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ABSTRACT

BACKGROUND: Stroke patients with coexisting intracranial artery stenosis (ICAS) and white matter lesions (WML) usually have a poor outcome.
However, how WML affects stroke prognosis has not been determined.

OBJECTIVE: To investigate the quantitative forward flow at the middle cerebral artery in ICAS patients with different degrees of WML using 4D flow.

DESIGN: Single-center cross-sectional cohort study.

METHODS: Ischemic stroke patients with symptomatic middle cerebral artery (MCA) atherosclerosis were included, and they were divided into 2 groups
based on Fazekas scale on Flair image (mild group= Fazekas 0-2, and severe group= Fazekas>2), TOF-MRAand4D flowwere performed to quantify the
stenosis degree and forward flow at the proximal of stenosis. The flow parameters were compared between different white matter hyperintensity (WMH)
groups, as well as in different MCA stenosis groups, logistic regression was used to validate the association between forward flow and WMH.

RESULTS: A total of 66 patients were included in this study (mean age 56 years old, 68.2% male). 77.3% of them presented with WMH (Fazekas 1-5).
Comparison of flow index betweenmild and severeWMHgroups found a significantly lower forward flow (2.34± 1.09 vs 3.04± 1.35), higher PI (0.75± 0.43
vs 0.66 ± 0.32), and RI (0.49 ± 0.19 vs 0.46 ± 0.15) at ipsilateral infarction MCA in the severe WMH group, all P-values <0.05. After adjusting for other
covariates, forwardmean flowat ipsilateral infarctionMCA is still associatedwith severeWMH independently, OR=0.537, 95%CI (0.294, 0.981),P=0.043.

CONCLUSION: Intracranial artery stenosis patients with coexisting severe WMH suffer from significantly decreased flow, which could explain the
poor clinical outcome in this population, and also provide some insight into recanalization therapy in the future.

PLAIN LANGUAGE SUMMARY
Why was the study done? stroke patients with intracranial artery stenosis (ICAS) have a high prevalence of white matter hyperintensities (WMH), a
surrogate biomarker of small vessel disease (SVD), and patients with coexisting ICAS and WMH are more likely to have unfavorable clinical
outcomes and higher stroke recurrence risk. However, how WMH affects stroke outcomes has been unknown.
What did the researchers do? In this study, we compared the flow and perfusion index between different WMH groups, as well as in different ICAS
groups using 4D flow combined with ASL, to obtain the quantitative flow relationship in this population.
What did the researchers find? As a result, we found that both the degree of intracranial artery stenosis and WMH burden is associated with
decreased flow, and the flow decrease is more significant at the ipsilateral of infarct.
What do the findings mean? This is the first study investigating the complicated hemodynamic status using 4D flow combined with ASL in stroke
patients with coexisting ICAS and WMH. The results in this study could not only provide some evidence for unfavorable clinical outcomes in ICAS
patients with severe WMH burden but also give us some insight into recanalization therapy in this population.
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Introduction
White matter hyperintensities (WMH), as a surrogate bio-

marker of small vessel disease (SVD), has a high prevalence in

stroke patients with intracranial artery stenosis (ICAS), and

patients with coexisting ICAS and WMH are more likely to

have unfavorable clinical outcomes and higher stroke recurrence

risk.1-3 However, a post hoc analysis of the Stenting and

Aggressive Medical Management for Preventing Recurrent

Stroke in Intracranial Stenosis (SAMMPRIS) study indicated

that 49.5% patients coexisted with severe ICAS and SVD, but

the presence of SVD has no significant effect on stroke re-

currence in this population.4 Thus, the effect of SVD on ICAS

and potential mechanism is still inconclusive.

Both ICAS and SVD contribute to ischemic stroke risk,

ICAS and SVD may represent different vessel pathology and

play distinct roles in stroke occurrence. A deeply exploration and

elucidation the mechanism behind the coexistence is critically

important for ICASmanagement. Previous study demonstrated

the association between intracranial large artery pulsatility and

SVD.5 SVD could possibly affect stroke prognosis by hemo-

dynamic mechanism, thus the objective of this study was to

investigate the association between the quantitative forward

flow at MCA and the severity of WMH in stroke patients with

ICAS.

Methods
Study design and subjects

This is a cross-sectional analysis of prospectively included

subjects in a cohort study. The purpose of that cohort was to

investigate the etiology and mechanism of intracranial artery

disease. To be brief, quantitative flow at intracranial artery by

4D flow, luminal stenosis on MRA, and perfusion by Arterial

spin labeling (ASL) were all obtained on one-stop MR

scanner in this population. The protocol of this study was

approved by the local ethics committee (22028-0-02), and all

of the subjects participated signed the written informed

consent.

