table 1: Compared composition with responsible plaque and non-responsible plaque

Variable Culprit plaque Non-culprit plaque P-value
Plaque distribution 0.700
Diffuse[n(%)] 37(47.44) 34(43.59)
Irregular surface[n(%)] 46(58.97) 12(15.38) <0.001
Arterial remodeling 0.832
Negative remodelling[n(%)] 22(28.21) 23(29.49)
Intermediate remodelling[n(%)] 15(19.23) 19(24.36)
Positive remodelling[n(%)] 41(52.56) 36(46.15)
Remodelling index 1.12+0.36 1.09+0.32 0.609
Degree of stenosis 0.027
No and Mild stenosis[n(%)] 27(34.62) 47(60.26)
Moderate stenosis[n(%)] 27(34.62) 11(14.10)
Severe stenosis[n(%)] 24(30.80) 20(25.64)
Eccentricity index 0.66(0.59,0.74) 0.60(0.52,0.70) 0.034
Plaque enhancement[n(%)] 39(50.00) 11(14.10) <0.001
Plaque burden(%) 43.82(28.23,67.95) 43.01(25.66,56.25) 0.284
Intraplaque haemorrhage[n(%)] 6(7.69) 4(5.13) 0.688




Table 2: Multiariable logistic regression analysis

Variable g"efﬁdents SE o P OR 19 os;/erI upper
Irregular surface 1.774 0.468 14351 <0.001 5.897 2.355 14.767
Degree of stenosis 5.941 0.051

Moderate stenosis 1.152 0.491 5498 0.019 3.163 1.208 8.283

Severe stenosis 0.025 0473 0.003 0.958 1.025 0.406 2.592

Plaque enhancement  0.936 0.464 4.081 0.043 2.551 1.028 6.328

Eccentricity index 0.658 1.175 0.314 0.575 1.932 0.193 19.333
Constant -1.589 0.770 4261 0.039 0.204 - -

heterogeneous group and may be caused by various sources of embolism, particularly non-stenotic
potential sources of thromboembolism, so thatthe ~ plaques (unstable plaque causing <50% stenosis)
effective therapeutic methods and intensity are are now recognized as a major contributor
individual. Intracranial atherosclerotic diseaseisa  to stroke.”*!® It is critical and challenging to
common cause of ischemic stroke. Atherosclerotic assess accurately the association between the

Figure 2. Representative cases: A 68-year-old man with acute left middle cerebral artery territory infarction with
vulnerable plaque of bilateral middle cerebral arteries on HR-MRI.
a: diffusion-weighted images: with the black arrow pointing to acute ischemic strokes;
b: 3-dimensional time-of-flight magnetic resonance angiography: with the black arrow pointing to bilateral
middle cerebral arteries;
¢, d, e: the right middle cerebral artery on HR-MRI: with the black arrow pointing to culprit plaque:
moderate stenosis,irregular surface and enhancement.
f, g, h: the left middle cerebral artery on HR-MRI: with the black arrow pointing to non-culprit plaque:
severe stenosis, regular surface and non-enhancement.
The figures a — h notation cannot be seen. The arrows of a and b cannot be seen.
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Figure 3. ROC curve of irregular surface, moderate stenosis, plaque enhancement, and plaque enhancement of
irregular surface combined with moderate stenosis for disincting? culprit plaque. Plaque enhancement
of irregular surface combined with moderate stenosis has the best diagnostic value on culprit plaque.

vulnerability of intracranial artery plaque and
the occurrence of ischemic cerebrovascular
disease. Knowledge of characteristics of high-risk
vulnerable atherosclerotic plaque may change the
current management strategies of ischemic stroke
based merely on the degree of stenosis. In this
study, the intracranial large artery atherosclerotic
plaque resulting in thromboembolic stroke
was investigated through 3.0-T high-resolution
magnetic resonance imaging examination.

