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Relationship between the stroke
mechanism of symptomatic
middle cerebral artery
atherosclerotic diseases and
culprit plaques based on
high-resolution vessel wall
imaging

Guo-hui Lin, Jian-xun Song*, Teng-da Huang, Nian-xia Fu

and Li-ling Zhong

Department of Radiology, Shenzhen Baoan People’s Hospital, Shenzhen, China

Purpose: For patients with symptomatic middle cerebral artery (MCA)

atherosclerotic stenosis, identifying the potential stroke mechanisms may

contribute to secondary prevention. The purpose of the study is to explore

the relationship between stroke mechanisms and the characteristics of culprit

plaques in patients with atherosclerotic ischemic stroke in the M1 segment

of the middle cerebral artery (MCA) based on high-resolution vessel wall

imaging (HR-VWI).

Methods: We recruited 61 patients with acute ischemic stroke due to MCA

atherosclerotic stenosis from Shenzhen Bao’an District People’s Hospital.

According to prespecified criteria based on infarct topography and magnetic

resonance angiography, possible stroke mechanisms were divided into

parent artery atherosclerosis occluding penetrating artery (P), artery-to-artery

embolism (A), hypoperfusion (H), and mixed mechanisms (M). The correlation

between the characteristics of MCA M1 culprit plaque and di�erent stroke

mechanisms was analyzed using HR-VWI. The indicators included plaque

surface irregularity, T1 hyperintensity, location, plaque burden (PB), remodeling

index (RI), enhancement rate, and stenosis rate.

Results: Parental artery atherosclerosis occluding penetrating artery was

the most common mechanism (37.7%). The proposed criteria showed

substantial to excellent interrater reproducibility (κ, 0.728; 0.593–0.863).

Compared with the P group, the surface irregularity, T1 hyperintensity,

and obvious enhancement of the culprit plaque in the A group were

more common (p < 0.0125). Compared with the other stroke mechanisms,

positive remodeling of culprit plaques was more common (p < 0.0125),

the RI was greater (p < 0.05), and the PB was the smallest (p <

0.05) in the P group. The enhancement ratio (ER) was smaller in the

P group (p < 0.05). Compared with the A group, T1 hyperintensity of

the culprit plaque was more common in the H group (p < 0.0125),

and the stenosis rate was greater (p < 0.05). After adjustment for

clinical demographic factors in the binary logistic regression analysis, the
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enhancement level (odds ratio [OR] 0.213, 95% CI (0.05–0.91), p = 0.037)

and PB of culprit plaque (OR 0, 95% CI (0–0.477), p = 0.034) were negatively

associated with P groups.

Conclusion: The culprit plaque characteristics of patients with symptomatic

MCA atherosclerotic in di�erent stroke mechanisms may be evaluated using

HR-VWI. The plaque characteristics of di�erent stroke mechanisms may have

clinical value for the selection of treatment strategies and prevention of

stroke recurrence.

Clinical trial registration: Identifier: ChiCTR1900028533.

KEYWORDS

stroke, mechanism, atherosclerosis, middle cerebral artery, high-resolution vessel

wall imaging

Introduction

Intracranial large atherosclerosis is one of the most common

causes of stroke worldwide (1). The vessel wall evolves from

having a slight thickening to the development of a nonstenotic

plaque, which gradually develops into lumen stenosis with

significant hemodynamic changes and occlusion (2–4). This

process often involves multiple arterial beds, and the middle

cerebral artery is the most common. The incidence of the

population is highest in Asia (5). The incidence rate of the

intracranial large atherosclerotic disease has gradually increased

in recent years with changes in the social environment, and it is

affecting a younger population (6). Therefore, effective methods

are needed to clarify the mechanism of ischemic stroke because

these mechanisms have potential significance for the clinical

treatment and prevention of secondary stroke (7).

The pathological changes of intracranial large artery

atherosclerosis indicate that ischemic stroke may involve a

variety of pathogeneses, including perforating artery occlusion

due to maternal atherosclerosis, artery–artery embolism,

hypoperfusion, and mixed mechanisms (8). There are

differences in treatment options for these specific mechanisms.