Subjects were included into analysis if: (1) ischemic stroke

confirmed by MR on DWI; (2) the infarct located at middle

cerebral artery (MCA) supplying area, and was caused by MCA

atherosclerosis. All included patients were on standard stroke

care.

Subjects were excluded if: (1) patients with cardiac embo-

lism; (2) intracranial artery disease caused by dissection, vas-

culitis, or Moyamoya disease. (2) patients withMCA occlusion,

coexisting proximal extracranial artery stenosis or contralateral

MCA stenosis; (3) subjects with atrial fibrillation and heart

failure were also excluded; (4) patients with incomplete images

or poor image quality.

The demographic characteristics, cardiovascular risk factors,

NIHSS at admission, as well as the cognitive status (Mini-

mental State Examination, MMSE) at admission were all

recorded.

MR imaging protocol

A GE 3.0 T Discovery 750 MRI scanner (GE Healthcare,

Milwaukee, USA) with an 8-channel head coil was used to scan

patients. The acquisition sequences were routine brain MRI

followed by TOF-MRA, ASL, and time-resolved 3D phase

contrast MRA (4D flow). The parameters for each sequence

were listed as follows: (1) The imaging parameters for the brain

MR imaging were: T1 weighted (T1W) imaging: FSE, TR/TE

2000/10 ms, FOV 24 × 24 cm2, spatial resolution 0.9 ×

0.9 mm2, slice thickness 5 mm; T2 weighted (T2W) imaging:

FSE, TR/TE 5700/97 ms, FOV 24 × 24 cm2, spatial resolution

0.9 × 0.9 mm2, slice thickness 5 mm; T2-FLAIR: inversion

recovery (IR), TR/TE 9000/150 ms, FOV 24 × 24 cm2, spatial

resolution 0.9 × 0.9 mm2, slice thickness 5 mm; DWI: Echo-

planar Imaging, TR/TE 3000/65 ms, FOV 24 × 24 cm2, spatial

resolution 1.6 × 1.6 mm2, slice thickness 5 mm. (2) 3D TOF-

MRA was obtained in axial plane, fast spoiled grass (SPGR),

repetition time (TR)/echo time (TE) 22/2.5 ms, flip angle 20°,

field of view (FOV) 22 × 18 cm2, and spatial resolution 0.6 ×

1.0 × 1.2 mm3; (3) ASL: TR/TE = 4632/10.536 ms, FOV =

240 × 240 mm2, flip angle = 111°, slice thickness = 4 mm, spatial

resolution = 1.88 × 1.88 × 4 mm3, post labeling delay (PLD) =

1525.0 ms, 36 slices; and (4) 4D flow imaging data were ac-

quired by a free-breathing, peripheral pulse-gated, multi-shot

turbo field sequence, with 3-direction velocity encoding in a 4-

point velocity encoding scheme. Velocity encoding was set to

150 cm/s in all directions. The final spatial resolution was 1 × 1 ×

1 mm3, the FOV was set to cover the major intracranial arteries,

and the flow acquisition was interpolated to 20 phases per

cardiac cycles.

Image analysis

Two neuroradiologists with more than 5 years’ experience

evaluated the image characteristics independently, in case of

inconsistency, a third senior neuroradiologist would involve to

come a consensus.

WMH was evaluated according to Fazekas scale, which

has been established have a good consistency in WMH

assessment.6,7 Both periventricular (pWMH) and deep white

matter hyperintensities (dWMH) were evaluated separately,

the scores range from 0 to 3 according the severity andWMH

numbers (pWMH: 0 = no lesion, 1 = caps or pencil-thin

lining, 2 = smooth halo; 3 = irregular, extending into the deep

white matter; dWMH: 0 = no lesions, 1 = punctate foci, less

than 4 lesions; 2 = beginning confluent foci, 5-9 lesions, 3 =

confluent lesions, more than 9 lesions). We divided the

WMH as mild (≤2 points) and severe (>2 points) groups

based on total WMH score in this analysis. Patients with

WMH were further sub grouped as pWMH-dominant or

dWMH-dominant according to the severity and location of

white matter lesion.

MCA stenosis degree measurement was diagnosed on TOF-

MRA based on WASID criteria,8 and were divided into
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different groups (<30%, 30%–49%, 50%–69%, and ≥70%) in

this analysis.

