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The relationship between intracranial atherosclerosis and white 
matter hyperintensity in ischemic stroke patients: a retrospective 
cross-sectional study using high-resolution magnetic resonance 
vessel wall imaging
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Background: Both intracranial atherosclerosis and white matter hyperintensity (WMH) are prevalent 
among the stroke population. However, the relationship between intracranial atherosclerosis and WMH has 
not been fully elucidated. Therefore, the aim of this study was to investigate the relationship between the 
characteristics of intracranial atherosclerotic plaques and the severity of WMH in patients with ischemic 
stroke using high-resolution magnetic resonance vessel wall imaging.
Methods: Patients hospitalized with ischemic stroke and concurrent intracranial atherosclerosis at 
Beijing Tsinghua Changgung Hospital, a tertiary comprehensive stroke center, who underwent high-
resolution magnetic resonance vessel wall imaging and conventional brain magnetic resonance imaging 
were continuously recruited from January 2018 to December 2018. Both intracranial plaque characteristics 
(plaque number, maximum wall thickness, luminal stenosis, T1 hyperintensity, and plaque length) and 
WMH severity (Fazekas score and volume) were evaluated. Spearman correlation or point-biserial 
correlation analysis was used to determine the association between clinical characteristics and WMH 
volume. The independent association between intracranial plaque characteristics and the severity as well as 
WMH score was analyzed using logistic regression. The associations of intracranial plaque characteristics 
with total white matter hyperintensity (TWMH) volume, periventricular white matter hyperintensity 
(PWMH) volume and deep white matter hyperintensity (DWMH) volume were determined using 
multilevel mixed-effects linear regression.
Results: A total of 159 subjects (mean age: 64.0±12.5 years; 103 males) were included into analysis. Spearman 
correlation analysis indicated that age was associated with TWMH volume (r=0.529, P<0.001), PWMH volume 
(r=0.523, P<0.001) and DWMH volume (r=0.515, P<0.001). Point-biserial correlation analysis indicated that 
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Introduction

Previous studies have demonstrated that white matter 
lesions characterized by white matter hyperintensity 
(WMH) on magnetic resonance fluid attenuated inversion 
recovery (FLAIR) imaging are frequently observed 
in patients with cerebrovascular symptoms or in aged 
population (1-3). WMH as a typical features of cerebral 
small vessel disease has been shown to be a marker of 
cognitive impairment (4) and stroke risk (5). Increasing 
evidence has indicated that individuals with severe WMH 
burden have higher risk of microvascular impairment, 
neuro-axonal damage and cognitive decline (6,7). Many 
factors contribute to WMH, such as age, hypertension (8),  
smoking (9), diabetes mellitus (10), immune-mediated 
vasculitis (11), certain infections (12), and several genetic 
diseases (13). Therefore, it is important to determine the 
modifiable risk factors for prevention of WMH.

Besides traditional cerebrovascular risk factors, 
atherosclerotic disease in intracranial large artery has also been 
found to be associated with WMH (14). A study including 
Korean population indicated that the presence of intracranial 
atherosclerosis was independently associated with WMH (15). 
Another study with asymptomatic adults also demonstrated 
that intracranial atherosclerosis was associated with larger 
WMH volume (14). However, there is a lack of evidence 
on the relationship between vulnerable characteristics of 
intracranial plaques and the severity of WMH.

The objective of this study was to investigate the 
association between intracranial atherosclerotic plaque 

characteristics determined by high-resolution magnetic 
resonance vessel wall imaging (HR-VWI) and WMH 
in ischemic stroke with symptomatic intracranial 
atherosclerosis. We present this article in accordance with 
the STROBE reporting checklist (available at https://qims.
amegroups.com/article/view/10.21037/qims-23-64/rc).

Methods

Study design

The data of this retrospective study were obtained from an 
intracranial atherosclerotic stroke cohort, in which ischemic 
stroke patients with intracranial atherosclerosis underwent 
HR-VWI (16). The study was conducted in accordance 
with the principles of the Declaration of Helsinki (as revised 
in 2013), and the protocol of this study was approved by the 
ethics committee of Beijing Tsinghua Changgung Hospital 
(No. 22028-0-02). Written informed consent was exempted 
due to the retrospective nature of this study.

Patients

Patients with ischemic stroke and intracranial atherosclerosis 
admitted to a comprehensive stroke center between January 
2018 and December 2018 were recruited. The inclusion 
criteria were as follows: (I) age ≥18 years old; (II) ischemic 
stroke with more than one cardiovascular risk factor; (III) 
ischemic stroke was caused by intracranial atherosclerosis 
which was detected by computed tomography angiography 

smoking (r=−0.183, P=0.021) and hypertension (r=0.159, P=0.045) were associated with DWMH volume. 
After adjusting for confounding factors, logistic regression analysis showed plaque number was significantly 
associated with the presence of severe WMH [odds ratio (OR), 1.590; 95% CI, 1.241–2.035, P<0.001], PWMH 
score of 3 (OR, 1.726; 95% CI, 1.074–2.775, P=0.024), and DWMH score of 2 (OR, 1.561; 95% CI, 1.150–
2.118, P=0.004). Intracranial artery luminal stenosis was associated with presence of severe WMH (OR, 1.032; 
95% CI, 1.002–1.064, P=0.039) and PWMH score of 2 (OR, 1.057; 95% CI, 1.008–1.109, P=0.023). Multilevel 
mixed-effects linear regression analysis showed that plaque number was associated with DWMH volume 
(β=0.128; 95% CI, 0.016–0.240; P=0.026) after adjusted for age and sex.
Conclusions: In ischemic stroke patients, intracranial atherosclerotic plaque characteristics as measured by 
plaque number and luminal stenosis were associated with WMH burden.
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or HR-VWI; and (IV) magnetic resonance (MR) imaging 
was performed within 4 weeks of symptoms onset. Patients 
with the following conditions were excluded: (I) stroke was 
caused by moderate-to-severe extracranial artery stenosis 
(stenosis ≥50%) or non-atherosclerotic intracranial artery 
diseases, such as dissection, vasculitis, or moyamoya disease; 
(II) MR imaging with poor image quality; (III) patients who 
underwent intracranial endovascular procedures before 
MR imaging; (IV) patients with known stroke history 
or dementia according to International Classification of 
Diseases, 10th edition.

Clinical variables collection

The demographic characteristics (age and sex) and 
cardiovascular risk factors were obtained from the medical 
records. In this study, according to the Chinese guidelines 
for the prevention and treatment of hypertension (2017 
Revision), hypertension was counted if patients presented 
with systolic BP ≥140 mmHg or diastolic BP ≥90 mmHg, 
or patients who were on antihypertensive medication. 
According to the Chinese guidelines for the prevention and 
treatment of type 2 diabetes (2017), diabetes was considered 
if patients had fasting glucose ≥7 mmol/L or nonfasting 
glucose ≥11.1 mmol/L or were on anti-diabetic medication. 
Patients were defined as hyperlipidemia if they met one 
of the following standards, according to the Chinese 
guidelines on the prevention and treatment of dyslipidemia 
in adults (2016): (I) total cholesterol (TC) ≥5.2 mmol/L  
or Triglyceride (TG) ≥1.70 mmol/L; (II) self-reported 
physician diagnosed hyperlipidemia and were on statins. In 
addition, current smoking and history of coronary artery 
heart disease (CAD) were also collected.

