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Purpose: The flow diversion effect of an intracranial stent is closely related to its metal
coverage rate (MCR). In this study, the flow diversion effects of Enterprise and low-profile
visualized intraluminal support (LVIS) stents are compared with those of a Pipeline flow
diverter, focusing on the MCR change. Moreover, the changes in the flow diversion effect
caused by the additional manipulations of overlapping and compaction are verified using
computational fluid dynamics (CFD) analysis.

Methods: CFD analysis was performed using virtually generated stents mounted in an
idealized aneurysm model. First, the flow diversion effects of single Enterprise, LVIS, and
Pipeline devices were analyzed. The Enterprise and LVIS were sequentially overlapped
and compared with a Pipeline, to evaluate the effect of stent overlapping. The effect
of compacting a stent was evaluated by comparing the flow diversion effects of a
single and two compacted LVIS with those of two overlapped, uncompacted LVIS and
uncompacted and compacted Pipeline. Quantitative analysis was performed to evaluate
the hemodynamic parameters of energy loss, average velocity, and inflow rate.

Results: Statistically significant correlations were observed between the reduction
rates of the hemodynamic parameters and MCR. The single LVIS without compaction
induced a reduction in all the hemodynamic parameters comparable to those of the
three overlapped Enterprise. Moreover, the two overlapped, uncompacted LVIS showed
a flow diversion effect as large as that induced by the single uncompacted Pipeline.
Compacted stents induced a better flow diversion effect than uncompacted stents. The
single compacted LVIS induced a flow diversion effect similar to that induced by the two
uncompacted LVIS or single uncompacted Pipeline.

Conclusions: The MCR of a stent correlates with its flow diversion effect. Overlapping
and compaction can increase the MCR of an intracranial stent and achieve a flow
diversion effect as large as that observed with a flow diverter.

Keywords: stent, flow diverter, flow diversion effect, metal coverage rate, overlapping, compaction, computational
fluid dynamics
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INTRODUCTION

Intracranial, self-expanding stents were originally designed as
scaffolding to protect aneurysmal necks against coil protrusion
or migration (I, 2). Recently, the flow diversion effect of
intracranial stents has received considerable attention (3). This
effect describes a phenomenon in which the blood flow into an
aneurysmal sac is redirected by a stent implanted in the parent
artery (4). The flow diversion effect promotes the potential for
postembolization thrombosis, which improves the success rate of
aneurysm treatment (5, 6).

Stents currently available on the market have different
mechanical properties depending on their design and
manufacturing methods (7, 8). The mechanical properties
of a stent affect the results of aneurysm treatment, and the metal
coverage rate (MCR) of a stent is closely related to the flow
diversion effect (9). The MCR indicates the percentage of the
aneurysmal neck covered by metal after the application of a stent
(10). According to previous studies, the aneurysm occlusion rate
correlates positively with the MCR (11, 12). Therefore, achieving
a high MCR is a key factor in the success of stent-assisted
aneurysm treatment.

Each stent has a constant range of MCR that depends on its
mechanical properties. However, a higher MCR can be achieved
by using an adjuvant method. Overlapping multiple stents is one
of the methods commonly used to increase the MCR. Previous
studies have reported that sequentially placing stents across the
aneurysm neck can enhance the flow diversion effect (13-15).
Another way to increase the MCR is to use the properties of
braided stents, whose MCR can be changed by compaction.
Unlike a laser-cut stent, a braided stent can produce various mesh
densities as the wires of the stent are rearranged according to
the device size, vessel diameter, and curvature (16). Compacting
a braided stent using the push-pull technique can result in a
higher MCR around the aneurysm neck, which can improve the
aneurysm occlusion rate (17-19).

In actual aneurysm treatment, stents are overlapped
or compacted to induce the flow diversion effect, and
sometimes these manipulations are used together. Therefore,
a comprehensive understanding of the flow diversion effect
induced by overlapping or compacting a stent is necessary.
However, no study conducted so far has compared the effect
of overlapping and compacting intracranial stents in a single
configuration on the flow diversion effect. Although previous
studies have demonstrated the flow diversion effect of stents
that were separately overlapped or compacted, variations in the
configurations used in these studies should be considered while
comparing their results (20, 21).

In this study, we compared the flow diversion effects of an
Enterprise laser-cut stent (Cerenovus, Raynham, Massachusetts,
USA) and a low-profile visualized intraluminal support (LVIS)
braided stent (MicroVention, Tustin, California, USA) with that
of a Pipeline flow diverter (Medtronic Neurovascular, Irvine,
California, USA). The MCR was calculated and compared to
evaluate the flow diversion effect of each stent numerically,
considering additional manipulations, namely, overlapping and
compaction. All the studies were conducted under the same

experimental conditions using an idealized aneurysm model
to control for variables that could affect the results. Thus, we
compared the flow diversion effects of the Enterprise and LVIS
stents with that of the Pipeline flow diverter, focusing on the
MCR changes. Furthermore, we verified the changes in the
flow diversion effect caused by the additional manipulations of
overlapping and compaction using computational fluid dynamics
(CFD) analysis.