Quantitative flow (maximum, minimum, and average flow)

at the proximal of stenosis was obtained from 4D flow, con-

tralateral flow at the symmetric location were acquired simul-

taneously (Figure 1). Pulsatility index (PI) and Resistance index

(RI) of each side were calculated based on the formula defined,

with PI = (systolic max flow-diastolic min flow)/(mean flow)

and RI=(systolic max flow-diastolic min flow)/(systolic max

flow).9 The 4D flow processing including preprocessing (in-

cluding correction for eddy currents, noise, and velocity aliasing

or phase unwinding, then calculate a three-dimensional phase-

contrast MRA and vascular segmentation), visualization, and

quantification, which is a standard flow processing protocol

using GT Flow, version 2.2.15 (Gyro Tools, Zurich, Swit-

zerland), the corresponding processing details were also pro-

vided in supplemental materials.

Several symmetrical ROIs (after excluded infarct area) at

basal ganglia and semioval centers of the middle cerebral artery

supply region were used to calculate mean CBF in each

hemisphere using the GE workstation.

Collaterals were evaluated from the TOF-MRA source

images as established criteria, which is a semi-quantitative scale

ranges from zero to 3 (0 = almost no vascular signals in the lesion

MCA territory; 1 = decreased collaterals with vascular signal

intensity in the lesion MCA territory <50% than the contra-

lateral side; 2 = decreased collateral but vascular signal

intensity ≥50% of the reference side; and 3 = the vascular signal

intensity is equal to or more than the reference side).We defined

0-1 as poor collaterals and grade 2-3 as good collaterals in this

analysis.

Statistically analysis

Continuous variables with normal distribution were described as

Mean ± SD, or Median (Inter-quartile range, IQR) if skewed

distribution. t test was used to compare age, blood pressure

index, flow index and CBF betweenWMH groups, andMann-

Whitney U test were used to test the statistical differences in

NIHSS, MMSE between groups, one-way ANOVA was used

to compare the flow index among different stenosis degree

groups, LSD for multiple comparisons correction in post-hoc

analysis; Categorical variables (sex, and cardiovascular risk

factors) were presented as number and percentages, chi-square

test was used to comparison between groups. In logistic analysis,

boxplot was used to describe the continuous variables distri-

bution, and collinearity diagnosis was tested to make sure the

model reliability, Box-Tidwell was used to test the linearity of

Figure 1. Quantitative flowmeasurement by 4D flow (pathline of 4D flow, the color denotes the quantitative flow in A, and the contour of measurement is set at the

bilateral symmetrical position , shown in B and C).

3Song et al
n n

https://journals.sagepub.com/doi/suppl/10.1177/11795735241266572


the logit between continuous independent variables (age and

ipsilateral average flow) and the logit transformation of the

dependent variable, then binary logistic regression analysis was

used to adjust confounding factors and locate the association

between forward flow and WMH, we adjusted confounding

variables with P < 0.1 in univariate analysis. All statistical

analysis were performed on SPSS 22.0. P values <0.05 were

considered as statistically significant.

Result
From March 2017 to Oct 2020, a total of 107 patients were

included in this cohort, of which, 66 patients satisfied the

criteria above were included into analysis, the mean time from

stroke onset to MR imaging was 12 (range from 9 to 17) days.

The flow chart of subjects screening was shown in Figure 2.

Subjects included and excluded demonstrated no significant

difference in demographic characteristics, cardiovascular risk

factors, and MCA stenosis degree (supplemental Table 1).

Basic characteristics of subjects included

The mean age of included subjects was 56 years old, 68.2% of

them were male. WMH scores distribution were shown in

Figure 3. 31.8% (21/66) included patients presented with severe

WMH (score >2). Basic characteristics of subjects with mild

and severeWMHwere compared between groups (Table 1). As

the results shown, subjects with severe WMH are much older

(62 vs 53 years old in each group, P < 0.05), more likely to have

hypertension (76.2% vs 48.9% in each group, P < 0.05). No

other significant difference in cardiovascular risk factors, stroke

severity (NIHSS), and cognitive scale (MMSE) was detected.

Association between quantitative forward flow and WMH

We compared the degree of MCA stenosis, quantitative for-

ward flow at MCA, brain tissue perfusion, and collaterals

between different WMH groups. The results suggested a

significantly decreased flow, increased PI and RI at ipsilateral

infarction MCA in patients with severe WMH compared with

those with mildWMH (P < 0.05, shown in Figure 4). Despite a

slightly decreased flow at contralateral MCA in patients with

severe WMH, no significant statistical significance was de-

tected. Nor any difference in the degree of stenosis, CBF, and

collaterals, were found between the 2 groups (Table 2).