MR imaging protocol

Brain and intracranial artery vessel MR imaging was 
performed on a 3.0 Tesla MR scanner (Discovery 750, 
GE Healthcare, Milwaukee, USA) with an eight-channel 
head coil. The MR imaging protocol includes: three-
dimensional (3D) time-of-flight (TOF)-magnetic resonance 
angiography (MRA) and 3D CUBE T1-weighed imaging 
(3D CUBE T1W) for vessel wall imaging; T1 weighted 
(T1W) imaging, T2 weighted (T2W) imaging, T2-FLAIR 
imaging and DWI imaging for brain MRI. We used 3D 
TOF MRA and 3D CUBE T1W sequence to evaluate 
intracranial atherosclerotic plaque characteristics, T2-
FLAIR sequences to assess WMH lesion. The imaging 

parameters are as follows: 3D TOF-MRA (axial plane): 
Spoiled Gradient Recalled (SPGR) sequence, repetition 
time (TR)/echo time (TE) 22/2.5ms, flip angle 20°, 
field of view (FOV) 22 [the head and foot direction 
(FH)] × 18 [the left and right direction (RL)] × 8.64 [the 
forward and backward direction (AP)] cm3, and spatial 
resolution 0.6×1.0×1.2 mm3, total scan time 3 minute  
20 seconds; 3D CUBE-T1W (coronal plane): fast spin echo 
(FSE), slice thickness: 0.6 mm, TR/TE 800/16 ms, flip 
angle 90°, echo train length: 42, FOV 23 (FH) × 18.4 (RL) × 
5.28 (AP) cm3, and spatial resolution 0.7×0.6×0.6 mm3, total 
scan time 6 minute 40 seconds. The imaging parameters for 
the brain routine MR imaging were: T1W imaging: FSE, 
TR/TE 2,000/10 ms, FOV 24×24 cm2, spatial resolution  
0.9×0.9 mm2, slice thickness 5 mm, total scan time 1 minute 
29 seconds; T2W imaging: FSE, TR/TE 5,700/97 ms, FOV 
24×24 cm2, spatial resolution 0.9×0.9 mm2, slice thickness 
5 mm, total scan time 1 minute 12 seconds; T2-FLAIR: 
inversion recovery (IR), TR/TE 9,000/150 ms, FOV  
24×24 cm2, spatial resolution 0.9×0.9 mm2, slice thickness 
5 mm, total scan time 1 minute 49 seconds; DWI: echo-
planar imaging, TR/TE 3,000/65 ms, FOV 24×24 cm2, 
spatial resolution 1.6×1.6 mm2, slice thickness 5 mm, total 
scan time 42 seconds.

MR image interpretation

All MR images were interpreted by two neuroradiologists 
independently after post-processing using the GE-Extend 
Workstation (AW workstation 4.6, GE Healthcare, 
Milwaukee, WI, USA). Two observers who had 5 years’ 
experience in neurovascular imaging and were blinded to 
clinical information assessed the imaging independently. A 
third senior neuroradiologist who had 10 years’ experience 
in neurovascular imaging would perform peer review when 
there was disagreement between two observers. Multiplanar 
reconstruction was conducted perpendicular to the arterial 
center line with slice thickness of 0.3 mm. The image 
quality for intracranial MR images was rated utilizing 4-scale 
score: 1 = poor, 2 = adequate, 3 = good, and 4 = excellent. 
MR images with poor image quality (score <2 points) were 
excluded (17). In this study, excellent-rated MR images 
showed clear vessel wall delineation throughout entire 
boundary. Good-rated MR images demonstrated effective 
visualization of the vessel wall, with only a small portion 
displaying obscure or invisible boundaries. Adequate-
rated MR images indicated a reasonable image quality for 
visualizing the vessel wall, involving some parts but less 
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than a quadrant of obscure/invisible boundary. However, 
poor-rated MR images fail to visualize a significant 
portion of the vascular wall boundary. We analyzed plaque 
characteristics in the following arteries using Bouthillier’s 
1996 classification of the internal carotid artery into seven 
segments (18) and in conjunction with the anatomical 
structure of the intracranial arteries (19): A1 segment of 
anterior cerebral artery (ACA); M1–2 segments of middle 
cerebral artery (MCA); C2–7 segments of internal carotid 
artery; P1 segment of posterior cerebral artery (PCA); 
V4 segment of vertebral artery (VA); and basilar artery 
(BA) (20). Atherosclerotic plaque was considered when 
there is eccentric wall thickening (21). The maximum 
wall thickness (Max WT) of the atherosclerotic plaque 
was measured and T1 hyperintensity was identified when 
signal intensity within the plaque was 1.5 times higher 
than that in the normal vessel wall (22). When there 
were multiple atherosclerotic plaques in one patient, the 
Max WT was counted at the culprit artery and the most 
severe stenosis segment. The culprit artery was defined 
as arteries which were responsible for the most recent 
cerebrovascular symptoms. Luminal stenosis was measured 
on the TOF-MRA after maximum intensity projection 
using the WASID criteria (23). We randomly selected  
20 patients to test the inter-rater reliability among 
evaluators in terms of measurements. The two observers 
had excellent agreement in identifying T1 hyperintensity 
and Max WT of intracranial plaques (24).

The WMH and acute infarction were evaluated on T2W 
FLAIR and DWI images respectively by two neurologists 
blinded to clinical information using the software of 
MIPAV (National Institutes of Health, USA). The acute 
infarction, which is defined as hyperintensity lesion on 
DWI images but isointensities on T1W images. White 
matter hyperintensities are lesion with hyperintensity 
on T2W FLAIR images which show isointensity or 
hypointensity on T1W images. We separated WMH from 
old infarction by their anatomical location, lesion size 
and imaging manifestations (25). WMH was assessed by 
quantitative volume and Fazekas scale. WMH volume was 
used for quantitative analysis, and Fazekas scale was used 
for categorical analysis. WMH was evaluated using Fazekas 
score system with the following criteria (26): periventricular 
white matter hyperintensity (PWMH): 0 = absence, 1 = caps 
or pencil-thin lining, 2 = smooth halo, and 3 = irregular 
PWMH extending into the deep white matter; deep white 
matter hyperintensity (DWMH) were rated as 0 = absence, 
1 = punctate foci, 2 = beginning confluence of foci, and 

3 = large confluent areas. The TWMH with the Fazekas 
score ≤3 was considered as non-to-mild WMH group, and 
Fazekas score >3 was considered as severe WMH group (27).  
The areas on T2 FLAIR images corresponding to the 
acute infarction on DWI images were excluded when 
calculating the WMH volumes. PWMH was defined as 
lesion that is continuous with a lesion voxel within 4 mm of 
a ventricle, otherwise DWMH will be determined (28). The 
measurement areas for PWMH and DWMH volumes were 
illustrated in Figure 1.

