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Abstract

BACKGROUND and OBJECTIVE—Endovascular treatment of paraclinoid aneurysms is
preferred in clinical practice. Flow alterations caused by stents and coils may affect treatment
outcome. Our aim was to assess hemodynamic changes following stent-assisted coil embolization
in subtotally embolized paraclinoid aneurysms with residual necks that were predisposed to
recanalization.

METHODS—We studied 27 paraclinoid aneurysms (seven recanalized and 20 stable) treated with
coils and Enterprise™ stents. Computational fluid dynamics simulations were performed on
patient-specific aneurysm geometries using virtual stenting and porous media technology.
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RESULTS—After stent placement in 27 cases, aneurysm flow velocity decreased significantly,
gradually increasing from the neck plane (11.9%), to the residual neck (12.3%), to the aneurysm
dome (16.3%). Subsequent coil embolization was performed after stent placement and the
hemodynamic factors decreased further and significantly at all aneurysm regions except the neck
plane. Compared between recanalized and stable cases, univariate analysis showed no significant
differences in any parameter before treatment. After stent-assisted coiling, only the reduction in
area-averaged velocity at the neck plane differed significantly between recanalized (8.1%) and
stable cases (20.5%) (p=0.016).

CONCLUSION—Aneurysm flow velocity can be significantly decreased by stent placement and
coil embolization. However, hemodynamics at the aneurysm neck plane was less sensitive to coils.
Significant reduction in flow velocity at the neck plane may be an important factor in preventing
recanalization of paraclinoid aneurysms after subtotal stent-assisted coil embolization.
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INTRODUCTION

Stent-assisted coil embolization (SACE) has been widely used in treatment of intracranial
aneurysms (IAs). The recanalization rate of 1As following SACE has been reported to be
8.1-12%.[1, 2] Incomplete initial embolization is considered an important factor in
predicting recanalization;[3] however, progressive thrombosis after sub-total initial
embolization with residual necks can be found at angiographic follow-up,[2] and the
underlying hemodynamic mechanisms are not totally understood.

Hemodynamic effects have been shown to have a significant influence on recanalization of
an aneurysm following embolization with coils alone,[4, 5] and some researchers have
demonstrated that the placement of intracranial stents may change the hemodynamic
characteristics of 1As.[6] However, the relationship between hemodynamics and treatment
outcome following SACE has received less attention. An advanced understanding of the
hemodynamic effect in the occlusion process may lead to optimization of outcomes.

Hence, in this study, we focused on a well-defined subgroup of 1As (subtotally embolized
paraclinoid aneurysms) to characterize hemodynamic alterations in those aneurysms that
were predisposed to recanalization after SACE. This study design minimized the influence
of other factors on hemodynamics, such as location and aneurysm type (bifurcation
aneurysms and sidewall aneurysms). Because surgical clipping of paraclinoid aneurysms is
challenging, SACE of such aneurysms is preferred in clinical practice. [7, 8] Still, recurrence
remains an outcome issue. Therefore, we chose paraclinoid aneurysm for investigation.

We used novel computational methods in this study. For intracranial stent, a novel patient-
specific virtual stenting workflow, which would more accurately reflect actual stent
deployment, was used to perform in vivo stent deployment. On the other hand, The porous
media method was used for simulation of coil mass, which may reflect the real situation
more accurately, creating more valid results. We also evaluated the hemodynamic alterations

J Neurointerv Surg. Author manuscript; available in PMC 2016 November 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Liuetal. Page 3

in each aneurysm at three different regions (aneurysm neck plane, residual neck, and
aneurysm dome) during the procedure (before treatment, after stent deployment, and at the
end of SACE), to demonstrate the hemodynamic effect of stent and coils at different regions.

METHODS

The ethics committee of our hospital approved this study. Informed consent was obtained
from each study patient.

