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Background: Infarcts in the lateral striate artery (LSA) territory can be caused by sev-
eral pathological changes, including lipohyalinosis and microatheroma. However,
fluid dynamic effects on these changes remain unknown. Thus, we investigated
whether the fluid dynamic metrics of the LSAs were altered in patients with acute
ischemic stroke using computational fluid dynamics (CFD) analysis. Methods: Fifty-
one patients with acute ischemic stroke confined in the basal ganglia and/or corona
radiata underwent high-resolution magnetic resonance angiography (HR-MRA) at
7T. We performed CFD analyses to obtain indices including the wall shear stress
(WSS), WSS gradient (WSSG), and flow velocity (FV) and compared these values
between the ipsilesional and contralesional sides in the patients with infarcts in the
LSA or non-LSA territories. Results: In patients with LSA-territory infarcts, the
WSS, WSSG, and FV values were significantly lower in the ipsilesional LSAs than
in the contralesional LSAs (P = .01-.03), while these values in the proximal middle
cerebral arteries showed no significant lateralities. In contrast, in patients with non-
LSA-territory infarcts, there were no significant lateralities in the metrics between
the ipsilesional and contralesional sides. Conclusions: The CFD analyses using HR-
MRA revealed significantly low WSS and WSSG values of the ipsilesional LSAs
compared with that of the contralesional side in patients with LSA-territory infarcts,
suggesting that fluid dynamic factors of LSAs can be one of the risk factors for LSA-
territory infarctions.
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Introduction

The lateral striate artery (LSA), a perforating artery
mainly originating from the horizontal part of the middle
cerebral artery (M1), is one of the arteries responsible for
ischemic stroke in the basal ganglia and corona radiata.
Cerebral infarcts including these areas can be caused by
various pathological processes, such as cardioembolism,
large-artery atherosclerosis, and small-vessel occlusion
(lacune).’ In particular, the infarcts confined within the
LSA territory are considered to be attributed to steno-
occlusive changes of the LSAs due to lipohyalinosis or
microatheroma.”® LSAs are small in size with a diameter
of .1-1.4 mm (mean, .5 mm)* so that digital subtraction
angiography has been most commonly used to assess
these Chzmges,5 because less invasive imaging modali-
ties, like magnetic resonance (MR) imaging, can barely
detect LSAs.

A recent advancement of ultrahigh-field 7T MR systems
enable noninvasive visualization of perforating arteries
including LSAs when using high-resolution magnetic res-
onance angiography (HR-MRA).” The HR-MRA at 7T
provided precise information of LSA characteristics,®”
and revealed that morphological changes such as a
decreased number of LSA stems and/or branches could
occur in patients with hypertension or chronic stroke.””
However, no studies have highlighted functional charac-
teristics of the LSAs, including fluid dynamics properties,
in patients with LSA-territorial infarcts.

Recently, computational fluid dynamics (CFD) analy-
sis has been applied to elucidate rheological conditions
to induce vascular wall lesions.”'" Studies using the
CFD analyses revealed that the wall shear stress (WSS)
and/or related metrics were significantly related to ath-
erosclerotic changes in intracranial major arteries as well
as the evolution and rupture of cerebral aneurysms.*"'?
However, hydrodynamic effects on the perforating arter-
ies such as LSAs remain unknown. Thus, in this study,
we evaluated whether any characteristics in fluid
dynamics are associated with the LSAs of patients with
LSA-territorial infarcts when using HR-MRA at 7T and
CFD analysis.