Statistical analysis

Category variables were described as count and percentage 
and continuous variables with normal distribution were 
presented as mean ± standard deviation (SD). The 
consistency among evaluators for T1 hyperintensity and 
Max WT measurements was assessed using Cohen’s kappa 
and the intraclass correlation (ICC) tests, respectively. 
Clinical characteristics were compared between patients 
with non-to-mild WMH and those with severe WMH 
group using independent t-test, Mann-Whitney U 
test, Chi-square, or Fisher test when appropriate. The 
relationship between clinical characteristics and WMH 
volume was analyzed using Spearman correlation or point-
biserial correlation analysis. Binary logistic regression 
analysis was used to explore the relationship between 
intracranial atherosclerotic plaque characteristics and 
WMH severity, and multinomial logistic regression analysis 
was used to determine the association between intracranial 
atherosclerotic plaque characteristics and WMH score. 
The WMH volume was log transformed because it showed 
abnormal distribution, then. Associations of intracranial 
artery plaque characteristics with TWMH volume, PWMH 
volume and DWMH volume were determined using 
multilevel mixed-effects linear regression. In regression 
analyses, confounders with P values <0.2 in the single factor 
analysis were adjusted. Two-sided test was used, and all P 
value <0.05 was considered as statistically significant. All 
statistical analyses were performed by IBM SPSS 25.0 (IBM, 
New York, USA).

Results

Clinical characteristics of study population and their 
associations with WMH severity

From January 2018 to December 2018, a total  of  
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Figure 1 Example of white matter hyperintensity in patients with five intracranial atherosclerosis plaques and one intracranial atherosclerosis 
plaque. Upper row (A,B): patient with five plaques. The red area shows periventricular white matter hyperintense; the yellow area shows 
deep white matter hyperintense. Bottom row (C,D): patient with one plaque. The red area shows periventricular white matter hyperintense; 
the orange area shows deep white matter hyperintense.

174 patients were included. Of 174 recruited patients,  
15 (mean age: 73.0±10.0 years; 9 males) were excluded 
due to the following reasons: poor image quality (n=2) and 
stroke caused by other causes (n=13; 8 patients with atrial 
fibrillation; 2 patients with oral anticoagulants; 3 patients 
with atrial fibrillation and oral anticoagulants). Finally,  
159 patients were included in the study (Figure 2). The 
clinical characteristics of this study population are detailed 
in Table 1. Of the remaining 159 patients (mean age: 
64.0±12.5 years; 103 males), 117 (73.6%) had hypertension, 
60 (37.7%) had diabetes, 45 (28.3%) had hyperlipidemia,  
55 (34.6%) were smoking and 20 (12.6%) had CAD. 
Significant difference was found in age (71.68±9.8 vs. 

60.6±12.1 years, P<0.001) but not in other clinical 
characteristics (all P>0.05) between patients with severe 
WMH and those with non-to-mild WMH (Table 1).

Intracranial atherosclerotic plaque characteristics and 
WMH 

The two readers demonstrated substantial consistency 
in vessel wall plaque evaluation, with κ=1.0 for T1 
hyperintensity, ICC =0.94, 95% confidence interval (CI) 
(0.85–0.97) for Max WT measurement. Of 159 patients, 
17 (10.7%) had one atherosclerotic plaque in intracranial 
artery and 142 (89.3%) had multiple atherosclerotic plaques 
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174 patients with acute ischemic stroke admitted 
during study period (Jan 2018−Dec 2018)

Excluded: 
Poor image quality (n=2);
Stroke was caused by non-atherosclerotic 
intracranial artery disease (n=13);

With only atrial fibrillation (n=8),
With only oral anticoagulants (n=2), 
With atrial fibrillation and oral anticoagulants (n=3)

159 patients included

Non-to-mild WMH group 
(n=110)

Severe WMH group 
(n=49)

Figure 2 Flow chart of subjects screening. WMH, white matter hyperintensity. 

Table 1 Baseline characteristics comparison of subjects included 

Characteristics All patients (n=159) Non-to-mild WMH group (n=110) Severe WMH group (n=49) P value

Age, years 64.0±12.5 60.6±12.1 71.6±9.8 <0.001

Sex, male 103 (64.8) 73 (66.4) 30 (61.2) 0.531

Smoking 55 (34.6) 41 (37.3) 14 (28.6) 0.287

Hypertension 117 (73.6) 77 (70.0) 40 (81.6) 0.124

Hyperlipidemia 45 (28.3) 33 (30.0) 12 (24.5) 0.476

Diabetes 60 (37.7) 42 (38.2) 18 (36.7) 0.862

CAD 20 (12.6) 11 (10.0) 9 (18.4) 0.142

TC, mmol/L 4.5±1.1 4.5±1.2 4.4±0.9 0.914

TG, mmol/L 1.8±1.1 1.8±1.2 1.7±1.0 0.997

LDL-C, mmol/L 2.7±1.0 2.7±1.0 2.6±0.9 0.920

HDL-C, mmol/L 1.0±0.3 1.0±0.3 1.0±0.3 0.297

Antiplatelet agents 37 (23.3) 22 (20.0) 15 (30.6) 0.144

Antihypertensive agents 94 (59.1) 62 (56.4) 32 (65.3) 0.275

Lipid-lowering drugs 32 (20.1) 22 (20.0) 10 (20.4) 0.953 

Continuous variables with a normal distribution were expressed as mean ± standard deviation; classified variables were summarized as 
counts (percentages). CAD, coronary artery disease; TC, total cholesterol; TG, triglyceride; LDL-C, low density lipoprotein cholesterol; 
HDL-C, high density lipoprotein cholesterol; WMH, white matter hyperintensity.

in intracranial arteries. The plaque distribution in different 
intracranial artery segments is presented in Figure 3. As can 
be seen from Figure 3, intracranial arterial plaques were 
more common in C2–7 segments of internal carotid artery 
(83.0%) and M1–2 segments of MCA (53.5%). The mean 

± SD of the plaque number, Max WT, degree of luminal 
stenosis, and plaque length was 3.48±1.84, 2.00±0.61 mm,  
37.6%±14.6%, and 6.62±4.88 mm, respectively. Of 
159 patients, 53 (33.3%) of them presented with T1 
hyperintensity plaque. One hundred and forty-three 
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(89.9%) of them presented with WMH (Fazekas score ≥1). 
The mean Fazekas score was 2.64±1.66. Of 143 patients 
with WMH, the median (P25, P75) volume of TWMH, 

PWMH, and DWMH was 70.70 (18.00, 19.14) cm3, 
46.97 (13.09, 114.80) cm3, and 20.45 (3.67, 70.67) cm3, 
respectively.

