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An ideal cerebral aneurysm model with different stent forms is established. By using the single-relaxation-time (SRT)
lattice Boltzmann method (LBM) to solve the flow field, the blood flow characteristics in the aneurysm under different
conditions are studied numerically. The intra-arterial stenting of saccular aneurysms at different Reynolds numbers and the
feasibility of new stenting forms such as double stenting and variable-spacing stenting in the aneurysms are explored. The
hemodynamic factors such as velocity distribution and wall shear stress (WSS) in the aneurysm are analyzed. Numerical
results show that the risk of aneurysm rupture is mainly centralized at the right corner of the aneurysm. Intervention of
stents in the aneurysm can effectively reduce the intra-aneurysmal velocity and WSS, and decrease the danger of aneurysm
rupture during strenuous exercise or emotional excitement. At the same time, the intervention of a double stent and the
stent shape with a dense anterior part in the aneurysm has certain advantages in preventing aneurysm rupture. The intra-
aneurysmal mean velocity reduction can reach 90.39% and 80.29% after the intervention of the double stent and the anterior
densified stent respectively.

Keywords: aneurysm, hemodynamics, stent, lattice Boltzmann method

PACS: 47.63.–b, 47.15.–x, 47.60.Dx, 47.11.–j DOI: 10.1088/1674-1056/ac5603

1. Introduction

According to the “2020 World Health Statistics Report”
published by the World Health Organization, the death rate
of cardiovascular and cerebrovascular diseases ranks first in
the proportion of deaths from non-communicable diseases,
higher than that of cancer and other diseases. In cardiovascu-
lar and cerebrovascular diseases, intracranial aneurysm threat-
ens human health. Due to its complex shape and special lo-
cation, it has attracted extensive attention from medical work-
ers, patients themselves and scholars at home and abroad.[1]

Research statistics show that in the United States, 6 million
people have unruptured aneurysms in their brains, while about
3× 104 people have ruptured; one in every 50 people has
a ruptured intracranial aneurysm, and 1 case of intracranial
aneurysm rupture occurs every 18 minutes.[2] The high mor-
bidity and mortality rates make it particularly important to de-
tect intracranial aneurysms early and monitor them to prevent
the rupture of the aneurysm.

Therefore, more and more studies have begun to fo-
cus on indicators that can better predict aneurysm rupture.[3]

Among all the risk factors involved, the hemodynamics of the
aneurysm is considered to be the most basic one. Numer-
ous previous studies have shown that hemodynamic parame-
ters such as blood flow velocity, wall shear stress (WSS), pres-
sure and blood flow pattern are closely related to the initiation,

growth and rupture of intracranial aneurysms.[4–6] Abdullah et
al.[7] studied the physiological flow of a patient-specific cere-
bral aneurysm model under resting and exercise conditions. It
was concluded that excessively high blood pressure and blood
flow velocity under exercise conditions would cause abnormal
wall pressure and WSS distribution, making the aneurysm wall
easier to rupture. Meng et al.[8] believed that “the dispute be-
tween high and low WSS” was a manifestation of the com-
plexity of the pathophysiology of aneurysms. Both high and
low WSS could drive the growth and rupture of intracranial
aneurysms. High WSS would cause the destruction of the elas-
tic membrane in the blood vessel wall, leading to remodeling
of the vessel wall; while low WSS would cause the destruc-
tion of the endothelial cell gap in the artery, resulting in the
remodeling of the endothelial cell wall and even cell apopto-
sis, which led to the rupture of the aneurysm. Marcello et al.[9]

sorted out the most commonly used hemodynamic parameters
in aneurysm assessment, including WSS, relative residence
time (RRT), oscillatory shear index (OSI), etc. It was pointed
out that selecting appropriate aneurysm rupture indicators was
of great significance for predicting aneurysm rupture.