For example, single subcortical infarcts are treated with dual

antithrombotic therapy, but the intravascular treatment of

large atherosclerosis with significantly narrowed lumens

remains controversial (9, 10). A recent study found that more

patients with the baseline stroke mechanism of an artery–artery

embolism + hypoperfusion had a history of dyslipidemia and

hypertension than those with other stroke mechanisms (11).

Dyslipidemia is a risk factor for the presence of vulnerable

plaques, which may increase the risk of plaque rupture

and subsequent A-A embolism. It has been reported that

hypertension is associated with poor pial collateral circulation

in patients with acute ischemic stroke (12), which may be

a risk factor for the subtype mechanism of hypoperfusion

stroke. On the other hand, current evidence suggests that

enhanced contrast, positive remodeling, and plaque irregularity

of intracranial plaques are associated with an increased risk

of stroke (13). Therefore, clarifying the potential relationship

between the stroke mechanism and plaque characteristics of

large artery atherosclerosis may be valuable for individualized

clinical treatment and patient management. The present study

aimed to explore the relationship between stroke mechanisms

and the characteristics of culprit plaques in patients with

atherosclerotic ischemic stroke in the M1 segment of the middle

cerebral artery (MCA) based on high-resolution vessel wall

imaging (HR-VWI).

Methods

Patients

The local ethics committee approved this study. From

January 2019 to January 2022, we retrospectively recruited

patients admitted to Shenzhen Bao’an District People’s Hospital

because of acute ischemic stroke caused by atherosclerosis of the

M1 segment of the MCA. Acute ischemic stroke was determined

based on high-signal lesions on diffusion-weighted imaging and

the corresponding central nervous dysfunction in 1 week (14).

The hyperintense lesions on diffusion-weighted images (DWIs)

were located in the blood supply area of the middle cerebral

artery. All patients underwent headmagnetic resonance imaging

(MRI), magnetic resonance angiography (MRA), and HR-VWI

examinations within 1 week from the onset of the disease to

assess intracranial atherosclerosis. We retrospectively analyzed

154 patients with acute ischemic stroke and recruited 61

patients. The specific process is shown in Figure 1. All patients

satisfied the following criteria: (1) atherosclerotic plaque found

on the MCAM1 vessel wall image (when there were≥2 plaques,

the plaque leading to the narrowest lumen was evaluated);

and (2) the patient had at least one atherosclerotic risk factor.

Patients with an ipsilateral internal carotid artery stenosis rate

Frontiers inNeurology 02 frontiersin.org

https://doi.org/10.3389/fneur.2022.968417
https://www.frontiersin.org/journals/neurology
https://www.frontiersin.org


Lin et al. 10.3389/fneur.2022.968417

≥50% and MCA M1 segment occlusion were excluded. Patients

with ischemic stroke caused by nonatherosclerotic factors were

also excluded.

Classification of the probable stroke
mechanisms in patients with ischemic
stroke

According to the China Ischemic Stroke Subclassification

(CISS) and other previous studies on the mechanism of

intracranial arterial stenosis (ICAS) stroke, we evaluated

the distribution pattern of ischemic lesions on diffusion-

weighted images (DWIs) and the location and severity of

ICAS in combination with MRA. All images were analyzed

with the Picture Archiving Communication System. The

evidence of ischemic lesions is high-signal lesions in DWI.

The possible stroke mechanisms in patients with symptomatic

MCA atherosclerosis were divided into four categories (11,

15) (Figure 2). (1) Parent artery atherosclerosis occluding

penetrating artery (P): the M1 segment of the MCA had

any degree of stenosis, and isolated acute infarction occurred

in an area adjacent to the blood supply of the perforating

artery. (2) Artery-to-artery embolism (A): the presence of

single or multiple small cortical infarctions, with or without

subcortical infarction, or wedge-shaped infarcts, and cortical

and subcortical areas that were completely located in the blood

supply area of the M1 segment of the MCA but did not involve

border zone areas. (3) Hypoperfusion (H): the presence of single

or multiple infarcts in the watershed area, including the cortical

type and the subcortical type. The cortical type refers to the area

between the supplying territories of the anterior cerebral artery

(ACA) and the MCA or between the MCA and the posterior

cerebral artery. Infarctions in these areas are generally wedge-

shaped or oval. The subcortical type refers to the white matter

along and above the lateral ventricles between the deep and

superficial supplying territories of the MCA or between the

superficial territories of the MCA and ACA. These infarctions

are linearly distributed in the centrum semiovale and the corona

radiata and are present as fusion infarctions with large cigar

shapes. (4) Mixed mechanisms (M): the coexistence of 2 or 3 of

the mechanisms described above.