Clinical characteristics of study population and their 
associations with WMH volume

Table 2 summarizes the associations between clinical 
characteristics and WMH volume. Age was associated with 
TWMH volume, PWMH volume, and DWMH volume, 
all P values <0.05, with r=0.529, 0.523, 0.515, respectively. 
Smoking was associated with DWMH volume (r=−0.183, 
P=0.021). And hypertension was associated with DWMH 
volume (r=0.159, P=0.045). 

Association between intracranial plaque characteristics and 
WMH score

After adjusting for age, sex, hypertension, CAD and 
antiplatelet agents, logistic regression analysis showed 
that plaque number was significantly associated with the 
presence of severe WMH [odds ratio (OR), 1.590; 95% 

Table 2 Association between clinical characteristics and WMH volume

Characteristics
TWMH volume PWMH volume DWMH volume

r P value r P value r P value

Age 0.529 <0.001 0.523 <0.001 0.515 <0.001

Sex −0.026 0.746 −0.045 0.574 0.046 0.563

Smoking −0.133 0.096 −0.120 0.132 −0.183 0.021

Hypertension 0.132 0.097 0.133 0.095 0.159 0.045

Hyperlipidemia −0.048 0.551 −0.021 0.794 0.013 0.871

Diabetes 0.045 0.573 0.035 0.666 0.017 0.835

CAD 0.123 0.123 0.130 0.102 0.087 0.276

TC −0.022 0.782 −0.007 0.926 −0.030 0.707

TG −0.020 0.800 −0.026 0.747 −0.039 0.632

LDL-C −0.047 0.562 −0.034 0.674 −0.051 0.527

HDL-C 0.003 0.975 0.009 0.911 0.056 0.491

Antiplatelet agents 0.119 0.134 0.138 0.083 0.050 0.533

Antihypertensive agents 0.042 0.607 0.040 0.623 0.106 0.186

Lipid-lowering drugs 0.008 0.917 0.004 0.963 −0.019 0.815

WMH, white matter hyperintensity; TWMH, total white matter hyperintensity; PWMH, periventricular white matter hyperintensity; DWMH, 
deep white matter hyperintensity; CAD, coronary artery disease; TC, total cholesterol; TG, triglyceride; LDL-C, low density lipoprotein 
cholesterol; HDL-C, high density lipoprotein cholesterol.
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Figure 3 Atherosclerotic plaques distribution in intracranial 
vascular beds. A1, A1 segment of anterior cerebral artery; BA, 
basilar artery; C2–7, C2–7 segments of internal carotid artery; 
M1–2, M1–2 segments of middle cerebral artery; P1, P1 segment 
of posterior cerebral artery; V4, V4 segment of vertebral artery.
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Table 3 Association between intracranial plaque characteristics and the WMH score

WMH severity
Plaque number Max WT Stenosis T1 hyperintensity Plaque length

OR (95% CI) P value OR (95% CI) P value OR (95% CI) P value OR (95% CI) P value OR (95% CI) P value

Presence of severe 
WMH

1.590  
(1.241–2.035)

<0.001 1.217  
(0.643–2.304)

0.546 1.032  
(1.002–1.064)

0.039 1.429  
(0.641–3.188)

0.383 1.007  
(0.904–1.123)

0.895

PWMH score

Fazekas score 0 REF REF REF REF REF

Fazekas score 1 0.956  
(0.632–1.445)

0.830 1.973  
(0.720–5.410)

0.187 1.036  
(0.992–1.082)

0.110 1.586  
(0.451–5.583)

0.472 1.127  
(0.929–1.368)

0.226

Fazekas score 2 1.369  
(0.889–2.109)

0.154 2.302  
(0.772–6.864)

0.135 1.057  
(1.008–1.109)

0.023 1.393  
(0.365–5.320)

0.628 1.137  
(0.927–1.395)

0.216

Fazekas score 3 1.726  
(1.074–2.775)

0.024 1.887  
(0.553–6.435)

0.311 1.047  
(0.992–1.106)

0.096 1.075  
(0.236–4.899)

0.925 1.198  
(0.956–1.501)

0.116

DWMH score

Fazekas score 0 REF REF REF REF REF

Fazekas score 1 0.911  
(0.691–1.202)

0.511 1.391  
(0.701–2.762)

0.345 1.003  
(0.974–1.032)

0.855 1.501  
(0.610–3.693)

0.377 1.085  
(0.968–1.217)

0.162

Fazekas score 2 1.561  
(1.150–2.118)

0.004 1.337  
(0.597–2.992)

0.480 1.031  
(0.995–1.068)

0.095 0.683  
(0.255–1.831)

0.448 1.072  
(0.939–1.223)

0.307

Fazekas score 3 1.341  
(0.908–1.980)

0.140 1.287  
(0.443–3.737)

0.643 1.019  
(0.970–1.071)

0.451 1.871  
(0.436–8.033)

0.399 1.013  
(0.829–1.238)

0.901

Adjusted for age, sex, smoke, hypertension, CAD and antiplatelet agent. WMH, white matter hyperintensity; Max WT, maximum wall thickness; OR, odds 

ratio; CI, confidence interval; PWMH, periventricular white matter hyperintensity; DWMH, deep white matter hyperintensity; CAD, coronary artery disease. 

CI, 1.241–2.035, P<0.001], PWMH score of 3 (OR, 1.726; 
95% CI, 1.074–2.775, P=0.024), and DWMH score of 2 
(OR, 1.561; 95% CI, 1.150–2.118, P=0.004). In addition, 
our results showed that intracranial artery luminal stenosis 
was associated with presence of severe WMH (OR, 1.032; 
95% CI, 1.002–1.064, P=0.039), and PWMH score of 2 
(OR, 1.057; 95% CI, 1.008–1.109, P=0.023) after adjusted 
for confounding factors. However, luminal stenosis had no 
significant association with DWMH score (P>0.05, Table 3).  
We didn’t find the association between other plaque 
characteristic (Max WT, T1 hyperintensity and plaque 
length) and WMH burden (all P>0.05, Table 3).

Association between intracranial plaque characteristics and 
WMH volume

Multivariate linear regression analysis showed that plaque 
number was significantly associated with DWMH volume 
(β=0.128; 95% CI, 0.016–0.240; P=0.026) after adjusted for 
age, sex. But there was no significant correlation between 
the two variables after further correction of smoking, 
hypertension, CAD and antiplatelet agent confounding 

factors (Table 4). However, no significant association was 
found between plaque number and TWMH volume or 
PWMH volume after adjusting for confounding factors 
(all P>0.05, Table 4). Multivariate linear regression analysis 
revealed that intracranial artery Max WT, luminal stenosis, 
T1 hyperintensity and plaque length were not significantly 
associated with TWMH, PWMH and DWMH volume 
after adjustment of confounding factors (all P>0.05, Table 4).

