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Abstract

Background: Recent clinical studies have shown that recanalization rates are lower in stent-assisted coil embolization than
in coiling alone in the treatment of cerebral aneurysms.

Objective: This study aimed to assess and compare the hemodynamic effect of stent struts and straightening of vessels by
stent placement on reducing flow velocity in sidewall aneurysms, with the goal of reducing recanalization rates.

Methods: We evaluated 16 sidewall aneurysms treated with Enterprise stents. We performed computational fluid dynamics
simulations using patient-specific geometries before and after treatment, with or without stent struts.

Results: Stent placement straightened vessels by a mean (*standard deviation) of 12.9°£13.1° 6 months after treatment.
Placement of stent struts in the initial vessel geometries reduced flow velocity in aneurysms by 23.1%=*6.3%. Straightening
of vessels without stent struts reduced flow velocity by 9.6%=*12.6%. Stent struts had significantly stronger effects on
reducing flow velocity than straightening (P = 0.004, Wilcoxon test). Deviation of the effects was larger by straightening than
by stent struts (P=0.01, F-test). The combination of stent struts and straightening reduced flow velocity by 32.6%=*12.2%.
There was a trend that larger inflow angles produced a larger reduction in flow velocity by straightening of vessels (P =0.16).

Conclusion: In sidewall aneurysms, stent struts have stronger effects (approximately 2 times) on reduction in flow velocity
than straightening of vessels. Hemodynamic effects by straightening vary in each case and can be predicted by inflow
angles of pre-operative vessel geometry. These results may be useful to design a treatment strategy for reducing
recanalization rates.
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recanalization rates. Our results may provide helpful information
to reduce recanalization rates in clinical practice.

Introduction

Stent-assisted coil embolization (SACE) is widely accepted for

endovascular treatment of wide-neck or complex cerebral
aneurysms. Several recent reports have shown that SACE
promotes occlusion of incompletely coiled aneurysms and lowers
recanalization rates compared with coiling alone [1-7]. This
situation probably occurs because of two types of hemodynamic
effects by stent placement: stent struts and straightening of vessels.
Hemodynamics effects by stent struts have been widely studied by
computational fluid dynamics (CFD) simulations and in vitro
experiments [8-12]. Stent placement straightens parent vessels
[13,14]. Hemodynamic studies on straightening of vessels have
also been reported [15,16]. However, there are no studies on
hemodynamic effects of stent struts and straightening combined.

In this study, we performed CFD simulations of 16 patient-
specific sidewall aneurysms treated with SACE. We determined
the main factor for reducing flow velocity in aneurysms and
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Methods

The Institution Review Board of Wakayama Rosai Hospital
approved this retrospective study. The requirement for informed
consent was waived. Patient records and geometric data were
anonymized prior to analysis. All analyses were performed only by
two authors (KK and AS), who were also engaged in clinical cases
as neurosurgeons.

Clinical Cases

There were 49 consecutive cases of aneurysms treated by SACE
using Enterprise stents (Cordis Neurovascular, Miami, FL, USA)
between July 2010 and October 2013 in our institution. Among
these, there were 16 sidewall aneurysms without any branches
arising from the neck of the aneurysms. We included these 16
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cases in this study (Cases 1-16). All of the 16 aneurysms were
unruptured vertebral artery aneurysms and treated by a single
stent. The mean (standard deviation) age was 58.4%9.7 years. The
mean maximum diameter of the aneurysms was 8.2%£2.0 mm.
The mean diameters of the proximal and distal parent vessels were
3.6%£0.7 mm and 3.2+0.8 mm, respectively. In the mean follow-
up period of 27*11 months, recanalization occurred in one case
(6.3%, Case 6), and retreatment was performed.

The rest of the 33 cases were excluded because of the following
reasons: insufficient imaging quality for CFD (n=2), retreatment
cases (n=15) [17,18], post-operative in-stent stenosis (n = 1), post-
operative in-stent occlusion (n=1) [19], bifurcation aneurysms
including aneurysms with small branches arising from the neck of
aneurysms, such as those at the junction of the vertebral artery and
the posterior inferior cerebellar artery, or ophthalmic artery
aneurysms (n=17) [20], and cavernous carotid artery aneurysms
(n=7) [21]. Cavernous carotid artery aneurysms were excluded
because the internal carotid artery around the cavernous portion is
partly covered with skull bones, which disturb changes in vascular
geometry by stent placement.

