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Introduction

Atherosclerosis in intracranial arteries, including the middle cere-

bral artery (MCA), is commonly observed in patients with ischemic 
stroke and has a particularly high prevalence in Asians. Various 
mechanisms are involved in stroke caused by MCA atheroscle-
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rosis: artery-to-artery embolism (AAE), which is the most com-
mon in patients with intracranial arterial stenosis, local branch 
occlusion (LBO), in situ thrombosis, and combined mechanisms.1-3 
The lesion pattern is affected by the mechanism of ischemic 
stroke with MCA disease.4 Efforts have been made to explain the 
differences in platelet reactivity extent, plaque nature, and plaque 
location in the MCA depending on stroke mechanisms.4-6

Wall shear stress (WSS) is a direct mechanical frictional force 
generated by cerebral blood flow acting on the plaque inside the 
stenotic artery.7 A low WSS enhances the development and pro-
gression of atherosclerosis in the cerebral arteries,8,9 while a high 
WSS inside the vasculature provokes plaque rupture.7,10,11 Further-
more, areas with a high or alternating WSS commonly experience 
shear-induced platelet activation, which may result in distal em-
bolization and ischemic stroke.12-14 However, studies to date have 
mostly used vascular geometry or computational fluid dynam-
ics (CFD) to presume or indirectly measure the hemodynamics 
and analyze the association between hemodynamic parameters 
and the development of atherosclerosis or ischemic stroke. 

Four-dimensional magnetic resonance imaging (MRI) is a use-
ful tool for directly measuring blood flow and hemodynamic pa-
rameters of individual patients using in vivo quantification. We 
hypothesized that WSS measured by four-dimensional MRI would 
influence vessel wall pathology and be associated with the oc-
currence and mechanisms of ischemic stroke. Thus, in this study, 
we compared the plaque nature and WSS characteristics between 
patients with asymptomatic MCA stenosis (aMCA), symptomatic 
MCA stenosis with infarction due to AAE (sMCA-AAE), and symp-
tomatic MCA stenosis with infarction due to LBO (sMCA-LBO). 

Methods

All data supporting the findings of this study are available from 
the corresponding author upon reasonable request.

Participants 
This was a retrospective analysis of consecutive prospectively 
recruited patients with symptomatic and asymptomatic ath-
erosclerotic MCA stenosis (M1 portion), diagnosed using high-
resolution vessel wall MRI (HRVWI) between January 2018 and 
December 2020. Symptomatic stenosis was defined as signifi-
cant stenosis (≥50%) with acute ischemic stroke (within 7 days 
of stroke onset) in the corresponding vascular territory defined 
on diffusion-weighted imaging (DWI). Asymptomatic stenosis 
was defined as significant stenosis (≥50%) in the MCA confirmed 
on magnetic resonance angiography (MRA) performed for eval-
uation of reasons other than stroke (i.e., headache or dizziness).

We excluded patients with (1) tandem stenotic lesions at the 

carotid artery and MCA branch (significant stenosis or occlusion); 
(2) another embolic source (e.g., cardioembolic source or coag-
ulopathy); or (3) other etiologies of MCA steno-occlusive disease, 
such as dissection, vasculitis, or moyamoya disease. We further 
excluded patients whose MRA data did not allow WSS assess-
ment (e.g., near or complete occlusion of the MCA, poor MRA 
quality), those who underwent reperfusion treatment prior to the 
MRI, and those who did not provide consent. As many patients 
with in situ thrombosis, combined mechanisms, or embolism from 
the proximal arteries showed complete occlusion, patients with 
these mechanisms were not included in the analysis. Finally, 
among patients with symptomatic MCA stenosis, those with 
stroke due to AAE and LBO were included in the analysis.

Demographic characteristics, vascular risk factors, and con-
current medications were also recorded. This study was approved 
by the Institutional Review Board of Kyung Hee University Hos-
pital (KHUH IRB 2018-07-065), which waived the requirement 
for informed consent owing to its retrospective nature and the 
minimal risk to patients.