A self-paired design was conducted to explore
the differences between vulnerable plaques of ICA
siphon or MCA M1 segment on the infarct side
and one on the contralateral side, to identify the
characteristics of high-risk vulnerable plaques
associated with artery to artery cerebral embolism,
betterly eliminating interference from other
factors. We found that the irregular surface and
enhancement of plaques and moderate stenosis
were independent risk factors for onset of ischemic
stroke. Plaque enhancement of irregular surface
combined with moderate stenosis can well predict
the occurrence of thromboembolic strokes caused
by intracranial large artery atherosclerosis and
END.

It is reported that intracranial severe
stenosis ( =70%) of the major cerebral arteries
is an important cause of ischemic stroke.'®!’
Currently, the screening of patients at high-risk
suffering from ischemic cerebrovascular events
is mainly based on morphological evaluation of
cerebrovascular stenosis degree by imaging. The
presence of symptomatic 50-99% intracranial
stenosis was independently associated with an

increased risk of ischemic stroke which was
more higher for the 70-99% intracranial stenosis
subgroup.'® This study showed the proportion of
50-99% intracranial stenosis on infarction side
accounted for up to 65%. The result of our study
revealed that moderate stenosis (50-70%) was
an independent risk factor for AIS, but not mild
stenosis (<50%) or severe stenosis (70-99%).
Severe stenosis often brings about watershed
infarction even if it does not form thrombosis
in-situ causing artery occlusion, but this study
shows that moderate stenosis with plaque surface
rupture is more likely causing artery-to-artery
embolism because of the ulcer surface formed
fresh thrombosis and strong blood erosion force,
in the condition of plaque surface ulcer the
possibility of vessel occlusion resulting from
thrombosis in situ between moderate stenosis and
severe stenosis is not involved in this study due to
the limitation of equipment. More than one-half
of ischemic events arise from patients without
obstructive disease, even the majority of lesions
are located in vessel segments without significant
stenosis prior to the event.”?® We found that
about 70% of culprit plaques that did not cause
haemodynamically stenosis can trigger AIS. The
occurrence of ischemic cerebrovascular disease
was mainly caused by vulnerable plaque itself,
rather than indirect luminal stenosis by plaque.
On the basis of atherosclerosis, surface ulcer of
vulnerable plaque leading to platelet aggregation
and thrombosis may be an important pathogenesis
of ischemic cerebrovascular disease.

Unstable atherosclerotic plaque formation and



plaque rupture are important reasons to lead to the
occurrence and progress of ischemic stroke. The
rupture of atherosclerotic plaque is considered
to be the principal mechanism that accounts for
stroke.”' Plaque rupture is responsible for the
majority (73%) of all acute coronary events.”>*
The results of this study showed that about
60% of culprit plaques has irregular surface of
plaque. As a result of plaque rupture, the necrotic
core containing collagen fibers becomes exposed
to the vessel lumen, leading to the formation
of thrombus, which leads to early neurological
deterioration. Thin neovascularization walls in
plaque and invasion of inflammatory cells lead
to plaque strengthening, which can reflect plaque
stability and predict stroke occurrence.

In conclusion, plaque enhancement, irregular
surface, and moderate stenosis are independent
characteristics of vulnerable plaque significantly
associated with ischemic stroke. Plaque
enhancement of irregular surface combined with
moderate stenosis may be potential imaging
markers for predicting END and the occurrence
of thromboembolic strokes caused by intracranial
large artery atherosclerosis.

Atherosclerosis is a chronic condition. It is
very important to have accurate diagnosis of high
risk vulnerable atherosclerotic plaques prior to
clinical manifestations that would help the risk
stratification, to develop personalized treatment
Strategy.

There are some limitations in this study. First,
this is a cross-sectional study. HR-MRI was
performed after the ischemic stroke event. The
statistical results might be inevitably biased due
to the small sample size. Our results should be
validated with future larger-scale longitudinal
studies. Second, we studied atherosclerotic
embolic stroke in large arteries. Patients frequently
have two or more co-existing potential embolic
sources, making identification of the underlying
cause difficult and often inconclusive, which may
lead to errors in the results.
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