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Background: A comprehensive understanding of atherosclerotic plaques aids physicians in evaluation and 
treatment of stroke. This study set out to evaluate the characteristics and diagnostic value of atherosclerotic 
plaques in patients with acute stroke and stenotic middle cerebral artery (MCA) using high-resolution 
magnetic resonance imaging.
Methods: Sixty-five consecutive patients with transient ischemic attack or recent ischemic stroke were 
prospectively recruited. All enrolled patients underwent routine magnetic resonance scans and cross-
sectional scans of the stenotic MCA vascular wall. Differences in vascular wall parameters and location, the 
enhancement degree, and remodelling patterns of plaques in the stenotic MCA were compared between 
symptomatic (n=30) and asymptomatic (n=35) groups of patients. The statistically significant indicators were 
then subjected to logistic regression analysis to identify which factors could better predict acute stroke.
Results: Compared with the asymptomatic group, the symptomatic group had a smaller lumen area (LA) 
(P=0.027), larger plaque area (P<0.001), larger remodelling index (P<0.001), more superior/posterior plaques 
(P=0.001), more obviously enhanced plaques (P<0.001), and a greater number of PR patterns (P<0.001) in 
the stenotic MCA. Logistic regression analysis showed that the plaque area, remodelling patterns, LA in the 
stenotic MCA, enhancement degree, and plaque location were predictors of acute stroke. The combination 
of the plaque area and LA in the stenotic MCA, and the plaque enhancement degree had optimal predictive 
value (area under the curve =0.927).
Conclusions: A larger plaque area and smaller LA in the stenotic MCA, and obvious plaque enhancement 
might indicate that a patient is prone to acute stroke.
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Introduction

Intracranial atherosclerotic disease (ICAD) is a major cause 
of ischemic stroke globally (1,2). Acute stroke resulting from 
ICAD is more prevalent in East Asians than in Westerners (3).  
The middle cerebral artery (MCA) is the most common 
vessel affected by atherosclerosis in Asian patients (4). 
Stroke can result in death, a poor quality of life, and a 
heavy economic burden for patients and their families (5). 
Therefore, determining the mechanism and predictors of 
acute stroke is crucial.

In recent years, the focus of a rising number of studies 
and scholars has shifted to the vessel wall, in particular the 
features and stability of atherosclerotic plaques from the 
stenotic degree of intracranial arteries (6-10). Meanwhile, 
high-resolution magnetic resonance imaging (HRMRI) has 
become a widely used non-invasive method for depicting the 
characteristics of plaques and stenotic vessel walls (11-13). 

Common features of atherosclerotic plaques include 
remodelling, enhancement, and plaque burden, among 
others. Previous studies (1,8) have presented two types of 
remodelling patterns in arteries: positive remodelling (PR) 
and negative remodelling (NR). NR contributes to lumen 
constriction, while PR causes vessel expansion and alleviates 
the degree of vessel stenosis. Previous studies (1,14) have 
reported that PR is related to acute stroke. Other studies 
have suggested that obviously enhanced plaques are 
associated with recent ischemic events (13,15,16). Research 
has also found that patients with MCA-induced stroke 
recurrence have a higher plaque burden (11). Furthermore, 
a handful of studies have explored the relationship between 
plaque composition and stroke (2,7). 

A sufficient understanding of the characteristics and 
diagnostic value of atherosclerotic plaques aids physicians 
in evaluating the risk of stroke and designing optimal 
personalised treatment. However, the abovementioned 
studies were limited, and few investigations have focused 
on the association between the plaque features and 
acute stroke. Therefore, the current study aimed to 
comprehensively evaluate the characteristics and diagnostic 
value of atherosclerotic plaques in patients with acute stroke 
and MCA stenosis using HRMRI. 

The following article is presented in accordance with 
the STAndards for the Reporting of Diagnostic accuracy 
studies (STARD) checklist (available at https://dx.doi.
org/10.21037/qims-21-531). 