In addition, studying the intra-aneurysm hemodynam-
ics is helpful for clinicians to formulate a reasonable treat-
ment plan for patients with intracranial aneurysms. Stents are
currently a relatively mature treatment method in improving
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the hemodynamic environment within the aneurysm.[10] The
shunt stent can be regarded as a kind of porous medium,[11]

which can play the role of blood diversion. It is effective in
improving the blood flow within the aneurysm-carrying artery,
for the purpose of stopping the aneurysm from continuing to
grow or rupture.[12] Many current studies are dedicated to in-
vestigate the hemodynamic effects of different stent forms on
aneurysms. Zhang et al.[13] studied the hemodynamic perfor-
mance of overlapping bare stents in the interventional treat-
ment of thoracic aortic aneurysm (TAA). The results showed
that the overlapping stent intervention reduced the pressure
acting on the capsule wall, and the pressure distribution be-
came more uniform, thereby protecting the aneurysm from
rupture. Suri et al.[14] proposed a new method of manufac-
turing a variable porosity stent. The stent contained a low-
porosity sheet-like area that covered the neck of the aneurysm
and blocked the blood flow into the aneurysm, thus achieving
embolization without endangering nearby perforating vessels.
Chen et al.[15] described four stent models with different pole
geometries (circle, triangle, hexagon, and spline). Their analy-
sis showed that the hexagonal geometry was a relatively good
support design. To further improve the application research
of stents in the treatment of interventional aneurysms, it can
provide certain help to the treatment of aneurysms.

Due to the complex geometry of the aneurysm and its
physiological environment, the use of existing clinical obser-
vations, animal experiments and in vitro experiments is sub-
ject to many restrictions. The experimental conditions are
demanding, and the flow parameters that can be obtained
in the experiment are limited. Computational fluid dynam-
ics (CFD) provides a new way for numerical simulation of
hemodynamics.[16] Lattice Boltzmann method (LBM) is pop-
ular in calculating various fluid flow problems. Compared
with other traditional CFD methods, it has the benefits of
simple fluid interaction description, easy setting of complex
boundaries, easy parallel calculation, and easy implementation
of programs.[17–19] In recent years, LBM has been systemat-
ically adopted in several computational hemodynamic appli-
cations, such as blood flow simulation in blood vessels,[20,21]

heart valves,[22] aneurysms,[23] and aorta.[24]

A large number of scholars have carried out research on
the hemodynamic mechanism in aneurysms through LBM.
The effects of different vessel locations, aneurysm shapes,
and changes in hemodynamic parameters have been explored.
Some studies have also verified the practical application ef-
fects of different forms of stents in the interventional treatment
of cranial aneurysms.

Osaki et al.[25] performed a lattice Boltzmann simulation
of the flow in cerebral aneurysm model by using single-, two-,
and multiple-relaxation-time collision models. It was con-
cluded that single-relaxation-time model gave reasonable pre-

dictions similar to multiple-relaxation-time model. Afrouzi et
al.[26] studied the simulation of blood flow in saccular and
cloacal aneurysms that commonly occurred on the arterial
wall, considering the effect of non-Newtonian blood in the
model. Different flow patterns and analysis of hemodynamic
factors were acquired. Czaja et al.[27] investigated the effect
of pulsatile blood flow on red blood cells (RBCs) and platelet
transport into aneurysm geometries with different dome to
neck aspect ratios. As the aspect ratio increases, the average
aneurysm velocity decreased, and aneurysms with higher as-
pect ratios were likely to have greater thrombosis. Chopard et
al.[28–30] studied the performance of the screen-model-based
approach for stents under various conditions, such as placing
different stents in the artery, different homogeneous poros-
ity and different pulsating entrance velocities. The test re-
sults highlighted the effectiveness of this model in the treat-
ment of common aneurysms with shunt stents on a large scale.
Zhang et al.[31] focused on the association between porosity
configuration and scaffold efficacy. Four patient-specific in-
tracranial aneurysm geometries were used to perform LBM
simulations of interventional stents with different porosity.
The simulation showed that when the porosity was less than
86%, the blood flow in the intracranial aneurysm sac was sig-
nificantly reduced; when the porosity was less than 70%, the
stent was likely to cause thrombus formation in the patient’s
blood vessel.

In summary, at present, the stent application problem for
the preferred form of the stent is still under exploration. There
are few studies on considering the characteristics of blood flow
in aneurysms under different conditions, as well as new stent
forms such as double stents and variable spacing stents. In
this paper, ideal cerebral aneurysm models with different stent
shapes are established, and LBM is applied to numerically
study the flow characteristics in the aneurysm under resting
and exercise conditions. At the same time, the feasibility of
new stents such as double stents and variable-spacing stents
is considered. Hemodynamic factors such as blood flow ve-
locity distribution characteristics and WSS within the saccular
aneurysm will be analyzed and compared.

