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Temporal Correlation between Wall Shear Stress and In-Stent
Stenosis after Wingspan Stent in Swine Model

M. Fujimoto, H. Takao, T. Suzuki, Y. Shobayashi, F. Mayor, S. Tateshima, M. Yamamoto, Y. Murayama, and F. Vifiuela

ABSTRACT

BACKGROUND AND PURPOSE: A recent randomized clinical trial on intracranial atherosclerosis was discontinued because of the higher
frequency of stroke and death in the angioplasty and stent placement group than in the medical treatment group. An in-depth under-
standing of the relationship between biologic responses and flow dynamics is still required to identify the current limitations of intracranial
stent placement.

MATERIALS AND METHODS: Five Wingspan stents were deployed in tapered swine ascending pharyngeal arteries. Temporal wall shear
stress distributions and in-stent stenosis were evaluated at days 0, 7, 14, and 28 after stent placement. The physiologic role of wall shear
stress was analyzed regarding its correlation with in-stent stenosis.

RESULTS: In-stent stenosis reached a peak of nearly 40% at day 14 and decreased mainly at the distal stent segment until day 28. The wall
shear stress demonstrated a characteristic pattern with time on the basis of the in-stent stenosis change. The wall shear stress gradient
increased from the proximal to distal segment until day 14. At day 28, the trend was reversed dramatically, decreasing from the proximal
to the distal segment. A significant correlation between the in-stent stenosis growth until day 14 and low wall shear stress values just after
stent placement was detected. In-stent stenosis regression between days 14 and 28 was also associated with the high wall shear stress
values at day 14.

CONCLUSIONS: These data suggest that the physiologic wall shear stress can control the biphasic in-stent stenosis change in tapered

arteries.

ABBREVIATIONS: CFD = computational fluid dynamics; IS = in-stent stenosis; ISR = in-stent restenosis; WSS = wall shear stress

he Wingspan Stent System (Stryker, Kalamazoo, Michigan) is

the only endovascular device for symptomatic intracranial
atherosclerosis approved by the US Food and Drug Administra-
tion." Although this system has achieved high technical success,
the long-term (=12-month) stroke complication rate ranges
from 6.4%-20.5%.>" Furthermore, the only randomized con-
trolled trial, the Stent placement and Aggressive Medical Manage-
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ment for Preventing Recurrent stroke in Intracranial Stenosis
(SAMMPRIS) trial, showed that aggressive medical treatment was
superior to percutaneous transluminal angioplasty and stent
placement. In particular, in-stent restenosis (ISR) occurred in ap-
proximately 30% of cases after stent treatments and was a major
cause of late-phase stroke.® ' Although revascularization for ISR
is relatively safe, 50% of treated patients experience recurrent re-
stenosis."' An in-depth understanding of ISR after Wingspan
stent placement is valuable to identify the current limitations of
endovascular treatments of intracranial atherosclerosis and will
help to improve this treatment methodology.

Stent placement can prevent arterial recoil and negative
remodeling after angioplasty.'® ISR mainly involves neointi-
mal hyperplasia characterized by the migration of proliferating
smooth muscle cells from the media. The neointimal hyperpla-
sia is proportional to the degree of inflammation, such as that
caused by medial damage or penetration of the stent into a
lipid core.'>'* In addition to the local stent-artery interaction,
flow dynamics have been analyzed in their role in the biologic
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FIG 1. Nine cross-sectional areas at 1.5-mm intervals, including the 1.5 mm proximal and distal to the stent (A). Temporal area change after
Wingspan stent placement, at days 0, 7, 14, and 28, was demonstrated in comparison with the preprocedural area (B).

response after endovascular treatment. In particular, low wall
shear stress (WSS) reportedly correlates significantly with neo-
intimal hyperplasia in both clinical and animal models.'>"?
Optimization of stent design on the basis of WSS has been
attempted.>®

Neointimal hyperplasia is suddenly initiated by arterial wall
injury induced by endovascular devices and is stabilized for a lim-
ited period. Although drastic structural change can affect subse-
quent flow dynamics, there are no reports on evaluation of the
temporal hemodynamic alterations that occur after stent place-
ment. In our study, we focused the physiologic role of WSS on
in-stent stenosis (IS) after Wingspan stent placement in a swine
ascending pharyngeal artery.