High-resolution vessel wall imaging

A 3.0-T MRI scanner (Magnetom Skyra; Siemens, Munich,

Germany) with a 20-channel phased-array head coil was used.

High-resolution vessel wall scanning was performed by 3D

T1-sampling perfection with application-optimized contrasts

using different flip angle evolutions (SPACE), such as pre-

and postcontrast scanning. This imaging sequence was applied

using the following parameters: for diffusion-weighted imaging:

repetition time (TR) = 4,100ms, echo time (TE) = 64ms, field

of view (FOV) = 230mm × 230mm, matrix size = 160 × 160,

and slice thickness = 5mm; for time of flight: TR = 20ms, TE

= 3.69ms, FOV= 200× 172mm, matrix size= 235× 320, and

slice thickness = 0.6mm; and for 3D-T1 SPACE: TR = 980ms,

TE = 27ms, FOV = 200mm × 178mm, acquired resolution

= 0.78 × 0.78 × 0.78, reconstruction resolution = 0.39 × 0.39

× 0.39, and slice thickness = 0.39. Before the acquisition of

the contrast-enhanced 3D-T1 SPACE sequence, 0.1 ml/kg of

gadolinium-containing contrast agent (gadobutrol [Gadovist];

Bayer Pharma, Berlin, Germany) was administered to the patient

(16).

Image analysis

Plaque was defined as thickening >50% of adjacent or

contralateral vessel wall thickness on both pre- and post-

contrast HR-VWI (17). The plaque causing the narrowest

lumen on the M1 segment of the symptomatic MCA was

defined as the culprit plaque (16, 18). The HR-VWI was

processed using vessel mass software (Leiden UniversityMedical

Centre, Leiden, the Netherlands), which was used to reconstruct

multiple cross-sections of continuous vertical vessels with a

thickness of 1mm. Each cross-section was magnified 4-fold,

and the vessel and lumen boundaries were semiautomatically

tracked. These steps were repeated with the proximal end of

the plaque as the reference. Four quadrants (ventral, dorsal,

superior, and inferior walls) were selected at the maximal lumen

narrowing (MLN) cross-section of the blood vessels. When

≥2 quadrants were involved in the plaque, the quadrant with

the thickest plaque was selected. Intraplaque hemorrhage was

defined as a bright T1 signal ≥ 150% of the T1 signal of the

adjacent muscle or pons (19). Plaque irregularity was defined

as surface underfinishing. Plaque enhancement was graded as

follows: no enhancement means that in the same individual,

the enhancement was similar to or smaller than the intracranial

artery wall without plaque; mild enhancement means that the

enhancement degree was greater than the grade intracranial

artery wall but smaller than pituitary funnel; and the obvious

enhancement is similar to or larger than the funnel (20). The

parameters were evaluated by the MLN cross-section of blood

vessels, such as the maximum wall thickness (WTmax), lumen

area (LA), outer area (OA), wall area (WA), and signals of

the precontrast (Signal pre) and postcontrast (Signal post) scans

of the plaque. The following formulas were used (16): plaque

burden (PB)= (WAMLN/OAMLN × 100%); enhancement ratio

(ER) = (Signal post – Signal pre)/Signal pre × 100%; remodeling

index (RI) = OAMLN/OA ref (the remodeling mode is classified

according to the RI value: RI≥ 1.05 is positive remodeling (PR),

RI ≤ 0.95 is negative remodeling (NR), and 0.95< RI <1.05 is

no reconstruction); and stenosis degree= (1 – LAMLN/LA ref)×
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FIGURE 1

A flowchart of patient recruitment. HR-VWI: high-resolution vessel wall imaging.