MATERIALS AND METHODS
Aneurysm and Stent Modeling

An idealized sidewall-type saccular aneurysm model that was
minimally affected by lesion geometry was established to
compare the characteristics of the stents (Figure 1A). The ideal
sidewall aneurysm model had a radius of 5mm and a neck
diameter of 5.27 mm, and the diameter of a parent artery was
4 mm. The sizes of the ideal aneurysm and its parent artery were
set by assuming a large aneurysm in the internal carotid artery.
A silicone model of the ideal aneurysm was fabricated, and
the real stents were deployed inside the silicone model in vitro
to examine the configurations of the stents in the aneurysm
neck. After installing each real stent inside the silicone model,
we captured the images of the stent shapes in the aneurysm neck.
Based on the information obtained from the images of deployed
stents, we generated virtual stents for subsequent CFD analyses.
CFD analyses were performed using an idealized aneurysm
model with virtually created stents placed across the aneurysmal
neck. We considered three different kinds of stents: a laser-cut
stent (Enterprise, 4.5 X 39 mm), a braided stent (LVIS, 3.5 x
22mm), and a flow diverter (Pipeline, 4.0 x 35 mm). The size
of each stent was set to match the size of the parent artery as
much as possible. In the absence of a stent of the same size as the
parent artery, an undersized stent was chosen to maximize the
MCR (22). This study aims to answer the following questions:

O How large is the flow diversion effect of the Enterprise and
LVIS stents compared with that of the Pipeline flow diverter?

0 What is the influence of an overlap of the Enterprise or LVIS
stents on the flow diversion effect compared with that of a
single placement?

O What is the influence of compaction of an LVIS stent or
Pipeline flow diverter on the flow diversion effect compared
with that of an uncompacted state?

First, the flow diversion effects of a single Enterprise stent, LVIS
stent, and Pipeline flow diverter were analyzed separately. Then,
the Enterprise and LVIS stents were sequentially overlapped
virtually, and their flow diversion effects were compared with
that of the Pipeline flow diverter. The virtual stents were
overlapped to have a constant gap between them, to investigate
the results of ideal overlapped stents. The CFD results for the
LVIS and Pipeline devices were compared with and without
compaction to evaluate the flow diversion effect according to
stent compaction. The compaction study did not include the
Enterprise device because it cannot be compacted owing to
its manufacturing method (8). During the compaction study,
the maximum compaction rate was achieved by examining
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FIGURE 1 | Three-dimensional model of idealized sidewall-type aneurysm for
CFD analysis (A). CFD velocity and streamline results for CFD process
validation (B). Position of the planes for extracting the hemodynamic
parameters (C). CFD, computational fluid dynamics.

the configuration of the real stent mounted in the silicone
model aneurysm.

Validation of the CFD Process

To verify our CFD process, we used the experimental data of
Tupin et al. (21), who conducted a particle image velocimetry
(PIV) experiment for an idealized sidewall-type saccular
aneurysm. We used the inlet and outlet boundary conditions
measured in their experiment in our CFD validation to ensure
that our results were comparable to their results. Meshing and
CFD analyses were conducted using ANSYS Workbench Fluent
(version 19.2; ANSYS Inc., Canonsburg, Pennsylvania, USA). An

element of size 0.2 mm was used for the validation model, and
the density and viscosity of the fluid were set to 1,200 kg/m?
and 0.0038 Pa-s, respectively. The inlet boundary condition was
constructed using the Womersley profile, and the pressure profile
was applied to the outlet boundary condition. The velocity and
streamline were extracted after three cardiac cycles to compare
the results of the PIV experiment with the CFD results. The
velocity contour and streamline calculated via CFD analysis were
consistent with the results of the PIV experiment (Figure 1B).

CFD Analysis With Stent

Three-dimensional models of the aneurysm and stents were
constructed using CATIA computer-aided design software
(V5-6R2012; Dassault Systemes, Paris, France). A stent was
constructed only at the aneurysm neck to improve the efficiency
of the CFD analysis (23). An element of size 0.2 mm was used for
the aneurysm, and an element of size 0.005 mm was generated
near the location where the stent was deployed. Overall, 30-50
million elements were used in the CFD analysis. The blood was
assumed to be an incompressible Newtonian fluid (24) with the
density and viscosity of 1,055 kg/m? and 0.004 Pa-s, respectively
(25). The pulsatile flow of the internal carotid artery with a
Womersley profile was used as the inlet boundary condition, and
zero pressure was used as the outlet boundary condition (26).
The blood vessel was assumed to have a rigid wall under non-slip
conditions. All the hemodynamic parameters were calculated as
systolic after three cardiac cycles.

To evaluate the results of the CFD analysis quantitatively, we
compared the following hemodynamic parameters: inflow rate,
average velocity, and energy loss (EL). The average velocity and
inflow rate into the aneurysm were calculated at plane C, which
is located near the aneurysm neck (Figure 1C). The velocity and
pressure in planes A and B were extracted to calculate the EL
based on the following equation (27):

VinA - {(%PV%,, + Pin) —
Vin

1
EL — (jpvgut + Pout)}

where V,, represents the volume of the model between planes
A and B. p and A are the density and area at the inlet,
respectively. v;, and Pj, represent the average velocity and
pressure, respectively, at the inlet (plane A), and v, and Poy
represent the average velocity and pressure, respectively, at the
outlet (plane B). The EL indicates the amount of blood flowing
into the aneurysm. We calculated the reduction rate of the EL to
indicate the effect of stenting compared with the unstented case.
Therefore, a higher EL reduction rate indicates less blood flow
into the aneurysm.

RESULTS

Comparison of the Flow Diversion Effect
and MCR

The changes in the MCR and hemodynamic parameters caused
by overlapping and compacting the stents are summarized
in Table1. As the MCR was increased by overlapping and
compaction, the reduction rate of the hemodynamic parameters
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TABLE 1 | Summary of changes in the MCR and hemodynamic parameters caused by overlapping or compacting the stents used in this study.