Materials and Methods
Subjects

From October 2012 to June 2017, we prospectively
enrolled 51 patients (36 men and 15 women; 37-82 years
[median, 66 years]; infarct side, 32 left and 19 right) with
acute ischemic stroke confined in the basal ganglia and/
or corona radiata on the baseline MR images. We
excluded those who were candidates for reperfusion ther-
apies, had stroke due to steno-occlusive lesions of major
cervical/intracranial arteries, embolism, vasculitis, arte-
rial dissection, moyamoya disease, and those with contra-
indications for a MR examination. The neurological
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findings on admission included hemiplegia in 40 patients,
sensory disturbance in 7, dysarthria in 26, and ataxia in 6
with a National Institute of Health Stroke Scale rating of
0-8 [median, 3]. Patient characteristics before hospitaliza-
tion included hypertension in 32 patients, diabetes melli-
tus in 13, and dyslipidemia in 28. All patients received
standard medical treatments, which included antiplatelet
therapy, anticoagulants, neuroprotection, and transfusion.
The study was performed after obtaining an approval
from the institutional ethical committee (H24-68) and
written informed consent from each patient.

Imaging Protocol

All subjects underwent MR examination using a 7T
scanner (Discovery MR950, GE Healthcare, Waukesha,
WI) with a quadrature transmission and 32-channel
receive head coil unit within 3 weeks after stroke onset.
We obtained 3-dimensional (3D) time-of-flight HR-MRA,
in which the circle of Willis and LSAs were included,
using a spoiled gradient-echo sequence with the following
scanning parameters: repetition time, 14 milliseconds;
echo time; 3.4 millisecond; flip angle, 15°; field of view, 12
cm; matrix size, 512 x 320; slice thickness, .6 mm; number
of slices, 192; reconstruction voxel size, .23 x .23 x .30 mm
after zero-fill interpolation; number of excitations, 2; and
acquisition time, 16 minutes 04 seconds. In addition, diffu-
sion-weighted images with b-values of 1000 s/ mm?, 3D
fluid-attenuated inversion recovery images, and 3D T2*-
weighted images were obtained to assess acute infarct
and hemorrhagic lesions.

CFD Analysis

One author (F.M.) who was blinded to patient informa-
tion performed semiautomated segmentation of LSAs and
adjacent arteries from the HR-MRA source images and
then reconstructed surface models using a software pack-
age (Mimics Innovation Suite 17.0, Materialize, Belgium).
After remeshing based on voxel size and a curvature
smoothing method, the hybrid tetrahedral-prism numeri-
cal meshes of .3 mm in size and 5 boundary layers near
the wall were generated using an octree method (ICEM
CFD 14.5, ANSYS, PA).

The CFD analysis was performed using a commercial
software package (ANSYS Fluent 14.5, ANSYS, PA) under
a 3 cycle pulsatile flow condition'” and calculated WSS,
WSS gradient (WSSG), and flow velocity (FV) maps using
the parameters as follows: the blood density/viscosity,
1056 kg/ m3/.0035 Pa-s; the outlet, time-independent and
0 Pa; and the wall, time-independent, no-slip, and rigid.
The same operator semiautomatically generated regions-
of-interest of LSAs and M1 using a software package
(AVS 8.3, Cybernet Systems, Japan) and then obtained
average WSS, WSSG, and FV values within the regions-
of-interests.
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Image Analysis

Two board certified neuroradiologists (T.H. and M.S.),
who were blind to subject information, visually assessed
whether the infarcts were located in the LSA territory or in
the territories of other arteries, such as the anterior choroi-
dal artery, thalamogeniculate artery, and long insular
artery on DWI and fluid-attenuated inversion recovery
images, according to a standard atlas.'* They also assessed
steno-occlusive changes of the LSAs and M1s and deter-
mined the relevant LSA that was contiguous to the infarct
on MRA source images, because size and shape of the rele-
vant artery can be altered. The visual assessments were
performed 2 times with a 2-week interval. Differences
between the interpretations were resolved by a consensus.

In addition, another author (F.M.) measured the maxi-
mum diameter and volume of the infarcts on DWI using a
free software package (3DSlicer, www slicer.org).'” The
maximum diameter was manually measured using a linear
cursor and the volume was semiautomatically calculated
with the cutoff values of —2 standard deviation of signal
intensity in the infarct areas. Further, the same author mea-
sured curved and straight lengths of the LSAs on the coro-
nal maximum intensity projection images, and calculated
tortuosity by dividing the curved length by the straight
length, according to the previous studies.®” The measure-
ments were performed blindly 2 times with a 2-week inter-
val and randomized orders and were then averaged.