 
Imaging protocol
Patients with symptomatic MCA stenosis underwent 3-T MRI 
and MRA (Intera; Philips Medical Systems, Best, the Netherlands) 
on the first day of admission to the stroke unit, including the 
following sequences: DWI, T1- and T2-weighted imaging, fluid-
attenuated inversion recovery imaging, susceptibilitay-weighted 
imaging, time-of-flight (TOF) MRA (intracranial), and contrast-
enhanced MRA (extracranial). Patients with aMCA underwent 
3-T MRI and MRA within two weeks of the first visit to the out-
patient clinic.

If significant stenosis (≥50%) in the MCA was suspected on 
TOF MRA, the patients further underwent HRVWI, which was 
performed using a 3-T Philips scanner (Philips Healthcare, Eind-
hoven, the Netherlands) with a standard 16-channel neurovas-
cular coil. The recorded sequences included TOF MRA, maximum-
intensity projection, T1-weighted imaging, proton-density black 
blood imaging (PD-BBI), and contrast-enhanced T1-weighted im-
aging with turbo/fast spin-echo sequences. T1-weighted spin 
echo was obtained using the following parameters (in-plane res-
olution=0.5×0.5 mm, slice thickness/spacing=0.5/0.5 mm, rep-
etition time [TR]/echo time [TE]=650/16 ms, field-of-view [FOV]= 
180×180 mm, matrix=360×360, time=7 min 20 s), voxel size= 
0.35×0.35×0.5 mm3. PD-BBI was obtained using the following 
parameters along the MCA axis: TR/TE=2,000/30 ms, FOV=180× 
180 mm, matrix=360×360, slice thickness/spacing=0.5/0.5 mm. 
Contrast-enhanced T1-weighted imaging was performed follow-
ing injection of intravenous gadolinium (Gadovist; Bayer Scher-
ing Pharma, Berlin, Germany). A pre-regional 80-mm-thick sat-
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uration pulse was used to saturate the incoming arterial flow.
Four-dimensional flow MRI was acquired using three-dimen-

sional fast field-echo velocity-encoded phase contrast MRI se-
quence with the following parameters: TR/TE=4.3/2.2 ms, flip 
angle=10°, FOV=211×181 mm, matrix size=140×118, acquisi-
tion voxel size=1.5×1.5×1.5 mm3, reconstructed voxel size=0.9× 
0.9×1.5 mm3, and sensitivity encoding (SENSE) factor=2.0, ve-
locity encoding (VENC)=80 cm/s, and reconstructed cardiac 
phases=20. We used a commercially available four-dimensional 
flow software (GT-Flow ver. 3.0.23; GyroTools LLC, Zurich, Swit-
zerland) to evaluate the WSS of each enrolled patient. GT-Flow 
software, which was recently used to estimate the WSS of in-
tracranial arteries and carotid artery, is well agreed with CFD, 
which is currently regarded as the gold standard for measuring 
cerebral hemodynamics.15-18 A semiautomatic filter was applied 
to mask static tissue, including the brain parenchyma and skull. 
Two-dimensional analysis planes were positioned perpendicular 
to the long axis of the vessels in the M1 segment of the MCA. 
For each analysis plane, the region of interest was placed on the 
vessels using a semi-automatic iso-contour method with the 
GT-Flow software. The WSS (maximum and mean) of the vessel 
through a cardiac cycle was measured as previous study.17-19

 
Stroke mechanism
The mechanism of stroke triggered by MCA stenosis was classi-
fied by the lesion pattern on DWI, decided by consensus. First, 
patients with small scattered cortical lesions were classified by 
AAE. Second, patients with a small (lesion diameter, <2 cm) sin-
gle subcortical lesion with a spatial relationship between the 
perforating arteries and the margin of plaque on HRVWI were 
classified as LBO. Third, patients with territorial infarction due to 
MCA occlusion, except those with MCA occlusion due to com-
bined mechanisms or embolism from the proximal arteries, were 
classified as having in situ thrombosis. Fourth, patients with small 
scattered cortical lesions and a single subcortical lesion were 
classified as having other combined mechanisms.20

HRVWI and plaque nature
The plaque characteristics were evaluated using HRVWI. The 
plaque location was assessed from the MCA M1 portion be-
tween the MCA and anterior cerebral artery bifurcation point 
and MCA M2 bifurcation point, and plaque location inside the 
MCA was sub-classified as either proximal, middle, or distal.