Reconstruction of Geometry

Three-dimensional images of vascular geometry before and 6
months after stent placement were obtained by 3D rotational
angiography. Using an engineering design software, 3-matic
(Version 7.0; Materialise NV, Leuven, Belgium), the two images
were fused as previously reported [22,23]. We used a three-point
registration algorithm of the 3-matic software by choosing three
points located at similar regions on both 3D images. We then
performed manual registration based on the geometry of the
aneurysm and a parent vessel near the aneurysm (Figure 1A-C).
Because of artifacts of coils, the post-operative 3D models were
created by fusion of the pre-operative 3D aneurysm geometry and
the post-operative straightened vessel geometry (Figure 1C). The
aneurysm geometry was the same in both pre- and post-operative
models, which assured valid evaluation of changes in flow velocity
in the aneurysm by stent struts or straitening of vessels. Inflow
angles and outflow angles were defined as shown in Figure 1D. In
the pre- and post-operative models, these angles were measured in
the 2D view, in which the neck of an aneurysm, an inflow line, and
an outflow line could be observed on the same 2D plane
(Figure 1C and D). Measurements of these angles were performed
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by two operators (KK and AS) independently, and mean values
were used.

To obtain the stent geometry, a 4.5 mmx28 mm Enterprise
stent was scanned by micro-C'T, using the Toscaner-30900 uC3
(Toshiba IT & Control Systems Corp., Tokyo, Japan). The
resolution of the micro-CT scanner is 5 pm. Images were obtained
in the standard triangulated language format. The width of each
strut of the stent obtained by micro-CT was 0.0794%0.005 mm
m=50; 95% confidence interval: 0.0779-0.0810 mm). The
accuracy of the stent geometry obtained by micro-CT was
sufficient because the width of the strut of the Enterprise stent is
0.078 mm [24]. This stent geometry was used to cover the neck of
the aneurysm. The stent struts were manually fitted on the neck
orifice of each aneurysm (Figure 2). To reduce computer
resources, we did not place the stent struts in other regions of
parent vessels. Although we used Enterprise stents with different
lengths in clinical cases, all Enterprise stents have the same
diameter (4.5 mm). Geometry of stent struts of any Enterprise
stent is identical, and the geometry of a 28-mm Enterprise stent
was sufficient to create aneurysm models with stents. In these
processes, we created four 3D models in each case: pre-treatment
models with or without stent struts and post-treatment models (i.e.,
straightened vessel) with or without stent struts (Figure 2). To
examine reproducibility of these processes of 3D geometry
reconstruction, four models were created from the initial
geometries in Case 1 for three times. These processes were
preformed by a single operator (KK). To examine operator
independency of these processes, a different operator (AS)
independently created four models in Case 1.

CFD Simulations

We performed CFD simulations in a similar manner as
described previously [22,25]. The fluid domains were extruded
at the inlet to allow fully developed flow and meshed using ICEM
CFD software (Version 14.5, Ansys Inc., Canonsburg, PA, USA)
to create finite volume tetrahedral elements. The smallest grid size
was 0.025 mm, which was approximately 1/3 of the width of the
strut of the Enterprise stent (0.078 mm). This is sufficient to obtain
global flow patterns in aneurysms [26]. Small meshes were
generated near the stent struts and large meshes were generated
far from the stent struts to enhance local resolution, while keeping
the total number of elements within reasonable bounds. The
number of elements in each model was approximately 2,200,000
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Figure 1. Angiograms and illustrations of straightening of vessels by stent placement in Case 1. (A) An angiogram shows a sidewall
aneurysm at the left vertebral artery. (B) Six months after stent-assisted coil embolization for the aneurysm, an angiogram shows complete occlusion
of the aneurysm and straightening of the vessel. (C) Two 3D images of the vessel and the aneurysm at pre- (in red) and post-treatment (in blue) are
fused. (D) The “inflow angle” and “outflow angle” are defined as angles between the neck plane of an aneurysm and an inflow line or an outflow line,
respectively. The angles can be negative when the angles show opposite directions.