2. Numerical methods
2.1. Lattice Boltzmann model

The nine-velocity incompressible lattice Bhatnagar–
Gross–Krook (BGK) model (D2Q9) for the two-dimensional
study proposed by Guo et al.[32] is adopted in the present sim-
ulation. The evolution of this method can be expressed by the
following equation:

fα (𝑥+𝑒α δ t, t +δ t)− fα (𝑥, t)

= −1
τ

[
fα (𝑥, t)− f (eq)

α (𝑥, t)
]
, α = 0,1, . . . ,8, (1)
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where fα (𝑥, t) is the density distribution function, which rep-
resents the mass point moving at the speed 𝑒α at the spatial
position 𝑥 and time t. The dimensionless relaxation time τ is
related to the kinematic viscosity coefficient ν , which is de-
fined as

ν = c2
s

(
τ− 1

2

)
δt , (2)

where cs = c/
√

3 is the lattice sound speed, c = δx/δt is the
particle velocity, δx and δt stand for the time and space in-
crements. f (eq)

α (𝑥, t) represents the equilibrium distribution,

which can be expressed as

f (eq)
α = wα ρ

[
1+

𝑒α ·𝑢
c2

s
+

(𝑒α ·𝑢)2

2c4
s
− 𝑢2

2c2
s

]
,

α = 0,1, . . . ,8, (3)

where wα is the weight coefficient, which is 4/9 for w0, 1/9 for
w1–4, and 1/36 for w5–8. And for the D2Q9 model, the dis-
crete velocity space for the particle 𝑒α satisfies the following
equation:

𝑒α =



(0,0), α = 0,

c
(

cos
[
(α−1)

π

2

]
,sin

[
(α−1)

π

2

])
, α = 1,2,3,4,

√
2c
(

cos
[
(2α−1)

π

4

]
,sin

[
(2α−1)

π

4

])
, α = 5,6,7,8.

(4)

From the distribution function, the macroscopic density,
velocity and pressure can be calculated, expressed as

ρ = ∑
α

fα , ρ𝑢= ∑
α

𝑒α fα , p = c2
s ρ. (5)

The intracranial aneurysm studied in this paper is located in
a vessel with a large internal diameter, besides both the fluid
velocity and shear velocity are high. Since the non-Newtonian
fluid characteristics of blood are presented when the diameter
of the blood vessel is less than 1 mm,[26] the study in this work
regards blood as Newtonian fluid. In addition, WSS is an im-
portant indicator to measure the risk of intracranial aneurysm
rupture. The calculation expression of wall shear stress of in-
compressible Newtonian fluid given in Ref. [33] is referred to
in this article. The expression is

τi =−
µτ

c2
s ρ

f neq
α eα jn j(eαi− eαknink), i, j,k = 0,1, (6)

where µ is the dynamic viscosity, ρ is the fluid density, ni rep-
resents the i-th component of the wall normal vector 𝑛, and
eαi represents the i-th component of the lattice vector 𝑒α . 𝑛

is the unit normal vector at the wall, which can be obtained by
𝑛 ·𝑢= 0, 𝑢 is the macroscopic velocity.

2.2. Physical model and boundary conditions

The physical model of aneurysm used in this study is sim-
ilar to the model selected by the predecessors when studying
this type of problem.[34] Figure 1 shows the 2D calculation
model of intracranial aneurysm hemodynamic simulation in
this paper. The calculation domain used in the simulation is
set as 800× 350 (Lx× Ly) lattice. The selected blood vessel
diameter D is 80 lattice. The center of the aneurysm is placed
at (Lx/2,h+D), where h is the height from the center of the
aneurysm to the upper wall of the tumor-bearing vessel. In this

model, h is the 108 lattice. The diameter d0 of the aneurysm
model is 200 lattice, the width da of the aneurysm mouth is
100 lattice, and the transition chamfer radius rn at the corners
of the aneurysm is 10 lattice. In the calculation, the relaxation
time τ is 0.578, the average density ρ is 1.0, and the viscosity
coefficient ν is 0.026. The blood is set to flow in from the left
vessel along the blood flow direction in Fig. 1. The outer part
of the flow field is set as the solid part. The non-equilibrium
extrapolation format is adopted at the inlet and outlet bound-
aries of the flow field, and the rebound format is adopted at the
solid boundary.[35]

h
sp

rn

da

d0

D

Lx

Ly

x

y

ls

Aneurysm

Cerebral artery

Direction of blood flow

The outer part of the flow field

Fig. 1. Physical model of intracranial aneurysm.