100%. All of these data were measured two times, 1 month apart,

by a neuroradiologist who was unaware of the clinical details,

and the averages were calculated and applied.

Statistical analysis

This study used IBM SPSS Statistics 23.0 software for

all statistical analyses. The intraobserver reliability for

the measurement and evaluation of the vessel wall was

determined using the intraclass correlation coefficient (ICC).

Cohen’s κ value was used to determine the intraobserver

reproducibility. Measurement data are presented as the

means ± standard deviation (SD), and counting data are

presented as a percentage or frequency. Count data were

analyzed using the χ
2 test or Fisher’s exact probability

method. A value of p < 0.05 was considered statistically

significant. Measurement data were analyzed using analysis

of variance (ANOVA) to test differences between groups.

A value of p < 0.05 was considered statistically significant.

For the binary logistic regression analysis, we selected

adjusted variables that were statistically significant in the

univariate analysis.

Results

Clinical characteristics

In this study, 61 patients with ischemic stroke caused by

atherosclerosis in the M1 segment of the MCA were included.
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FIGURE 2

Ischemic lesion patterns indicating the di�erent stroke mechanisms in four patients with the symptomatic middle cerebral artery (MCA)

atherosclerotic stenosis. (A) A case of isolated acute infarction in the area of the perforating artery suggests parent artery atherosclerosis

occluding a penetrating artery. (B) Local infarction indicating a probable artery-to-artery embolism. (C) Internal watershed infarctions indicating

probable hypoperfusion. (D) Multiple cortical and wedge-shaped infarctions indicating a probable mixed mechanism of artery-to-artery

embolism and hypoperfusion.

The average age of the patients was 48.9 ± 8.4 years, and there

were 47 men and 14 women. These patients were divided into

different stroke mechanism subtypes. There were 23 patients

in the P group, 16 patients in the A group, 12 patients in the

H group, and 10 patients in the M group. Table 1 shows the

baseline characteristics of the patients. There was no significant

difference in the stroke risk factors between the different stroke

mechanism subtypes.

Reproducibility of the stroke mechanism
classification criteria and consistency of
vessel wall measurements

The intra-reader reproducibility was substantial (κ,

0.728; 95% CI, 0.593–0.863) for the classification of the

stroke mechanisms into four categories (Table 2). When

the three mechanisms existed independently without
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TABLE 1 Baseline demographics of the patients.

Characteristics P (n = 23) A (n = 16) H (n = 12) M (n = 10) P-values

Male 19(82.6) 12(75.0) 9(75.0) 7(70.0) 0.841

Age, y 48.0± 8.0 49.3± 8.9 50.1± 7.4 48.6± 10.0 0.904

Cardiovascular risk factors (%)

Hypertension 17(73.9) 12(75.0) 7(58.3) 6(60.0) 0.673

DM 7(30.4) 2(12.5) 4(33.3) 6(60.0) 0.089

Hyperlipidemia 17(73.9) 11(68.8) 9(75.0) 7(70.0) 0.978

Smoker 17(73.9) 12(75.0) 7(58.3) 6(60.0) 0.673

Laboratory test results (mmol/L)

FG 6.4± 2.1 5.9± 1.6 6.2± 1.8 7.4± 1.9 0.297

TC 4.7± 1.2 4.8±1.2 5.0± 1.0 4.9± 1.4 0.953

Triglyceride 1.6± 0.7 1.6± 1.0 1.6± 1.1 2.0± 1.2 0.720

HDL 1.1± 0.4 1.0± 0.2 1.1± 0.3 1.0± 0.2 0.724

LDL 3.0± 1.2 3.2± 0.9 3.3± 0.7 3.3± 0.9 0.748

Cysteine 14.6± 10.8 16.0± 8.6 9.9± 2.8 13.1± 4.2 0.263

DM, diabetes mellitus; FG, fasting glucose; TC, total cholesterol; HDL, high-density lipoprotein cholesterol; LDL, low-density lipoprotein cholesterol; p-values were calculated using

ANOVA or the chi-squared/Fisher’s exact test between the four groups, as appropriate.