Device MCR EL (W/m?®) Avg. velocity (m/s) Inflow rate (mm?3/s)
(%) (reduction rate %) (reduction rate %) (reduction rate %)
Control 0.0 66.09 0.0114 224.4
(0.00) (0.00) (0.00)
Enterprise (single) 7.0 58.01 0.01 196.4
(12.23) (12.28) (12.33)
Enterprise (double) 13.0 46.7 0.00543 119.0
(29.34) (52.37) (47.36)
Enterprise (triple) 18.0 36.05 0.00415 48.5
(45.45) (63.60) (78.43)
LVIS (single) 20.4 34.38 0.00339 54.0
(47.98) (70.26) (75.89)
LVIS (double) 36.3 20.49 0.00241 26.5
(69.00) (78.86) (88.24)
LVIS compaction (single) 35.4 22.21 0.00254 20.1
(66.39) (77.72) (91.15)
LVIS compaction (double) 63.9 6.72 0.00156 15.9
(89.83) (86.32) (92.93)
Pipeline 26.8 30.68 0.00241 24.9
(563.58) (78.86) (88.82)
Pipeline compaction 47.8 12.9 0.0019 15.7
(80.48) (83.33) (92.90)
Pearson correlation* —0.961 -0.82 —0.805
(coefficient, p-value) (<0.001) (0.004) (<0.001)
*Correlation between the actual value of each hemodynamic parameter and the MCR.
MCR, metal coverage rate; EL, energy loss.
100 —
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FIGURE 2 | Comparison of the MCR and reduction rates for the hemodynamic parameters according to the overlapping and compaction of Enterprise, LVIS, and
Pipeline devices. MCR, metal coverage rate.

increased accordingly, and the correlation was statistically
significant (Figure 2).

Comparison of the Flow Diversion Effects
of Single Stents

First, we compared the hemodynamic modifications induced by
each stent (Figure 3). An intra-aneurysmal flow diversion was
observed with all the three stents compared with the unstented

ideal aneurysm model used as the control. However, the changes
in flow pattern and velocity magnitude differed according to the
MCR. As the MCR of the different stents increased in the order
of Enterprise, LVIS, and Pipeline, the velocity magnitude showed
a tendency to decrease. With the Enterprise stent, the velocity
magnitude of the jet flow decreased compared with that of the
control, but the flow pattern (inflow from the distal part of the
aneurysmal neck and outflow to the proximal) did not change.
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FIGURE 3 | Visualization of the hemodynamic modification of the idealized aneurysm model by each stent. The stent configurations in the idealized aneurysm model
and the streamlines and velocity contours calculated using CFD analysis are displayed. The black arrows indicate the flow direction. With the Enterprise stents, the
velocity magnitude of the jet flow was decreased compared with that of the control, but the flow pattern of inflow from the distal part of the aneurysmal neck and
outflow to the proximal side did not change. In contrast, the LVIS and Pipeline devices disrupted and changed the direction of the inflow jet. Particularly with the
Pipeline device, the jet flow was not transferred into the aneurysmal dome due to the remarkable reduction of inflow jet. This led to a silent vortex in the aneurysmal
sac due to a separation in the hemodynamics of the aneurysmal dome and neck. CFD, computational fluid dynamics.
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In contrast, both the LVIS and Pipeline devices disrupted and
changed the direction of the inflow jet. In particular, the Pipeline
device did not transfer the jet flow into the aneurysmal dome
because of its remarkable reduction of the inflow jet. This led to
a silent vortex in the aneurysmal sac due to a separation in the
hemodynamics of the aneurysmal dome and neck.

The Pipeline device (MCR 26.8%, EL 53.58%, average velocity
78.86%, inflow rate 88.82%) showed the most pronounced
reduction rate for all the three parameters. The LVIS stent (MCR
20.4%, EL 47.98%, average velocity 70.26%, inflow rate 75.89%)
showed a higher reduction rate for all the three parameters than
the Enterprise stent (MCR 7.0%, EL 12.23%, average velocity
12.28%, inflow rate 12.33%) (Table 1; Figure 2).

Comparison of Stent Overlapping Effects

The results of the CFD analysis for stent overlapping are shown
in Figure 4. Simulations were performed to overlap one, two, and
three Enterprise stents and one and two LVIS stents, using the
Pipeline device as the control, to confirm the overlapping effects
of the Enterprise and LVIS stents. The changes in the velocity
magnitude with stent overlapping tended to follow the change
in the MCR. However, the change in the flow pattern according
to the stent overlap differed for each stent. With the overlapped
Enterprise devices, the volume of the inflow jet decreased due to
the disruption of the jet flow. However, the direction of the intra-
aneurysmal jet flow did not change even when three Enterprise
stents were used together. In contrast, a change in the direction
of the inflow jet was observed with a single LVIS stent without
overlapping. Moreover, when two LVIS stents were overlapped,

the separation of the hemodynamics of the aneurysmal dome and
neck was similar to that observed with a single Pipeline device.

In terms of parameter reduction, a single LVIS stent (MCR
20.4%, EL 47.98%, average velocity 70.26%, inflow rate 75.89%)
induced a reduction in all the hemodynamic parameters
comparable to the effect of three overlapped Enterprise stents
(MCR 18.0%, EL 45.45%, average velocity 63.60%, inflow rate
78.43%). Two uncompacted LVIS stents showed a better flow
diversion effect (MCR 36.3%, EL 69.00%, average velocity 78.86%,
inflow rate 88.24%) than a single LVIS stent. Moreover, the effect
of two uncompacted LVIS stents was similar to that of a single
uncompacted Pipeline device (MCR 26.8%, EL 53.58%, average
velocity 78.86%, inflow rate 88.82%).