The vascular stent in the work is simplified into multiple
solid squares with a length of 2 lattices. The horizontal spacing
between squares is expressed as sp (stent space). The concept
of stent porosity ε is used to describe the sparsity of the stent
mesh. The bottom of the stent is connected to the bottom solid
wall, and the top of the stent is connected to the upper wall
of the vessel wall. The stent is inserted into the neck of the
aneurysm. The length of the stent ls is 600 lattices. According
to the research content of this work, single-layer stent, double
stent, and variable-spacing stent are inserted into the model re-
spectively, as shown in Fig. 2. The double bracket adopts the
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mode of alternately building up and down single-layer brack-
ets. For the variable-spacing stent, the fixed aneurysm neck
segment S is selected, and the variable-spacing setting of the
stent is performed by changing the four structural parameters
of sp1, sp2, sp3, and sp4. Table 1 shows the parameters of the
aneurysm interventional stent model used in different groups
in this paper. Among them, sp = sp1 is defined as the single-
layer stent, sp = ∞ is defined as no stent, sp = sp1− sp2 is
defined as the double stent, and sp = sp1− sp2− sp3− sp4 is
defined as the variable-spacing stent.

Table 1. Parameters of aneurysm interventional stent model.

Sample name
Stent shape

sp ε (%)

Single-layer stent (sp = sp1)

C0 ∞ –
C1 35 94.2%
C2 30 93.3%
C3 25 92%
C4 15 86.67%

Double stent (sp = sp1-sp2)

C5 30-30 93.3%

Variable-spacing stent (sp = sp1-sp2-sp3-sp4)

C6 15-22-28-35 92%
C7 35-22-15-28 92%
C8 35-28-22-15 92%

(a) (b)

(c)

sp1 sp1 sp2

sp1sp2 sp3 sp4

S

Fig. 2. Stent models for intervention in aneurysm: (a) single-layer stent, (b)
double stent, (c) variable-spacing stent.

2.3. Model verification

Before studying specific issues, it is necessary to verify
the effectiveness of the LBM model for simulating aneurysms.
Here the model of Hirabayashi et al.[34] is used for valida-
tion. The diameter of the aneurysm d0 is set as 100 lattices,
the width da of the aneurysm mouth is 100 lattices, that is,
d0/da = 1, and h is 58 lattices. The stent is a single-layer stent
with a circular cross section of diameter 2, and sp = 35, that
is, the porosity of the stent is 95.91%. The Reynolds num-
ber is defined as Re = UD/ν , where U is the average inlet
velocity.[1] When simulating the flow, the Re is set as 300, and
the pressure gradient d p/dx is 4.17× 10−6. This aneurysm
model is numerically simulated, and the velocity at the neck

of the aneurysm is compared and verified with the results of
Hirabayashi et al., as shown in Fig. 3. It can be seen that the
calculation results are basically consistent with the results of
the existing literature. Therefore, the numerical model is reli-
able when simulating the flow phenomenon in an aneurysm.

300 350 400 450 500
-0.002

0.002

0.006

0.010

0.014

X

This research

Hirabayashi

 

V
e
lo

c
it
y

Fig. 3. Comparison of the aneurysm neck velocity in this paper and in
Ref. [34].

3. Results and discussion
3.1. Intra-aneurysm hemodynamic analysis during rest

and exercise

In this section, the blood flow in the aneurysm when the
human body is in a state of rest and exercise is simulated. The
purpose of increasing the Reynolds number is achieved by re-
ducing the relaxation factor τ in the lattice Boltzmann model.
The Reynolds number at rest is selected as 300, and at exer-
cise is selected as 600.[7] C0, C1, and C4 samples are used
to compare the flow characteristics of different stent shapes in
aneurysms under different Reynolds numbers.