Plaque enhancement was defined as a higher signal intensity 
on contrast-enhanced T1-weighted imaging than on T1-weight-
ed imaging, assessed to be within the MCA with an atheroscle-
rotic plaque. Within the plaque, the location of enhancement was 
measured at five points; initial, upstream, minimal lumen area, 

downstream, and terminal.21,22 These five points were defined as 
follows: The point with the most severe stenosis was defined as 
the minimal lumen area. The most proximal and distal points with 
atherosclerotic plaques were defined as the initial and terminal 
points, respectively. The middle points located between the initial 
or terminal point and the minimal lumen area were defined as 
the upstream and downstream points, respectively (Figure 1).

The degree of stenosis of the MCA was calculated on TOF MRA 
and HRVWI using the following formula: [1 – (the diameter of the 
artery at minimal lumen area/the diameter of the proximal nor-
mal artery)] ×100%. Two independent researchers blinded to the 
patients’ clinical information (H.G.W. and H.K.) evaluated the 
characteristics of the MCA plaques on HRVWI. If any discrepan-
cies occurred between two independent researchers, a consen-
sus meeting was held with more than three researchers (includ-
ing B.J.K.) to decide on a final characterization of the MCA plaque 
characteristics.

Four-dimensional flow MRI and WSS 
The WSS of the atherosclerotic MCA was measured using GT-
Flow software at five points. The time-averaged WSS during the 
cardiac cycle was measured from each slice perpendicular to the 
MCA at five points. The maximum and mean time-averaged WSS 
within the slice along the circumferential vessel wall are pre-
sented as the maximal and mean time-averaged WSS at a par-
ticular point. The maximal WSS was used for the main analysis. 

To evaluate the spatial variability of the WSS, we calculated 
the standard deviation (SD) and coefficient of variation (CoV) of 
the maximal WSS measured from the five points. The location of 
the highest maximal WSS among the five points was also inves-
tigated in each group. Because the flow status was estimated 
on a patient-specific basis, we normalized the maximal WSS to 
the relative values, such as the highest/initial maximal WSS ra-
tio (highest value of maximal WSS among five locations/value 
of maximal WSS on initial location) or the lowest/initial maximal 
WSS ratio (lowest value of maximal WSS among five locations/
value of maximal WSS on initial location).

Statistical methods
Kappa statistics were applied to calculate the inter-rater reliabil-
ity between the two researchers for the identification of MCA 
plaque enhancement. Patient demographics, vascular risk factors, 
concurrent medication, MCA plaque characteristics, and WSS of 
the atherosclerotic MCA were compared between patients with 
aMCA, sMCA-AAE, and sMCA-LBO. Pearson chi-square tests, one-
way analysis of variance, or the Kruskal-Wallis test were used as 
appropriate. Spearman rank-correlation analyses were used to 
investigate the association between the highest maximal WSS 
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location and the plaque enhancement location. 
Subsequently, we analyzed the association between the stroke 

mechanism and plaque and WSS characteristics. Multivariable 
logistic regression analysis included age, sex, and all potential 
predictors with values of P<0.1 in the univariable analyses. Bi-
nary logistic regression analysis was performed to investigate the 
independent association between sMCA-AAE and maximal WSS. 
Odds ratios (ORs) were calculated with 95% confidence inter-
vals (CIs). P values <0.05 were considered statistically signifi-
cant. Statistical analyses were performed using SPSS 22.0 for 
Windows (IBM Corp., Armonk, NY, USA).

Results 

From our initial database of 2,284 patients who had experienced 
acute ischemic stroke during the study period, 578 (25.3%) were 
classified as having large artery atherosclerosis. Among these, 
157 (27.1%) had an MCA stroke. After excluding patients with 
tandem stenotic lesions at the carotid artery and MCA branch, 
those with MRA data that did not allow WSS assessment, and 
those who received reperfusion treatment prior to the MRI, 64 
patients with symptomatic MCA stenosis were included in the 
analysis. In this final cohort, 32 patients had sMCA-AAE and the 

remaining 32 had sMCA-LBO. Overall, 46 patients with aMCA 
during the study period were included (Supplementary Figure 1). 