Patient Selection

Our database identified 1075 patients, with 1186 aneurysms, who underwent endovascular
treatment from April 2011 to November 2013. Patients were screened retrospectively based
on the following inclusion criteria: 1) diagnosis of paraclinoid aneurysm by angiography; 2)
subtotal occlusion of aneurysms by coils with the assistance of Enterprise stents (CORDIS
ENTERPRISE™ Vascular Reconstruction Device; Cordis Neurovascular, Miami, FL, USA)
in the initial treatment and evaluated at follow-up by angiography; and 3) three-dimensional
(3D) digital subtraction angiography (DSA) images of the 1As adequate for CFD analysis.
IAs diagnosed as dissecting aneurysms were excluded from this study. Two experienced
neuroradiologists evaluated and compared pre- and post-embolization and follow-up DSA
images to determine initial angiographic results and aneurysmal recanalization. Regardless
of the need for retreatment, any aneurysm that displayed an increasing percentage of contrast
filling the aneurysmal sac on follow-up angiography was considered recurrent. Otherwise,
the aneurysm was regarded as stable. For all included cases, clinical data (age, sex,
hypertension, cigarette smoking, packing density, and follow-up interval) and morphologic
data (aneurysm size, neck size, aspect ratio, size ratio, and multiple aneurysms) were
collected from medical records and imaging studies.

Geometric Reconstruction and Patient-Specific Virtual Stenting

All pre-embolized and post-coiled 3D aneurysm geometries (Figure 1A, C) were obtained
from DSA images. We first segmented and surface-smoothed the images using Geomagic
Studio, Version 12.0 (Geomagic, Research Triangle Park, NC, USA) and saved the surface
geometries in standard tessellation language (STL) format. During this stage, pre-embolized
and post-coiled aneurysm geometries from the same case were imported into the software
simultaneously (Figure 1D) and, using the software’s three-point registration function, three
points were chosen from similar regions on both models. We then performed manual
registration based on the geometry of both 3D images near the aneurysm by matching the
pre-embolized and post-coiled models to accurately and consistently separate the entire
vessel volume into two regions: the aneurysm dome region embolized with coils, and the
residual neck and parent-vessel region (Figure 1D). Considering the straightening of vessels
with stent placement, we then created post-coiled 3D aneurysm geometry by fusing the pre-
embolized aneurysm dome and the post-coiled parent vessel (Figure 1E).[6]

We used the porous media method for intra-aneurysm coil modeling in the aneurysm dome
region.[9-11] Briefly, the aneurysm dome was filled with porous medium corresponding the
coil mass, and the remaining vessel volume, including the residual neck and parent vessel,
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was filled with fluid as blood flow (Figure 1F). The permeability (K) is a measure of the
fluid conductivity through the porous medium. [10, 11] To approximate the permeability of a
porous medium, we used a simplified expression based on the capillary theory of Kozeny as
we previously did. In this approach, the porous medium is approximated as a layer of solid
material with straight parallel tubes of a fixed cross-sectional shape intersecting the sample.
The permeability is calculated according to the formulaK=¢3/cS?, where the S is the specific
surface area of coils, ¢ is the porosity of the medium and c is the Kozency coefficient and
c=2 is taken. The drag factor, Cp, can be determined by using standard Cp versus Reynolds
number diagrams and was estimated to be 2.2. [9-11]

We developed a novel virtual stenting workflow[12] to deploy the Enterprise stent in our
study. Briefly, the workflow consists of three steps: 1) pre-processing, which isolates the
parent vessel and generates a simplex mesh structure to the maximum inscribed sphere
diameter along the vessel center line using vessel-specific initialization 2) simplex mesh
expansion, when the simplex mesh undergoes radial expansion using mathematical forces,
stopping the deployment when the deployed simplex mesh has good apposition with the
parent-vessel wall; and 3) post-processing, which maps the Enterprise stent pattern on the
deployed simplex mesh and sweeps the wires into the 3D structures (Figure 2).

Finally, the post-coiled aneurysm model was created using a porous media method and
virtual stenting technique (Figure 1F). In addition to comparing the hemodynamics between
recanalized and stable groups based on the post-coiled aneurysm model, we created an
aneurysm model with stenting alone for each case as control (Figure 1E). In our clinical
practice, jailing technique was used in present cases. First, a stent is deployed to jail the
microcatheter, and coil embolization is then performed. Therefore, we created a group of
such models as controls to estimate the hemodynamic effect of stenting and coiling by
comparing flow alterations during the entire procedure among the three models.