Figure 4 shows the fluid velocity cloud diagram and flow
pattern under different Reynolds number conditions when dif-
ferent stent forms are inserted into aneurysms. As can be seen
from Fig. 4(a), the streamlines in the aneurysm are swirling.
The fluid flows in from the right aneurysm corner of the
aneurysm, and flows out from the left aneurysm corner. The
velocity shock at the right aneurysm corner is greater than that
at the left aneurysm corner. The greater the speed, the greater
the risk of aneurysm rupture.[7] At the same time, compar-
ing Fig. 4(a) with Fig. 4(c), there is a big difference before
and after the intervention of the stent in the aneurysm. Af-
ter the intervention of the stent, the velocity distribution at
the aneurysm opening can be significantly improved, and the
risk of aneurysm rupture is reduced. Figures 4(c) and 4(e)
have been analyzed to show that the smaller the porosity of
the interventional stent, the higher the vortex center within the
aneurysm and the lower the velocity at the aneurysm orifice.
Through the cloud diagrams under different Reynolds number
states (Figs. 4(a) and 4(b)), it can be obtained that when the
Reynolds number increases, the intra-aneurysmal velocity in-
creases. It can be seen from Fig. 4(b) that due to the increase
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in Reynolds number, a vortex appears on the right wall surface
of the aneurysm. The flow pattern has changed, and the reflux
area in the aneurysm is suppressed. The situation can be im-
proved after the intervention of the stent (see Figs. 4(d) and
4(f)).

0 0.001 0.002 0.003 0.004 0.005 0.006

350

300

250

200

150

100

250 350 450 550

(a)

Y

X

350

300

250

200

150

100

250 350 450 550

(b)

Y

X

350

300

250

200

150

100

250 350 450 550

(c)

Y

X

350

300
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150

100

250 350 450 550

(d)

Y

X
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250 350 450 550

(e)

Y

X

350

300

250

200

150

100

250 350 450 550

(f)

Y

X

Fig. 4. The flow patterns of different stent shapes in the aneurysm un-
der different Reynolds numbers: (a) Re = 300, C0(sp = ∞); (b) Re = 600,
C0(sp = ∞); (c) Re = 300, C1(sp = 35); (d) Re = 600, C1(sp = 35); (e)
Re = 300, C4(sp = 15); (f) Re = 600, C4(sp = 15).

In order to quantitatively evaluate the effect of stent inter-
vention in the aneurysm, the intra-aneurysmal velocity reduc-
tion Vr is used as a measurement index,[33] which is defined
as

Vr =
Vn−Vs

Vn
×100%, (7)

where Vn is the average velocity in the aneurysm without stent
intervention and Vs is the average velocity with stent interven-
tion.

Table 2 shows the average velocity and velocity reduc-
tion within the aneurysm at different Reynolds numbers. It
is obvious that the greater the Reynolds number, the greater
the velocity within the aneurysm. The interventional stent ef-
fectively slows down the blood flow in the aneurysm. The
smaller the porosity of the stent, the greater the decrease in
intra-aneurysmal velocity. For different Reynolds numbers,
the intra-aneurysmal velocity reduction can reach 68% after
stenting with a single layer of sp = 35 and more than 92%

after stenting with sp = 15. This greatly reflects the effective-
ness of stent therapy.

It can be seen from Fig. 4 that the velocity changes in
the aneurysm are centralized at the aneurysm mouth. There-
fore, figure 5 shows the aneurysm neck velocity curve when
different stent shapes are inserted into the aneurysm under dif-
ferent Reynolds numbers. From Fig. 5, the velocity gradient
at the right corner of the aneurysm is larger than that at the
left corner, that is, the risk of rupture at the right corner of
the aneurysm is higher. After the intervention of the stent,
the blood flow velocity at the neck of the aneurysm signifi-
cantly decreased. It can be found that the stent is an effective
treatment to improve the blood flow in the aneurysm. And
the lower the porosity of the interventional stent, the lower the
blood flow velocity. By comparing the aneurysm neck veloc-
ity curves with different Reynolds numbers, it is concluded
that the blood flow velocity at the aneurysm neck increases
as the Reynolds number increases. When the porosity of the
interventional stent becomes smaller, the speed difference be-
tween different Reynolds numbers becomes smaller, that is,
the low-porosity stent can more effectively improve the blood
flow velocity at the neck of the aneurysm.

Table 2. Decrease of intra-aneurysm velocity at different Reynolds
numbers.

Average velocity V Velocity reduction Vr

Re = 300

C0(sp = ∞) 0.001616 –
C1(sp = 35) 0.000511 68.34%
C4(sp = 15) 0.000120 92.54%

Re = 600

C(sp = ∞) 0.002228 –
C1(sp = 35) 0.000709 68.16%
C4(sp = 15) 0.000109 95.12%

320 360 400 440 480

0

0.005

0.010

0.015

0.020

0.025

0.030

X

V
e
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c
it
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Re=300, C0(sp=∞)

Re=600, C0(sp=∞)

Re=300, C1(sp=35)

Re=600, C1(sp=35)

Re=300, C4(sp=15)

Re=600, C4(sp=15)

Fig. 5. Aneurysm neck velocity diagram of different stent shapes in the
aneurysm under different Reynolds numbers.