MATERIALS AND METHODS

Animal Care

All animal experiments followed policies set by the Chancellor’s
Animal Research Committee of the University of California,
Los Angeles. A total of 5 ascending pharyngeal arteries in 3 healthy
Yorkshire swine (age range, 3—4 months; weight range, 30 —40 kg)
were included in this study. All endovascular procedures were
performed by use of the Allura Xper FD10 System (Philips
Healthcare, Best, the Netherlands) as described previously.21 In
brief, a 6F guiding catheter was positioned in the common carotid
artery via the right femoral approach. Special interest was paid to
the ascending pharyngeal artery, which corresponds to the human
internal carotid artery. A segment without large branching and
with a proximal diameter of > 2.0 to =3.0 mm was chosen, and
the Wingspan stent was delivered. The Wingspan stent is a self-
expandable straight stent with an open-cell design, which is made
of nickel-titanium alloy. The stent diameter was followed to the
manufacturer’s recommendation to exceed the diameter of the
referenced arterial diameter by 0—0.5 mm. Three 3.0 X 9-mm
and two 2.5 X 9-mm stents were used. Three-dimensional rota-
tional angiography was conducted before and after stent place-
ment to construct the arterial models. As for 3D rotational an-
giography, the C-arm was rotated over 240° (120° right anterior
oblique to 120° left anterior oblique) during 4.1 seconds with
x-ray acquisition speed at 30 frames per second. During the rota-

tional run, a total of 122 isocentric images were generated, result-
ing in a 2567 isotropic image volume.

Nine cross-sectional areas at 1.5-mm intervals, including the
1.5 mm proximal and distal to the stent, were evaluated immedi-
ately after stent placement (Fig 1A). Follow-up angiograms were
performed at days 7, 14, and 28 after stent placement. The cross-
sectional area was measured from the 3D reconstructed image. IS
was defined as a reduction of the sectional area, compared with
the area just after stent placement.

Computational Fluid Dynamics Modeling and Analysis
Condition

Steady- and pulsatile laminar-flow analyses were performed as
described previously.”” The ascending pharyngeal artery was ex-
tracted from the reconstructed 3D data and was converted to a
stereolithography-triangulated surface by use of Real Intage (Cy-
bernet Systems, Chiyoda, Tokyo). Surface smoothing was per-
formed with Amira (Visage Imaging, San Diego, California). A
volumetric mesh was prepared from the smoothed stereolithog-
raphy by ICEM CFD 13.0 (ANSYS, Canonsburg, Pennsylvania).
The mesh was composed of unstructured grids with mainly tetra-
hedrons. A mesh-convergence study focusing on the number of
mesh elements was performed as reported previously.”> The av-
erage number of nodes in these models was 1 million. Computa-
tional fluid dynamics (CFD) analysis was performed on the volu-
metric meshes by use of a finite-volume method solver from the
general-purpose CFD analysis tool, CFX13.0 (ANSYYS). For a typ-
ical geometry of the blood vessels, the laminar flow was assumed
with a Reynolds number of 250. The Reynolds number was de-
fined as the average velocity and the diameter of an inlet artery.
Blood was applied to be a Newtonian fluid with an attenuation of
1100 kg/m> and viscous coefficient of 0.0036 Pa X s. The inlet
condition was 0.0035 kg/second as a mass flow rate, which was
comparable to the human wave form at a 0-second point.>* Rel-
ative pressure on the outlet was set to 0 Pa. As for the time-step-
ping parameter, we calculated a total of 1.8 seconds as 2 pulsations
and 3601 steps in a time-step size of 0.005 second. WSS value was
evaluated as the average of WSS for the simulation time course.
The Navier-Stokes equations were used to simulate blood flow on
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FIG 2. Temporal change of angiography and WSS distributions in a tapered artery. Inmediately after stent placement (A) and at day 14 (B) and

day 28 after stent placement (C).
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FIG3. Correlation between IS change and the initial WSS for 2 terms, from days 014 (A) and days

14-28 (B).

the computational mesh. We applied a high-resolution scheme
for the advection and a second-order backward Euler scheme for
the transient term. The maximal calculation error was 1.7% be-
tween the result of CFX software and the theoretic value by use of
the formula in a Poiseuille flow study.

Statistical Analysis

Statistical comparisons were conducted by use of STATA 12.0
(StataCorp, College Station, Texas). The normality was con-
firmed by the D’Agostino-Pearson test. The correlation between
the area variation and WSS was evaluated by use of the Pearson
correlation test. P values of < .05 were considered statistically
significant.

RESULTS

Angiographic Change

The ascending pharyngeal artery showed a tapered shape. The
preprocedural luminal ratio of the distal segment (Line 8) to the
proximal segment (Line 2) was 81.3% = 7.5% (Fig 1A). The tem-
poral area changes at 1.5-mm intervals are shown in Fig 1B. Im-
mediately after stent placement, the artery was dilated mainly at
the distal stent segment. At days 7-14 after stent placement, IS
reached a peak of nearly 40% for the entire stented artery. At day
28, the IS decreased by up to 4% at the distal stent segment.