CFD Simulations and hemodynamic analysis

We performed the simulations described in our previous studies.[4, 13] To create finite-
volume tetrahedral elements for computational fluid dynamics (CFD) simulation, the
deployed stent was merged with the aneurysm geometry using mesh-generation software
(ICEM CFD, version 14.0; ANSYS Inc., Canonsburg, PA, USA). The largest element was
0.2 mm, and the element size on the stent was set to 0.025 mm for adequate representation
of the stent geometry, which was approximately 1/3 the width of the strut of the Enterprise
stent (0.078 mm). Mesh sizes ranged between 1.7 and 8.5 million elements for the untreated
cases and from 7.1 to 13.9 million elements for the treated cases. ANSYS CFX 14.0
(ANSYS Inc.) was then used to solve the flow-governing Navier-Stokes equations with the
assumption of laminar, incompressible, Newtonian blood flow. The density and dynamic
viscosity of blood were specified as 1060 kg/m3 and 0.004 N-s/m?2, respectively. The blood
vessel wall was assumed to be rigid, with no-slip boundary conditions. A pulsatile velocity
profile obtained by transcranial Doppler in a normal subject was applied for the inflow
boundary condition. The pressure distribution along the parent artery and in the aneurysm
was then computed by using the falls in pressure calculated during the CFD simulations with
respect to the p=10,000 Pa value prescribed at the outlets.[14] The flow waveforms were
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scaled to achieve a mean inlet wall shear stress (WSS) of 15 dyne/cm under pulsatile
conditions.[15] Three cardiac cycle simulations were performed for numerical stability and
the last cardiac cycle was collected as output.

We then post-processed and visualized the results of these simulations with the ANSYS
CFD-Post. The hemodynamic results at peak systole were carefully examined at three
regions: aneurysm neck plane, residual neck, and aneurysm dome (Figure 1F). All results
were collected before, during (after stent deployment), and after SACE. As described by
Dhar et al.,[16] estimated on multiple views of aneurysm geometries, the IA neck plane was
defined and created as the location from where the aneurysm sac pouched outward from the
parent artery. Because the aneurysm models (pre-embolized, stented and post-coiled model)
maintained the same geometry coordinate, the aneurysm neck planes were at the same
locations in the three models of each case. The area-averaged and maximum flow velocities
at the aneurysm neck plane were calculated. At the residual neck and aneurysm dome, the
average flow velocity, maximum velocity, and spatial-averaged WSS were calculated.
Because the flow in aneurysms before and after embolization was different in each case, we
used reduction ratio, calculated as (parameteryre — parameterpos)/parameterpye, as a
normalized parameter to allow comparison among different patients.

Statistical Analysis

RESULTS

For qualitative data, XZ test or Fisher’s exact test was used to compare the differences
between the recanalized and stable groups. For quantitative data, the Mann-Whitney U test
was used to compare two groups. Friedman’s rank-sum test was used to analyze the
hemodynamic effects of stent and coils by comparing the results among pre-embolized
models, stented, and post-coiled models. A p value < .05 was regarded as statistically
significant. Statistical analysis was performed using IBM SPSS Statistics for Windows,
Version 21.0 (IBM Corp., Armonk, NY, USA).

After the application of screening criteria, 27 patients with 27 paraclinoid aneurysms were
included and divided into two groups (seven in the recanalized group and 20 in the stable
group) by angiographic result at follow-up. All cases in our study were unruptured and
treated with a single Enterprise stent-assisted coil embolization.

Common Risk Factors

Patient demographics and morphology of recanalized and stable aneurysms are shown in
Table 1. Statistical analysis revealed no significant difference in any factor between groups.

Hemodynamic Alterations by Stent Deployment

The hemodynamic results of 27 aneurysms are summarized in Table 2 and Supplemental
Table 1.

At the neck plane, the area-averaged flow velocity in 27 aneurysms was significantly
reduced (reduction ratio, 11.9%; from 0.31+0.10 m/s to 0.27+0.09 m/s) (p < 0.001) between
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before and after stent placement (Table 3, Supplemental Figure 1). Maximum velocity was
also decreased, but the reduction was not statistically significant.

At the residual neck, all parameters except WSS were significantly decreased after stent
deployment (Table 2). Averaged velocity and maximum velocity decreased significantly
(reduction ratios, 12.3%; from 0.23£0.12 m/s to 0.20+0.11 m/s [p = 0.003], and 12.2%; from
0.58+0.18 m/s to 0.51+0.17 m/s [p < 0.001], respectively). The WSS increased mildly but
not significantly (reduction ratio, —-4.8%; p = 1.000).

At the aneurysm dome, all parameters were significantly decreased after stent deployment.
Reduction ratios were 16.3% for average velocity (p = 0.002); 16.5% for WSS (p = 0.029);
and 16.6% for maximum velocity (p = 0.005) (Figures 3 and 4; Table 2).