Then the WSS of the aneurysm is considered. Figure 6
shows the comparison of the WSS of the aneurysm with dif-
ferent stent shapes when Re = 300 (Fig. 6(a)) and Re = 600
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(Fig. 6(b)). It can be seen from Fig. 6 that the WSS at the
corners of the aneurysm changes greatly, and the WSS at the
right aneurysm corner of the aneurysm is significantly higher
than that at the left aneurysm corner. The risk of rupture at
the corner of the aneurysm is greater than that at the top of
the aneurysm, and the risk of rupture at the right corner of the
aneurysm is greater than that of the left corner. It can also
be analyzed from Fig. 6 that the WSS at the corner of the
aneurysm can be significantly improved after the intervention
of the stent. The smaller the porosity of the stent, the smaller
the WSS at the corner of the aneurysm.

Because of the large changes in the WSS at the left and
right corners of the aneurysm, these places are more likely to

contribute to the rupture of the aneurysm. Figure 7 shows the

WSS at the left and right corners of the aneurysm when differ-

ent stent shapes are inserted into the aneurysm under different

Reynolds numbers. Comparing Figs. 7(a) and 7(b), it can be

clearly seen that the WSS at the right corner of the aneurysm is

greater. And the WSS at the corner of the aneurysm increases

with the increase of the Reynolds number. After the inter-

vention of the stent, the WSS at the corner of the aneurysm

decreases, especially the improvement effect of the right cor-

ner of the aneurysm is obvious. The lower the porosity of the

intervening stent, the smaller the WSS, and the smaller the im-

pact of the WSS caused by the Reynolds number.
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Fig. 6. Wall shear stress diagram of different stent shapes in the aneurysm under different Reynolds numbers: (a) Re = 300, (b) Re = 600.
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Fig. 7. Comparison of wall shear stress at the left and right corners of the aneurysm: (a) left corner, (b) right corner.

The analysis shows that the risk of aneurysm rupture is
mainly centralized at the neck of the aneurysm, and the right
aneurysm corner, that is, the position of the two aneurysm cor-
ners that is facing the direction of fluid, has a higher risk of
rupture. When a person is in motion, the velocity and the WSS
of the aneurysm are higher than those at rest. Interventional
stent treatment in the aneurysm area can effectively reduce the
velocity and WSS in the aneurysm, inhibit the formation of

vortex, and reduce the risk of aneurysm rupture during strenu-
ous exercise or emotional excitement. This highlights the sig-
nificant advantages of stent interventional therapy.

3.2. Intra-aneurysm hemodynamic analysis of interven-
tional double stent

Interventional stents are an effective treatment method to
prevent aneurysm rupture, and the application of stent shape
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optimization is still under exploration. In this section, a new
stent form of double stent is considered. The Reynolds num-
ber is set as 300 in the simulation. And the C0, C2, C4, and
C5 samples are used to compare the morphology of the dual
stent with other intra-aneurysm stents to analyze the intra-
aneurysm hemodynamics of the intervening dual stent.

Figure 8 shows the fluid velocity cloud diagram and
flow pattern when different stent shapes are inserted into the
aneurysms. Comparing Fig. 8(a) with Fig. 8(c), it can be seen
that the speed of the aneurysm neck can be effectively im-
proved after the intervention of the double-layer stent. From
Figs. 8(b) and 8(c), it can be found that in the case of the same
porosity, the inner streamline vortex center of the aneurysm
with the double stent is moved upward. The velocity at
the neck of the aneurysm improved better than that of the
aneurysm neck with a single-layer stent (sp = 30).

Table 3 specifically shows the amount of intra-
aneurysmal velocity reduction when different stent shapes
such as double-layer stents are inserted. From Table 3, the
intra-aneurysmal velocity reduction can reach 90.39% after
the intervention of the dual stent. The effect of double stents
on the blood flow velocity in the aneurysm is much better than
that of single-layer stents with sp =30. And compared with
the single-layer stent with sp =15, the intra-aneurysmal ve-
locity reduction of the double stent and the single-layer stent
is not much different. This reflects the advantages of double
stents in preventing aneurysm rupture.

Table 3. Decrease of intra-aneurysm velocity with different stent forms.