CFD Simulations
Stent placement in a tapered artery resulted in marked hemody-
namic changes with time (Fig 2). Just after stent placement, the
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The correlation between area variations
of IS and the initial WSS values was an-
alyzed in the following 2 periods: the
growth period from days 0—14 and the
regression period from days 1428 (Fig 3). Between days 0 and 14,
the IS growth correlated significantly with the low WSS values at
day 0 (R*> = 0.73; P < .001). A mild correlation between the IS
regression between days 14 and 28 and the high WSS values at day
14 was observed (R* = 0.19; P = .03).

DISCUSSION

Shear stress is essential for maintenance of arterial wall function.
Disturbed flow, such as that caused by low WSS or oscillatory
shear stress, is reportedly associated with atheromatous plaque
initiation, progression, and composition.z‘"25 Hemodynamic
stress is also responsible for the biologic response after endovas-
cular treatment. From a clinical standpoint, WSS has been shown
to correlate inversely with neointimal hyperplasia after coronary
stent placement.'>'” In addition to WSS, several hemodynamic
factors such as the WSS gradients or oscillatory shear stress have
been analyzed for their roles in IS in animal models."®'®' Al-
though atherosclerosis and ISR demonstrate many similarities in
their process of formation, atherosclerosis is pathophysiologically
characterized by progressive lipid accumulation, inflammation,
and smooth muscle cell proliferation that continue for many
years.'> In contrast, neointimal hyperplasia is primarily a self-
limited intimal hyperplastic process after arterial wall injury in-
duced by endovascular devices. The physiologic role of WSS in
ISR may not necessarily correspond to that in atherosclerotic dis-
ease. Temporal IS changes need to be clarified from a flow dynam-
ics standpoint.



In our study, a characteristic gradient of IS with time was dem-
onstrated after Wingspan stent placement in a tapered swine ar-
tery. The IS achieved a peak in whole at day 14 and regressed
mainly at the distal stent segment at day 28. As a result, the WSS
trend was dramatically reversed to demonstrate a decrease from
the proximal to the distal segment at day 28. The WSS correlated
significantly with both periods of growth and regression. In par-
ticular, the augmented IS in the growth phase correlated strongly
with the low WSS. Low WSS was shown to upregulate proinflam-
matory genes, leading to smooth muscle cell proliferation and
migration.”® Our results of intracranial self-expandable Wing-
span stent placement corresponded with those in previous reports
of balloon-expandable stent placement.'*>"'® Furthermore, a mild
association between high WSS and the regression of IS between
days 14 and 28 was demonstrated. Physiologic increases in WSS
from IS may be involved in the regression process. High WSS
decreased the inflammation associated with endothelial cell and
smooth muscle cell proliferation.>”*® Purposefully augmented
WSS created by arterial venous shunting or flow-dividing devices
has been demonstrated to decrease neointimal hyperplasia.>*~>"'
The residual IS at the proximal segment at day 28 may have been
caused by both the growth of IS at the proximal segment with low
WSS and the regression of IS at the distal segment with high WSS.

In clinical practice, there is often a marked difference in diam-
eter between the proximal and distal segments of an artery, and in
such cases of tapering, there is no option but to choose a stent that
fits the proximal diameter. An oversized stent at the distal portion
of an arterial wall injury can exaggerate the neointimal hyperpla-
sia."® A straight stent with high solid mechanical value can be
associated with a higher incidence of restenosis or asymptomatic
occlusion than a tapered stent.>*>? In addition to solid mechan-
ics, WSS may contribute to both growth and regression of ISR.
Further simulation study should evaluate which factors are most
responsible for ISR after Wingspan stent placement. A temporal
analysis of ISR may be required.

Study Limitations

Although the WSS change because of the IS can be a reasonable
mechanism to explain the biologic response in a tapered artery,
our results were limited by the simplified animal model, such as
extremely small sample size, lack of any control information, and
a straight arterial segment rather than a tortuous segment. Other
flow dynamic parameters can be associated with the IS."'® Further-
more, temporal IS regulation by WSS may not always be applied
for clinical cases with a wide variety of characteristics. Exhaustive
analysis with a larger sample size would be desired. Also, our
technical limitation of this study was an evaluation method for IS.
All area measurements were derived from 3D reconstructed im-
ages. The image artifacts by stent markers could make it difficult
to evaluate the cross-sectional area at the ends of the stent.

CONCLUSIONS

We presented the temporal correlation between simulated WSS
and IS elicited by Wingspan stent placement in a swine artery. The
WSS showed a characteristic pattern in a tapered segment of the
artery on the basis of change in IS. The physiologic WSS may play
alarge role in both the growth and decrement of IS. These insights

into time-dependent flow dynamics will be useful for the under-
standing of biologic responses and for the development of an
optimal stent design.
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