General characteristics and plaque nature
The mean age of the 110 patients was 63.4±12.8 years old, and 
54.5% were male. There were no significant intergroup differ-
ences in terms of demographics, risk factors, or the degree of 
stenosis. 

Plaques were evenly distributed among the patients with aMCA. 
Plaques were more frequently observed in the middle MCA of pa-
tients with sMCA-LBO, whereas plaques were more frequently 
observed in the distal MCA of patients with sMCA-AAE (P=0.013). 
Plaque enhancement was observed more often in patients with 
sMCA-AAE (100%) or sMCA-LBO (90.6%) than in those with 
aMCA (32.6%; P<0.001). Plaque enhancement was most com-
monly observed in the minimal lumen area (87.5%) in those with 
sMCA-LBO, while it was frequently noted in the upstream point 
(75%) in those with sMCA-AAE (P<0.001) (Table 1). The inter-rater 
reliability of MCA plaque enhancement was 0.935 (P<0.001).

WSS and stroke mechanism
The maximal WSS at the initial, downstream, and terminal points 
differed among the three groups. The SD and CoV of the maxi-

A

C

B

D

Figure 1. Illustration of representative case with plaque enhancement in the middle cerebral artery. (A) Atherosclerotic plaque and significant stenosis in the 
middle cerebral artery. (B) Plaque enhancement (white arrowhead) can be seen on contrast-enhanced T1-weighted imaging. (C) Plaque enhancement (white 
arrowhead) and an atherosclerotic plaque (white arrow) are visible on high-resolution vessel wall magnetic resonance imaging. (D) Within the plaque, the lo-
cation of the enhancement was measured at five points (initial, upstream, minimal lumen area, downstream, and terminal).
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mal WSS were significantly different among the three groups. 
The SD and CoV were higher in patients with sMCA-AAE than in 
those with aMCA or sMCA-LBO (SD: 2.56±1.15 vs. 1.98±0.79 or 
1.59±0.96, respectively; CoV: 0.45±0.17 vs. 0.29±0.14 or 0.25± 
0.11, respectively). After normalization, the highest/initial max-
imal WSS ratio was the highest and the lowest/initial maximal 
WSS ratio was the lowest in those with sMCA-AAE. 

The location of the highest maximal WSS differed among the 
three groups (P<0.001); the highest maximal WSS was most 
commonly observed in the minimal lumen area in those with 
aMCA (34.8%) and those with sMCA-LBO (56.3%) in contract to 

the upstream point (59.4%) in those with sMCA-AAE (Table 2 
and Figure 2). Analysis of the mean time-averaged WSS showed 
a similar trend (Supplementary Table 1). Furthermore, plaque en-
hancement location was highly correlated with the highest maxi-
mal WSS location (ρ=0.472, P<0.001).

Factors associated with sMCA-AAE
After adjustment, multivariable logistic regression analysis showed 
that the variability of the maximal WSS was independently as-
sociated with sMCA-AAE (OR, 2.372; 95% CI, 1.264–4.449; P= 
0.007). Furthermore, the highest maximal WSS located at the 
upstream point was also associated with sMCA-AAE (reference 
highest maximal WSS located at the minimal lumen area: OR, 
5.299; 95% CI, 1.343–20.906; P=0.017) (Table 3 and Supple-
mentary Table 2).

Discussion

In the present study, plaque location differed among the patients 
with aMCA, sMCA-AAE, and sMCA-LBO. Plaques were evenly 

Table 1. Baseline characteristics of the study participants

Characteristic
aMCA
(n=46)

sMCA
P

AAE (n=32) LBO (n=32)

Age (yr) 62.7±11.4 61.9±13.9 66.0±13.5 0.394

Male sex 26 (56.5) 17 (53.1) 17 (53.1) 0.940

Hypertension 30 (65.2) 20 (62.5) 23 (71.9) 0.713

Diabetes mellitus 9 (19.6) 12 (37.5) 9 (28.1) 0.215

Hyperlipidemia 32 (69.6) 28 (87.5) 26 (81.3) 0.149

Smoking 9 (19.6) 11 (34.4) 8 (25.0) 0.335

Previous medication

Antiplatelet

Statin

25 (54.3)

28 (60.9)

18 (56.3)