Average velocity V Velocity reduction Vr

C0(sp = ∞) 0.001616 –
C2(sp = 30) 0.000440 72.76%

C5(sp = 30-30) 0.000155 90.39%
C4(sp = 15) 0.000120 92.54%
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Fig. 8. The flow patterns of aneurysm without stent, with single stent and
with double stent: (a) C0(sp = ∞), (b) C2(sp = 30), (c) C5(sp = 30-30), (d)
C4(sp = 15).

Figure 9 shows the aneurysm neck velocity curves when
there is no stent, single-layer stent, and double stent in the
aneurysm. Consistent with the velocity cloud, the velocity at
the neck of the aneurysm with dual stenting is lower than with
single stenting of the same porosity (sp = 30), resulting in a
lower risk of aneurysm rupture. When comparing the intra-
aneurysmal intervention of a double stent and a single-layer
stent with a lower porosity (sp = 15), it can be found that the
speed of the two is similar at the right corner of the aneurysm.
The analysis shows that at the right corner of the aneurysm
where the risk of the rupture is greater, the intervention of a
high-porosity double stent can basically achieve the effect of
improving the flow rate when a low-porosity single-layer stent
is inserted.
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Fig. 9. Aneurysm neck velocity diagram of different stent shapes in the
aneurysm.

Figure 10 shows the WSS at the left and right corners of
the aneurysm when different stent shapes such as double-layer
stents are inserted into the aneurysm. As seen in Fig. 10(b),
also at the right aneurysm corner where the risk of aneurysm
rupture is high, the WSS after intervention of the double stent
is lower compared with that when a single-layer stent with the
same porosity (sp = 30) is intervened. And the WSS after
the intervention of double stent is not much different or even
slightly lower than that of the intervention of single-layer stent
with low porosity (sp = 15). Therefore, the intervention of the
double stent can effectively reduce the deformation load of the
aneurysm corners and reduce the possibility of aneurysm rup-
ture.

It can be obtained that the intra-aneurysmal intervention
effect of the double stent is better than that of the single-layer
stent with the same porosity. The intra-aneurysmal veloc-
ity reduction after the intervention of double stents can reach
90.39%. And at the right corner of the aneurysm where the
risk of rupture is greater, the double stent can even achieve the
same intra-aneurysmal improvement effect as the low-porosity
stent. This highlights the advantages of double stent interven-
tional therapy for aneurysm.
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Fig. 10. Comparison of wall shear stress at the left and right corners of the aneurysm: (a) left corner, (b) right corner.

3.3. Intra-aneurysm hemodynamic analysis of interven-
tional variable-spacing stent

In this section, another new type of stent, the variable
pitch stent, is considered. The Reynolds number is set as 300
in the model. C0, C3, C6, C7, C8 samples are used, and the
fixed aneurysm neck segment S is selected for the setting of
the stent variation distance. The anterior stent densification
(sp = 15-22-28-35), the middle stent densification (sp = 35-
22-15-28), the posterior stent densification (sp = 35-28-22-15)
and the isometric stent (sp = 25) are set up in the S segment
for comparative analysis of intra-aneurysm hemodynamics.

Figure 11 shows the flow patterns when different
variable-spacing stents are intervened in the aneurysm. It can
be seen from the velocity cloud diagram in Fig. 11 that the
stent with the front densification at the neck of the aneurysm
(Fig. 11(b)) has a better effect on improving the velocity than
other variable-spacing stents. However, the improvement ef-
fect of the dense stent in the middle part (Fig. 11(c)) and pos-
terior part (Fig. 11(d)) on the aneurysm neck velocity is not
obvious compared with the equal-spaced stent (Fig. 11(a)).

In Table 4, the average velocity reduction in the aneurysm
is quantitatively analyzed when different variable-spacing
stents are inserted. It can be seen that the velocity reduction
can reach 80% when the stents with dense front and middle
parts are inserted, which is slightly higher than the velocity re-
duction when the stents with equal spacing are inserted. How-
ever, when a stent with a dense posterior part is inserted, the
velocity reduction is lower than that of an equally spaced stent,
and the treatment effect of the stent becomes worse.

Table 4. Decrease of intra-aneurysm velocity with variable-spacing stents.

Average velocity V Velocity reduction Vr (%)

C0(sp = ∞) 0.001616 –
C3(sp = 25) 0.000325 79.91%

C6(sp = 15-22-28-35) 0.000318 80.29%
C7(sp = 35-22-15-28) 0.000312 80.69%
C8(sp = 35-28-22-15) 0.000365 77.41%
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Fig. 11. The flow patterns of intra-aneurysmal intervention with different
variable-spacing stents: (a) C3(sp = 25), (b) C6(sp = 15-22-28-35), (c)
C7(sp = 35-22-15-28), (d) C8(sp = 35-28-22-15).