To further eliminate the possible confounding, we per-

formed a multivariate regression analysis to validate the
Figure 2. Flow chart of subjects screening.

Figure 3. WMH score distribution (x-axis is the total score of WMH, y-axis is the number of patients in each WMH score groups).
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association between forward flow and WMH at ipsilateral

infarctionMCA (Table 3), Statistical assumption testing results

for multivariate logistic regression assumptions were shown in

supplemental materials. No significant multicollinearity was

existed among the independent variables, after adjusted for age,

hypertension, and the degree of stenosis, the forward average

flow can still be an independent predictor of severeWMH, with

OR = 0.537, 95% CI (0.294, 0.981), P = 0.043.

Association between forward flow and large artery stenosis
in different WMH groups

Figure 5 demonstrated the quantitative flow in patients with

different degrees of MCA stenosis (F = 2.926, P = 0.041), we

can see a significant decreased flow in patients with severe

stenosis (>70%), post hoc tests demonstrated that the flow

decrease in patients with moderate stenosis (50%-69%) is not

so significant compared with patients with mild stenosis

(30%-49%), P = 0.863, and no significant stenosis (<30%),

P = 0.305. Moreover, we also compared the correlation

between stenosis and flow in different WMH subgroups, as

shown in Table 4, a decreased flow in severe MCA stenosis

can be seen in both WMH groups, but the proportion of

reduction is much greater in patients with severe WMH

group compared with the other group, with 63.0% vs 29.7%

in each group.

Decreased flow and WML location

In addition, patients with WMH were divided as dWMH-

dominant (n = 13) and pWMH-dominant (n = 35) according

to WMH location and its severity, 3 patients with equally

Table 1. Baseline characteristics of subjects with different WMH groups.

VARIABLES, M±SD OR N (%) TOTAL
(N = 66)

WMH ≤2
(N = 45)

WMH >2
(N = 21)

T/CHI-SQUARE P VALUE

Age 56.3 ± 12.1 53.4 ± 12.8 62.4 ± 7.8 �3.539 0.001

Male 45 (68.2) 29 (64.4) 16 (76.2) 0.911 0.340

Hypertension 38 (57.6) 22 (48.9) 16 (76.2) 4.369 0.037

Anti-hypertensive medication 34 (89.5) 19 (86.4) 15 (93.8) NA 0.624

Diabetes 23 (34.8) 13 (28.9) 10 (47.6) 2.212 0.137

Hyperlipidemia 20 (30.3) 12 (26.7) 8 (38.1) 0.885 0.347

Smoking 21 (31.8) 13 (28.9) 8 (38.1) 0.559 0.455

Coronary artery disease 6 (9.1) 2 (4.4) 4 (19.0) NA 0.076

Blood pressure (mmHg)

SBP 138.4 ± 23.3 138.9 ± 21.6 137.3 ± 27.1 0.247 0.806

DBP 79.4 ± 13.1 78.7 ± 13.3 80.9 ± 13.0 �0.643 0.522

NIHSS 1 (0, 3) 1 (0, 3) 2 (0, 3) �0.307a 0.759b

MMSE 25 (21, 29) 26 (22, 29) 24 (13, 27) �1.168a 0.243b

SBP: systolic blood pressure; DBP: diastolic blood pressure.
aZ value in Mann-Whitney test.
bMedian (IQR), Mann-Whitney test.

Figure 4. Ipsilateral flow (A), PI (B), and RI (C) in different WMH groups.
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score in pWMH and dWMH were excluded. Then average

flow, PI, and RI at ipsilateral infarction were compared

between different WMH location subgroups (Table 5),

however, no significant difference between pWMH and

dWMH groups was found in this analysis.

Discussion
In this study, we investigated the association between quanti-

tative forward flow at MCA and WMH (both severity and

location) in subjects with symptomatic MCA atherosclerosis, as

well as the association between quantitative flow and the degree

of MCA stenosis. And the main findings were: (1) a high

prevalence of WMH could be seen in ischemic stroke with

ICAS; (2) the decreased forward flow at symptomatic vessel is

associated with both the severity of ICAS and WMH burden;

(3) no significant association between decreased flow and

WMH location was found.