Methods 

Study participants and clinical data 

From January 2016 to May 2020, 65 consecutive patients 
from the Department of Neurology (Nanjing First 
Hospital) were recruited in line with the following inclusion 
criteria: (I) two or more atherosclerotic risk factors; (II) 
single MCA M1 segment stenosis (30–99%) on magnetic 
resonance (MR) angiography; (III) the degree of stenosis 
in the ipsilateral internal carotid artery did not exceed 
50%; (IV) clear MR images for diagnosis and analysis. 
Exclusion criteria: (I) non-atherosclerotic vasculopathy, 
such as cerebral haemorrhage, vasculitis, moyamoya disease, 
dissection, or tumour; (II) arterial fibrillation or cardio-
embolism; (III) contraindications for MR scanning.

This study was conducted in accordance with the 
Declaration of Helsinki (as revised in 2013). The ethics 
committee of Nanjing Medical University approved the 
research protocol. All enrolled patients gave written or 
verbal informed consent to participate in the study.

Patients’ clinical characteristics and demographic 
details were collected from their medical records. The data 
collected included age, sex, alcoholism (drinking >2 U per 
day on average for men or >1 U per day on average for 
women over the past year), diabetes (defined as treatment 
with antidiabetic medications or fasting plasma glucose  
≥7.0 mmol/L), smoking (smoking ≥1 cigarette a day for  
6 continuous months), hypertension (defined as diastolic 
blood pressure ≥90 mmHg, systolic blood pressure  
≥140 mmHg, or ongoing treatment with antihypertensive 
drugs), and the values of haemoglobin A1c (HbA1c), blood 
glucose, low-density lipoprotein (LDL), high-density 
lipoprotein (HDL), phospholipase-A2, triglycerides, total 
cholesterol, homocysteine, and white blood cell count. 
Patients who had smoked in the past or were current 
smokers were considered to have a smoking history. 

MR protocol

One week after admission, the enrolled patients underwent 
MR imaging using routine protocols, including axial plain 
scan diffusion-weighted imaging (DWI), T1-weighted 
imaging (T1WI), T2-weighted imaging (T2WI), T2 
fluid-attenuated inversion recovery, and enhanced MR 
angiography. HRMRI scanning of the stenotic MCA was 
performed using a 3 Tesla MR scanner equipped with an 
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8-channel head coil (Ingenia, Philips Medical Systems, The 
Netherlands). 

Maximum intensity projection was reconstructed from 
the enhanced MR angiography images was used to locate 
the stenotic site of the MCA. Next, black-blood pre-
contrast T1WI, proton density-weighted imaging (PDWI), 
and contrast-enhanced T1WI (T1WI + C) perpendicular 
to the M1 segment of the MCA were performed, with 
the scan parameters set as follows: (I) enhanced MR 
angiography: echo time (TE), 3.45 ms; repetition time 
(TR), 22 ms; matrix size, 332×227; number of excitation 
(NEX), 1; field of view (FOV), 200 mm × 84 mm; slice 
thickness, 0.6 mm; slice number, 140; acquisition time,  
62 s; (II) T1WI: TE, 9 ms; TR, 1,000 ms; slice thickness,  
2.0 mm; slice gap, 0 mm; and slice number, 6; NEX, 2; 
matrix size, 180 mm × 144 mm; FOV, 80 mm × 80 mm; 
acquisition time, 192 s; (III) PDWI: TE, 9 ms; TR,  
2,000 ms; slice thickness, 2.0 mm; slice gap, 0 mm; and 
slice number, 6; NEX, 2; matrix size, 180 mm × 144 mm; 
FOV, 80 mm × 80 mm; acquisition time, 150 s; and (IV) 
T1WI+C: TE, 9 ms; TR, 1,000 ms; slice thickness, 2.0 mm; 
slice gap, 0 mm; and slice number, 6; NEX, 2; matrix size,  
180 mm × 144 mm; FOV, 80 mm × 80 mm; and acquisition 
time, 192 s. A bolus of 15 mL of gadodiamide (Kang 
Chen, Guangzhou, China) was delivered via intravenous 
injection at a rate of 2 mL/s, and T1WI+C was performed 
5 minutes after the injection.

