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Abstract. BACKGROUND: Stent placement can change the hemodynamics in
basilar artery aneurysms. However, the effects of the stent placement can change
depending

on

the

angle

of

vessel

bifurcation.

OBJECTIVE: The hemodynamics in and near the aneurysm are investigated for
two angles of vessel bifurcation and two stent models. Some statistical indexes are
also calculated to evaluate the effects of the stent placements on the possibility of
aneurysm rupture.

METHODS: Computational fluid dynamics simulations and phantom model
experiments are performed. The angle between the basilar and posterior cerebral
arteries is set to 90 and 135 degrees. The single stent and Y stent models are tested
in addition to the case without stent placement.

RESULTS: The velocity in the aneurysm in the Y stent case is smaller than that in
the no stent and single stent cases when the angle is 135 degrees. High OSI and
low AFI areas often appear at the same locations, and the area is larger in the
single stent case than in the no stent and Y stent cases.

CONCLUSIONS: The Y stent placement promotes hemostasis and thrombosis in
the basilar artery aneurysm, whereas the single stent placement can enhance
growth and cause aneurysm rupture.

Keywords. Basilar artery aneurysm, Hemodynamics, Stent, Computer simulation
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Introduction

Endovascular treatment has become a standard method for cerebral aneurysms due to
its advantage of being less invasiveness than other treatments. The most popular
endovascular treatment is coil embolization, which promotes cerebral aneurysm
thrombosis. However, there is a potential risk that the coil comes off, particularly when
the neck of the cerebral aneurysm is wide. Therefore, specially-designed stents for
intracranial circulation, such as Enterprise VRD stent (Cordis, Miami, FL, USA), are
often used to cover the neck and hold the coil in the aneurysm. In basilar artery
aneurysms, in which an aneurysm is generated at the vessel bifurcation point where a
basilar artery divides to two posterior cerebral arteries, single stent and Y stent models
are available. Here, the single stent model has a straight shape and is placed from the
basilar artery to the posterior cerebral artery, while the Y stent model has a literal Y
shape and is placed from the basilar artery to the branched posterior cerebral arteries. In
addition to such a function, however, it has been found that these stent models change
the hemodynamics in the cerebral aneurysms. For example, Tremmel et al. [1] have
shown by computational fluid dynamics (CFD) simulation that the stent placement
changes the flow structure in a cerebral aneurysm and decreases flow velocity, vorticity
and wall shear stress. Kono et al. [2] have investigated hemodynamics in and near a
basilar artery aneurysm with the following 8 stents placement: single stent model,
which is set from a proximal vessel to a right or left distal vessel; a horizontal stent
model, which is placed only in the branched distal vessels; a kissing Y stent model with
a uniformly narrowed structure at basilar artery; a non-overlapping Y stent model with
non-crossing two stents’ Y-shaped configuration; a virtual-Y stent model with no
narrowed structure (fusion of 2 the single stents); and 2 different crossing-Y stent
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models with a focally narrowed structure. The study shows that stent configurations
significantly affect flow characteristics. Among the 8 stent models, kissing- and
crossing-Y stent models reduce the inflow velocity to the aneurysm and enhance
redirection of the flow to the distal vessels because of the lower stent porosity.
Accordingly, wall shear stress (WSS) on the aneurysm wall decreases. Babiker et al.
[3] have experimentally revealed that placement of a Y stent and cross-bar stent can
significantly lower the velocity into the cerebral aneurysm in comparison to the case
without the stent. Luo et al. [4] showed a strong relationship between low flow velocity
into the aneurysm due to stent assistance and low recanalization rate in clinical practice.
Cekirge et al. [5] showed that Y stent of the Enterprise mesh geometry without a coil
significantly diverts flow, provides for a successful and stable aneurysm occlusion, and
reduces the recanalization rate.
As shown above, stent placement significantly affects the hemodynamics in and
near the aneurysm, which is directly related to the recanalization rate. However, in
practice, the angle of vessel bifurcation varies case by case. Since the angle modifies
the hemodynamics [6], the stent placement as well as the angle of vessel bifurcation
should be taken into consideration to assess the effectiveness of the stent placement. In
fact a numerical study on sidewall cerebral aneurysms by Kono et al. [7] indicates that
the vessel curvature significantly affects hemodynamics more than stent placement. In
this paper, therefore, the hemodynamics for two angles of vessel bifurcation and two
stent models are investigated (in addition to the case without the stent placement) by
computational fluid dynamics (CFD) simulations and phantom model experiments.
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1. Materials and methods