Discussion

This study investigated the relationship between intracranial 
atherosclerotic plaque characteristics and WMH in 
symptomatic patients with intracranial atherosclerosis 
using HR-VWI. We found that the plaque number of 
intracranial arteries was independently associated with the 
severity of WMH, high PWMH score, high DWMH score 
and DWMH volume. Intracranial arterial luminal stenosis 
was associated with WMH severity and high PWMH 
score. Our findings suggest that the burden of intracranial 
atherosclerosis characterized by plaque number and luminal 
stenosis might be an effective indicator of white matter 
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Table 4 Association between intracranial plaque characteristics and WMH volume

WMH volume
Plaque number Max WT Stenosis T1 hyperintensity Plaque length

β (95% CI) P value β (95% CI) P value β (95% CI) P value β (95% CI) P value β (95% CI) P value

TWMH volume

Model 1 0.045  
(−0.037 to 0.126)

0.284 0.028  
(−0.207 to 0.264)

0.813 0.008  
(−0.002 to 0.018)

0.118 −0.077  
(−0.381 to 0.227)

0.617 0.008  
(−0.031 to 0.047)

0.680

Model 2 0.034  
(−0.049 to 0.117)

0.422 0.024  
(−0.211 to 0.260)

0.838 0.008  
(−0.002 to 0.018)

0.132 −0.067  
(−0.378 to 0.244)

0.672 0.010  
(−0.029 to 0.049)

0.617

PWMH volume

Model 1 0.047  
(−0.039 to 0.133)

0.283 0.064  
(−0.183 to 0.312)

0.608 0.010  
(0.000 to 0.021)

0.058 −0.016  
(−0.337 to 0.304)

0.921 0.011  
(−0.030 to 0.052)

0.598

Model 2 0.036  
(−0.052 to 0.123)

0.423 0.061  
(−0.186 to 0.308)

0.627 0.010  
(−0.001 to 0.021)

0.065 −0.003  
(−0.330 to 0.324)

0.984 0.014  
(−0.028 to 0.055)

0.519

DWMH volume

Model 1 0.128  
(0.016 to 0.240)

0.026 0.183  
(−0.143 to 0.509)

0.269 0.008  
(−0.006 to 0.022)

0.283 0.197  
(−0.225 to 0.619)

0.358 0.023  
(−0.031 to 0.078)

0.396

Model 2 0.110  
(−0.005 to 0.225)

0.061 0.172  
(−0.154 to 0.498)

0.299 0.007  
(−0.007 to 0.021)

0.337 0.221  
(−0.221 to 0.653)

0.313 0.022  
(−0.032 to 0.077)

0.419

Model 1, adjusted for age and sex; Model 2, adjusted for age, sex, smoking, hypertension, CAD and antiplatelet agent. WMH, white matter hyperintensity; β, 
standard regression coefficient; CI, confidence interval; Max WT, maximum wall thickness; TWMH, total white matter hyperintensity; PWMH, periventricular 
white matter hyperintensity; DWMH, deep white matter hyperintensity; CAD, coronary artery disease. 

lesion.
In the present study, most of patients had multiple 

atherosclerotic plaques in intracranial arteries, particularly 
in intracranial internal carotid artery. The prevalence of 
multiple intracranial atherosclerotic plaques had been 
reported in previous studies. A community-based cohort 
study showed that nearly 20% of individuals had multiple 
intracranial atherosclerotic plaques, particularly in black 
men (the prevalence of multiple plaques was 32%) (29). 
Recently, a study in Chinese population suggested that 
patients with recurrent stroke had more intracranial 
plaques than those with first-time stroke (30). Previous 
study demonstrated that multiple atherosclerotic plaques 
had higher risk of stroke recurrence (31). The number 
of plaques may represent the burden of atherosclerotic 
disease and co-existing multiple atherosclerotic plaques may 
indicate higher burden of atherosclerosis. Many risk factors 
contribute to multiple atherosclerotic plaques, such as age, 
smoking, diabetes, and systolic blood pressure (32-35). 
WMH and atherosclerotic plaques usually share similar risk 
factors (36,37). However, our results showed that smoking 
was negatively associated with DWMH volume, which is 
inconsistent with most studies (38,39), which may be related 
to our small sample size and the small number of smokers 
in the enrolled patients (34.6%).

Plaque number had positive correlations with severe 
WMH, high PWMH score, high DWMH score, and 
DWMH volume in our study, which suggested that the 
burden of atherosclerotic disease by the plaque number 
might be a predictor of WMH. Plaque number is one of 
the important indicators of atherosclerotic burden. The 
potential mechanism of the relationship between large artery 
atherosclerosis and small vessel disease of WMH might be 
based on the fact that these two types of diseases shared 
many common risk factors (40). In addition, arterial stiffness 
has been demonstrated to be associated with WMH (41).  
It can be seen that there is a significant correlation between 
plaque number and WMH.

Our data showed that intracranial artery luminal 
stenosis was a dependent risk factor of severe WMH in 
this population. And luminal stenosis was also associated 
with high PWMH score. The relationship between arterial 
luminal stenosis and WMH is controversial. Several previous 
studies indicated that there was a significant relationship 
between carotid artery stenosis and the presence of WMH. 
Chutinet et al.’s study demonstrated that extracranial carotid 
artery stenosis was associated with greater WMH volume 
after adjustment for intracranial stenosis (P=0.04). Romero 
et al. thought that internal carotid artery stenosis ≥50% was 
associated with larger volume of WMH (OR, 2.35; 95% CI, 
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1.08–5.13). Stenosis degree of carotid artery was associated 
with white matter score in Manolio et al.’s study (P<0.01). 
As for Saba et al.’s study, a correlation was observed between 
the presence of leukoaraiosis and degree of carotid stenosis 
(Pearson correlation, r=0.23; P<0.001) (42-45). Some 
investigators believe that cerebral arterial stenosis could lead 
to chronic hypoperfusion of the white matter, then results in 
degeneration of myelinated fibers, which is a consequence of 
repeated selective oligodendrocyte death. On the contrary, 
other studies suggest that there is a lack of cause-effect 
relationship between large artery stenosis and WMH (46). 
Rothwell et al. (47) hold the point of view that low blood flow 
is not sufficient to lead to ischemic event in the brain tissues 
in symptomatic carotid artery stenosis, and poststenotic 
narrowing may be protective factor, because blood flow distal 
to the stenosis is insufficient to carry emboli to the brain. 
Hence, the relationship between luminal stenosis and the 
presence of WMH needs further study.

Another interesting finding of our study is that 
intracranial atherosclerotic plaques characteristics may be 
related to the distribution of WMH. Our study suggested 
that plaque number of intracranial arteries was associated 
with DWMH volume rather than PWMH volume. 
Anatomically, deep white matter is fed by medullary artery 
arising from the cortical branches of middle cerebral artery, 
and this region is more sensitive to arteriosclerosis (48).  
In addition, our study results suggested that luminal 
stenosis may be associated with high PWMH score, but not 
DWMH score. Previous study indicated that hemodynamic 
c o m p r o m i s e  w a s  a s s o c i a t e d  w i t h  P W M H  ( 4 9 ) ,  
this is because periventricular white matter is supplied by 
ventriculofugal vessels, which are noncollateralizing and 
close to large artery (50). Whether the risk factors and 
pathophysiological mechanisms of PWMH and DWMH 
are different needs further study.