Comparison of Stent Compacting Effects

To demonstrate the effect of stent compaction, we performed
simulations in the following order: a single uncompacted LVIS
stent, a single compacted LVIS stent, two uncompacted LVIS
stents, two compacted LVIS stents, a single uncompacted Pipeline
device, and a single compacted Pipeline device (Figure5).
Compaction induced a better flow diversion effect than the lack of
compaction with either device. The single compacted LVIS stent
induced a similar decrease in the velocity magnitude and change
in the flow pattern as the two uncompacted LVIS stents or single
uncompacted Pipeline device. In particular, vortex formation
within the aneurysm and the separation of the hemodynamics
of the aneurysmal dome and neck were observed with the single
compacted LVIS stent. The flow diversion effect of the Pipeline
device was also improved by compaction, which reduced the
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FIGURE 4 | Visualization of the hemodynamic modifications induced by overlapping the stents. The stent configurations deployed in the idealized aneurysm model
and the streamlines and velocity contours calculated using CFD analysis are displayed. The black arrows indicate the flow direction. The overlapped Enterprise stents
decreased the volume of the inflow jet by disrupting the jet flow, but they did not change the direction of the intra-aneurysmal jet flow even when three stents were
used. In contrast, the single LVIS stent without overlapping changed the direction of the inflow jet. A separation of the hemodynamics of the aneurysmal dome and
neck, similar to that observed with the Pipeline device, was observed when the two LVIS stents were overlapped. CFD, computational fluid dynamics.
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size of the inflow jet compared with that of the uncompacted
Pipeline device. The two compacted LVIS stents eliminated most
of the jet flow and almost completely separated the flow inside
the aneurysm from the flow near the aneurysm neck.

The single compacted LVIS stent (MCR 35.4%, EL 66.39%,
average velocity 77.72%, inflow rate 91.15%) induced a reduction
in all the hemodynamic parameters comparable to the effect
of the two uncompacted LVIS stents (MCR 36.3%, EL
69.00%, average velocity 78.86%, inflow rate 88.24%) or the
single uncompacted Pipeline device (MCR 26.8%, EL 53.58%,
average velocity 78.86%, inflow rate 88.82%). Similarly, the
two compacted LVIS stents (MCR 63.9%, EL 89.83%, average
velocity 86.32%, inflow rate 92.93%) showed a flow diversion
performance comparable to that of the single compacted Pipeline
device (MCR 47.8%, EL 80.48%, average velocity 83.33%, inflow
rate 92.90%).

DISCUSSION

The purpose of this study was to analyze quantitatively the flow
diversion effects of stents with different MCRs and the effects of
stent overlapping and compaction. We observed that (1) a single
LVIS stent showed a comparable flow diversion effect to three
overlapping Enterprise stents, (2) two-overlapped, uncompacted
LVIS stents had a similar flow diversion performance to a single
uncompacted Pipeline device, and (3) a single compacted LVIS
stent and two-overlapped, uncompacted LVIS stents produced
a similar performance. These findings support the following
conclusions: (1) A stent with a high MCR can reduce intra-
aneurysmal flow activity better than a stent with a low MCR. (2)

Increasing the MCR through stent overlapping can induce a flow
diversion effect as large as that induced by a flow diverter. (3) It
is important to increase the MCR through stent compaction to
induce a sufficient flow diversion effect. The proper compaction
of a braided stent induces a better flow diversion effect compared
with that induced by multiple overlapped, uncompacted stents.

Intra-aneurysmal hemodynamics plays an important role in
aneurysmal growth and rupture (28). Previous studies have
reported that the flow diversion effect induced by a stent can
alter intra-aneurysmal hemodynamics and that the MCR is an
important parameter for determining the flow diversion effect
induced by a stent (12, 29). As shown in Figure 3, the Enterprise,
LVIS, and Pipeline devices all exhibited a flow diversion effect
compared with the unstented control case. The Pipeline and
Enterprise devices had the highest and lowest flow diversion
effects, respectively, which were consistent with their MCRs.
Dholakia et al. (30) compared the flow diversion effects of five
neurovascular stents using contrast concentration-time curves
within the aneurysm. They reported that the LVIS stents showed
better flow diversion effects than the Enterprise stents, which is
consistent with the results of this study. Jankowitz et al. (31)
studied the flow diversion effects of two low-metal-coverage
stents (Neuroform Atlas and Enterprise), the LVIS blue stent, and
the Pipeline device and observed trends similar to our results.
These findings indicate that the MCR of a stent is associated with
flow diversion.