Figure 12 is a comparison diagram of aneurysm neck ve-
locity when different variable-spacing stents are inserted into
the aneurysm. It can be seen that the effect of taking differ-
ent variable-spacing stents on the velocity distribution at the
aneurysm neck varies greatly. When an anteriorly dense stent
is intervened, the velocity near the left and right aneurysm cor-
ners of the aneurysm is smaller compared to when an isometric
stent is intervened, reducing the probability of aneurysm rup-
ture risk. Comparing the velocity curves when intervening in
the central dense stent, the posterior dense stent and the iso-
metric stent, it can be found that the velocity increases at the
left and right aneurysm corners of the aneurysm, which is not
conducive to the prevention of aneurysm rupture.

Figure 13 shows the WSS at the left and right aneurysm
corners of the aneurysm for intra-aneurysmal intervention with
different variable-spacing stents. It can be seen from Fig. 13
that the anterior densification stent can effectively reduce the
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WSS at the left and right corners of the aneurysm, especially at
the right corner where the risk of aneurysm rupture is greater
(Fig. 13(b)). The improvement of WSS by anteriorly denser
stents is better than that by equidistant stents. However, the
intervention of a stent that becomes denser in the middle and
denser at the back is not very effective in improving the WSS.
In particular, at the right aneurysm corner, the WSS of the
aneurysm is higher with the intervention of the mid-dense and
posterior-dense stents than with the intervention of the isomet-
ric stents. Posterior densified stents are the least effective and
tend to exacerbate aneurysm growth development and rupture.

Thus, it can be analyzed that the hemodynamic effects
on the aneurysm are different for the intervention of dif-
ferent variable-spacing stents at the neck of the aneurysm.
Among them, the anterior densified stent morphology is the
most effective in preventing aneurysm rupture with an intra-
aneurysmal velocity reduction of up to 80.29%. The central

and posterior variably dense stent forms are not as effective in
treating aneurysms.
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Fig. 12. Aneurysm neck velocity diagram of different variable-spacing stents
in the aneurysm.
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Fig. 13. Comparison of wall shear stress at the left and right corners of the aneurysm: (a) left corner, (b) right corner.

4. Conclusion
In this paper, LBM is used to study the hemodynamic

mechanism in aneurysm. The flow characteristics of the
ideal cerebral aneurysm model under different Reynolds num-
ber states when different stent shapes are inserted into the
aneurysm are studied. At the same time, in view of the ap-
plication problem of stent shape optimization, the feasibility
of new stent shapes such as double stents and variable-spacing
stents is explored. Hemodynamic factors such as velocity dis-
tribution characteristics and WSS of blood within the saccular
aneurysm are analyzed. Based on the present results, some
conclusions can be obtained:

(i) The risk of aneurysm rupture is mainly centralized
at the neck of the aneurysm. And at the right corner of the
aneurysm, that is, the position of the two corners facing the
fluid is at a higher risk of rupture. When an aneurysm pa-
tient is in motion, the flow velocity and WSS in the aneurysm
will be higher than those at rest. Interventional stenting in the
aneurysm area is effective in reducing the velocity at the neck

and WSS within the aneurysm, reducing the risk of aneurysm
rupture during strenuous exercise or emotional stress.

(ii) The therapeutic effect of the double stent interven-
tion in the aneurysm is better than that of the single-layer
stent with the same porosity. Intra-aneurysmal velocity re-
duction after interventional double stenting is up to 90.39%.
And at the right corner of the aneurysm where the risk of
rupture is greater, the double stent can even achieve the same
intra-aneurysmal improvement effect as the low-porosity stent.
Therefore, double stents have certain advantages in the treat-
ment of preventing aneurysm rupture.

(iii) The hemodynamic effects on the aneurysm are differ-
ent when different variable-spacing stents are intervened for
the aneurysm neck. Among them, anterior densification stents
are the most effective in preventing aneurysm rupture with a
velocity reduction of up to 80.29%, which can be considered
for the treatment of aneurysms. In contrast, central and poste-
rior variable density stents are not effective in the treatment of
aneurysms, especially posterior variable density stents, which
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should be avoided in the treatment.
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