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Abstract. Two-dimensional numerical analysis of local hemodynamics

on ow-reduction mechanism by stent implantation in cerebral aneurysms

is presented to understand these interesting hydrodynamic phenomena

and improve this promising minimally invasive treatment. Recently in

the cerebral aneurysm treatment, this new endovascular occlusion tech-

nique using a porous tubular shaped stent or coils sometimes replaces

invasive open surgeries. It is thought that the ow reduction by the stent

implantation prevents the aneurysm rupture, however its mechanism is

not well understood. We reveal the fundamental ow reduction mecha-

nism by the stent implantation in dependence of the aneurysm size using

the lattice Boltzmann approach.

1 Introduction

Physiological-uid problems have attracted a strong interest, not only because

of their practical importance, but also because of the intriguing physiological

phenomena [1{4]. Most of such problems do not have a clear solution, there-

fore, numerical simulation can provide us with a useful tool for a deeper un-

derstanding. Here we focus on local hemodynamics in stented saccular cerebral

aneurysms. The stent implantation is the promising minimally invasive endovas-

cular technique and can sometimes be utilized successfully for inoperable lesions.

The stent (Fig. 1 (a)), which is a exible cylindrical mesh tube made of stain-

less steel or alloys, is implanted, sometimes with coils, in the cerebral arteries

(see Fig.1 (b)-(c)) in order to prevent further rupture of aneurysms leading to

hemorrhage. It is thought that stent-induced ow stagnation promotes the for-

mation of a stable thrombus in the pouch and leads to permanent occlusion of

aneurysm [5]. The stent implantation treatments in cerebral aneurysms are the

new treatment and therefore their complex hemodynamics mechanisms involved

promotion of thrombosis are not yet well understood. The �rst experimental

and clinical studies of this occlusion technique using stents in carotid aneurysms
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have been done by Marks et al. and Wakhloo et al. in 1994 [6, 7], and several ex-

perimental and numerical studies on stented ows have been reported [5, 8{10].

They emphasize the existence of large coherent vortex structures within lateral

aneurysm models, however they do not discuss the ow reduction mechanism

(i.e. the total reduction of the ux through the stent) well.

Here we mainly consider two types of saccular aneurysms with di�erent neck

size in order to investigate the inuence of the neck size on the velocity reduction

based on the experimental observation [11]. The Reynolds number range in par-

ent vessels 2-4 mm in diameter is between 100 and 300 and within the aneurysms

is less or about 30 [8, 11]. For simplicity, ow is considered to be incompressible,

homogeneous and nonpulsatile. Body forces such as gravity, boundary forces

such as pressure in the brain and the wall elasticity are neglected. The uid is

assumed to be Newtonian. As we mention in Sect. 2, we think these parame-

ters make only minor di�erences for the purpose of this study [5, 8]. Using the

two-dimensional lattice Boltzmann approach, we reveal the fundamental ow

reduction mechanism by stent implantation in dependence of the aneurysm size.

Understanding these ow reduction mechanisms is very important for improve-

ment of the curative e�ect.

Fig. 1. A porous tubular shaped stent in (a). Angiogram of the carotid artery before

the treatment in (b). A saccular aneurysm is noted (arrow). Angiogram after occlusion

using a stent and coils in (c). No ow is recognized in the aneurysm (arrow).

2 Model Description

Even without stent the velocity magnitude is low (1 cm/s) and the Reynolds

number within the aneurysm dome is less or about 30 [8, 11] which characterizes

a slow visco-dominated Stokes ow. However, we consider here the inertial term

of Navier-Stokes equation in order to describe the vortex structure in aneurysms.

We adopt the lattice Boltzmann method [12, 13] to solve the following incom-

pressible Navier-Stokes equations in order to investigate uid dynamics of blood
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ows.