As the MCR of a stent is determined by its mechanical
properties, such as its number, thickness, and the weave angle
of the stent wire (5, 32), each commercialized stent has a
constant MCR and thus produces a constant flow diversion
effect. Although each stent has a unique MCR, the MCR can
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be increased by overlapping multiple stents. Tremmel et al.
(33) used CFD to study the hemodynamic changes induced by
overlapping Enterprise stents and reported that overlapping two
or three Enterprise stents sequentially decreased hemodynamic
parameters, such as wall shear stress, velocity, turnover time,
and pressure. Kojima et al. (34) studied the flow diversion
effects of implanting multiple Enterprise stents. They reported
that two Enterprise stents yielded a greater reduction in the
intra-aneurysmal pressure and wall shear stress compared with
a single Enterprise stent, but the reduction in velocity did not
differ significantly. Furthermore, the flow diversion effect of two
Enterprise stents in Kojima’s study was not as large as that of
a single Pipeline device. On the other hand, Roszelle et al. (13)
conducted a PIV experiment and reported that overlapping three
Enterprise stents produced a flow diversion effect similar to
that of a Pipeline device. All the three studies on the effects
of overlapping Enterprise stents confirmed that overlapping
correlated with an increase in the flow diversion effect. However,
the flow diversion effect of Enterprise stents varied among the
studies, possibly because of the differences in study designs,
such as the geometry and size of the aneurysm and stent, and
the validation tools and hemodynamic parameters used. In this
study, we set an ideal sidewall aneurysm formed on a straight
parent artery to control for factors other than the MCR of the
stent that affect the flow diversion effect. As we overlapped
one to three Enterprise stents, the MCR increased from 7 to
13 and 18%, and the reduction rate of the velocity, EL, and
inflow increased sequentially. However, the MCR of the three
overlapped Enterprise stents were still inferior to those of a single
uncompacted LVIS stent and the flow diversion effect of three
overlapped Enterprise was not better than a single uncompacted

LVIS stent (Figure 5). Therefore, when the MCR of a single stent
is low, overlapping multiple stents results in a limited increase
in the MCR. Therefore, clinicians using a stent to create flow
diversion for the treatment of aneurysms must consider the MCR
of the stent.

In this study, we investigated the effects of overlapping LVIS
stents. Overlapping two uncompacted LVIS stents induced a flow
diversion effect as large as that induced by a single Pipeline
device. Wang et al. (14) also used CFD to compare the flow
diversion effects of LVIS, Enterprise, and Pipeline devices. They
reported that two LVIS stents can induce a greater flow diversion
effect than a single Pipeline device, which is consistent with our
results. The LVIS is a braided stent made by braiding a single
nitinol wire. Braided stents are characterized by the ability to
rearrange the filament to adapt to vascular geometry, which
induces various MCRs. The MCR of an uncompacted deployed
LVISis 11-12% (8). However, an MCR more than 20% is possible,
depending on the size discrepancy between the parent artery
and the stent (35). In this study, the MCR of the 3.5 mm LVIS
stent installed in the 4mm parent artery was 20.4%, and the
MCR of the two overlapped LVIS stents was 36.3%. Therefore,
the overlapping effect of LVIS stents can yield hemodynamic
advantages in real-world practice.

Compaction can also increase the MCR. A braided stent can
generate various mesh densities as the wires of the stent are
rearranged, making it possible to increase the MCR during stent
deployment by using the push-pull technique (19). Previous
studies have shown that increasing the MCR of Pipeline devices
through compaction improves their flow diversion effect (9, 17).
Furthermore, Tian et al. (36) reported that compacted LVIS
stents could induce a flow diversion effect comparable to that
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induced by uncompacted Pipeline devices. We also observed that
stent compaction affects the flow diversion effect. As shown in
Figure 5, compaction increased the MCR of both the LVIS and
Pipeline devices, which improved the flow diversion effect. We
also observed that compacting a single LVIS stent induced a
flow diversion effect as large as that induced by two overlapping
LVIS stents or a single, uncompacted Pipeline device. Moreover,
overlapping two compacted LVIS stents induced a flow diversion
effect as large as that induced by a single compacted Pipeline
device. The results of this study on stent compaction may
differ from those in real-world practice because our results
are derived from an assumed ideal condition to maximize the
MCR. However, as all the stent experiments in this study were
conducted under the same conditions, our results showing the
relative flow diversion effects of the stents with and without
overlapping or compaction may still be informative for actual
clinical practice.

This study has some limitations. First, as explained, our
experiments were conducted under the assumption of an ideal
condition; therefore, the results obtained in real practice may
be different. We assumed an idealized sidewall-type saccular
aneurysm to exclude factors other than the stent properties that
affect the flow diversion effect. However, the flow diversion
effects of the stents could vary in real practice depending on
factors, such as the shape of the aneurysm, the geometry of the
parent artery, and the degree of wall apposition between the
stent and the parent artery (37-39). Moreover, our hemodynamic
study was performed under the assumption that the virtual
stent covered the entire aneurysm neck uniformly with a
maximum MCR. When multiple stents are overlapped in a
clinical setting, they cannot be placed such that they divide
the stent cells equally, as assumed in the CFD simulations. In
addition, when a braided stent is compacted, the metal coverage
on the aneurysm neck can vary along different segments, even
on a single device (16). Second, our CFD analysis has technical
limitations. Several assumptions for the CFD analysis, such as the
properties of blood and the boundary conditions, were set for
the generalized conditions of intracranial circulation; however,
they might not reflect all patient-specific conditions. Therefore,
the flow diversion effects of the stents in real-world practice
may differ from the results presented here. Nonetheless, this
proof-of-concept study demonstrates the maximum capacity of
the flow diversion effects of the stents, including the effects of
overlapping and compaction. To prove the effects of overlapping
and compaction, we needed to control for other conditions
affecting the flow diversion effect. Although our results may differ

REFERENCES

1. Alfke K, Straube T, Dorner L, Mehdorn HM, Jansen O. Treatment of
intracranial broad-neck aneurysms with a new self-expanding stent and coil
embolization. Am J Neuroradiol. (2004) 25:584-91.