1.1 Computational configuration

Figure 1 shows the schematic of the computational configuration. Two models of a
basilar artery aneurysm are tested. In Type A, the angle between the basilar and
posterior cerebral arteries is set to 90 degrees while that in Type B is set to 135 degrees.
In both cases, the diameters of the basilar artery and posterior cerebral artery are 4 mm
and 3 mm, respectively. The diameter of the aneurysm is 7 mm and the size of
aneurysm neck is 4 mm; therefore the aspect ratio of the diameter of aneurysm neck to
the height of aneurysm dome is 1.59. The lengths of basilar and posterior cerebral
arteries in Type A are 18.2 mm and 28.5 mm, respectively, while those of the whole of
Type B are 20.4 mm and 27.3 mm, respectively.
With regard to the stent configuration, two stent models are tested in addition to
the case without the stent placement (hereinafter referred to as the no stent model). In
the first model (hereinafter referred to as the single stent model), the stent is placed
from the basilar artery to the left posterior cerebral artery. On the other hand, the
second model (hereinafter referred to as the Y stent model) consists of two stents: The
first stent is placed in the same way as the single stent model, but there is an opening in
the middle of the stent. The second stent is tightly fitted inside the first stent at the
basilar artery and extended to the right posterior cerebral artery through the opening.
Regarding the mesh type of the stents, the Enterprise VRD stent is employed. Since we
were unable to obtain the mesh pattern numerical data (except for the wire diameter), it
was reconstructed from the data obtained by Micro-CT scanning. The mesh design is
based on two spline curves and trigonometric function, and the blockage ratio is 7.0%.
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The diameter of the stent strut is 0.05 mm and each mesh size is about 1.7 mm x 1.2
mm.
The computational domain is constructed based on a tetra mesh system. The total
number of grids is about 3.5 million. The standard mesh size is 0.2 mm, but refined
meshes (0.03mm at the finest points) are applied around the stent.
With regards to the coordinate system, x denotes the horizontal direction parallel
to the posterior cerebral arteries in Type A, y denotes the vertical direction, and z
denotes the direction which is perpendicular to the model.

1.2 Numerical details

Large eddy simulation (LES) is performed to solve the flow using OpenFOAM. The
governing equations are filtered equation of continuity and Navier–Stokes equation;
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where p is the pressure, ρ is the density of fluid, 𝜈 is the kinematic viscosity, 𝑢�𝑖 is the
velocity component larger than the grid scale, 𝜏𝑖𝑖 is the sub-grid scale tensor. Here i, j

and k represent x, y, and z directions, respectively, in Fig. 1. For sub-grid scale (SGS)

modeling, the wall adapting local eddy viscosity (WALE) model [8] is applied. In the
WALE model,
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where Cw is a model parameter related to Smagorinsky constant and has the value of
0.544, and ∆ is sub-grid characteristic length scale. The fluid simulated in the present

study is Newtonian fluid with a density of 1050 kg/m3 and a viscosity of 3.47 × 103

Pa·s. The fluid flows into the basilar artery from the bottom with a uniform velocity in

cross section and flows out from the posterior cerebral arteries. Neumann boundary
conditions are applied for pressure at the inlet and for velocity at the outlets. At the
outlets, pressure is set to 80 mmHg. The no-slip condition is applied to the vessel
surfaces. The time variation of the inflow rate is shown in Fig. 2. The waveform of the
flow is the same as the one used in Kojima et al [9,10]. Reynolds number defined by
𝑅𝑅 =

𝐷𝐷

(7)

𝜈

is 223-571. Here D is diameter of artery inlet, U is flow rate, and ν is kinematic
viscosity [9]. The time advancement of the computation is set to 0.001s.