17 (53.1)

20 (62.5)

20 (62.5)

0.767

0.710

Initial NIHSS 0 (0–0) 1 (0–2.8) 1 (0.3–4.0) 0.005

Pre-mRS 0 (0–0) 0 (0–0.8) 0 (0–0) 0.061

SBP (mm Hg) 131.1±32.8 142.8±19.9 143.3±23.3 0.074

DBP (mm Hg) 73.8±19.5 79.5±14.6 81.4±12.5 0.100

Degree of stenosis (%) 68.6±7.1 69.3±7.8 69.7±9.0 0.892

Plaque location

Proximal MCA

Middle MCA

Distal MCA

13 (28.3)

18 (39.1)

15 (32.6)

9 (28.1)

6 (18.8)

17 (53.1)

7 (21.9)

19 (59.4)

6 (18.8)

0.013

Presence of plaque  

  enhancement

15 (32.6) 32 (100.0) 29 (90.6) <0.001

Plaque enhancement location <0.001

Initial

Upstream

Minimal lumen area

Downstream

Terminal

3 (20.0)

8 (53.3)

3 (20.0)

1 (6.7)

0 (0)

0 (0)

24 (75.0)

8 (25.0)

1 (3.1)

0 (0)

0 (0)

3 (9.4)

28 (87.5)

1 (3.1)

0 (0)

Values are presented as the mean±standard deviation, number (%), or me-
dian (interquartile range). The three groups were compared using Pearson’s 
chi-square tests, one-way analysis of variance, or the Kruskal-Wallis test, 
as appropriate.
aMCA, asymptomatic middle cerebral artery stenosis; sMCA, symptomatic 
middle cerebral artery stenosis; AAE, infarction due to artery-to-artery em-
bolism; LBO, infarction due to local branch occlusion; NIHSS, National In-
stitutes of Health Stroke Scale; mRS, modified Rankin Scale; SBP, systolic 
blood pressure; DBP, diastolic blood pressure; MCA, middle cerebral artery.

Table 2. Hemodynamic parameters of the study participants

Characteristic
aMCA 
(n=46)

sMCA
P

AAE (n=32) LBO (n=32)

Maximal WSS (N/m2)

Initial 

Upstream

Minimal lumen area

Downstream

Terminal

7.83±2.63

7.25±2.50

8.44±3.38

7.03±2.99

6.37±2.73

5.43±2.36

8.33±4.09

7.39±4.02

4.82±2.94

4.48±2.54

6.15±3.29

6.83±2.97

7.85±4.10

6.29±3.14

5.95±2.95

0.001

0.150

0.478

0.008

0.011

Variability of maximal WSS

SD

CoV

1.98±0.79

0.29±0.14

2.56±1.15

0.45±0.17

1.59±0.96

0.25±0.11

<0.001

<0.001

Ratio of maximal WSS 

Highest/initial

Lowest/initial

1.41±0.72

0.68±0.22

1.92±0.57

0.65±0.27

1.52±0.50

0.79±0.21

0.002

0.031

Location of highest maximal WSS <0.001

Initial

Upstream

Minimal lumen area

Downstream

Terminal

14 (30.4)

10 (21.7)

16 (34.8)

5 (10.9)

1 (2.2)

0 (0)

19 (59.4)

12 (37.5)

1 (3.1)

0 (0)

0 (0)

7 (21.9)

18 (56.3)

6 (18.8)

1 (3.1)

Values are presented as mean±standard deviation or number (%). The three 
groups were compared using Pearson’s chi-square tests or one-way analy-
sis of variance, as appropriate.
aMCA, asymptomatic middle cerebral artery stenosis; sMCA, symptomatic 
middle cerebral artery stenosis; AAE, infarction due to artery-to-artery em-
bolism; LBO, infarction due to local branch occlusion; WSS, wall shear 
stress; SD, standard deviation; CoV, coefficient of variation.
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distributed in the proximal, middle, and distal MCA of patients 
with aMCA; however, in those with sMCA-LBO, plaques were 
more frequently located in the middle MCA, where the majority 
of perforators branched. Plaques in the middle MCA may oblit-
erate the perforator orifice, resulting in subcortical infarction, 
while distal MCA plaques were associated with AAE, in line with 
our previous report.6