2. Lanzino G, Kanaan Y, Perrini P, Dayoub H, Fraser K. Emerging concepts
in the treatment of intracranial aneurysms: stents, coated coils, and
liquid embolic agents. Neurosurgery. (2005) 57:449-59; discussion 449-
59. doi: 10.1227/01.NEU.0000170538.74899.7F

3. Wang C, Tian Z, Liu J, Jing L, Paliwal N, Wang S, et al. Hemodynamic
alterations after stent implantation in 15 cases of intracranial

somewhat from the actual flow diversion effects of the stents, our
objective comparison of the changes in aneurysm hemodynamics
induced by overlapping and compaction extends the current
understanding of how the flow diversion effect depends on the
type of stent, overlapping, and compaction.

CONCLUSIONS

We observed that a single LVIS stent exhibited a flow diversion
effect similar to that of three overlapped Enterprise stents.
Compacting a single LVIS stent was as effective in terms of flow
diversion as overlapping two LVIS stents, and similar results were
confirmed for the Pipeline device. The MCR of a stent correlates
with its flow diversion effect. Overlapping and compcation can
increase the MCR of an intracranial stent and improve the flow
diversion effect to match that of a flow diverter.

DATA AVAILABILITY STATEMENT

The original contributions generated for the study are included
in the article/supplementary material, further inquiries can be
directed to the corresponding author/s.

AUTHOR CONTRIBUTIONS

SK and HY gathered the data and drafted the manuscript
in collaboration. IH assisted in the discussions and
reviewed the manuscript. JO and YK conceptualized the
study and supervised the process, corresponding to each
field of specialty. All authors approved the final version
of the manuscript.

FUNDING

This work was supported by a National Research Foundation
of Korea (NRF) grant funded by the Korean government
(MSIT) [No. 2020R1A2C1011918], and by “Human Resources
Programs in Energy Technology” of the Korea Institute of Energy
Technology Evaluation and Planning (KETEP) granted financial
resource from the Ministry of Trade, Industry & Energy, Republic
of Korea [No. 20194010201740].

ACKNOWLEDGMENTS

The authors are grateful to Cerenovus, Microvention, and
Medtronic for donating their devices for our study.

aneurysm. Acta Neurochir. (2016) 158:811-9. doi: 10.1007/s00701-01
5-2696-x

4. Chong W, Zhang Y, Qian Y, Lai L, Parker G, Mitchell K. Computational
hemodynamics analysis of intracranial aneurysms treated with flow diverters:
correlation with clinical outcomes. Am ] Neuroradiol. (2014) 35:136-
42. doi: 10.3174/ajnr.A3790

5. Lieber BB, Livescu V, Hopkins LN, Wakhloo AK. Particle image velocimetry
assessment of stent design influence on intra-aneurysmal flow. Ann Biomed
Eng. (2002) 30:768-77. doi: 10.1114/1.1495867

6. Ohta M, Wetzel SG, Dantan P, Bachelet C, Lovblad KO, Yilmaz H,
et al. Rheological changes after stenting of a cerebral aneurysm: a finite

Frontiers in Neurology | www.frontiersin.org

August 2021 | Volume 12 | Article 705841


https://doi.org/10.1227/01.NEU.0000170538.74899.7F
https://doi.org/10.1007/s00701-015-2696-x
https://doi.org/10.3174/ajnr.A3790
https://doi.org/10.1114/1.1495867
https://www.frontiersin.org/journals/neurology
https://www.frontiersin.org
https://www.frontiersin.org/journals/neurology#articles

Kim et al.

Overlapping and Compacting of Stents

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

. Kim

element modeling approach. Cardiovasc Intervent Radiol. (2005) 28:768-
72. doi: 10.1007/s00270-004-7148-6

BM, Kim D], Kim DL
treatment  of  cerebral  aneurysms.
6:53-70. doi: 10.5469/neuroint.2011.6.2.53

the
(2011)

Stent  application  for
Neurointervention.

. Cho SH, Jo WI, Jo YE, Yang KH, Park JC, Lee DH. Bench-top comparison

of physical properties of 4 commercially-available self-expanding intracranial
stents. Neurointervention. (2017) 12:31-9. doi: 10.5469/neuroint.2017.12.1.31

. Xiang J, Ma D, Snyder KV, Levy EIL Siddiqui AH, Meng H.
Increasing flow diversion for cerebral aneurysm treatment using
a single flow diverter. Neurosurgery. (2014) 75:286-94; discussion

294. doi: 10.1227/NEU.0000000000000409

Darsaut TE, Bing F, Makoyeva A, Gevry G, Salazkin I, Raymond J. Flow
diversion to treat aneurysms: the free segment of stent. J Neurointerv Surg.
(2013) 5:452-7. doi: 10.1136/neurintsurg-2012-010451

Hong B, Wang K, Huang Q, Xu Y, Fang X, Li Z, et al. Effects of metal
coverage rate of flow diversion device on neointimal growth at side branch
ostium and stented artery: an animal experiment in rabbit abdominal aorta.
Neuroradiology. (2012) 54:849-55. doi: 10.1007/s00234-011-0984-6

Wang K, Huang Q, Hong B, Li Z, Fang X, Liu J. Correlation of
aneurysm occlusion with actual metal coverage at neck after implantation
of flow-diverting stent in rabbit models. Neuroradiology. (2012) 54:607-
13. doi: 10.1007/500234-011-0922-7

Roszelle BN, Gonzalez LE, Babiker MH, Ryan J, Albuquerque FC, Frakes
DH. Flow diverter effect on cerebral aneurysm hemodynamics: an in vitro
comparison of telescoping stents and the pipeline. Neuroradiology. (2013)
55:751-8. doi: 10.1007/s00234-013-1169-2