TABLE 2 Intraobserver reproducibility of stroke mechanism

classification.

κ (95% CI)

Overall (4 categories) 0.728(0.593–0.863)

Existence of each mechanism

P 0.827(0.972–0.682)

A 0.684(0.468–0.899)

H 0.610(0.365–0.855)

A indicates artery-to-artery embolism; H, hypoperfusion; and P, parent artery

atherosclerosis occluding a penetrating artery.

considering any other accompanying mechanisms, the

intra-reader reproducibility was substantial for each

mechanism. The consistencies of OAMLN, LAMLN, WA

MLN, Signalpre, and Signalpost were excellent on a 3.0-T

HR-VWI (ICC >0.75), and WTmax, OAref, and LAref were

fair-to-good (0.40< ICC <0.75).

Qualitative analysis of the correlation
between culprit plaque characteristics
and stroke mechanism

There was a significant difference in the surface irregularity

of the culprit plaques of the different subtypes of stroke

mechanism (p = 0.001). Further pairwise comparison showed

that plaque surface irregularity in the A group was more

common than in the P group and the M group (p< 0.0125), and

plaque surface irregularity in the P group was more common

than in the H group (p < 0.0125). The difference in the

T1 high signal in the culprit plaques of the different stroke

mechanisms was statistically significant (p =0.004). Further

pairwise comparison showed that a high T1 signal in the plaques

of the A group was more common than in the P group (p

< 0.0125), and a high T1 signal in the plaques of the H

group was more common than in the A group and the M

group (p < 0.0125). There was a significant difference in the

pattern of culprit plaque remodeling between the different stroke

subtypes (p =0.004). Further pairwise comparison showed that

the positive remodeling in the P group was more common than

in the other groups (p < 0.0125). There was no significant

difference in the location of the culprit plaques between the

different stroke subtypes (p= 0.061) (Table 3).

Quantitative analysis of the correlation
between culprit plaque characteristics
and stroke mechanism

There was no significant difference in the maximum

thickness of the vessel wall between the plaques of the different

stroke mechanism subtypes (p = 0.548). There was a significant

difference in the RI between the different stroke subtypes (p =

0.016), and the RI in the P group was greater than in the H group

and the M group (p< 0.0125). There was a significant difference

in the PB between the different mechanisms (p = 0.000), and

the PB in the culprit plaques was the smallest in the P group.

There was a significant difference in the plaque enhancement
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TABLE 3 Culprit plaque characteristics of the di�erent stroke mechanism subtypes of patients with symptomatic middle cerebral artery (MCA) M1.