Our study results indicate some clinical implications. 
In patients with acute ischemic stroke, patients who have 
a larger number of intracranial artery plaques are more 
likely to have coexisting severe WMH, which had been 
established to be correlated with cognitive impairment and 
stroke risk. And, patients with severe WMH may have more 
intracranial artery plaques and a greater risk of ischemic 
stroke. In addition, luminal stenosis and severe WMH may 
be of mutual relationship. Therefore, intracranial plaque 
characteristics and WMH can be used as clinical predictors 
to assist clinicians in predicting clinical prognosis and 
providing appropriate pre-symptomatic interventions.

There are some limitations in our study. First, the 
assessment of the volume of WMH was not normalized by 
the brain volume among different individuals. Second, this 
is a cross-sectional study and the cause-effect relationship 
between intracranial plaque characteristics and severity 
of WMH could not be deduced. In the future, larger 
prospective studies are needed to elucidate the causal 
relationship between intracranial plaque characteristics and 
WMH. Third, other imaging features of cerebral small 
vessel diseases except WMH had not been investigated 
in this study. Fourth, the HR-VWI in this study was not 
an isotropic acquisition, and multiplanar reconstruction 
of the intracranial vessel wall could potentially result in 
inaccuracies of plaque characteristics and measurement 
errors. Finally, motion artifacts may affect the image quality 
and subsequent plaque characterization. In the future, it is 
better to use motion-robust HR-VWI technique to further 
boost up the evaluation accuracy.

In future research, we may consider to include only 
patients with anterior circulation plaques to explore the 
relationship between intracranial atherosclerotic plaques 
and WMH from the perspective of perfusion mechanisms. 
Furthermore, since the left and right perfusion zones may 
have different effects on the characteristics of intracranial 
atherosclerotic plaques and WMH, it is necessary to 
differentiate the left and right hemispheres in future studies.

Conclusions

Plaque number of intracranial arterial was associated with 
the severity of white matter lesion. Intracranial arterial 
luminal stenosis may be associated with severe white 
matter lesion. And the correlation between intracranial 
atherosclerotic plaque characteristics and WMH is worthy 
of further study.

Acknowledgments

We are particularly grateful to all the people who have 
given us help on our study.
Funding: This study was funded by the Hebei Medical 
Science Research Project (No. 20240973), Beijing 
Municipal Science and Technology Commission (No. 
D171100003017003), the Ministry of Science and 
Technology of the People’s Republic of China (No. 
2017YFC1307904), and the National Natural Science 
Foundation of China (No. 81771825). 



Li et al. Atherosclerosis and WMH6012

© Quantitative Imaging in Medicine and Surgery. All rights reserved.   Quant Imaging Med Surg 2024;14(8):6002-6014 | https://dx.doi.org/10.21037/qims-23-64

Footnote

Reporting Checklist: The authors have completed the 
STROBE reporting checklist. Available at https://qims.
amegroups.com/article/view/10.21037/qims-23-64/rc

Conflicts of Interest: All authors have completed the ICMJE 
uniform disclosure form (available at https://qims.
amegroups.com/article/view/10.21037/qims-23-64/coif). 
The authors have no conflicts of interest to declare.

Ethical Statement: The authors are accountable for all 
aspects of the work in ensuring that questions related 
to the accuracy or integrity of any part of the work 
are appropriately investigated and resolved. The study 
was conducted in accordance with the principles of the 
Declaration of Helsinki (as revised in 2013), and the 
protocol of this study was approved by the ethics committee 
of Beijing Tsinghua Changgung Hospital (No. 22028-0-
02). Written informed consent was exempted due to the 
retrospective nature of this study.

Open Access Statement: This is an Open Access article 
distributed in accordance with the Creative Commons 
Attribution-NonCommercial-NoDerivs 4.0 International 
License (CC BY-NC-ND 4.0), which permits the non-
commercial replication and distribution of the article with 
the strict proviso that no changes or edits are made and the 
original work is properly cited (including links to both the 
formal publication through the relevant DOI and the license). 
See: https://creativecommons.org/licenses/by-nc-nd/4.0/.

References

1.	 Furuta A, Ishii N, Nishihara Y, Horie A. Medullary 
arteries in aging and dementia. Stroke 1991;22:442-6.

2.	 Li X, Su F, Yuan Q, Chen Y, Liu CY, Fan Y. Advances 
in differential diagnosis of cerebrovascular diseases in 
magnetic resonance imaging: a narrative review. Quant 
Imaging Med Surg 2023;13:2712-34.

3.	 Han H, Ning Z, Yang D, Yu M, Qiao H, Chen S, 
Chen Z, Li D, Zhang R, Liu G, Zhao X. Associations 
between cerebral blood flow and progression of white 
matter hyperintensity in community-dwelling adults: 
a longitudinal cohort study. Quant Imaging Med Surg 
2022;12:4151-65.

4.	 Debette S, Beiser A, DeCarli C, Au R, Himali JJ, Kelly-
Hayes M, Romero JR, Kase CS, Wolf PA, Seshadri S. 

Association of MRI markers of vascular brain injury with 
incident stroke, mild cognitive impairment, dementia, 
and mortality: the Framingham Offspring Study. Stroke 
2010;41:600-6.

5.	 Ghaznawi R, Geerlings MI, Jaarsma-Coes M, Hendrikse 
J, de Bresser J; UCC-Smart Study Group. Association of 
White Matter Hyperintensity Markers on MRI and Long-
term Risk of Mortality and Ischemic Stroke: The SMART-
MR Study. Neurology 2021;96:e2172-83.

6.	 Zeng W, Chen Y, Zhu Z, Gao S, Xia J, Chen X, Jia J, 
Zhang Z. Severity of white matter hyperintensities: Lesion 
patterns, cognition, and microstructural changes. J Cereb 
Blood Flow Metab 2020;40:2454-63.

7.	 Peng C, Kwapong WR, Xu S, Muse FM, Yan J, Qu M, 
Cao Y, Miao H, Zhen Z, Wu B, Han Z. Structural and 
Microvascular Changes in the Macular Are Associated 
With Severity of White Matter Lesions. Front Neurol 
2020;11:521.

8.	 Hilal S, Mok V, Youn YC, Wong A, Ikram MK, Chen CL. 
Prevalence, risk factors and consequences of cerebral small 
vessel diseases: data from three Asian countries. J Neurol 
Neurosurg Psychiatry 2017;88:669-74.

9.	 Power MC, Deal JA, Sharrett AR, Jack CR Jr, Knopman 
D, Mosley TH, Gottesman RF. Smoking and white 
matter hyperintensity progression: the ARIC-MRI Study. 
Neurology 2015;84:841-8.

10.	 de Havenon A, Majersik JJ, Tirschwell DL, McNally JS, 
Stoddard G, Rost NS. Blood pressure, glycemic control, 
and white matter hyperintensity progression in type 2 
diabetics. Neurology 2019;92:e1168-75.