Wang C, Tian Z, Liu ], Jing L, Paliwal N, Wang S, et al. Flow diverter
effect of LVIS stent on cerebral aneurysm hemodynamics: a comparison
with enterprise stents and the pipeline device. J Transl Med. (2016)
14:199. doi: 10.1186/512967-016-0959-9

Canton G, Levy DI, Lasheras JC, Nelson PK. Flow changes caused by the
sequential placement of stents across the neck of sidewall cerebral aneurysms.
J Neurosurg. (2005) 103:891-902. doi: 10.3171/jns.2005.103.5.0891

Makoyeva A, Bing F, Darsaut TE, Salazkin I, Raymond J. The varying porosity
of braided self-expanding stents and flow diverters: an experimental study. Am
J Neuroradiol. (2013) 34:596-602. doi: 10.3174/ajnr.A3234

Damiano RJ, Tutino VM, Paliwal N, Ma D, Davies JM, Siddiqui AH, et al.
Compacting a single flow diverter versus overlapping flow diverters for
intracranial aneurysms: a computational study. Am ] Neuroradiol. (2017)
38:603-10. doi: 10.3174/ajnr.A5062

Gentric JC, Salazkin I, Gevry G, Raymond J, Darsaut T. Compaction of
flow diverters improves occlusion of experimental wide-necked aneurysms.
J Neurointery Surg. (2016) 8:1072-7. doi: 10.1136/neurintsurg-2015-012016
Ma D, Xiang J, Choi H, Dumont TM, Natarajan SK, Siddiqui AH, et al.
Enhanced aneurysmal flow diversion using a dynamic push-pull technique:
an experimental and modeling study. Am ] Neuroradiol. (2014) 35:1779-
85. doi: 10.3174/ajnr.A3933

Bouillot P, Brina O, Ouared R, Yilmaz H, Lovblad KO, Farhat
M, et al. Computational fluid dynamics with stents: quantitative
comparison with particle image velocimetry for three commercial
off the shelf intracranial stents. ] Neurointerv Surg. (2016)
8:309-15. doi: 10.1136/neurintsurg-2014-011468

Tupin S, Saqr KM, Ohta M. Effects of wall compliance on multiharmonic
pulsatile flow in idealized cerebral aneurysm models: comparative PIV
experiments. Exp Fluids. (2020) 61. doi: 10.1007/s00348-020-02998-4
Shapiro M, Raz E, Becske T, Nelson PK. Variable porosity of the
pipeline embolization device in straight and curved vessels: a guide
for optimal deployment strategy. Am ] Neuroradiol. (2014) 35:727-
33. doi: 10.3174/ajnr.A3742

Dholakia R, Sadasivan C, Fiorella DJ, Woo HH, Lieber BB. Hemodynamics of
flow diverters. ] Biomech Eng. (2017) 139. doi: 10.1115/1.4034932

Cho KC, Yang H, Kim J], Oh JH, Kim YB. Prediction of rupture risk in cerebral
aneurysms by comparing clinical cases with fluid-structure interaction
analyses. Sci Rep. (2020) 10:18237. doi: 10.1038/s41598-020-75362-5

Cho KC, Choi JH, Oh JH, Kim YB. Prediction of thin-walled areas
of unruptured cerebral aneurysms through comparison of normalized
hemodynamic parameters and intraoperative images. Biomed Res Int. (2018)
2018:3047181. doi: 10.1155/2018/3047181

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

Hua Y, Oh JH, Kim YB. Influence of parent artery segmentation and boundary
conditions on hemodynamic characteristics of intracranial aneurysms. Yonsei
Med J. (2015) 56:1328-37. doi: 10.3349/ym;.2015.56.5.1328

Takao H, Murayama Y, Otsuka S, Qian Y, Mohamed A, Masuda
S, et al. Hemodynamic differences between unruptured and
ruptured intracranial aneurysms during observation. Stroke. (2012)
43:1436-9. doi: 10.1161/STROKEAHA.111.640995

Can A, DuR. Association of hemodynamic factors with intracranial aneurysm
formation and rupture: systematic review and meta-analysis. Neurosurgery.
(2016) 78:510-20. doi: 10.1227/NEU.0000000000001083

Yu CH, Kwon TK. Study of parameters for evaluating flow reduction with
stents in a sidewall aneurysm phantom model. Biomed Mater Eng. (2014)
24:2417-24. doi: 10.3233/BME-141055

Dholakia RJ, Kappel AD, Pagano A, Woo HH, Lieber BB, Fiorella
DJ, et al. In vitro angiographic comparison of the flow-diversion
performance of five neurovascular stents. Interv Neuroradiol. (2018) 24:150-
61. doi: 10.1177/1591019917748317

Jankowitz BT, Gross BA, Seshadhri S, Girdhar G, Jadhav A,
Jovin TG, et al. Hemodynamic differences between pipeline and
coil-adjunctive  intracranial stents. ] Neurointerv  Surg.  (2019)
11:908-11. doi: 10.1136/neurintsurg-2018-014439

Suzuki T, Takao H, Fujimura S, Dahmani C, Ishibashi T, Mamori H, et al.
Selection of helical braided flow diverter stents based on hemodynamic
performance and mechanical properties. ] Neurointerv Surg. (2017) 9:999-
1005. doi: 10.1136/neurintsurg-2016-012561