doi:10.1371/journal.pone.0108033.g001
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Figure 2. lllustrations of hemodynamic analysis of reduction in flow velocity in an aneurysm of Case 1. Contours of the cut plane are
colored according to mean flow velocity. The white arrow in the pre-treatment image indicates the flow direction. Flow velocity was reduced by 20%
after placement of stent struts on the initial geometry. Flow velocity was reduced by —11% (i.e., increased by 11%) after straightening of a vessel
without stent struts. The combination of both stent struts and straightening resulted in a flow reduction of 15%. Straightening of the vessel changed

the inflow angle from —24° to —15°.
doi:10.1371/journal.pone.0108033.g002

3,100,000, which was confirmed to be adequate to calculate
velocity by creating meshes of finer grid densities. Approximately
doubled grid densities showed <2% differences in mean velocity
in the aneurysm, and grid independence was confirmed. We did
not include coils in these simulations because of technical
difficulties as well as most of previous CFD studies on stents for
cerebral aneurysms [8,9]. Blood was modeled as a Newtonian fluid
with a density of 1056 kg/m® and a viscosity of 0.0035 kg/m-s. A
rigid-wall no-slip boundary condition was implemented at the
vessel walls. We performed pulsatile flow simulations with an
mmplicit solver, Ansys CFX (Version 14.5, Ansys Inc.), the
accuracy of which has been validated previously [25,27]. For the
inlet flow conditions, we used the volumetric flow rate waveform of
the vertebral artery of normal subjects as reported by Ford et al
[28]. The flow rate was scaled so that cycle-averaged wall shear
stress at the parental artery would be 1.5 Pa. [29] Zero pressure
was imposed at the outlets. The width of the time step for
calculation was set at 0.005 s. A smaller time step, 0.001 s, showed
<0.2% difference in mean flow velocity in aneurysms, assuring
verification of a time step of 0.005 s. Calculations were performed
for three cardiac cycles, and the result of the last cycle was used for
analysis. We examined the volume-averaged and cycle-averaged
flow velocity in aneurysms in four different models in each case
(Figure 2). Flow reduction ratio is defined as (V_pre — V_post)/
V_Pre where V_pre is flow velocity before treatment and V_post
is flow velocity after placement of stent struts only, straightening of
vessels only, or both of them (Figure 2). We defined the flow
reduction ratio as a normalized parameter of reduction in flow
velocity (V_pre — V_post), because flow velocity in aneurysms
before treatment (V_pre) was different in each case.

Statistical Analysis

Statistical analysis was performed using SPSS version 20 (IBM
Corp., Armonk, NY, USA). The Wilcoxon test, F-test, or
Spearman’s correlation analysis was used. The level of significance
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was set at P<<0.05. Statistical data are described as mean =+
standard deviation.

Results

The study of reproducibility of geometry reconstruction by
repeating reconstruction for three times in Case 1 showed that
flow reduction ratios were 20.3%, 21.2%, and 20.8% by stent
struts, —11.4%, —10.8%, and —12.1% by straightening, and
14.9%, 15.7%, and 14.7% by both. The study of operator
independency showed that the flow reduction ratios were 20.3%
and 22.5% by straightening, —11.4% and —12.2% by stent struts,
and 14.9% and 15.8% by both, in operators 1 and 2, respectively.
In both studies, absolute values of differences of flow reduction
ratios were within 2.2%. These results assured reasonable
reproducibility and operators’ independency in the reconstruction
processes of 3D models.

The mean pre- and post-operative angles (inflow angle +
outflow angle) were 61°+46° and 49°*37°, respectively. Stent
placement straightened vessels by 12.9°+13.1° 6 months after
treatment.