1.3 PIV experiments
Experiments are also carried out to verify the numerical simulations. Figures 3 (A) and
(B) are the photo images of the silicone phantom models of basilar artery aneurysms.
The models are rigid. We also tested both Types A and B, but the model size was
scaled up to 3 times larger than that of the computational domain (the typical human
body size) to increase the measurement accuracy. In other words, the basilar artery
diameter and posterior cerebral artery diameter are 12 mm and 9 mm, respectively.
Also the aneurysm diameter is 21 mm, while the size of aneurysm neck is 12 mm.
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The Enterprise VRD stent model is made by rolling up a stainless steel mesh sheet.
It is also scaled up according to the model scale-up. Figure 4 (A) shows the mesh
design of the sheet. The length and width of the sheet are 90 mm and 37.7 mm,
respectively, and each mesh size is 5.2 mm x 3.6 mm. Figure 4 (B) shows the Y stent
model. As explained earlier, the stent extends into one branch and the second stent is
deployed through the hole, which follows symmetrical fracturing of struts to form a Y
configuration.
Figure 5 shows a schematic of the experimental apparatus. The flow system
consists of a tank, pumps, the silicon phantom model, and a flow meter. The fluid is
introduced to the phantom model through 12 mm diameter tubing. The working fluid
used in the present experiment is an aqueous solution made with glycerol and water at a
3:2 mixing ratio. Note that polystyrene particles coated by Rhodamine B are mixed as
tracers in the fluid for particle image velocimetry (PIV). The specific gravity and
diameter of the tracers are 1.1 and 15 µm, respectively. By setting the fluid temperature
to a constant value of 40 deg C, the fluid density and viscosity are kept a constant value
of 1050 kg/m3 and 3.47 × 10-3Pa·s, respectively. Thus the refraction index of the fluid
becomes the same as that of the silicon model. This minimizes laser scatter at the
model surface. The pulsating flow is formed by using a combination of a static pump
and pulsatile pump. The pulsatile pump is controlled by an electric slide actuator
(Oriental Motor EZHC-05A) based on an operating program (VEXTA MEXP01). The
flow rate is monitored by a flow meter (Keyence FD-SS2A). The images are captured
at 500 fps by a high-speed video camera (Ditect HAS-500). Note that a long-wave pass
filter (>550 nm) is attached at the camera lens to capture only the fluorescence from the
tracer particles. A continuous Nd: YAG laser (wavelength: 532 nm; Dantec Dynamics
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RayPower 2000) sheet is used as the light source. It is introduced from the top of the
phantom model to illuminate the xy-plane at the center of the aneurysm (z=0).
As for the inlet flow condition, to ensure the similarity of the flow characteristics
in the scaled-up models, the Reynolds number and Womersley number are set to match
the simulation (or real human) ones [9,10]. Womersley number is defined by
𝜔

𝑊𝑊 = 𝐷� ,

(8)

𝜈

where ω is a frequency and 𝑊𝑊=2.667 according to the inflow data in Fig. 2. As in Fig.

6, the time cycle is set to 6.99s.

2. Results
2.1 Verification of the CFD simulations
Figure 7 shows the mean velocity distribution in the cerebral aneurysm for the Y stent
case obtained by the (A) CFD simulations and (B) experiments. Though the values are
different between the experimental and numerical results due to the difference of scales,
the flow patterns generally agree well, indicating that the present CFD simulations are
reliable. The minor differences of the flow pattern in the aneurysm may be caused by
the relatively thick laser sheet (1mm) with respect to the aneurysm (8mm).

2.2 Numerical results
Figure 8 shows the instantaneous velocity vector and contour map of the flow at t = 0.3
s, when the inlet flow rate is the largest. The inflow velocity of Type B is smaller than
that of the no stent case, Type A. This result is consistent with the past study [11]. In
the single and Y stent models, on the other hand, it is clear that the stents modify flow
patterns drastically. Comparing the two cases with the stent placement in Type A, it
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can be said that the Y stent model works better than the single stent model for the
following reasons: (1) the velocity in the deep region of the aneurysm is smaller and (2)
the inflow velocity at the neck is smaller in the Y stent model case, as seen in the
clinical study [6]. The single stent model also reduces the velocity in comparison with
the no stent case, but a high velocity region remains around the center of the neck. In
Type B, the Y stent model is more effective as well as in Type A since the velocity in
the aneurysm is generally smaller than that in the other two cases. This agrees with past
studies [2,3]. On the contrary, there is a jet-like flow which almost reaches the center of
the aneurysm in the single stent case. Considering that this flow can push the coil,
which is supposed to be inserted later deeper in the aneurysm, the single stent model
can make the situation worse when the angle is large; however there are also primary
positive effects in that it relieves arterial constriction and prevents coil drop [12-14].
Figure 9 shows the distribution of the absolute value of instantaneous wall shear
stress (WSS) at t=0.3s.
WSS = |WSS𝑖 |,
WSS𝑖 = µ

𝜕𝑣�

�

𝜕𝑥𝑛 wall

(9)
,

(10)

where WSS𝑖 is the instantaneous wall shear stress vector, µ is the viscosity, 𝑣̅ is the

instantaneous velocity vector larger than the grid scale, and n is the direction normal to

the wall. In the no stent case, the WSS in Type A is higher than that of Type B. In Type
A, the WSS decreases by the stent placement, especially in the single stent case. On the
other hand, in Type B, the change in WSS by the stent placement is not as drastic as
that in Type A. The WSS in the Y stent case in Type B is the largest among all cases
with stent placement. We cannot conclude which case is the most critical or if the stent
placement works positively or negatively here since the wall shear stress as an index
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for aneurysm rupture is still an open-ended question, i.e., some studies concluded that
high wall shear stress tends to enlarge the aneurysm [15-17] whereas some concluded
that low wall shear stress can cause aneurysm explosion [16,18,19].
In addition to WSS, we calculated aneurysm-formation indicator (AFI) and
oscillatory shear index (OSI) as risk indexes of aneurysms. The AFI is an index that
evaluates the directional variation of WSS fluctuation in time and expressed by the
following equation,
AFI =