Within the MCA plaque, plaque enhancement was observed 
more commonly in symptomatic MCA disease than in aMCA dis-
ease. Plaque enhancement was observed in most of the symp-
tomatic cases, but only half of the aMCA cases, which corresponds 

well with our results.23 Moreover, plaque enhancement location 
within the plaque correlated well with the area having the high-
est maximum WSS. Plaque enhancement represents a vulnerable 
plaque with higher stroke recurrence rates and is associated with 
AAE.24 According to experimental studies, a high WSS changes 
endothelial cell behavior, modifies gene expression of matrix me-
talloproteinase, and exacerbates inflammation to form a vul-
nerable plaque.25,26 

In patients with sMCA-AAE, the highest maximal WSS was 
located at the upstream point, where plaque rupture frequently 
occurs.27,28 The highest WSS is usually observed in the minimal 

C

G

D

H

A

E

B

F

WSS (N/m2)

a
a

a

b

b

d

d

a

a a

b

b

d

d

b

b

d

d

c
c

c

c
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e
e

e

e

e e
WSS (N/m2)

Figure 2. Representative cases of maximal wall shear stress (WSS) in patients with symptomatic middle cerebral artery stenosis (sMCA) with infarction caused 
by local branch occlusion (sMCA-LBO) and sMCA with infarction caused by artery-to-artery embolism (sMCA-AAE). (A) Infarction due to local branch occlu-
sion. (B) Five points (initial, upstream, minimal lumen area, downstream, and terminal) of the sMCA. (C, D) The highest maximal WSS was observed from the 
minimal lumen area in patients with sMCA-LBO. (E) Infarction due to artery-to-artery embolism. (F) Five points (initial, upstream, minimal lumen area, down-
stream, and terminal) of sMCA. (G, H) The highest maximal WSS was observed from the upstream area in patients with sMCA-AAE. Five points: a, initial; b, 
upstream; c, minimal lumen area; d, downstream; e, terminal.

Table 3. Multivariable analysis of factors associated with ischemic stroke caused by artery-to-artery embolism 

Variable Unadjusted OR (95% CI) P Adjusted OR* (95% CI) P

Ratio of maximal WSS 

Highest/initial

Lowest/initial

4.467 (1.472–13.556)

0.082 (0.009–0.711)

0.008

0.023

5.420 (1.538–19.096)

0.118 (0.011–1.261)

0.009

0.077

Standard deviation of maximal WSS 2.617 (1.404–4.880) 0.002 2.372 (1.264–4.449) 0.007

Location of highest maximal WSS

Minimal lumen area

Upstream

Downstream

1

4.071 (1.311–12.646)

0.250 (0.027–2.347)

0.015

0.225

1

5.299 (1.343–20.906)

0.676 (0.054–8.438)

0.017

0.761

OR, odds ratio; CI, confidence interval; WSS, wall shear stress.
*Adjusted for age, sex, and plaque location.
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lumen area, where the flow velocity is the highest, such as in pa-
tients with aMCA or sMCA-LBO in our study. 21 However, in sMCA-
AAE, the flow directly impacted the upstream area intruding into 
the lumen, with a localized high WSS. This may contribute to 
plaque instability, which is evidenced by plaque enhancement, 
finally leading to plaque rupture and AAE.22,27,29 Our findings may 
at least partially explain the results of a previous study, which 
showed that increased WSS within the stenotic lesion has a 
higher risk of recurrent stroke.30

Although several controversies regarding this point exist, low 
WSS and slow recirculatory secondary flows are believed to pro-
mote atherosclerotic plaque development.10 However, it is also 
believed that decreased WSS can also cause thrombus forma-
tion. In our study, the maximal WSS at the downstream and ter-
minal points in patients with sMCA-AAE was significantly lower 
than that in patients with sMCA-LBO. Thrombus formation and 
progression developed in the post-stenotic area, as the low WSS 
region provides sufficient time and chance for platelets to ag-
gregate and form a thrombus.31-33 Such thrombi can trigger dis-
tal embolization, in a mechanism distinct from plaque rupture, 
as described above. Future studies using CFD may strengthen our 
findings.