After stent deployment, reduction in flow velocity increased gradually from the neck plane
to the aneurysm dome (11.9% at neck plane, 12.3% at residual neck, and 16.3% at aneurysm
dome).

Hemodynamic Alterations by Coil Embolization after Stent Placement

At the neck plane, further reduction in area-averaged velocity between after stent placement
and after subsequent coil embolization was not significant (from 0.27+0.09 m/s to 0.25+0.09
m/s, p = 0.662) (Table 3, Supplemental Figure 1).

Following stent placement, significant reductions were seen at residual neck in averaged
velocity (from 0.20£0.11 m/s to 0.13+£0.07 m/s, p = 0.001) and WSS (from 5.32+3.16 Pa to
4.22+2.24 Pa, p = 0.008) after subsequent coil embolization. There was a tendency toward
reduction in maximum velocity, but the difference was not significant.

After coil embolization, marked, significant decreases were seen at the aneurysm dome in
averaged velocity (from 0.15+0.11 m/s to 0.03+0.05 m/s, p = 0.002), WSS (from 3.06+2.45
Pato 1.34+1.05 Pa, p < 0.001), and maximum velocity (from 0.39+0.16 m/s to 0.11+0.16
m/s, p = 0.005) (Figures 3 and 4; Table 2).

Overall Hemodynamic Alterations by SACE

At aneurysm neck plane, compared with results before treatment, the reduction ratio of area-
averaged velocity was 17.2% after SACE and the reduction was significant (p < 0.001, Table
3). However, the alteration of maximum velocity did not show statistical significance.

Comparison of averaged velocity, WSS, and maximum velocity at the residual neck between
before and after SACE demonstrated reduction ratios of 39.4% (p < 0.001), 14.4% (p =
0.019), and 22.9% (p < 0.001), respectively.

Reductions in all parameters were also significant at the aneurysm dome. The reduction
ratios of averaged velocity, WSS and maximum velocity after SACE were 83.0% (p <
0.001), 60.4% (p < 0.001) and 77.4% (p < 0.001), respectively. The reduction in averaged
velocity was much higher at the dome region (83.0%) than at the neck plane (17.2%) and
residual neck (39.4%), and much higher than after stent placement at the dome region
(16.3%), which could promote intra-aneurysmal thrombosis.
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Hemodynamic Comparisons between Recanalized and Stable Groups

Before treatment, none of the parameters at the three regions of interest differed significantly
between recanalized and stable groups (Supplemental Table 2).

At the end of SACE, the inflow stream was markedly inhibited and redirected by the stent
and coils (Figures 3 and 4, Supplemental Figure 2). The mean reduction ratios of these
parameters at the three regions were calculated and compared between groups (Table 4,
Supplemental Figure 2). The only parameter that differed significantly between groups was
the reduction in area-averaged velocity at the neck plane (p = 0.016). At the aneurysm neck
plane, the mean reduction ratio of area-averaged velocity in the recanalized group was 8.1%,
which was significantly lower than that in the stable group (20.5%). The maximum velocity
was increased by 2.1% in recanalized group and decreased by 5.4% in stable group (p =
0.240). At the residual neck, the reductions in all parameters were smaller in the recanalized
group (Supplemental Figure 2). However, at the aneurysm dome, averaged velocity and
WSS showed larger reductions in the recanalized group. These results indicated that the
hemodynamic reductions at the neck plane and residual neck might be more important than
those at the aneurysm dome in preventing recanalization.

DISCUSSION

CFD simulations are widely used to study aneurysm initiation, growth, and rupture.[13, 17,
18] However, less attention has been paid to aneurysm recanalization after endovascular
embolization by CFD researchers. More importantly, studies of the application of an
intracranial stent in the hemodynamic analysis of aneurysm recanalization following SACE
are limited. In the present study, we used an advanced virtual stenting technique and porous
media modeling of coils to study a series of well-defined subgroup aneurysms to explore the
role of hemodynamic effects in recanalization. Our data suggest that a significant reduction
in flow velocity at the aneurysm neck plane may protect against aneurysm recanalization
after SACE, and that aneurysm flow velocity can be substantially decreased with stent
placement and coil embolization. However, the hemodynamics at the neck plane was less
sensitive to coils.