Statistical Analyses

The average WSS, WSSG, and FV values of the LSAs
(except for the relevant LSA) and M1, straight/curved
lengths and tortuosity of the LSAs, as well as the number
of the LSAs were compared between the ipsilesional and
contralesional sides using the Wilcoxon signed-rank test as
well as between the LSA-territory and non-LSA territory
groups using Mann-Whitney U test. The relative ipsile-
sional values (ipsilesional average values — contralesional
average values) were also compared between the LSA-
territory and non-LSA-territory groups using the Mann-
Whitney U test. Furthermore, we examined correlations
between the CFD values and the infarct volumes using
Spearman’s correlation coefficient. Patient characteristics
were compared between the LSA infarcts and non-LSA
infarcts groups using the Mann-Whitney U test or Fisher
exact test. Intra-/inter-rater agreements were examined
using kappa statistics or intraclass correlation coefficient.
These statistical analyses were performed using GNU R
software 3.3.0 (R Foundation) with an alpha value of .05.

Results

All patients underwent MR examination; however, 1
patient abandoned the scans due to a claustrophobic com-
plaint. Five patients were excluded because of poor MRA
images mainly due to considerable motion artifacts,
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which can cause substantial errors in the mesh modeling.
Two patients were excluded because of substantial M1
stenosis at 7T, which can induce errors in the CFD values
of LSAs; while there were no steno-occlusive changes in
the LSAs except for the relevant ones. The remaining 43
patients (31 men and 12 women; 37-82 years; affect side,
left/right 25/18) were eligible for further analyses. In
these patients, MR examination was performed 3-21 days
after onset of symptoms. The infarcts were located in the
LSA territory in 29 and in the non-LSA territory in 14
(anterior choroidal artery 9, long insular artery 3, and tha-
lamogeniculate artery 2) patients. The number of LSAs on
the MRA images was 2-4 (median, 3) and 2-4 (3) in
affected and nonaffected sides, respectively; while those
on the surface models used for the CFD analyses were 1-4
(2) and 1-4 (2), respectively; which showed no significant
laterality (P =.34-.62). There were no significant differen-
ces in the patient characteristics between the patients with
LSA-territorial infarcts (LSA-territory group) and those
with non-LSA territorial infarcts (non-LSA-territory
group) (P=.10-53) (Table. 1). Regarding intra/interob-
server agreements, kappa values were .80/.92 and the
intraclass correlation coefficient values were .82/.99, indi-
cating good intra/inter-rater agreements.

The quantitative analyses revealed that, in the LSA-ter-
ritory group, the average values of the WSS, WSSG, and
FV in ipsilesional, nonrelevant LSAs (.56-5.43 Pa [median,
2.24], 9.33-107.8 x 10* Pa/m [30.4], and .39-5.27 cm/s
[1.94], respectively) were significantly lower than those in
the contralesional side (1.01-7.35 Pa [3.43], 12.5-
145.7 x 10* Pa/m [49.0], and 1.05-8.73 cm/s [3.79], respec-
tively) (P =.01-.03). In contrast, in the non-LSA-territory
group, the CFD values of the LSAs showed no significant
differences between the ipsilesional and contralesional
sides (P =.39-.67). On the other hand, the CFD values of
the M1 showed no significant differences between the
ipsilesional and contralesional sides both in the LSA-
territory and non-LSA-territory groups (P =.09-1.00)
(Fig. 1,2, Table 2).

Regarding the curved length, straight length, and tortu-
osity of the LSAs, there were no significant differences
between the ipsilesional (15.3-56.2 mm [median: 28.0], 10.6-
41.4 mm [21.3], and 1.07-2.18 [1.27], respectively) and con-
tralesional sides (16.9-51.5 mm [29.1], 14.2-38.8 mm [22.8],
and 1.06-2.13 [1.29], respectively) in the LSA-territory
group (P=.16-98), as well as in the non-LSA-territory
group (ipsilesional, 12.9-43.8 mm [27.3], 10.6-36.9 mm
[19.8], and 1.03-1.93 [1.32], respectively; contralesional,
14.1-46.5 mm [29.8], 12.0-36.9 mm [22.1], and 1.09-1.76
[1.33], respectively; P =.25-.71).