An example of the results of CFD simulations of Case 1 is shown
in Figure 2. A summary of CFD results of 16 cases is shown in
Figure 3. The flow velocity in 16 aneurysms was 35.1+18.2 cm/s
before treatment, 27.3%15.1 cm/s after placement of stent struts
only, 31.5+17.2 cm/s after straightening of vessels only, and
23.8%£14.4 cm/s after both of placement of stent struts and
straightening of vessels. Reduction ratios in flow velocity by stent
struts and straightening of vessels were 23.1%%6.3% (range: 13.9—
36.4%) and 9.6% *12.6% (range: —11.4% to 37.1%), respectively.
The effects from stent struts were significantly larger than those
from straightening of vessels (P =0.004, Wilcoxon test). Deviation
of the effects was larger by straightening than by stent struts
(P=0.01, F-test). Therefore, flow reduction ratios by stent struts
were relatively constant, while those by straightening of vessels
varied in each case (Figure 3). The combination of stent struts and

September 2014 | Volume 9 | Issue 9 | 108033



40

30 —

20 =& 8

L

Reduction in flow velocity (%)

0 -
j2345678910111213141l16
-10 -
Cases
-20

i Stent struts ¥ Straightening

Figure 3. Reduction in flow velocity in 16 cases by either stent
struts or straightening of vessels.
doi:10.1371/journal.pone.0108033.9003

straightening of vessels reduced flow velocity by 32.6%*12.2%
(range: 14.0-54.9%). In the recanalized case, Case 6, the flow
reduction ratio in the aneurysm was 13.9%, 15.1%, and 28.1% by
stent struts, straightening, and both of them, respectively. This
ratio (28.1%) was slightly below the mean value (32.6%).

An increase in flow velocity in the aneurysms by straightening
was observed in two cases, while flow velocity was reduced in all of
the cases by stent struts (Figure 3). In these two cases, pre-
operative inflow angles were negative (e.g., Figure 2). To further
investigate variability of flow reduction by straightening of vessels,
we focused on relationships among pre-operative inflow angles
and changes in inflow angles by stent placement (Figure 4). There
were positive correlations between pre-operative inflow angles and
changes in inflow angle (r=10.69, P=0.003, Spearman’s correla-
tion), changes in inflow angle and flow reduction by straightening
(r=0.53, P=0.03), and pre-operative inflow angle and flow
reduction by straightening (r=0.37, P=0.16). Therefore, larger
pre-operative inflow angles changed inflow angles more by stent
placement, and resulted in more flow reduction by straightening of

vessels.
Pre-operative
inflow angle
r=10.69
P=10.003
Changes in r=0.37
inflow angle P=0.16
r= 0.53\
P=0.03 v

Flow reduction by
straightening

Figure 4. Correlations among pre-operative inflow angle,
changes in inflow angle, and flow reduction by vessel
straightening.

doi:10.1371/journal.pone.0108033.9g004
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Discussion

Clinical Aspects of SACE

An important issue of coil embolization of aneurysms is how to
decrease recanalization rates because recanalization may require
retreatment, or even cause subarachnoid hemorrhage. Several
recent reports have shown that SACE promotes occlusion of
mncompletely coiled aneurysms [2-7] and significantly lowers
recanalization rates compared with coiling alone (14.9% vs. 33.5%
[3], 8.1% vs. 37.5% [2], and 17.2% vs. 38.9% [1]). This situation
probably occurs because of the hemodynamic effects of stent struts
and straightening of vessels by stent placement. There are a few
reports on straightening of vessels by stent placement. [13,14]
Vascular angles change by a mean of 30° in anterior communi-
cating artery ancurysms [14] and by a mean of 36° in bifurcation
aneurysms. [13] Vessel angles change more in vessels with smaller
diameters or more acute bending vessels, and Enterprise stents
change vessel angles more than Neuroform stents (Stryker
Neurovascular, Freemont, CA, USA). [13] In our series, vessel
angles straightened by a mean of 12.9°, which is lower than that in
these previous reports. The reason for this difference between
studies is probably because the vessel diameter of the vertebral
artery is larger than that of the anterior cerebral artery or the
middle cerebral artery. In addition, these previous reports
examined bifurcation aneurysms, while our study examined
sidewall aneurysms. Angles of parent vessels at aneurysms are
usually more acute in bifurcation aneurysms than in sidewall
aneurysms, which could explain smaller changes in vessel angles in
our series than in these previous reports.