11.	 Sotgiu S, Consolaro A, Casellato S, Graus F, Picco P. Anti-
GAD epileptic encephalopathy in a toddler with Parry-
Romberg syndrome. Neurol Sci 2020;41:705-8.

12.	 Hayashi M, Sahashi Y, Baba Y, Okura H, Shimohata T. 
COVID-19-associated mild encephalitis/encephalopathy 
with a reversible splenial lesion. J Neurol Sci 
2020;415:116941.

13.	 Narayan SK, Gorman G, Kalaria RN, Ford GA, Chinnery 
PF. The minimum prevalence of CADASIL in northeast 
England. Neurology 2012;78:1025-7.

14.	 Nam KW, Kwon HM, Jeong HY, Park JH, Kim SH, Jeong 
SM, Yoo TG, Kim S. Cerebral white matter hyperintensity 
is associated with intracranial atherosclerosis in a healthy 
population. Atherosclerosis 2017;265:179-83.

15.	 Lee SJ, Kim JS, Chung SW, Kim BS, Ahn KJ, Lee KS. 
White matter hyperintensities (WMH) are associated 
with intracranial atherosclerosis rather than extracranial 
atherosclerosis. Arch Gerontol Geriatr 2011;53:e129-32.

https://qims.amegroups.com/article/view/10.21037/qims-23-64/rc
https://qims.amegroups.com/article/view/10.21037/qims-23-64/rc
https://qims.amegroups.com/article/view/10.21037/qims-23-64/coif
https://qims.amegroups.com/article/view/10.21037/qims-23-64/coif
https://creativecommons.org/licenses/by-nc-nd/4.0/


Quantitative Imaging in Medicine and Surgery, Vol 14, No 8 August 2024 6013

© Quantitative Imaging in Medicine and Surgery. All rights reserved.   Quant Imaging Med Surg 2024;14(8):6002-6014 | https://dx.doi.org/10.21037/qims-23-64

16.	 Song X, Wei Q, Zhao X, Hou D, Zhao H, Wang L, Zhang 
X, Zheng Z, Wu J. Association between Short-Term Blood 
Pressure Variability and Intracranial Atherosclerotic Plaque 
Vulnerability: A High-Resolution Magnetic Resonance 
Imaging Study. J Atheroscler Thromb 2022;29:1383-92.

17.	 Li D, Zhao H, Chen X, Chen S, Qiao H, He L, Li R, 
Xu J, Yuan C, Zhao X. Identification of intraplaque 
haemorrhage in carotid artery by simultaneous non-
contrast angiography and intraPlaque haemorrhage 
(SNAP) imaging: a magnetic resonance vessel wall imaging 
study. Eur Radiol 2018;28:1681-6.

18.	 Bouthillier A, van Loveren HR, Keller JT. Segments of the 
internal carotid artery: a new classification. Neurosurgery 
1996;38:425-32; discussion 432-3.

19.	 Wolman DN, Moraff AM, Heit JJ. Anatomy of the 
Intracranial Arteries: The Internal Carotid Artery. 
Neuroimaging Clin N Am 2022;32:603-15.

20.	 Zwartbol MH, van der Kolk AG, Kuijf HJ, Witkamp 
TD, Ghaznawi R, Hendrikse J, Geerlings MI; UCC-
SMART Study Group*. Intracranial vessel wall lesions on 
7T MRI and MRI features of cerebral small vessel disease: 
The SMART-MR study. J Cereb Blood Flow Metab 
2021;41:1219-28.

21.	 Samuels OB, Joseph GJ, Lynn MJ, Smith HA, Chimowitz 
MI. A standardized method for measuring intracranial 
arterial stenosis. AJNR Am J Neuroradiol 2000;21:643-6.

22.	 Mandell DM, Mossa-Basha M, Qiao Y, Hess CP, Hui 
F, Matouk C, Johnson MH, Daemen MJ, Vossough A, 
Edjlali M, Saloner D, Ansari SA, Wasserman BA, Mikulis 
DJ; Vessel Wall Imaging Study Group of the American 
Society of Neuroradiology. Intracranial Vessel Wall MRI: 
Principles and Expert Consensus Recommendations of 
the American Society of Neuroradiology. AJNR Am J 
Neuroradiol 2017;38:218-29.

23.	 Chimowitz MI, Lynn MJ, Howlett-Smith H, Stern BJ, 
Hertzberg VS, Frankel MR, Levine SR, Chaturvedi S, 
Kasner SE, Benesch CG, Sila CA, Jovin TG, Romano 
JG; Warfarin-Aspirin Symptomatic Intracranial Disease 
Trial Investigators. Comparison of warfarin and aspirin for 
symptomatic intracranial arterial stenosis. N Engl J Med 
2005;352:1305-16.

24.	 Song X, Zhao X, Liebeskind DS, Wang L, Xu W, 
Xu Y, Hou D, Zheng Z, Wu J. Incremental value of 
plaque enhancement in predicting stroke recurrence in 
symptomatic intracranial atherosclerosis. Neuroradiology 
2020;62:1123-31.

25.	 Wang Y, Catindig JA, Hilal S, Soon HW, Ting E, Wong 
TY, Venketasubramanian N, Chen C, Qiu A. Multi-stage 

segmentation of white matter hyperintensity, cortical and 
lacunar infarcts. Neuroimage 2012;60:2379-88.

26.	 Fazekas F, Chawluk JB, Alavi A, Hurtig HI, Zimmerman 
RA. MR signal abnormalities at 1.5 T in Alzheimer's 
dementia and normal aging. AJR Am J Roentgenol 
1987;149:351-6.

27.	 Bazin PL, Cuzzocreo JL, Yassa MA, Gandler W, McAuliffe 
MJ, Bassett SS, Pham DL. Volumetric neuroimage analysis 
extensions for the MIPAV software package. J Neurosci 
Methods 2007;165:111-21.

28.	 Nyquist PA, Bilgel M, Gottesman R, Yanek LR, Moy 
TF, Becker LC, Cuzzocreo JL, Prince J, Wasserman 
BA, Yousem DM, Becker DM, Kral BG, Vaidya D. Age 
differences in periventricular and deep white matter 
lesions. Neurobiol Aging 2015;36:1653-8.

29.	 Qiao Y, Suri FK, Zhang Y, Liu L, Gottesman R, Alonso 
A, Guallar E, Wasserman BA. Racial Differences in 
Prevalence and Risk for Intracranial Atherosclerosis in 
a US Community-Based Population. JAMA Cardiol 
2017;2:1341-8.

30.	 Wu G, Wang H, Zhao C, Cao C, Chai C, Huang L, Guo 
Y, Gong Z, Tirschwell DL, Zhu C, Xia S. Large Culprit 
Plaque and More Intracranial Plaques Are Associated with 
Recurrent Stroke: A Case-Control Study Using Vessel 
Wall Imaging. AJNR Am J Neuroradiol 2022;43:207-15.