Advanced Techniques in CFD Simulations of Aneurysm Outcome

The effect of hemodynamics on outcome of intracranial aneurysms after coil embolization
alone have been reported previously.[4, 5] For aneurysms treated with SACE, intracranial
stent modeling remains challenging in hemodynamic analysis of aneurysm outcome. Some
studies[6, 19] performed the simulations by manually fitting the stent into the parent vessel,
which might create a less accurate simulation. In another study,[20] the stent was
reconstructed by micro-CT in an animal model. That stent model was much more accurate
but less likely to be used in such patients for specific stent reconstruction in studies of
aneurysm outcome. In our research, patient-specific virtual stenting technology was used in
the simulations, which might be a better option for CFD simulation of aneurysm outcome
after SACE.
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The coils also demonstrated a significant influence on intra-aneurysmal flow.[21, 22] In our
previous studies,[4, 5] the embolized aneurysm dome was mimicked by using a solid part
filled with coils and without flow, based on post-coiled patient-specific aneurysm geometry.
However, this method may not resemble situation of immediate post-procedural course
before intra-aneurysmal thrombosis. The simulations with porous media for coil mass used
in the present study may reflect the real situation more accurately, creating more valid
results. Another study even excluded coils from the simulation because of technical
difficulties.[6] In the present study, a porous media method was used in the post-coiled
aneurysm model to simulate the coils. Although, simulation methods maintain several
inherent limitations, which might be improved or resolved in the future. We used patient-
specific information, as packing density, aneurysm volume and coils, to calculate the
parameter settings in the present study, which might be of benefit in simulation accuracy.

Hemodynamics of Aneurysm Recanalization

Luo et al.[5] and Li et al.[4] studied hemodynamic effects on recanalization of aneurysms
treated with coils alone and found that high WSS and flow velocity contributed to
recanalization. However, no stent cases were included in those studies. Several reports have
shown that the recanalization rate of aneurysms following SACE was lower compared with
coiling alone.[2, 23-25] It was also reported that the SACE could promote the occlusion of
incompletely coiled aneurysms.[2] With stent assistance, this situation is most likely due to
the hemodynamic effect on reducing flow impact. However, there are few CFD studies of
aneurysm outcome following SACE. In a study by Kono et al.,[6] 16 vertebral artery
aneurysms treated with Enterprise stent and coils were evaluated. Although the goal of the
study was to provide information that would reduce the rate of recanalization, there was
recurrence in only one of 16 cases, and it would be difficult to explain the mechanism of
recanalization by flow reduction without controls. In the present study, we compared
hemodynamics between seven recanalized aneurysms and 20 stable aneurysms and found
that the reduction in flow velocity at the aneurysm neck plane was significantly higher in
stable cases than that in recanalized cases. Our results may provide helpful information for
clinical practice.

Hemodynamic Effects Caused by Stent and Coils

Tremmel et al.[19] conducted a CFD study to quantify the effect of Enterprise stents on
aneurysm hemodynamics. Their results confirmed that flow reduction is associated with the
placement of Enterprise stent, and that the effect could be increased by increasing the
number of stents. Another CFD study on vertebral artery aneurysms showed that stent struts
resulted in a velocity reduction ratio of 23.1%.[6] The results of the present study supported
those findings, demonstrating that velocity was significantly decreased by stent placement
and that the effect gradually increased from the neck plane (11.9%) to the aneurysm dome
(16.3%). Therefore, the hemodynamic effect of stenting should be considered in CFD
studies of aneurysm recanalization.

Some studies assessed the hemodynamic effect of coils in the aneurysm sac.[21, 22]
However, in those studies, the relationship between the effect of coils and aneurysm
outcome was unknown. Other CFD studies focused on aneurysm outcome but did not
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include coils in the simulation.[6] In our study, after stent deployment, the averaged velocity
at all aneurysm regions was further decreased by subsequent coil embolization, but such
reduction was not significant at the neck plane. This could indicate that the coils had less
hemodynamic effect at the aneurysm neck plane. The hemodynamics at the neck plane,
where recanalization initiates, was less sensitive to intra-aneurysm coils.