When comparing the LSA-territory group with the
non-LSA-territory group, the relative WSSG values of the
ipsilesional LSAs against the contralesional ones were sig-
nificantly lower in the LSA-territory group (—101.2-34.3
[-12.6]) than in the non-LSA-territory group (—44.9-21.7
[8.34]) (P= .03), while other combinations of the absolute
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Table 1. Demographics of the patients with acute infarcts of LSA and non-LSA territories
LSA territory infarcts Non-LSA territory infarcts P-value*
(n=29) (n=14)
Age (years) 37-82 (66) 45-78 (64) 46
Sex (men) 20 (69) 11(79) 72
NIHSS at admission 0-8 (3) 1-4 (2) .10
Hemiplegia 22 (76) 11(79) 1.00
Sensory disturbance 4(14) 3(21) .66
Dysarthria 16 (55) 5(36) .33
Ataxia 5(17) 1(7) .65
Hypertension 18 (62) 7 (50) .53
Diabetes mellitus 5(17) 6 (43) .13
Dyslipidemia 18 (62) 6 (43) .33
Affected side (left) 14 (48) 11(79) .10
MRI scan date after onset 5-19 (9) 3-21(11.5) .28

Abbreviations: LSA, lateral striate artery; NIHSS, National Institutes of Health Stroke Scale.

Data are presented as range (median) or number (%).
*Fisher’s exact test or Mann-Whitney U test.

or relative values showed no significant differences
(P=.07-96) (Figure 2, Table 2). Regarding the relation-
ships between the CFD metrics and the infarct size, the
WSS, WSSG, and FV values in the LSA-territory group
showed poor and insignificant correlations with the
infarct volume (r =.12-.14).

Discussion

In this study, we successfully reconstructed precise sur-
face models of intracranial arteries, including LSAs, from
HR-MRA data at 7T in patients with acute ischemic stroke
and achieved CFD measurements of WSS and related
metrics of LSAs and adjacent arteries. Furthermore, we
revealed that WSS, WSSG, and FV values of the LSAs in
patients with LSA-territorial infarcts were significantly
lower in the ipsilesional sides than in the contralesional
sides, while there were no substantial differences in those
of the M1s. In addition, the patients with non-LSA territo-
rial infarcts showed no significant ipsi-/contralesional dif-
ferences in the values of the LSAs and M1s. These results
suggest that fluid dynamic profiles of the LSAs can be
closely related with ischemic stroke confined in the LSA
territory.

In general, hemodynamic shear stress to arterial walls is
a crucial determinant of function and phenotype of endo-
thelial cells, and low WSS conditions can promote pro-
gression of atherosclerosis and inflammation via
endothelial dysfunction and activation of biochemical
mediators.”'® CFD analyses have revealed that atherogen-
esis-susceptible locations, such as the carotid bifurcation,
showed decreased WSS and related metrics.>’ Hence,
ipsilesional LSAs with low WSS profiles were speculated
to be prone to atherosclerotic and/or inflammatory
changes, which may induce LSA mural lesions such as
microatheroma, and eventually cause noncardioembolic

infarcts in the LSA territory. On the other hand, it remains
unclear whether the CFD metrics are related to lipohyali-
nosis of distal LSAs, which is known to be induced by
hypertension. CFD analyses for patients with cerebral
small vessel disease may provide some information
regarding this issue. Branch atheromatous disease , ie,
steno-occlusive changes at the origin of a perforating
artery due to a junctional plaque, is said to be another pos-
sible mechanism to cause LSA territorial infarcts.'” In this
study, however, there were no lateralities in the CFD met-
rics of the M1 and there were no patients with occlusion
or stenosis at the LSA origin. Hence, relationships
between CFD metrics and branch atheromatous disease
mechanisms remain unknown.