MR image analysis

All images must be clear for diagnosis and analysis. The 
Philips Intellispace Portal workstation was used for 
measurement of vessel wall parameters. The short axial 
PDWI images were magnified by 200–300%, and then the 
vessel area (VA) and lumen area (LA) at the most narrowed 
lumen (MNL) of the MCA and the reference site were 
measured manually. The reference site was defined as 
the nearest plaque-free or minimally diseased segments 
proximal to the stenotic site of the MCA. When a proximal 
reference site was not available, the neighbouring distal site 
was used. 

Wall area (WA) = VA − LA, the plaque area (PA) = 
WAMNL − WAreference, and the remodelling index (RI) 
=VAMNL/VAreference. Normalised wall index (NWI) 
= WA/VA. The stenotic degree of the MCA was assessed 
using the following formula: (1 − LAMNL/VAreference) 
×100%. The parameter calculations were based on those in 

previous studies (1,6,11). 
Patients with hyperintense signals on DWI and 

hypointense signals on the apparent diffusion coefficient 
in attribution of the stenotic ipsilateral MCA were 
considered to have acute stroke, and were assigned to the 
symptomatic group. The other patients were assigned to 
the asymptomatic group. 

RI ≥1.05 was defined as PR (Figure 1); RI 0.96–1.04 
was defined as non-remodelling; RI ≤0.95 was defined 
as NR (Figure 2). The plaque contrast enhancement 
grade was subjectively categorised as follows: grade 0—
the enhancement was less than or equal to that of normal 
intracranial arterial walls in the same patient; grade 
1—the enhancement was greater than that of normal 
intracranial arterial walls but less than that of the pituitary 
infundibulum; and grade 2—the enhancement was greater 
than or equal to that of the pituitary infundibulum (17). 

Measurements were carried out by two experienced 
radiologists (observers D Zhang, X Yin), who had no 
knowledge of the patients’ clinical data. The average 
values were calculated and used. The two observers agreed 
upon the degree of plaque enhancement and the slice for 
measurement. If disagreement arose between the observers, 
a consensus was reached through a joint reading.

Statistical analysis

All statistical analyses were performed using the IBM SPSS 
21.0 package (Chicago, IL, USA). The normality of data 
was evaluated by conducting the Shapiro-Wilk test. The 
t-test was then applied for quantitative data between the 
two groups, and the chi-square test was used for categorical 
variables. Following this, the statistically significant 
indicators were analysed by both univariate and multivariate 
logistic regression analyses. P<0.05 was deemed to represent 
statistical significance. Interobserver coherence between 
measurements was evaluated by intraclass correlation 
coefficient (ICC), with a two-way random effect for 
interobserver continuous variables. An ICC value of more 
than 0.75 showed strong interobserver reproducibility.

Results 

Demographic and clinical characteristics

During the study period, 162 patients underwent MR 
examination. Among them, 97 patients were excluded for 
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the following reasons: moving artifacts (n=35), ipsilateral 
ICA stenosis ≥50% (n=41), brain tumour (n=5), and brain 
haemorrhage (n=16) (Figure 3). Finally, 65 patients were 
enrolled into our prospective study. There were 30 patients 
in the symptomatic group (22 men, 8 women; mean age, 
67±12 years), and 35 patients in the asymptomatic group 
(28 men, 7 women; mean age, 69±14 years). The two 
groups showed no significant difference in sex, alcoholism, 
hypertension, smoking, diabetes, age, and the levels of 
HbA1c, blood glucose, LDL, HDL, phospholipase-A2, 
triglycerides, total cholesterol, homocysteine, or white blood 
cell count (Table 1).

Quantitative and qualitative variables of the MCA wall in 
the symptomatic and asymptomatic groups

The interobserver reproducibility for the manual 
measurements and the evaluation of enhancement was 

strong, with an ICC of 0.913–0.937 (P<0.001). The 
quantitative and qualitative parameters of the symptomatic 
and asymptomatic groups are detailed in Tables 2,3. In the 
symptomatic group, the LAMNL (P=0.027) and LAreference 
(P=0.025) were smaller, and the NWIMNL (P=0.016), PA 
(P<0.001), and remodelling index (P<0.001) in the stenotic 
MCA were larger than those in the asymptomatic group. 
Compared to the asymptomatic group, the symptomatic 
group also had more superior/posterior plaques (P=0.001), a 
larger number of PR patterns (P<0.001), and more obviously 
enhanced plaques (P<0.001) (Tables 2,3). 