A previous study reported that the WSS of atherosclerotic 
MCA was 5–10 N/m2, which corresponds well with our results.34 
However, as the absolute values may be affected by a partici-
pant’s flow status, we normalized the value using the WSS at 
the initial plaque point. The highest/initial maximal WSS ratio 
was the highest in patients with sMCA-AAE; This may explain 
the association between high WSS, plaque instability, and AAE. 
Furthermore, the lowest/initial ratio was lowest in patients with 
sMCA-AAE. The WSS gradient may also play an important role 
in plaque instability.35 Previous studies have shown that even a 
significant deceleration in shear force may cause unfolding of 
the von Willebrand factor, thereby enhancing shear-induced 
platelet activation.36

The current study has several limitations. First, although we 
attempted to enroll all relevant consecutive patients, selection 
bias stemming from patient consent cannot be excluded. Because 
patients with severe disability cannot undergo HRVWI evaluation 
due to poor condition or motion artifacts, tandem stenotic lesions 
at the carotid artery and MCA branch, and reperfusion treatment 
were excluded, it is not representative of the entire population 
of patients with MCA steno-occlusive lesions. Second, patients 
with stroke caused by LBO and AAE may also have a stenosis de-
gree of less than 50% in the MCA. In the current study, we only 
included patients with MCA stenosis ≥50% who were diagnosed 
with stroke due to large artery atherosclerosis, to minimize the 
effect of stenosis degree on WSS.2,21 Further studies focusing on 

patients with stenosis of less than 50% may also be valuable. 
Third, we analyzed plaque and WSS characteristics based on two-
dimensional anteroposterior images of three-dimensionally re-
constructed MRA images using only five points. Further three-
dimensional analyses of plaque characteristics and WSS may 
strengthen our results. Fourth, we measured the WSS within the 
slice along the circumferential vessel wall at a selected point. 
However, there may also be differences in the WSS on the plaque 
side and on the normal side within the same slice of the wall at 
the selected point. Fifth, the plaque composition, vulnerability, 
embolus size, and composition of each stroke mechanism were 
not confirmed pathologically. Furthermore, we used the maximal 
WSS to analyze the association between the nature of the plaque, 
stroke mechanism, and hemodynamics. Analysis of other features, 
such as flow velocity, may also be informative. Finally, we focused 
on the spatial variability of WSS; however, the temporal variabil-
ity of WSS may also affect the plaque nature and stroke mech-
anism. Despite these limitations, our study is the first to report 
an association between WSS, plaque nature, and stroke mech-
anism in patients with MCA disease. 

Conclusions

The results of this study showed that stroke in the MCA territory 
caused by AAE was more related to enhancement and the high-
est maximum WSS at the upstream point, and was associated 
with elevated variability of maximum WSS. Overall, our results 
indicated that hemodynamics may alter plaque characteristics 
and platelet aggregation, leading to different stroke mechanisms 
in MCA. 
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Supplementary Table 1. Hemodynamic parameters in patients with as-
ymptomatic middle cerebral artery stenosis, symptomatic middle cerebral 
artery stenosis with infarction due to artery-to-artery embolism, or symp-
tomatic middle cerebral artery stenosis with infarction due to local branch 
occlusion

Characteristic
aMCA 
(n=46)

sMCA
P

AAE (n=32) LBO (n=32)

Average WSS (N/m2)

Initial 

Upstream

Minimal lumen area

Downstream

Terminal

2.36±0.94

2.09±0.94

2.12±0.95

1.84±1.15

1.79±1.12

1.78±0.84

2.08±0.99

1.69±1.02

1.18±0.89

1.30±0.81

1.72±0.81

1.94±0.79

1.93±0.92

1.78±0.96

1.66±0.84

0.002

0.739

0.154

0.014

0.081

Variability of average WSS

SD 

CoV 

0.80±0.33

0.45±0.25

0.63±0.33

0.44±0.23

0.58±0.28

0.36±0.20

0.006

0.228

Ratio of average WSS 

Highest/initial

Lowest/initial

1.50±0.75

0.51±0.35

1.79±1.25

0.53±0.32

1.50±0.53

0.68±0.32

0.288

0.073

Location of highest average WSS 0.065

Initial 

Upstream

Minimal lumen area

Downstream

Terminal

16 (34.8)