There are several morphological characteristics in the
LSAs. The LSAs originate mainly from M1 with perpen-
dicular or reverse directions and form S-shaped loops
before piercing the anterior perforated substance” and
become remarkable in elderly and hypertensive individu-
als.” Previous reports revealed that the number and
length of the LSAs tended to be lower in patients with
hypertension and chronic infarction as compared with
healthy individuals.”"'® These features may affect the
results of CFD analyses because WSS and related metrics
substantially depend on morphological features of the tar-
get vessels. However, the number, length, and tortuosity
of the LSAs showed no significant differences between
the ipsilesional and contralesional sides according to the
results of this study. Hence, the laterality of the CFD met-
rics that we demonstrated only in the LSA-territorial
group is considered to reflect fluid dynamic characteris-
tics that can induce LSA-territorial infarcts presumably
through microatheroma and/or inflammation, which can-
not be revealed by morphological findings of the LSAs.

We performed CFD analyses of normal-appearing LSAs
and adjacent arteries. There have been few CFD studies
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Acute infarct in LSA territory

Acute infarct in non-LSA territory

Figure 1. CFD metrics of LSAs and adjacent intracranial arteries in patients with infarcts of LSA and non-LSA territories (A) A 68-year-old woman with acute
infarct in the LSA territory (10 days after onset). A hyperintensity lesion is found in the left corona radiata and the body of the caudate nucleus on the FLAIR
image (arrowhead); however, there are no apparent lesions in the intracranial arteries on MRA. Wall shear stress (WSS), WSS gradient (WSSG), and flow veloc-
ity (FV) values of the LSAs appear lower in the ipsilesional side than in the contralesional side (arrows and parentheses), while those of the M1s show no apparent
laterality. (B) A 62-years-old man with acute infarct in the non-LSA territory (12 days after onset). A hyperintensity lesion is located in the posterior limb of the
right internal capsule (arrowhead), while there are no apparent arterial lesions on MRA. The CFD metrics values showed no apparent laterality in the LSAs and
M1s. Abbreviations: CFD, computational fluid dynamics; FLAIR, fluid-attenuated inversion recovery; LSA, lateral striate artery; M1, horizontal portion of mid-

dle cerebral artery; parenthesis (value of CFD metrics).

regarding apparently normal intracranial arteries,
although CFD profiles of stenotic major arteries have
been thoroughly investigated.'” In this study, there was
significant laterality in CFD metrics of normal-appearing
LSAs in patients with LSA-territorial infarcts, suggesting
that CFD analysis of normal intracranial arteries can pro-
vide additional information regarding the pathogenesis of
ischemic stroke. Besides CFD analysis, advanced imaging
techniques such as time-resolved rotational angiography
have been used to obtain flow information of the LSAs.”"”
However, these techniques cannot obtain WSS or WSSG,
which show changes that are more significant than FV in
this study. Hence, CFD measurements of the WSS and
related metrics appear effective to assess infarct-susceptible

characteristics of normal-appearing intracranial arteries,
including the LSAs.

This study had several limitations. First, we performed
comparisons between ipsi- and contralesional sides of
infarcts and between infarcts of the LSA and non-LSA ter-
ritories but not between the stroke patients and
age-matched healthy individuals, because subjects’ back-
ground such as existence of hypertension and dyslipide-
mia can cause morphological changes of intracranial
arteries, which can be substantial biases for CFD analyses.
Hence, it remains unknown whether the CFD metrics val-
ues of the ipsilesional or contralesional LSAs in stroke
patients are lower or higher than those in control subjects.
In addition, we cannot determine whether the values of
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Figure 2. Absolute and relative values of CFD metrics in the LSAs and M1s of patients with infarcts of LSA and non-LSA territories. WSS, WSSG, and FV val-
ues of the LSAs are significantly lower in the ipsilesional side than in the contralesional side only in patients with LSA-territorial infarcts. Relative WSSG values
(ipsilesional minus contralesional) are significantly lower in patients with LSA territorial infarcts than those with non-LSA territorial infarcts. There are no sig-
nificant differences in other combinations. * Wilcoxon signed-rank test, Mann-Whitney U test. Abbreviations: CFD, computational fluid dynamics; FV, flow
velocity; LSA, lateral striate artery; WSS, wall shear stress; WSSG, wall shear stress gradient.