�(@tu+ u � ru) = �r2
u�rp; (1)

The conservation of mass applied to an incompressible ow:

r � u = 0: (2)

Here u is the macroscopic velocity of the uid, p the local pressure, � the density,
and � the viscosity coeÆcient. We assume here that the viscosity is constant.
The reason is that the non-Newtonian behavior of blood a�ects the viscosity sig-
ni�cantly only at low shear rates, because the aggregation of the red cells causes
the increase of the viscosity at the low shear rates, and the inuence of shear
rates on the viscosity is thought to be relatively small for vessel diameters larger
than 0.5 mm, [8, 14]. Moreover, when we focus on the basic ow dynamics, the
di�erence between non-Newtonian and Newtonian behavior is minor [8, 15]. On
the other hand, when we consider the promotion of thrombosis in the aneurysm
dome where the shear rate is very small, we must consider non-Newtonian be-
havior.

The lattice Boltzmann algorithm solves the following discretized equation,
which recovers the Navier-Stokes equation [12, 13]:

ni(x+ ciÆt; t+ Æt) = ni(x; t) +�i[n(x; t)]: (3)

where the discretized distribution functions ni(x; t) are considered to represent
the positive real-valued number of imaginary particles at a site x and time t with
velocity ci along the ith direction of the lattice. Here we de�ne the Æx=Æt = jcij,
where Æt and Æx are time and space increments, respectively. The term �i is
the collision operator, which is usually replaced by its linear expansion around

the equilibrium function n
(eq)

i
(x; t) [16] and simpli�ed using the single-relaxation

time as follows [17, 18].

�i[n(x; t)] = �
ni(x; t)� n

(eq)
i (x; t)

�
: (4)

This is called the lattice BGK collision term [19], which represents the relax-
ation to the equilibrium state. Then we can describe the general form of the
equilibrium distribution on the basis of a low Mach number approximation to
the expansion of the Maxwellian distribution [20]. We use a two-dimensional
model in order to simplify analysis of the ow reduction and to extract the
fundamental property of stents. In order to recover the correct Navier-Stokes
equations we consider the two-dimensional square lattice with nine velocities,

called D2Q9: ci = (cos(�=2(i � 1)); sin(�=2(i � 1)) for i = 1; 3; 5; 7, ci =p
2(cos(�=2(i� 1) + �=4); sin(�=2(i� 1) + �=4)) for i = 2; 4; 6; 8, c0 = 0 corre-

sponds to zero-speed velocity. We can obtained the equilibrium function analyt-
ically [13]:

n
(eq)
i = �wi

�
1 + 3ci � u+

9

2
(ci � u)2 �

3

2
u
2

�
; (5)
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with wo = 4=9, w1 = w3 = w5 = w7 = 1=9, and w2 = w4 = w6 = w8 = 1=36.

The constant sound speed cs = 1=
p
3 and the kinetic viscosity � = �=� =

c
2

s
Æt

�
� � 1

2

�
= (2� � 1)=6 [13]. This method solves the equation based on the

microscopic dynamics and therefore it is appropriate to solve the macroscopic

hydrodynamic phenomena based on the microscopic physics.

Here we use the following parameters for the calculation. The Reynolds num-

ber is de�ned as Re =
UL

�
, where U is the characteristic velocity and L is the

characteristic length. The velocity at the center of the channel is chosen for U

and the channel width is L. In order to obtain the appropriate Reynolds number

Re = 300 in the parent vessel ow, we use the Mach number M < 0:2 instead

of the typical Mach number M = 3:0 � 10
�5

in the parent vessel 2-4 mm in

diameter. The relaxation time � = 0:58 is chosen to produce a constant kinetic

viscosity � = (2� � 1)=6 = 0:026. The average density of the system is � = 1:0.