7 (15.2)

9 (19.6)

9 (19.6)

5 (10.9)

6 (18.8)

11 (40.6)

10 (28.1)

3 (9.4)

2 (6.3)

2 (8.0)

10 (31.3)

11 (34.4)

7 (21.9)

2 (6.3)

Values are presented as mean±standard deviation or number (%). The three 
groups were compared using Pearson’s chi-square tests or one-way analy-
sis of variance, as appropriate.
aMCA, asymptomatic middle cerebral artery stenosis; sMCA, symptomatic
middle cerebral artery stenosis; AAE, infarction due to artery-to-artery em-
bolism; LBO, infarction due to local branch occlusion; WSS, wall shear 
stress; SD, standard deviation; CoV, coefficient of variation.

Supplementary Table 2. Univariable analysis of factors associated with 
ischemic stroke caused by artery-to-artery embolisms

Variable Unadjusted odds ratio (95% CI) P

Maximal WSS

Initial 

Upstream

Minimal lumen area

Downstream

Terminal

0.913 (0.763–1.093)

1.130 (0.975–1.309)

0.972 (0.859–1.099)

0.850 (0.717–1.008)

0.819 (0.675–0.993)

0.321

0.104

0.647

0.062

0.042

Variability of maximal WSS

SD 

CoV

2.617 (1.404–4.880)

21,981.703 (126.703–38,134,670.107)

0.002

<0.001

Ratio of maximal WSS 

Highest/initial

Lowest/initial

4.467 (1.472–13.556)

0.082 (0.009–0.711)

0.008

0.023

Location of highest maximal WSS

Minimal lumen area

Upstream

Downstream

1

4.071 (1.311–12.646)

0.250 (0.027–2.347)

0.015

0.225

Average WSS

Initial 

Upstream

Minimal lumen area

Downstream

Terminal

1.091 (0.597–1.992)

1.201 (0.687–2.100)

0.765 (0.456–1.284)

0.483 (0.266–0.877)

0.578 (0.310–1.075)

0.778

0.521

0.311

0.017

0.083

Variability of average WSS

SD 

CoV 

1.714 (0.336–8.752)

4.963 (0.496–49.692)

0.517

0.173

Ratio of average WSS 

Highest/initial

Lowest/initial

0.657 (0.314–1.372)

0.242 (0.050–1.180)

0.263

0.079

Location of highest average WSS

Minimal lumen area

Initial 

Upstream

Downstream

Terminal

1

3.300 (0.537–20.266)

1.210 (0.360–4.062)

0.471 (0.095–2.337)

1.100 (0.130–9.339)

0.197

0.758

0.357

0.930

Plaque location

Proximal MCA

Middle MCA

Distal MCA

1

0.246 (0.064–0.946)

2.204 (0.567–8.562)

0.041

0.254

Degree of stenosis 0.994 (0.937–1.055) 0.853

CI, confidence interval; WSS, wall shear stress; SD, standard deviation; CoV, 
coefficient of variation; MCA, middle cerebral artery.
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Supplementary Figure 1. Flow chart of the study design. MCA, middle cerebral artery; MRI, magnetic resonance imaging; HRVWI, high-resolution vessel wall 
magnetic resonance image; AAE, artery-to-artery embolism; LBO, local branch occlusion.

Symptomatic MCA stenosis 
with infarction due to AAE

(n=32)

Symptomatic MCA stenosis 
with infarction due to LBO

(n=32)

Asymptomatic MCA stenosis 
(≥50%) underwent HRVWI

(n=46)

Patients with acute ischemic stroke
between January 2018 and December 2020

(n=2,284)

Patients classified as having large-artery
atherosclerosis (stenosis ≥50%)

(n=578)

Patients with symptomatic atherosclerotic
MCA stenosis

(n=157)

Excluded subjects with:
- �Tandem stenotic lesions at the carotid artery and MCA 

branch (n=11)
- Reperfusion treatment prior to the MRI (n=42)
- Near or complete occlusion of the MCA (n=16)
- Poor condition could not undergo HRVWI (n=24)

Patients with symptomatic atherosclerotic
MCA stenosis underwent HRVWI

(n=64)