Univariate and multivariate logistic regression analyses 
for plaque characteristics

Univariate logistic regression analysis showed that the PA, 
remodelling patterns, LAMNL, enhancement degree, and 
plaque location were predictors of acute stroke. Multivariate 

Figure 1 HRMRI of a patient with PR in the stenotic MCA. (A) The stenotic site of the left MCA. The white arrow shows the stenotic site 
of the left MCA; (B) acute ischemic stroke in the distribution of the left MCA; (C) T1-weighted HRMRI showing the plaque; (D) the plaque 
shows obvious enhancement in enhanced T1-weighted HRMRI; (E) PDWI showing the measurement at the most narrowed site. VA =12.13 
mm2, LA =1.82 mm2; (F) measurement at the reference site in PDWI. VA =11.12 mm2, LA =5.09 mm2. HRMRI, high-resolution magnetic 
resonance imaging; PR, positive remodelling; MCA, middle cerebral artery; PDWI, proton density weighted image; VA, vessel area; LA, 
lumen area.
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logistic regression analysis showed that the combination of 

PA, LAMNL, and plaque enhancement degree had optimal 

predictive value (area under the curve =0.927, P<0.001) 

(Table 4 and Figure 4).

Discussion

In this study, patients with atherosclerotic MCA stenosis in 
the symptomatic group had a smaller LAMNL, larger PA, 
higher RI, more superior/posterior plaques, more obviously 

Figure 3 The flow chart for the study. MCA, middle cerebral artery; ICA, internal carotid artery.

162 patients with single MCA 
M1 segment stenosis between 

January 2016 to May 2020

65 patients included

30 patients with stenotic MCA 
distribution acute stroke 

35 patients without stenotic MCA 
distribution acute stroke 

97 patients excluded
• 35 patients with moving artifacts
• 41 patients with ipsilateral ICA 

stenosis ≥50%
• 5 patients with brain tumor 
• 16 patients with brain hemorrhage

Figure 2 HRMRI of a patient with NR in the stenotic MCA. (A) The stenotic site of the left MCA. The white arrow shows the stenotic site 
of the left MCA; (B) DWI is normal; (C) T1-weighted HRMRI showing the plaque; (D) The plaque shows no enhancement in enhanced 
T1-weighted HRMRI; (E) PDWI showing the measurement at the most narrowed site in PDWI. VA =15.84 mm2, LA =3.72 mm2; (F) 
measurement at the reference site in PDWI. VA =18.33 mm2, LA =8.11 mm2. HRMRI, high-resolution magnetic resonance imaging; NR, 
negative remodelling; MCA, middle cerebral artery; PDWI, proton density weighted image; VA, vessel area; LA, lumen area.
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Table 1 Demographic and clinical characteristics of symptomatic and asymptomatic patients

Items Symptomatic group (n=30) Asymptomatic group (n=35) t value P value

Male 22 28 – 0.53a

Female 8 7 – 0.53a

Alcoholism 18 24 – 0.47a

Hypertension 22 26  – 0.93a

Smoker 15 22 – 0.30a

Diabetes 19 24 – 0.66a

Age (years) 67±12 69±14 −0.72 0.49b

HbA1c (%) 7.22±1.41 6.52±1.19 1.22 0.29b

Blood glucose (mmol/L) 5.78±1.55 6.44±1.17 −1.06 0.23b

LDL (mmol/L) 2.95±1.04 2.87±1.10 0.33 0.76b

HDL (mmol/L) 0.98±0.31 1.04±0.29 −1.33 0.15b

Phospholipase-A2 (ng/mL) 272.05±109.51 279.14±107.82 0.42 0.67b

Triglycerides (mmol/L) 2.21±2.37 1.29±1.58 1.59 0.13b

Total cholesterol (mmol/L) 4.31±1.12 4.41±1.08 −0.13 0.94b

Homocysteine (µmol/L) 14.17±7.83 12.54±4.86 1.92 0.12b

WBC (/L) 7.49±1.34 6.89±1.52 1.37 0.41b

Data are presented as number or mean ± standard deviation. a, P value was obtained by using Pearson’s chi-square test; b, P value was 
obtained by t-test. LDL, low-density lipoprotein; HDL, high-density lipoprotein; WBC, white blood cell count. 