At the dome region, the reduction in velocity was as high as 80% after coil embolization in
present study. Significant flow reduction by coils at the aneurysm dome may be central to
the process of intra-aneurysmal thrombosis, and sufficient flow reduction at the aneurysm
neck plane by stent placement might help to prevent recanalization. This may be one reason
for the higher recanalization rate in aneurysms treated with coil alone than in aneurysms
treated with SACE. Stenting could provide such flow alteration at the neck plane, and coils
promote thrombaosis at the aneurysm dome. It could also explain why aneurysms treated with
a flow diverter and coils had a higher occlusion rate than those treated with flow diverter
alone.[26]

Mechanisms of Aneurysm Recanalization

Limitations

High-flow conditions may significantly contribute to aneurysm recanalization via multiple
mechanisms. Intra-aneurysm thrombosis after embolization could be hampered by high-
speed flow and high WSS.[27, 28] Furthermore, high blood flow at the treated aneurysm
neck may delay neointima formation over the stent surface and lead to coil compaction
observed at follow-up.[29, 30] Therefore, flow reduction at the aneurysm neck plane by
endovascular treatment may be a critical factor in preventing recanalization, which is
consistent with our present results. In our study, the area-averaged velocity at the neck plane
was decreased in the recanalized group after SACE, while maximum velocity was increased
in that group. These results suggest that high-speed flow was more concentrated and faster at
the neck plane in recanalized cases after SACE, while the remaining area of the neck plane
was occupied by lower-speed flow and the overall flow velocity was decreased (Figure 3).
For large or complex aneurysms, a flow-diverter stent might be a better option because of its
significant reduction of intra-aneurysmal hemodynamics.[31] However, flow reduction is the
key factor regardless of treatment, whether with a traditional or flow-diverter stent. A
comparative study of hemodynamic effects of traditional stent and flow diverter, and
associated clinical outcomes, is needed in the future.

There are some limitations to the present study. First, the small sample size may have
influenced the results, and a study with a larger sample size should be conducted for
validation. Second, several assumptions, as rigid wall, laminar flow, Newtonian blood and
constant pressure at outlets, were used in our present aneurysm models for CFD simulations.
Other factors, like extraction of aneurysm neck place, number of mesh and prism layers,
may also affect simulation results. We used the Kozency coefficient of 2 for computing the
permeability in porous media modeling. Simplified the complex geometry of coil mass and
the deployment of stent (angle changes of stent wires and elongation of stent), such
assumptions might also affect the hemodynamic results. Third, our results may not be
applicable to aneurysms at other locations, such as bifurcation aneurysms.
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CONCLUSION

Aneurysm flow velocity can be significantly decreased by stent placement and coil
embolization. However, the hemodynamics at aneurysm neck plane was less sensitive to
coils. Significant reduction in flow velocity at the aneurysm neck plane may be an important
factor in preventing recanalization of paraclinoid aneurysms after stent-assisted subtotal coil
embolization.
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Figure 1.
Illustrations of aneurysm model reconstruction. A) The pre-embolized 3D aneurysm image.

B) The pre-embolized aneurysm reconstructed geometry. C) The post-coiled 3D aneurysm
image. D) The match of pre-embolized and post-coiled aneurysm geometries (red region
indicated the residual neck after coil embolization). E) The stented aneurysm geometry
fused by the pre-embolized aneurysm dome and the post-coiled parent vessel. The stent was
virtually and specifically deployed in the parent vessel. F) The post-coiled aneurysm model.
The red region was filled with coils and modeled by porous media method. The green region
indicated residual neck and the stent was deployed in the parent vessel.
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£ Pre-processing .

Post-procesing

Figure 2.
The virtual stenting workflow of Enterprise stent deployment in the aneurysm geometry:

pre-processing (A), simplex mesh expansion (B) and post-processing (C).
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Figure 3.
Ilustrations of pre-embolized (E, H and K), stented (F, | and L) and post-coiled (G, J and M)

hemodynamics in a case that was recanalized at follow-up. The angiographic images before
treatment (A), after treatment (B), at follow up (D) and reconstructed aneurysm model (C)
were depicted in the first row. Second row (E, F and G): WSS distribution. Third row (H, |
and J): velocity streamlines. Fourth row (K, L and M): velocity distribution on the neck
plane. After stent placement, the wall shear stress and flow velocity were decreased (F, | and
L). Further reductions were found after coil embolization (G, J and M). At the end of
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procedure, although the overall flow velocity was decreased, the maximum blood flow at
aneurysm neck plane was concentrated and faster near the inflow area where the
recanalization occurred at follow up (M, black arrow).
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Figure 4.
Ilustrations of pre-embolized (E, H and K), stented (F, | and L) and post-coiled (G, J and M)

hemodynamics in a case that was stable at follow-up. The angiographic images before
treatment (A), after treatment (B), at follow up (D) and reconstructed aneurysm model (C)
were depicted in the first row. Second row (E, F and G): WSS distribution. Third row (H, |
and J): velocity streamlines. Fourth row (K, L and M): velocity distribution on the neck
plane. After stent-assisted coiling, markedly reductions in wall shear stress and velocity
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were demonstrated (G, J and M) and no high or concentrated velocity region at neck plane
(M, black arrow).
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Patient Demographics and Aneurysm Morphology in Recanalized and Stable Aneurysms