ICAS coexisted with WMH

We detected a high prevalence of WMH in patients with

ICAS, this is consistent with previous study about SVD

burden in ICAS.4 Despite the increasingly recognized as-

sociation between SVD and large artery atherosclerosis in

different populations, the potential mechanism behind has

not been well understood. Most of them attributed it as

shared cardiovascular risk factors. However, the presumed

distinct pathological mechanism between large artery ath-

erosclerosis and SVD are significantly different, whether the

Table 2. Stenosis, blood flow and perfusion parameters in different WMH groups.

VARIABLES, M±SD OR N (%) WMH ≤2
(N = 45)

WMH >2
(N = 21)

T/CHI-SQUARE P VALUE

Degree of stenosis 0.288 0.592

<30% 10 (22.2) 5 (23.8)

30%–49% 16 (35.6) 7 (33.3)

50%–69% 6 (13.3) 6 (28.6)

≥70% 13 (28.9) 3 (14.3)

Degree of stenosis ≥50% 19 (42.2) 9 (42.9) 0.002 0.961

Degree of stenosis ≥70% 13 (28.9) 3 (14.3) 1.663 0.197

Total flow (ipsi + contralateral) 6.30 ± 2.30 5.36 ± 2.03 1.618 0.111

Ipsilateral flow index (ml/s)

Average flow 3.04 ± 1.35 2.34 ± 1.09 2.080 0.042

Max flow 4.11 ± 1.88 3.44 ± 1.66 1.397 0.167

Min flow 2.25 ± 1.05 1.60 ± 0.76 2.555 0.013

PI 0.60 ± 0.23 0.77 ± 0.27 �2.667 0.010

RI 0.43 ± 0.13 0.52 ± 0.11 �2.690 0.009

Contralateral (ml/s)

Average flow 3.30 ± 1.26 3.01 ± 1.13 0.892 0.376

Max flow 4.56 ± 1.82 4.31 ± 1.65 0.542 0.590

Min flow 2.36 ± 0.99 2.10 ± 0.95 0.976 0.333

PI 0.66 ± 0.32 0.75 ± 0.43 �0.940 0.351

RI 0.46 ± 0.0.15 0.49 ± 0.19 �0.624 0.535

Perfusion Parameters (ml/100 g/min)

Ipsilateral CBF 52.73 ± 21.21 43.44 ± 10.83 1.679 0.098

Contralateral CBF 54.86 ± 21.70 46.50 ± 18.89 1.484 0.143

Collaterals (good) 29 (64.4) 16 (76.2) 0.911 0.340

PI: pulsatility index; RI: resistance index.

Table 3. Multivariate logistic regression about forward flow and WMH.

VARIABLES OR 95% CI P VALUE

Age 1.058 0.996, 1.124 0.068

Hypertension 3.122 0.816, 11.949 0.096

Degree of stenosis 0.691 0.369, 1.295 0.249

Ipsilateral mean flow 0.537 0.294, 0.981 0.043

6 Journal of Central Nervous System Disease
n n



WMH coexisting with ICAS is an isolated phenomenon

different from SVD in pathology, or have similar pathological

mechanism with SVD deserve further study.

Quantitative MCA flow at ipsilateral infarction
and WMH

One of the most important findings in our study was that we

can see a significantly decreased flow at intracranial artery in

patients with severe WMH, especially at ipsilateral infarc-

tion, which has never been investigated before. Previous

studies on the association between cerebral blood flow and

WMH volume are quite conflicting.10 A meta-analysis about

cerebral blood flow and SVD demonstrated that CBF is

lower in subjects with severe WMH cross-sectionally, but

evidence for falling CBF predating increasing WMH is

conflicting.11 Moreover, the CBF derived from perfusion

could also be affected by other factors, which is also different

from forward flow at MCA. WMH, as 1 of the most

common SVD markers, could have a variety of pathology

mechanism. The most widely recognized view is that WMH

are caused by chronic hypoperfusion, impaired cerebrovas-

cular reactivity (CVR) or blood-brain barrier (BBB) leak-

age.12 However, both human and experimental studies

suggest that hypoperfusion is mainly a consequence of de-

creased metabolic demand and not the cause of tissue

Figure 5. Association between MCA stenosis and quantitative flow.

Table 4. Association between forward flow and stenosis in different WMH groups.