Table 2 Quantitative data of the MCA wall in symptomatic group and asymptomatic group

Items Symptomatic group (n=30) Asymptomatic group (n=35) t value P value

VAMNL (mm2) 14.62±4.11 14.00±2.93 0.70 0.484

LAMNL (mm2) 2.36±1.09 2.96±1.01 −2.27 0.027*

Wall area MNL (mm2) 12.26±3.98 11.05±2.39 1.51 0.136

NWIMNL 0.83±0.08 0.79±0.05 −2.46 0.016*

VAreference (mm2) 13.56±3.63 15.16±3.79 −1.73 0.088

LAreference (mm2) 5.72±1.83 6.79±1.88 −2.30 0.025*

WAreference (mm2) 7.83±2.93 8.37±2.53 −0.80 0.428

NWIreference 0.57±0.13 0.55±0.08 −0.63 0.530

Degree of stenosis (%) 59.03±10.11 57.00±7.85 0.91 0.365

PAMNL (mm2) 4.46.±2.08 2.62±1.32 4.31 <0.001*

RI 1.08±0.11 0.94±0.10 5.57 <0.001*

Data are presented as mean ± standard deviation. Data were contrasted using t-tests. *, P value<0.05. MCA, middle cerebral artery; VA, 
vessel area; MNL, most narrowed lumen; LA, lumen area; reference, reference site; WA, wall area; NWI, normal wall index; PA, plaque 
area; RI, remodelling index. 
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enhanced plaques, and a larger number of PR pattern than 
those in the asymptomatic group (Figure 2). Moreover, 
logistic regression analysis showed that the combination 
of PA, LAMNL, and the plaque enhancement degree had 
optimal predictive value for acute stroke. Our study also 
showed that HRMRI is a suitable method for depicting the 
features of vessel walls and plaques clearly without exposing 
patients to radiation injury, and it has extensive applications 
in intracranial artery diseases.

As dynamic organs, arterial walls can change their 
morphology through the phenomenon of remodelling 
to compensate for lumen stenosis after plaque formation 
(18-20). Previous studies have identified two remodelling 
patterns: PR and NR. PR is considered to be an unsafe 
remodelling pattern that results in vessel enlargement; 

conversely, NR restricts the vessel, and is known as a 
relatively stable form of remodelling. Meanwhile, studies 
on coronary and carotid arteries reported that symptomatic 
patients had a higher RI and larger number of PR pattern 
than asymptomatic patients (19-21). Our study results were 
consistent with the above previous research findings. It is 
conceivable that the effect of PR on vessel enlargement 
increases the PA in the stenotic MCA. In line with this, 
the symptomatic group in our study had a larger PA and 
a smaller LAMNL than the asymptomatic group. Some 
scholars have reported similar results (6,11,22). However, 
in our study, the symptomatic group had a smaller LA in 
the reference slice of the MCA than the asymptomatic 
group, although the NWI at the reference site did not show 
a significant difference. Therefore, after compensatory 

Table 3 Qualitative data of the MCA wall in symptomatic group and asymptomatic group

Items Symptomatic group (n=30) Asymptomatic group (n=35) P value

Superior plaques 6 1 0.069a

Inferior plaques 11 17 0.334

Anterior plaques 6 15 0.089

Posterior plaques 7 2 0.091

Superior/posterior plaques 13 3 0.001*

Anterior/inferior plaques 17 32 0.001*

Obvious enhancement 19 4 <0.001*

Slight enhancement 6 8 0.780

No enhancement 5 23 <0.001*

PR 24 7 <0.001*
a, P value was obtained by using corrected Pearson chi-square test. The other P values in the table were obtained by using Pearson’s  
chi-square test; *, P value <0.05. MCA, middle cerebral artery; PR, positive remodelling.