The simulation size is ranged from 800 � 288 cells to 800 � 188 cells and the

channel width is 80 cells (see Fig. 2 and Table 1). Since the velocity pro�le at

the inlet/outlet is unknown it is necessary to specify the pressure gradient across

the inlet/outlet instead. The pressure is part of the stress tensor, interpreted as

a surface force acting normal to the inow/outow surfaces, therefore the in-

ow/outow boundary condition is speci�ed as values of the normal component

of the stress tensor. We use the constant pressure gradient
dp

dx

�= 4:17 � 10
�6

rather than a pulsatile ow in order to simplify the study of ow reduction by

stents. We expect to obtain the velocity in the center of channel U = �L
2

8�

dp

dx
for

the two-dimensional Poiseuille ow [21]. For the inlet and outlet, we use peri-

odic boundaries in combination with velocity and pressure boundaries [22]. For

the walls, a number of boundary conditions have been proposed [13, 23, 24]. We

use the bounce-back on the links, in which particles coming to the walls simply

return back to the uid in the direction where they came from [21].

The geometric dimensions of the aneurysm and the stent (see Table 1) are

chosen in the range of experimental data [7, 11] and of the clinical observations.

The aneurysm diameter varies from 5 mm to 10 mm and the aneurysm ori�ce

diameter is between 5 mm and 10 mm. The parent vessel is assumed to be a

straight tube of 4 mm in diameter. The stent diameter is 4 mm and the length

ranges from 25 mm to 30 mm in the expanded state. The stents are composed of

weave loops made of stainless steal or alloy �lament 0.1 mm in caliber. We use

the same no-slip boundary condition on the stent surfaces as that on the walls

(see Fig. 2 and Table 1).

In addition the following simpli�cations are implemented in the models. Body

forces (gravitational forces) and boundary forces (pressure in the brain)are ne-

glected. The experimental study using aneurysms overlying and underlying the

parent vessel reported that gravity plays a negligible role in ow patterns[5]. We

assume the walls to be nonelastic. It was reported that the basic vortex patterns

are similar in both rigid and distensible saccular aneurysms [25]. During the di-

astolic phase only minor di�erences could be observed. And cerebral arteries are

considered to be less distensible than large systemic arteries [26, 27]. Therefore

we think that the elasticity of walls does not make large di�erence in the basic
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ow pattern with stents. On the other hand we think that elasticity should be

consider when we study the rupture mechanism based on the elasticity or the

inuence of the pressure on the wall.

Fig. 2. Geometric parameters of the aneurysm model with a stent.

Table 1. Aneurysm parameters and stent parameters for the numerical experiments.

da denotes the aneurysm diameter, do is the aneurysm ori�ce diameter, ds is the stent

diameter, df is the �lament diameter, sp is the pore size, sf is the pore interval, and

" is the geometrical porosity (metal free area/total unit area) of the stent (see Fig. 2).

We use other stents with the di�erent pore size in Fig. 5

Aneurysm Parameters

Model da do da=do h nr

LLa 200 220 0.99 100 10.0

La 200 200 1.00 108 28.0

Sa 200 100 2.00 108 10.0

SSa 100 100 1.00 58 15.5

Stent Parameters

Stent Model ds df sp sf "

Ls 80 2 35 2 95.51

Ss 80 2 15 2 89.53

3 Numerical Results

In this section we present the two-dimensional numerical simulation result per-

formed using the lattice Boltzmann algorithm. We study the hemodynamic ef-

fects of stent implantation on several aneurysms and reveal its ow reduction

mechanism and critical properties in dependence of the aneurysm size.

Figures 3 (a)-(f) show the variation of the ow patterns in stented aneurysms

with the large (model LLa) ori�ce and the small ori�ce (model Sa) using the
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stream-line plot. In Figs. 3 (a) and (d), the vortex in the nonstented aneurysm