FORWARD MEAN FLOW (ML/S) WMH 0-2 T P VALUE WMH 3-5 T P VALUE

<70%
(N = 32)

≥70%
(N = 13)

<70%
(N = 18)

≥70%
(N = 3)

Ipsilateral 3.33 ± 1.17 2.34 ± 1.56 2.336 0.024 2.57 ± 0.99 0.95 ± 0.34 2.761 0.012

Contralateral 3.4 5 ± 1.22 2.94 ± 1.35 1.230 0.226 3.13 ± 1.17 2.32 ± 0.52 1.154 0.263

Table 5. Association between flow parameters and WMH distribution.

VARIABLES, M ± SD PWMH
(N = 35)

DWMH
(N = 13)

T P VALUE

Ipsilateral average flow (ml/s) 2.92 ± 1.27 2.39 ± 1.24 1.296 0.201

PI 0.70 ± 0.28 0.66 ± 0.18 0.451 0.654

RI 0.48 ± 0.12 0.47 ± 0.10 0.203 0.840
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damage. Our cross-sectional analysis validated the associa-

tion between decreased forward flow in MCA and WMH

after adjusted for recognized risk factors, but only in ipsi-

lateral infarction, not contralateral side, which indicated

potential BBB and microcirculation dysfunction at ipsilat-

eral infarction. Further study is still needed to validate the

causality relationship.

An increased PI and RI at ipsilateral infarction MCA

could also be seen in the severe WMH group. Previous

studies found a significant correlation between cerebroarterial

pulsatility and WMH in the older population,9 as well as in

acute stroke patients.13 Rotterdam study also demonstrated a

positive association between increased arterial stiffness and

larger volume of WML.14 We did find the difference of RI

and PI in patients with different WMH severity at ipsilateral

infarction MCA, but not at contralateral infarction. How-

ever, only stroke patients with ICAS were included in our

study, the PI and RI could also be affected by the degree of

stenosis, their clinical significance can be interpreted by

multiple factors.

Intracranial large artery stenosis and quantitative flow

The results of this study demonstrated a significantly de-

creased flow in patients with severe MCA stenosis (≥70%),

this could explain the correlation between the degree of

stenosis and stroke recurrence in symptomatic ICAS

population.8,15 In addition, patients with severe WMH have

a considerably higher proportion of flow decrease. It’s es-

tablished that WMH is a microcirculatory disease, and was

associated with an increased risk of stroke, dementia, and

death.16 The forward net flow depends on the pressure

difference before and after stenosis, both the stenosis degree

and distal small vessel resistance contribute to the pressure

balance. Hypoxia could result in microcirculation dysfunc-

tion, increased endothelial cell contraction under hypoxia

contribute to increased microcirculation resistance, which

lead to a decreased flow at ipsilateral infarction.

Intracranial large artery flow and WMH location

We also try to explore the correlation between ipsilateral

infarction MCA forward flow and WMH location, but no

remarkable findings. Previous study investigated cerebral

blood flow and WMH lesion location in SVD patients using

perfusion imaging, and the results suggested that patients

with SVD have lower blood flow, and pWMH but not

dWMH were associated with decreased regional cortical

blood flow.17 While their studies were conducted mostly in

the elderly, some other cardiovascular risk factors could be

confounded. As for the negative results in our study, we

speculated that the general WML in our study were not so

severe as in previous study. And obviously, the mean age of

included subjects in our study were much younger. Lastly, the

limited number of cases in each group could also possibly

underestimate the association to some extent.

Implications and limitations

Our study could provide some insights into the hemodynamic

mechanism in ICAS, also reveal some inner relationship be-

tween ICAS and SVD. Firstly, our study validated the feasibility

of 4D flow in quantitative intracranial artery flow evaluation.

Secondly, SVD characteristics could also have effects on in-

tracranial large artery forward flow to some degree; Last but not

least, the significantly decreased flow at ipsilateral infarction in

ICAS patients with severe WMH could possibly explain the

unfavorable clinical prognosis.

There are indeed some limitations about our study. Firstly,

the sample size is not large enough, confounding factors could

be existed in this analysis; Secondly, cause-effect relationship

between large artery flow and WMH could not be concluded

from the cross-sectional analysis. Further longitudinal study is

still needed in the future. Third, no other SVD markers were

involved due to the predefined imaging protocol. Lastly, no

normalized brain volume and total cerebral blood flow was used

to diminish the individual difference.

Conclusion
In patients with symptomatic MCA atherosclerosis, both the

degree of stenosis and SVD burden is associated with the

decreased forward flow at proximal of symptomatic vessel, the

results in this study could not only provide some evidence for

unfavorable clinical outcomes in ICAS patients with severe

WMH burden but also give us some insight into recanalization

therapy in this population.
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