WSS𝑖 ∙WSS𝑎𝑎

,

(11)

|WSS𝑖 ||WSS𝑎𝑎 |

where WSSav is the time-averaged WSS vector. It is reported that a bleb is
preferentially generated at low AFI area [20]. In addition, OSI is defined by
OSI =
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where T is the time cycle of the pulsatile flow. A high OSI indicates vascular
inflammation through macrophage activation, in addition to apoptosis due to vascular
endothelial disarray [21,22].
Figure 10 shows the distribution of AFI at t=0.3s. Regardless of the angle of
vessel bifurcation, the single stent cases have a larger area of low AFI compared to
other cases. Though the AFI distribution is different between the no stent and Y stent
cases, the difference is not significant from a bleb formation point of view.
Figure 11 shows the distribution of OSI. Regardless of the angle of vessel
bifurcation, larger high-OSI areas appear at multiple locations in the single stent case,
while such regions do not appear in the no stent and Y stent cases.
It must also be emphasized that comparison of Figs. 10 and 11 reveal that high
OSI and low AFI areas often appear at the same locations in the single stent case. This
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means that a bleb can generate at where the vessel is damaged, which is quite
dangerous.

3. Discussion
The present study shows that the Y stent model works positively by reducing the
inflow velocity to the aneurysm (Fig. 8) whereas the single stent model can work
negatively in some cases (Figs. 8, 10, and 11). In addition, by comparing Types A and
B with in terms of Y stent placement, we find that the flow velocity distribution in
Type B (in which the angle is 135 degrees) is better than that in Type A (90 degrees)
because the flow velocity in the posterior cerebral arteries in Type B is larger than in
Type A. Past clinical study [5] shows that the Y stent placement decreases the angle
between left- and right-posterior cerebral arteries (i.e. increases the angle between the
basilar and posterior arteries). Thus our study indicates that the Y stent placement has
two advantages: (1) increasing the angle between the basilar and posterior arteries, thus
decreasing the inflow velocity to the aneurysm, which results in (2) enhancing blood
flow directly into the posterior cerebral arteries and reducing the inflow velocity to the
aneurysm. Both changes contribute to hemostasis and aneurysm thrombosis. In
addition, considering that the risk of stenosis due to Y stent placement is minimal
[5,23,24], it should be encouraged to employ Y stents rather than single stents for
basilar artery aneurysm.

4. Conclusion
In this paper, the hemodynamics in and near a basilar artery aneurysm is investigated
by CFD simulations and experiments. The angle between the basilar and posterior
cerebral arteries is set to 90 or 135 degrees. With regard to the stent configuration, the
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single stent and Y stent models are tested in addition to one with no stent. The results
show that the inflow velocity to the aneurysm in the 135 degree case is smaller than
that in the 90 degree case in the no stent and Y stent cases. The velocity in the
aneurysm in the Y stent case is generally smaller than those in both the no stent and
single stent cases when the angle is 135 degrees. Larger high-OSI and low-AFI areas
appear in the single stent case, often at the same locations, in comparison to the no
stent and Y stent cases. These observations suggest that the Y stent placement
promotes the hemostasis and aneurysm thrombosis. On the other hand, the single stent
placement can enhance growth and rupture of basilar artery aneurysm particularly
when the angle of vessel bifurcation is large; however there are positive effects in that
it relieves arterial constriction and prevents coil drop.

The present results can be

applied only to limited conditions but indicates the possibility in
practical use. The present results can be applied only to limited conditions but
indicates the possibility in practical use.
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Fig. 1 Basilar artery aneurysm models and stent models for CFD simulations. The
angle between basilar artery and posterior cerebral arteries is 90 and 135 degrees in
Types A and B, respectively.

Fig. 2 Waveform of the inlet velocity for the CFD analysis.
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Fig. 3 Basilar artery aneurysm models for experiments. (A) Type A, (B) Type B.

Fig. 4 Stent sheet and model. (A) Stent sheet of Enterprise VRD, (B) the Y stent model.
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Fig. 5 Schematic of the experimental apparatus.
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Fig. 6 Waveform of the inlet velocity for experiments.

Fig. 7 Mean flow velocity on the xy-plane at the center of the cerebral aneurysm.
(A) CFD results; (B) experimental results.

20

Fig. 8 Velocity vector and contour map at t= 0.3s.

Fig. 9 Distribution of WSS at t = 0.3s.
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Fig. 10 Distribution of AFI at t = 0.3s.

Fig. 11 Distribution of OSI.
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