Measurement P (n = 23) A (n = 16) H (n = 12) M (n = 10) P-values

Plaque location 0.061

Superior 14 (60.9) 6 (37.5) 3 (25.0) 3 (30.0) -

Ventral 3 (13.0) 6 (37.5) 3 (25.0) 49 (40.0) -

Inferior 3 (13.0) 2 (12.5) 5 (41.7) 2 (20.0) -

Dorsal 3 (13.0) 2 (12.5) 1 (8.30) 1 (10.0) -

Irregularity a 11 (47.8) 13 (81.3) 10 (83.3) 10 (100) 0.001

T1 hyperintensityb 1 (4.3) 4 (25.0) 6 (50.0) 4 (40.0) 0.004

Remodeling mode 0.004

PRc 12 (60.0) 5 (25.0) 2 (10.0) 1 (5.0) -

NR 9 (25.7) 8 (22.9) 9 (25.7) 9 (25.7) -

RI 1.04±0.17 0.97±0.16 0.86±0.17 0.88±0.20 0.016

Enhancement level 0.001

Mild 16 (72.7) 3 (13.6) 1 (4.5) 2 (9.1) -

Obviousd 7 (17.9) 13 (33.3) 11 (28.2) 8 (20.5) -

ER 0.38± 0.34 0.52± 0.26 0.62± 0.40 0.71± 0.43 0.066

WT max , mm 1.32± 0.24 1.41± 0.33 1.42± 0.21 1.44± 0.32 0.548

LA MLN , mm2 0.05± 0.02 0.03± 0.02 0.02± 0.01 0.02± 0.01 0.000

OA MLN , mm2 0.14± 0.05 0.12± 0.04 0.09± 0.03 0.09± 0.03 0.002

WA MLN , mm2 0.09± 0.03 0.08± 0.03 0.07± 0.02 0.07± 0.03 0.097

PB 0.65± 0.08 0.72± 0.09 0.78± 0.12 0.79± 0.06 0.000

Stenosis 0.36± 0.24 0.37± 0.24 0.58± 0.31 0.66± 0.22 0.003

The p-values were calculated using ANOVA or the chi-squared/Fisher’s exact test between the four groups, as appropriate; RI indicates the remodeling index; PB, plaque burden; ER,

enhancement ratio; PR, Positive remodeling; NR, Negative remodeling. (a) The A group was statistically significant compared with the other groups; (b) the A group was statistically

significant compared with the P group; (c) the P group was statistically significant compared with the other groups; and (d) the A and M groups were statistically significant compared

with the other groups.

grade between the different mechanisms (p = 0.001). Obvious

plaque enhancement was more common in the A and M groups

than in the other groups (p < 0.0125). The ER of the culprit

plaque in the M group was higher than in the P group (p <

0.05). There was a significant difference in the stenosis rate of

the M1 segment of the MCA between the different mechanisms

(p = 0.003). The stenosis rate of the MCA in the H group and

the M group was higher than in the P group and the A group

(p <0.05) (Figures 3,4).

Association between culprit plaque
characteristics and di�erent stroke
subtypes

Figure 5 shows the binary logistic regression analysis results

for the parameters associated with the P group compared with

the other groups. After adjustment for clinical demographic

factors, the enhancement level (odds ratio [OR] 0.213, 95% CI

(0.05–0.91), p = 0.037) and the PB of culprit plaques (OR 0,

95% CI (0–0.477), p = 0.034) were negatively associated with

the P group.

Discussion

The present study classified the possible stroke mechanisms

of MCA M1 atherosclerosis using conventional imaging (DWI

and MRA). We demonstrated that there was inter-rater

reproducibility of the classification criteria and correlations

between the culprit plaque characteristics and different stroke

mechanisms. Compared with the parent artery atherosclerosis

occluding penetrating arterymechanism, ischemic stroke caused

by the artery-to-artery embolismmechanismwasmore common

and exhibited an irregular surface, high T1 signal, and obvious

enhancement of the culprit plaque. Compared with the other

stroke mechanisms, the PR of the culprit plaques in the P group

was more common, the RI was greater, and the PB was minimal.

The ER of the plaques in the P group was less than the mixed

mechanism group. Compared with the artery-to-artery embolic

mechanism, the T1 hyperintensity of the culprit plaque was

more common in the hypoperfusion group, and the stenosis rate

was greater. The binary logistic regression analysis revealed that

the enhancement level (OR 0.213, 95%CI (0.05–0.91), p= 0.037)

and PB of culprit plaque (OR 0, 95% CI (0–0.477), p = 0.034)

were negatively associated with the P group.
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FIGURE 3

The p-values were calculated using ANOVA.

Plaque enhancement may be due to gadolinium leakage

caused by neovascularization, inflammation, and endothelial

dysfunction. Recent studies agree that plaque enhancement

is a good biomarker for intracranial atherosclerotic diseases

(13), and this enhancement reflects the predictive value of

ischemic stroke and may also be used as an evaluation index

of curative effect. The present study showed that enhancement

of the culprit plaque was more common in the artery-to-artery

embolic mechanism, which indicates that the inflammatory

reaction was more severe. The neovascularization in the plaque

easily ruptures and bleeds, which shows a T1 high signal (21)

that better indicates the instability of the plaque, and this

association was confirmed by relevant pathology (22). The

plaque protrudes into the lumen and causes hemodynamic

changes. The low wall shear stress on the plaque surface easily

induces endothelial dysfunction (23). The weakening of the

fiber cap on the plaque surface increases the vulnerability

of the plaque and eventually leads to plaque fragmentation.