31.	 Sun B, Wang L, Li X, Zhang J, Zhang J, Liu X, Wu H, 
Mossa-Basha M, Xu J, Zhao B, Zhao H, Zhou Y, Zhu 
C. Intracranial Atherosclerotic Plaque Characteristics 
and Burden Associated With Recurrent Acute Stroke: A 
3D Quantitative Vessel Wall MRI Study. Front Aging 
Neurosci 2021;13:706544.

32.	 Song X, Zhao X, Liebeskind DS, Xu W, Zhang J, Wei 
C, Xu Y, Wang L, Zheng Z, Wu J. Associations between 
systemic blood pressure parameters and intraplaque 
hemorrhage in symptomatic intracranial atherosclerosis: 
a high-resolution MRI-based study. Hypertens Res 
2020;43:688-95.

33.	 Cai Y, He L, Yuan C, Chen H, Zhang Q, Li R, Li C, 
Zhao X. Atherosclerotic plaque features and distribution 
in bilateral carotid arteries of asymptomatic elderly 
population: A 3D multicontrast MR vessel wall imaging 
study. Eur J Radiol 2017;96:6-11.

34.	 Yang D, Iyer S, Gardener H, Della-Morte D, Crisby M, 
Dong C, Cheung K, Mora-McLaughlin C, Wright CB, 
Elkind MS, Sacco RL, Rundek T. Cigarette Smoking and 
Carotid Plaque Echodensity in the Northern Manhattan 
Study. Cerebrovasc Dis 2015;40:136-43.

35.	 Hernández M, López C, Real J, Valls J, Ortega-Martinez 



Li et al. Atherosclerosis and WMH6014

© Quantitative Imaging in Medicine and Surgery. All rights reserved.   Quant Imaging Med Surg 2024;14(8):6002-6014 | https://dx.doi.org/10.21037/qims-23-64

de Victoria E, Vázquez F, Rubinat E, Granado-Casas M, 
Alonso N, Molí T, Betriu A, Lecube A, Fernández E, 
Leslie RD, Mauricio D. Preclinical carotid atherosclerosis 
in patients with latent autoimmune diabetes in adults 
(LADA), type 2 diabetes and classical type 1 diabetes. 
Cardiovasc Diabetol 2017;16:94.

36.	 Ren B, Tan L, Song Y, Li D, Xue B, Lai X, Gao Y. 
Cerebral Small Vessel Disease: Neuroimaging Features, 
Biochemical Markers, Influencing Factors, Pathological 
Mechanism and Treatment. Front Neurol 2022;13:843953.

37.	 Li Q, Yu M, Yang D, Han Y, Liu G, Zhou D, Li C, 
Zhao X. Association of the coexistence of intracranial 
atherosclerotic disease and cerebral small vessel disease 
with acute ischemic stroke. Eur J Radiol 2023;165:110915.

38.	 Giese AK, Schirmer MD, Dalca AV, Sridharan R, Donahue 
KL, Nardin M, et al. White matter hyperintensity burden 
in acute stroke patients differs by ischemic stroke subtype. 
Neurology 2020;95:e79-88.

39.	 Lim JS, Lee KJ, Kim BJ, Ryu WS, Chung J, Gwak DS, Lee 
JS, Kim SE, Ko E, Lee J, Han MK, Smith EE, Kim DE, 
Bae HJ. Nonhypertensive White Matter Hyperintensities 
in Stroke: Risk Factors, Neuroimaging Characteristics, 
and Prognosis. J Am Heart Assoc 2023;12:e030515.

40.	 Grosu S, Lorbeer R, Hartmann F, Rospleszcz S, 
Bamberg F, Schlett CL, Galie F, Selder S, Auweter S, 
Heier M, Rathmann W, Mueller-Peltzer K, Ladwig KH, 
Peters A, Ertl-Wagner BB, Stoecklein S. White matter 
hyperintensity volume in pre-diabetes, diabetes and 
normoglycemia. BMJ Open Diabetes Res Care 2021.

41.	 Kim YB, Park KY, Chung PW, Kim JM, Moon HS, Youn 
YC. Brachial-ankle pulse wave velocity is associated with 
both acute and chronic cerebral small vessel disease. 
Atherosclerosis 2016;245:54-9.

42.	 Chutinet A, Biffi A, Kanakis A, Fitzpatrick KM, Furie 
KL, Rost NS. Severity of leukoaraiosis in large vessel 
atherosclerotic disease. AJNR Am J Neuroradiol 

2012;33:1591-5.
43.	 Romero JR, Beiser A, Seshadri S, Benjamin EJ, Polak 

JF, Vasan RS, Au R, DeCarli C, Wolf PA. Carotid artery 
atherosclerosis, MRI indices of brain ischemia, aging, 
and cognitive impairment: the Framingham study. Stroke 
2009;40:1590-6.

44.	 Manolio TA, Burke GL, O'Leary DH, Evans G, 
Beauchamp N, Knepper L, Ward B. Relationships 
of cerebral MRI findings to ultrasonographic carotid 
atherosclerosis in older adults : the Cardiovascular Health 
Study. CHS Collaborative Research Group. Arterioscler 
Thromb Vasc Biol 1999;19:356-65.

45.	 Saba L, Sanfilippo R, Pascalis L, Montisci R, Mallarini G. 
Carotid artery abnormalities and leukoaraiosis in elderly 
patients: evaluation with MDCT. AJR Am J Roentgenol 
2009;192:W63-70.

46.	 Li H, Xu G, Xiong Y, Zhu W, Yin Q, Fan X, Liu W, Duan 
Z, Liu X. Relationship between cerebral atherosclerosis 
and leukoaraiosis in aged patients: results from DSA. J 
Neuroimaging 2014;24:338-42.

47.	 Rothwell PM, Warlow CP. Low risk of ischemic stroke 
in patients with reduced internal carotid artery lumen 
diameter distal to severe symptomatic carotid stenosis: 
cerebral protection due to low poststenotic flow? On 
behalf of the European Carotid Surgery Trialists' 
Collaborative Group. Stroke 2000;31:622-30.

48.	 Read SJ, Pettigrew L, Schimmel L, Levi CR, Bladin CF, 
Chambers BR, Donnan GA. White matter medullary 
infarcts: acute subcortical infarction in the centrum ovale. 
Cerebrovasc Dis 1998;8:289-95.

49.	 Kim KW, MacFall JR, Payne ME. Classification of white 
matter lesions on magnetic resonance imaging in elderly 
persons. Biol Psychiatry 2008;64:273-80.

50.	 De Reuck J. The human periventricular arterial blood 
supply and the anatomy of cerebral infarctions. Eur Neurol 
1971;5:321-34.

Cite this  art ic le as :  Li  M,  Song X,  Wei  Q,  Wu J , 
Wang S,  Liu X, Guo C, Gao Q, Zhou X, Niu Y, Guo X, 
Zhao X, Chen L. The relationship between intracranial 
atherosclerosis and white matter hyperintensity in ischemic 
stroke patients: a retrospective cross-sectional study using high-
resolution magnetic resonance vessel wall imaging. Quant 
Imaging Med Surg 2024;14(8):6002-6014. doi: 10.21037/qims-23-
64