Table 2. CFD metrics of LSAs and M1 in patients with infarcts of LSA and non-LSA territories

CFD metrics Absolute values Relative values (ipsilateral minus contralateral)

LSA territory infarcts (n =29) Non-LSA territory infarcts (n = 14) LSA non-LSA P-value!
territory infarcts territory infarcts
Ipsilesional Contralesional P-value* Ipsilesional Contralesional P-value*

LSAs WSS .56-5.43 1.01-7.35 .02 1.09-3.67 1.04-4.67 .63 —5.17-2.03 —2.26-1.09 .30
(Pa) (2.24) (3.43) (2.11) (2.41) (—.85) (.01)
WSSG 9.33-107.8 12.5-145.7 01 21.6-72.6 17.2-70.4 39 —101.2-34.3 —44.9-21.7 .03
(x 10* Pa/m) (30.4) (49.0) (37.3) (38.7) (—=12.6) (8.34)
FV 39-5.27 1.05-8.73 .03 1.29-6.25 .75-6.39 .67 —8.31-3.23 —2.75-2.78 .05
(cm/s) (1.94) (3.79) (2.30) (2.56) (—.74) (42)

M1 WSS .82-9.98 1.54-11.2 .94 1.24-8.16 2.00-8.16 .09 —7.83-5.08 —1.45-1.29 48
(Pa) (4.29) (3.89) (3.50) (3.72) (.30) (—.64)
WSSG 16.4-165.4 25.5-194.5 .90 24.6-124.9 25.7-119.5 1.00 —115.9-104.6 —48.8-38.5 94
(x 10* Pa/m) (59.3) (61.1) (66.6) (67.0) (.36) (1.51)
FV 7.41-54.7 11.8-48.6 97 10.2-41.4 12.2-52.7 22 —22.4-21.5 —11.3-5.09 52
(cm/s) (26.7) (25.1) (22.8) (22.4) (1.55) (—2.72)

Abbreviations: CFD, computational fluid dynamics; FV, flow velocity; LSA, lateral striate artery; M1, horizontal portion of middle cerebral artery; WSS, wall shear stress; WSSG, wall shear

stress gradient.
The significance of bold shows significant difference.
Data are presented as range (median).

*Wilcoxon signed-rank test.

"Mann-Whitney U-test.
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the ipsi/contralesional LSAs in the LSA-territorial infarcts
are lower/higher than those in the non-LSA territorial
infarcts, because there were no significant differences
between the groups. Second, we were only able to enroll a
relatively small number of patients, mainly because of the
strict exclusion criteria. Further, several patients were
ineligible for the surface modeling due to marked motion
artifacts of HR-MRA that require a long acquisition time.
These patient-related issues could have affected the
results of this study. Third, we were able to generate sur-
face models of only 1-4 of the LSAs and had to ignore the
more distal parts of the LSAs because of limited spatial
resolution of the HR-MRA. These issues also may influ-
ence the results. MRA with higher spatial resolution is
needed to include more LSAs for CFD analyses. Rota-
tional angiography” or high-resolution computed tomog-
raphy angiography'® can be other candidates of source
images for this purpose. Finally, there are technical issues
regarding CFD analyses. We used fixed boundary condi-
tions for the CFD analyses as the previous CFD studies of
intracranial arteries. However, subject-specific conditions
such as blood pressure and hematocrit have been reported
to affect the results.”’ The usage of the boundary condi-
tions obtained by the patient-specific measurement value
may further improve accuracies of the CFD metrics.

In conclusion, CFD analyses of the LSAs using HR-MRA
at 7T revealed that WSS, WSSG, and FV values were signif-
icantly lower in the ipsilesional LSAs in patients with
LSA-territory infarcts, suggesting that fluid dynamic char-
acteristics of the LSAs can be related to the pathogenesis of
ischemic stroke confined in the LSA territory.
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