The embolus dislodges and forms an irregular shape on

the surface of the plaque. The instability of plaques may

affect the decision-making for clinical treatment. A study of

symptomatic carotid stenosis suggested that patients treated

with intravascular therapy within 2 weeks after ischemic events

had a significantly higher risk of stroke or death within

30 days (26.1 vs. 1.9%) than patients treated after 2 weeks

(24). The embolus is easily dislodged and may cause a distal

embolism during surgery. The present study suggests that the

inflammatory response to responsible plaques in the artery-

to-artery embolism may be serious and should be considered.

Chung et al. (25) found that high-dose statin treatment

significantly reduced plaque enhancement in patients with acute

stroke (p = 0.002). Chung et al. subsequently performed a
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FIGURE 4

Characteristics of the culprit plaque in the M1 segment of the MCA in four patients with acute stroke with di�erent mechanisms. (A1–A5), A

39-year-old male, di�usion-weighted images (DWIs) (A1) showed high signal intensity in the left basal ganglia, and the stroke mechanism was

parent artery atherosclerosis occluding penetrating artery by MCA atherosclerosis. Magnetic resonance angiography MRA_ (A2) showed that the

left MCA M1 lumen was normal (arrow). Sagittal images of the precontrast (A3) and postcontrast (A4) HR-VWI showed that the plaque was

located in the upper wall (arrow), showed mild enhancement, and the inner and outer walls of vessels were semiautomatically delineated on

postcontrast HR-VWI (A5). (B1–B5) A 48-year-old male, DWI (B1) showed multiple hypersignals in the left frontal cortex and the subcortical

area, and an artery-to-artery embolism was considered the mechanism of stroke; MRA (B2) showed that the left MCA M1 lumen was severely

stenotic (arrow); (B3,B4) HR-VWI showed that the plaque was located in the upper wall, which showed obvious enhancement (arrow). (C1–C5),

A 53-year-old male, DWI (C1) showed multiple hypersignals in the right subcortical watershed, and the mechanism of stroke was considered

when evaluating the mechanism of hypoperfusion. MRA (C2) showed that the right MCA M1 lumen was severely stenotic (arrow). (C3,C4)

HR-VWI showed that the plaque was located in the posterior wall, which showed obvious enhancement (arrow). (D1–D5), A 60-year-old male,

DWI (D1) showed multiple hypersignals in the left temporal lobe and the left posterior cortical watershed area; MRA (D2) showed that the left

MCA M1 lumen was severely stenotic (arrow); (D3,D4) HR-VWI showed that the plaque was located in the posterior wall, which showed obvious

enhancement (arrow).

study on statin treatment for patients with acute ischemic stroke

and found that statin treatment significantly decreased the

enhancement of play volume after 6 months (p = 0.013) (26).

These studies show that high-dose statins effectively stabilize

symptomatic ICAS plaques. However, the study population of

Chung et al. did not include patients with artery-to-artery

embolism. The Clopidogrel in High-Risk Patients with Acute

Nondisabling Cerebrovascular Events (CHANCE) trial showed

that the dual antiplatelet therapy of clopidogrel and aspirin

effectively reduced microemboli in ischemic stroke caused by

an artery-to-artery embolism (27). For patients with artery-to-

artery embolic stroke, reducing the inflammatory response to
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FIGURE 5

A binary logistic regression analysis results for the parameters associated with the P group compared with the other groups.

the culprit plaques and the shedding of emboli may be more

beneficial to patients.

In this study, we found that the PR of the culprit plaque

wasmore common in the parent artery atherosclerosis occluding

penetrating artery mechanism, the lumen stenosis rate and

PB were the smallest, and the ER was lower than the mixed

mechanism. Penetrating artery occlusions due to parent artery

atherosclerosis are more likely associated with early neurological

deterioration and recurrent stroke (28) and are classified as large

artery atherosclerosis rather than small vessel occlusion (8, 29).