TABLE 1

Recanalized group (n=7)  Stable group (n=20) P value
Age, y 52.86+6.79 50.55+9.89 0.570
Female sex, n (%) 5(71.4) 17 (85.0) 0.580
Hypertension (HTN), n (%) 3 (42.9) 7(35.0) 1.000
Cigarette smoking, n (%) 0 (0.00) 4 (20.0) 0.545
Multiple aneurysms, n (%) 1 (14.3) 4 (20.0) 1.000
Aneurysm size, mm 13.7146.17 10.77+4.73 0.162
Aneurysm neck, mm 5.95+1.55 6.52+1.53 0.850
Size ratio (SR) 3.78+1.87 2.71%1.20 0.145
Aspect ratio (AR) 2.21+0.71 1.62+0.49 0.055
Packing density (%) 24.8319.46 21.28+4.82 0.431
Follow-up interval, mo 11.83+6.93 7.88+6.12 0.116

Continuous variables are expressed as meanz standard deviation. Categorical variables are expressed as n (%).
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TABLE 2

Hemodynamics of 27 Aneurysms in Pre-embolized, Stented, and Post-coiled Models

Page 20

Pre-embolized model  Stented model (Reduction, %)  Post-coiled model (Reduction, %) P value

Aneurysm neck plane

Area-averaged velocity, m/s  0.31+0.10 0.27+0.09 (11.9) 0.25+0.09 (17.2) <0.001

Maximum velocity, m/s 0.61+0.17 0.59+0.16 (2.9) 0.59+0.21 (3.5) 0.368
Residual neck

Averaged velocity, m/s 0.234+0.12 0.20+0.11 (12.3) 0.13+0.07 (39.4) <0.001

WSS, Pa 5.21+3.12 5.32+3.16 (-4.8) 4.2242.24 (14.4) 0.004

Maximum velocity, m/s 0.58+0.18 0.51%0.17 (12.2) 0.4620.21 (22.9) <0.001
Aneurysm dome

Averaged velocity, m/s 0.17+0.12 0.15+0.11 (16.3) 0.03+0.05 (83.0) <0.001

WSS, Pa 3.57+2.72 3.06+2.45 (16.5) 1.34+1.05 (60.4) <0.001

Maximum velocity, m/s 0.4620.18 0.39:0.16 (16.6) 0.11+0.16 (77.4) <0.001

Continuous variables are expressed as meanz+ standard deviation. WSS indicates wall shear stress
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TABLE 3

Multiple Comparisons of Area-Averaged Velocity at Aneurysm Neck Plane among Pre-embolized, Stented,
and Post-coiled Models

Means + SD, m/s P value

Pre-embolized model versus stented model 0.31+0.10 versus 0.27+0.09  <0.001
Pre-embolized model versus post-coiled model  0.31+0.10 versus 0.25£0.09  <0.001

Stented model versus post-coiled model 0.27+0.09 versus 0.25+£0.09  0.662

Data expressed as meanz standard deviation.
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TABLE 4

Univariate Analysis of Reductions in Hemodynamic Parameters after Stent-Assisted Coil Embolization

Between Recanalized and Stable Groups

Recanalized group (n=7)  Stable group (n=20) P value

Aneurysm neck plane

Reduction in area-averaged velocity (%) 8.1+4.3 20.5+15.4 0.016

Reduction in maximum velocity (%) -2.1+12.2 5.4+16.1 0.240
Residual neck

Reduction in averaged velocity (%) 29.4+13.3 42.9+23.7 0.219

Reduction in maximum velocity (%) 15.5+17.3 25.5+19.9 0.370

Reduction in WSS (%) 10.0+16.7 16.0+18.2 0.400
Aneurysm dome

Reduction in averaged velocity (%) 86.1+12.5 81.9+25.7 0.766

Reduction in maximum velocity (%) 62.8+46.1 82.5+27.6 0.533

Reduction in WSS (%) 61.6+8.9 59.9+19.2 0.808

Continuous variables are expressed as meanz standard deviation. WSS indicates wall shear stress.
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