Tremmel M, Xiang ], Natarajan SK, Hopkins LN, Siddiqui AH, Levy EI,
et al. Alteration of intra-aneurysmal hemodynamics for flow diversion
using enterprise and vision stents. World Neurosurg. (2010) 74:306-
15. doi: 10.1016/j.wneu.2010.05.008

Kojima M, Irie K, Fukuda T, Arai F, Hirose Y, Negoro M. The study of flow
diversion effects on aneurysm using multiple enterprise stents and two flow
diverters. Asian ] Neurosurg. (2012) 7:159-65. doi: 10.4103/1793-5482.106643
Matsuda Y, Chung J, Keigher K, Lopes D. A comparison between the new
low-profile visualized intraluminal support (LVIS blue) stent and the flow
redirection endoluminal device (FRED) in bench-top and cadaver studies. J
Neurointerv Surg. (2018) 10:274-8. doi: 10.1136/neurintsurg-2017-013074
Tian Z, Zhang M, Li G, Jin R, Leng X, Zhang Y, et al. Hemodynamic differences
by increasing low profile visualized intraluminal support (LVIS) stent local
compaction across intracranial aneurysm orifice. Interv Neuroradiol. (2020)
26:557-65. doi: 10.1177/1591019920952903

Augsburger L, Farhat M, Reymond P, Fonck E, Kulcsar Z, Stergiopulos
N, et al. Effect of flow diverter porosity on intraaneurysmal blood
flow. Klin (2009) 19:204-14. doi: 10.1007/s00062-00
9-9005-0

Larrabide I, Geers AJ, Morales HG, Aguilar ML, Rufenacht DA.
Effect of aneurysm and ICA morphology on hemodynamics before
and after flow diverter treatment. ] Neurointerv Surg. (2015)
7:272-80. doi: 10.1136/neurintsurg-2014-011171

Rayepalli S, Gupta R, Lum C, Majid A, Koochesfahani M. The impact of stent
strut porosity on reducing flow in cerebral aneurysms. ] Neuroimaging. (2013)
23:495-501. doi: 10.1111/jon.12044

Neuroradiol.

Conflict of Interest: The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be construed as a
potential conflict of interest.

Publisher’s Note: All claims expressed in this article are solely those of the authors

and do not necessarily represent those of their affiliated organizations, or those of

the publisher, the editors and the reviewers. Any product that may be evaluated in

this article, or claim that may be made by its manufacturer, is not guaranteed or

endorsed by the publisher.

Copyright © 2021 Kim, Yang, Hong, Oh and Kim. This is an open-access article
distributed under the terms of the Creative Commons Attribution License (CC BY).
The use, distribution or reproduction in other forums is permitted, provided the
original author(s) and the copyright owner(s) are credited and that the original
publication in this journal is cited, in accordance with accepted academic practice.
No use, distribution or reproduction is permitted which does not comply with these
terms.

Frontiers in Neurology | www.frontiersin.org

August 2021 | Volume 12 | Article 705841


https://doi.org/10.1007/s00270-004-7148-6
https://doi.org/10.5469/neuroint.2011.6.2.53
https://doi.org/10.5469/neuroint.2017.12.1.31
https://doi.org/10.1227/NEU.0000000000000409
https://doi.org/10.1136/neurintsurg-2012-010451
https://doi.org/10.1007/s00234-011-0984-6
https://doi.org/10.1007/s00234-011-0922-7
https://doi.org/10.1007/s00234-013-1169-2
https://doi.org/10.1186/s12967-016-0959-9
https://doi.org/10.3171/jns.2005.103.5.0891
https://doi.org/10.3174/ajnr.A3234
https://doi.org/10.3174/ajnr.A5062
https://doi.org/10.1136/neurintsurg-2015-012016
https://doi.org/10.3174/ajnr.A3933
https://doi.org/10.1136/neurintsurg-2014-011468
https://doi.org/10.1007/s00348-020-02998-4
https://doi.org/10.3174/ajnr.A3742
https://doi.org/10.1115/1.4034932
https://doi.org/10.1038/s41598-020-75362-5
https://doi.org/10.1155/2018/3047181
https://doi.org/10.3349/ymj.2015.56.5.1328
https://doi.org/10.1161/STROKEAHA.111.640995
https://doi.org/10.1227/NEU.0000000000001083
https://doi.org/10.3233/BME-141055
https://doi.org/10.1177/1591019917748317
https://doi.org/10.1136/neurintsurg-2018-014439
https://doi.org/10.1136/neurintsurg-2016-012561
https://doi.org/10.1016/j.wneu.2010.05.008
https://doi.org/10.4103/1793-5482.106643
https://doi.org/10.1136/neurintsurg-2017-013074
https://doi.org/10.1177/1591019920952903
https://doi.org/10.1007/s00062-009-9005-0
https://doi.org/10.1136/neurintsurg-2014-011171
https://doi.org/10.1111/jon.12044
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/neurology
https://www.frontiersin.org
https://www.frontiersin.org/journals/neurology#articles

	Computational Study of Hemodynamic Changes Induced by Overlapping and Compacting of Stents and Flow Diverter in Cerebral Aneurysms
	Introduction
	Materials and Methods
	Aneurysm and Stent Modeling
	Validation of the CFD Process
	CFD Analysis With Stent

	Results
	Comparison of the Flow Diversion Effect and MCR
	Comparison of the Flow Diversion Effects of Single Stents
	Comparison of Stent Overlapping Effects
	Comparison of Stent Compacting Effects

	Discussion
	Conclusions
	Data Availability Statement
	Author Contributions
	Funding
	Acknowledgments
	References