Recent studies showed that the single subcortical infarction

was primarily related to plaques of the M1 segment of the

MCA located in the upper wall, and the lumen had mild

stenosis or was normal (30, 31). This result is similar to the

result that the culprit plaque in the perforator artery group

was primarily located in the upper wall. Jiang et al. found

that the plaque of a single subcortical infarct was located in

the upper wall, which was related to the fewer lenticulostriate

arteries (LSA) branches on the symptomatic side (p = 0.011)

and the shorter average length (p = 0.025) (32). Therefore, the

involved vessel wall may grow outward in the early stage of

the atherosclerotic disease to compensate for the stenosis of

the lumen, which results in positive remodeling and a certain

degree of inflammatory response. Although the stenosis of

the carrier artery lumen and the plaque burden are relatively

insignificant at this time, the plaque is more likely to occlude

the opening of the perforator artery, which results in a high-

risk transient ischemic attack or mild ischemic stroke. Patients

with minor ischemic stroke or high-risk TIA who received a

combination of clopidogrel and aspirin had a lower risk of major

ischemic events but a higher risk of major hemorrhage at 90

days than patients who received aspirin alone (33). The dual

antiplatelet therapy of cilostazol and clopidogrel may also be

better than single antiplatelet therapy (34). Cilostazol has an

anti-platelet aggregation effect and dilates arterioles, which may

compensate for the involvement of perforator artery openings.

High-dose statin therapy improves the short-term functional

prognosis (33, 35). However, the therapeutic effect on perforator

artery disease must be confirmed in further randomized

controlled studies. Therefore, a prospective study using statins

and dual antiplatelet therapy to prevent early neurological

deterioration and recurrent stroke caused by perforator

atherosclerosis should be performed (10) because its efficacy is

not certain.

The present study observed that a high T1 signal of the

plaque with hypoperfusion mechanism was most common,

and the degree of stenosis was most severe. As mentioned

above, a high T1 signal reflects the inflammatory progress

of plaques. However, obvious stenosis of the lumen reduces

the antegrade flow to the relevant area. If the collateral

circulation compensation is insufficient, the downstream

perfusion may be prolonged or damaged and result in

the occurrence of infarction (11, 36). Therefore, focusing

only on intensive blood pressure control may increase

the risk of recurrent stroke in patients with symptomatic

intracranial artery stenosis with impaired perfusion (37).

A post-hoc analysis of the Stenting and Aggressive Medical

Management for Preventing Recurrent Stroke in Intracranial

Stenosis (SAMMPRIS) trial also showed that among stroke

patients with a stenosis rate of 70–99%, a subgroup with

marginal zone infarction and collateral circulation damage

had a particularly high risk of recurrent stroke despite drug

treatment (38). For the stroke mechanism of hypoperfusion

perfusion, the degree of inflammation of the culprit

plaque and the stenosis rate of the mechanism should also

be considered.

A binary logistic regression analysis revealed that the plaque

enhancement level and PB were negatively associated with the
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parent artery atherosclerosis occluding a penetrating artery.

In other words, when the enhancement of the culprit plaque

and the greater plaque burden are obvious, the more likely

it is to be the result of other stroke mechanisms. A recent

study is similar to our results. The plaque in the branch

occlusive disease group was less enhancing plaque than in the

artery-to-artery group (p = 0.030) (39). However, there are

few studies on plaque burden as an indicator of treatment

evaluation. One study showed that the total volume of the

carotid artery wall was significantly reduced in patients with

carotid atherosclerosis with type 2 diabetes after receiving

hypoglycemic drugs compared with a control group without

diabetes after 2 years of treatment (40). However, the evaluation

of HR-VWI related to the therapeutic effect of hypoglycemic

drugs on intracranial artery atherosclerosis plaques must be

further studied.

Our study has some limitations. First, it was a single-

center study with relatively small sample size. Second, the

study performed a retrospective analysis, and there may

be a selection bias. Third, statistical analysis lacked the

evaluation of normal distribution and the consistency analysis

of plaque morphological characteristics. Finally, this study

only recruited patients with anterior circulation stroke, and

further research is needed to evaluate patients with posterior

circulation stroke.

Conclusion

Evaluations of the culprit plaque characteristics

of patients with symptomatic MCA atherosclerotic

in different stroke mechanisms based on HR-VWI

are feasible. The plaque characteristics of different

stroke mechanisms may have clinical value for the

selection of treatment strategies and prevention of

stroke recurrence.
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