Low packing density is associated with recanalization in coiling
alone in treatment of aneurysms, [30] and packing densities of at
least 20-25% are needed to protect against recurrence [31,32].
These results suggest that reduction in flow velocity in aneurysms
is important to prevent recanalization. In SACE, there are no
significant differences in recurrence between moderate (12—22%)
and high (>22%) packing density [33]. Meta-analysis of SACE
versus coiling alone showed a mean packing density of 27.4% in
the SACE group compared with 28.2% in the coiling only group
(1474 patients in total) [7]. These results suggest that packing
density does not increase by stent placement, but that SACE with
lower or equivalent packing density can achieve higher occlusion
rates and less recanalization rates than coiling alone. Therefore,
we presumed that hemodynamic effects, not packing density, by
both stent struts and straightening of vessels are associated with a
reduction in recanalization rates, and designed the current
hemodynamic study.

Hemodynamics Effects Caused by Stent Placement

In our study, stent struts had relatively constant effects on
reducing flow velocity by approximately 23%. Straightening of
vessels had variable effects on reducing flow velocity, with a mean
reduction of approximately 10%, which is half that of the effects
by stent struts. The combination of both stent struts and
straightening reduced flow velocity by a mean of approximately
33%. These results show that combination effects are approx-
imately the sum of the two effects (i.e., 23%+10% =33%).
Therefore, hemodynamic effects caused by straightening of vessels
should be taken into account in hemodynamic studies of stent
placement, even though the effects are half of those by stent struts.
In the recanalized case, Case 6, stent placement showed a 28.1%
flow reduction ratio, which is a slightly below the mean flow
reduction ratio of 33%. Therefore, we could not explain
recanalization in this particular case by the flow reduction ratio
in the aneurysm. However, we consider that a mean of 33% in
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flow reduction could explain the low recanalization rates in our
series (6.3%), as well as the low rates in previously reported series
of SACE [1-3].

Hemodynamics of several configurations of stent placement for
aneurysms have been previously studied [8-12]. All of these
studies evaluated hemodynamic effects of stent struts with
unchanged vessel geometries. Tremmel et al. reported that single
Enterprise stent placement reduces mean velocity by approxi-
mately 15% in a single basilar trunk aneurysm because of the stent
struts [9], which is within the range of our results. This supports
accuracy of our CFD studies with manual stent placement.
Although it would be better to obtain stent geometry in patient-
specific silicone models by micro-CT for accurate CFD simula-
tions [8,34], this would be unrealistic for the 16 cases. Virtual
deployment of stents would be better for more accurate stent
geometry than manual placement of stents [35,36]. However, we
consider that the process of our manual stent placement was
acceptable in this study because we showed reproducibility and
operator independency of the process, and obtained similar
reduction ratios in flow velocity compared with other studies [9].

Two hemodynamic studies of straightening of vessels have been
reported [15,16]. Both studies used vessel geometries without
aneurysms by removing aneurysms from original geometries. In
single stent-assisted coiling for bifurcation aneurysms, changes in
vessel angles by stent placement decrease pressure at the
bifurcation apex by 2.3 Pa (0.02 mmHg) and decrease the width
of the flow impingement zone between two peaks of wall shear
stress by 0.9 mm [16]. In Y-stent coiling of basilar bifurcation
aneurysms, angular remodeling leads to significant narrowing of
the wall shear stress interpeak at the apex, redirecting high wall
shear stress away from the neck transition zone with the native
vessel toward the inert coil mass [15]. These results are difficult to
interpret because it is unclear whether these changes in pressure
and wall shear stress cause a reduction in recanalization rates,
while a reduction in flow velocity in our study may be more
directly associated with a reduction in recanalization rates. In
addition, no previous studies have addressed the importance of
vessel straightening compared with hemodynamic effects caused
by stent struts. Therefore, in our study, we addressed this issue.

Our results of correlations among pre-operative inflow angle,
changes in inflow angle, and flow reduction by straightening were
as expected (Figure 4). Stents tend to straighten acute bending
vessels more than relatively straight vessels [13]. Larger changes in
inflow angles reduce flow velocity more in aneurysms. Therefore,
larger inflow angles reduce flow velocity more in aneurysms by
straightening of vessels. These results provide helpful information
for predicting hemodynamic effects of straightening by stent
placement using inflow angles of pre-operative vessel geometry. If
the inflow angle is large, flow reduction can be maximized by
straightening of a vessel using a longer Enterprise stent rather than
a shorter Neuroform stent. This can be achieved because
Enterprise stents change vessel angles more than Neuroform
stents and longer stents change these angles more than shorter
stents [13]. However, there are cases where straightening increases
flow velocity in an aneurysm, such as in Case 1 (Figure 2). This
can be predicted by negative pre-operative inflow angles.
Therefore, if pre-operative inflow angles are negative, a shorter
Neuroform stent may be better for not increasing flow velocity in
an aneurysm than a longer Enterprise stent. These “pre-operative
inflow angle”-based treatment strategies may help to reduce
recanalization rates. Future prospective large-scale studies will be
necessary to test this hypothesis.