Table 4 Univariate and multivariate logistic regression analyses showing the OR for plaque characteristics

Items OR value 95% CI P value AUC value

PA 2.01 1.35–2.98 0.001* 0.788

Remodelling pattern 16.00 4.73–54.15 <0.001* 0.800

LAMNL(mm2) 0.568 0.34–0.96 0.033* 0.677

ED 21.85 5.13–93.00 <0.001* 0.806

Plaque location 13.95 3.49–55.80 <0.001* 0.740

PA + LAMNL 14.52 2.97–10.20 <0.001* 0.825

PA + LAMNL + ED 17.90 8.26–97.6 <0.001* 0.927

*, P<0.05. PA, plaque area; LAMNL, lumen area in the most narrowed lumen; ED, enhancement degree.
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changes based on the NWI at the reference site the vascular 
wall parameters were in agreement. As previously reported, 
the NWI increases the comparability of vascular wall 
features between different patients and vessel areas, because 
it can avoid the difference in the WA caused by variation 
in vessel wall thickness (23,24). However, many previous 
studies did not use the NWI for correction, which is an 
advantage of our study.

In recent years, some investigations have researched 
the clinical value of plaque enhancement in intracranial 
artery stenosis. Their results showed that the plaque 
enhancement identified on HRMRI could potentially 
serve as a marker of culprit plaques (6,13,17). Pathological 
studies have arrived at similar conclusions. In our study, the 
symptomatic group had more obvious plaque enhancement 
than the asymptomatic group, which was the same as 
previous studies’ findings. Zhao et al. (25,26) suggested 
that patients with superior wall plaques were more likely 
to be symptomatic, possibly because of the proximity 
of these plaques to the orifices of penetrating arteries. 
Some penetrating arteries arise from the posterior wall 
of the MCA. Therefore, plaques located on the superior/
posterior side are more prone to induce acute stroke than 
those on the anterior/inferior vessel wall. In our study, 
the symptomatic group had a larger number of superior/
posterior plaques than the asymptomatic group, which was 
in agreement with previous studies (25-27).

In our research, the PA, remodelling pattern, LAMNL, 
enhancement degree, and plaque location were analysed 
between the symptomatic group and the asymptomatic 

group. Although there have been many studies (1,2,6,7,9) 
about intracranial atherosclerotic plaques, few studies (6) 
have comprehensively discussed these risk factors. We 
also we performed univariate and multivariate logistic 
regression analyses for the above factors. We found that 
the combination of PA, LAMNL, and plaque enhancement 
degree had optimal predictive value for acute stroke. In 
summary, patients with plaques exhibiting a larger PA, 
smaller LAMNL, and obvious enhancement should actively 
seek therapeutic intervention, before the appearance of an 
acute stroke.

There were several limitations to our study. First, it 
was a prospective study with a limited number of patients. 
Second, we did not enroll patients with mild stenosis (<30%) 
in the MCA M1 segment, which means that our results are 
not reflective of all patients with MCA stenosis. Third, our 
study lacked pathological information on plaques. Fourth, 
the calculation of the RI depended on the reference vascular 
wall data. Our study chose a proximal or distal segment as a 
reference site, which could cause an error in the RI due to 
the natural tapering of the MCA. Fifth, the enhancement 
degree of atherosclerotic plaques was judged subjectively 
by two radiological observers, rather than being an absolute 
measurement. Sixth, this was a preliminary study lacking 
research about large stroke lesions. We will perform a more 
in-depth study by increasing the sample size and improving 
the research approach. Finally, there were significantly 
more men in our study than women, which might be due to 
the small sample size. The sex ratio should be balanced in 
future research. All the above factors should be taken into 

Figure 4 ROC curves for using PA + LAMNL (A) and PA + LAMNL + ED (B) to determine atherosclerotic plaques responsible for acute 
stroke. ROC, receiver operating characteristic; PA, plaque area; LAMNL, lumen area in the most narrowed lumen; ED, enhanced degree.
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consideration in follow-up research. We will do our best to 
perform conclusive research in the future.

Conclusions

In summary, the PA, remodelling pattern, LAMNL, 
enhancement degree, and plaque location are predictors 
of acute stroke. The combination of PA, LAMNL, and the 
plaque enhancement degree has optimal predictive value 
for acute stroke. Patients with stroke risk factors should be 
treated actively.
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