Hemodynamic effects by stent struts are relatively constant
compared with those by straightening of vessels. Stents with lower
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porosity cause a greater decrease in flow velocity in aneurysms.
Therefore, Enterprise closed-cell stents with lower porosity may be
more effective for reducing flow velocity in aneurysms and
recanalization rates than Neuroform open-cell stents with higher
porosity. This strategy is supported by a report, which showed that
closed-cell stents are associated with significantly lower recanali-
zation rates in a study of 508 cases treated with SACE [4].

In clinical practice, in addition to recanalization rates,
properties of open- or closed-cell stents, such as ease of delivery,
stability, and vessel wall apposition, should be considered [37].
Therefore, treatment strategies based on inflow angles and stent
porosity for reducing recanalization rates are only one aspect to
consider in clinical practice. However, in cases of recanalized
aneurysms or aneurysms that are likely to be recanalized, these
treatment strategies may be helpful.

Most CFD studies on stents for aneurysms, including our study,
did not include coils in simulations because of technical difficulties
[8,9]. Although packing density of coils is another factor for
recanalization, we commonly try to insert coils in aneurysms as
many as possible. In such situations, current results of CFD
simulations of stent placement without coils are still valid and
helpful. Our intention in this study was not to recommend stent-
only therapy, but to demonstrate that stent therapy with coils
reduces recanalization rates by stent struts and straightening of
vessels.

Limitations of the Study

In our CFD study, we simplified several properties, such as the
viscoelasticity of the vessel wall, the non-Newtonian property of
the blood, and non-patient-specific inlet conditions. Although
these simplifications may cause differences between the results of
CFD simulation and the in vivo state, the main hemodynamic
features are thought to be preserved [38]. Patient-specific inlet
conditions are necessary for accurate calculations of hemodynamic
parameters [39,40]. However, we evaluated reduction ratios in
flow velocity in each case, and this comparison within the same
case may be relatively robust to different conditions of simulations.
The stent struts were manually fitted on the neck orifice of each
aneurysm. Geometry of stent struts depends on diameter and
curvature of parent vessels and the way of stent delivery such as a
push-pull technique [41,42]. Although structural simulations of
stent deployment would better [36,43], we do not have such
techniques to perform them. At least, as mentioned in the
discussion section, reduction rates of flow velocity in our case series
are comparable to previous studies, demonstrating that our
methodology and results are sufficient to lead to conclusions.

The number of cases in this study was relatively small. However,
we observed statistical differences and clarified characteristics of
hemodynamic effects by stent struts and vessel straightening.
Because our cases were all vertebral artery aneurysms, the results
may not be applicable to aneurysms at other locations. In
particular, when vessel angles change more than those in the
current series because of small diameters of parent vessels,
hemodynamic effects by straightening of vessels might increase
and outweigh those by stent struts. More cases including
aneurysms at other locations are required to address these issues.

We only examined sidewall aneurysms because we consider that
hemodynamic features are different between sidewall and bifur-
cation aneurysms, and that hemodynamic studies should be
performed separately. We are planning to perform the same type
of CFD studies on bifurcation aneurysms in the future. In addition,
sidewall aneurysms can be treated by flow diverter stents.
However, in treatments by flow diverters, there are concerns of
delayed rupture, possibility of incomplete occlusion of aneurysms,
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and occlusion of perforators especially at posterior circulations
[44,45]. Flow diverters have yet to be replaced with high porosity
stents even for sidewall aneurysms. Therefore, this study is still
helptul for clinicians to design treatment strategy.

Conclusions

This is the first report to compare hemodynamic effects caused

by stent struts and straightening of vessels in SACE. In sidewall
aneurysms, stent struts have approximately twice as strong effects
on reduction of flow velocity than straightening of vessels.
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