is driven directly by the ow in the parent vessel. In Figs. 3 (b)-(c) and (e)-

(f), the vortex is not driven by the ori�ce ow directly because the velocity

at the ori�ce does not have the enough magnitude to drive it (see Fig. 4 and

Table 2). In Figs. 3 (g)-(l), we show the stream-line plots of the stent e�ect

in the aneurysm models La and SSa, which have the same proportion of the

aneurysm diameter (da) to the aneurysmal ori�ce diameter (do). Two aneurysms

have the similar ow patterns. Figures 3 (f) and (l) show that the existence of

the vortex depends on da=do. Figures 3 (f) and (l) also show that the vortex

in the stented aneurysm appears when the aneurysm diameter is large. It can

be thought that this stented vortex is driven by the existence of the pressure

di�erence in the aneurysm where the percolation dominant velocity, which is the

velocity at the no-vortex part in the aneurysm, is small in comparison with the

magnitude of the pressure di�erence (see Table 2). In Table 2 we use the following

de�nitions. The dimensionless maximum velocity at the ori�ce v�
o
(max) is de�ned

by v�
o
= vo(max)=U , where vo(max) is the maximum velocity at the aneurysm

ori�ce. The mean velocity reduction �vr is de�ned as �v
ns

��v
st

�vns
� 100, where �vns

and �vst are the averaged nonstented velocity and the averaged stented velocity in

the aneurysm dome respectively. The parameter p�
a
is the dimensionless pressure

in the aneurysm de�ned as
pa�pout

pin�pout
, where pin is the inlet pressure, pout is the

outlet pressure. The parameter p�
d
is the dimensionless pressure di�erence de�ned

as
p
max

a
�p

min

a

pin�pout
, where pmax

a
is the maximum pressure in the aneurysm and pmin

a

is the minimum pressure in the aneurysm. In Figs. 4 (a)-(i) we observe that

the velocity component perpendicular to the main ow in the parent vessel (y

velocity) is diÆcult to reduce in comparison with the velocity component parallel

to the main ow (x velocity). The y velocity is accelerated partly due to an `ori�ce

e�ect'. Table 2 shows also that this `ori�ce e�ect' of the stent cannot be neglected

so far as the pressure is concerned. When the ow reduction is incomplete, the

ori�ce e�ect increases the y velocity. (see Fig. 4 (b), (e), (h), and (k)).

The experimental observation of Bar�ath et al. [11] using models with similar

aspect ratio as LLa and Sa shows that model LLa has a better velocity reduction

than model Sa when the stent porosity (metal free area/total unit area) ranges

from 79 % to 92.5 % [11]. We analyze this reason here. In our numerical experi-

ment we recognize this phenomenon in the large pore-size region (large porosity).

Figures 5 (a)-(c) show that a ratio of the stent pore size to the aneurysm ori-

�ce size of 0.5 is the critical value, which makes the ow reduction e�ect in the

model Sa smaller than that in the model LLa. In the region where this ratio

is smaller than 0.5, model Sa has a better velocity reduction than model LLa.

This crossover phenomenon is caused by the insuÆcient reduction of x velocity

in model Sa when the pore size of the stent is large (large porosity) (see Fig. 5

(e)). This insuÆcient reduction is due to the small number of stent struts at the

aneurysm ori�ce. When the ratio of the pore size to the aneurysm ori�ce is above

0.5, there are only one or two struts at the ori�ce and the ow reduction shows

the critical behavior. Usually for its exibility the stent has large pore size com-

pared to the aneurysm ori�ce size. Therefore it is very important to know the
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ow properties in this critical domain. On the other hand in the small pore size
region (small porosity), model Sa can be occluded easier by the stent because of
the large number of stent struts and the small velocity at the aneurysm ori�ce.
This numerical analysis con�rms well the experimental observation of Bar�ath et
al. [11].

(a) (a) (c) (b) (c) (b) (g) (h) (i) 

(d) (e) (f) (j) (k) (l) 

Fig. 3. Stream-line plots of the stent e�ect in aneurysms with the di�erent ori�ce size

(see aneurysm parameters and stent parameters in Table 2).
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Fig. 4. The velocity pro�les at the aneurysm ori�ce (a)-(l) of Fig. 3 (a)-(l) respectively.

4 Conclusion

Flow reduction mechanism in stented aneurysms has been discussed using the
two-dimensional lattice Boltzmann approach. We showed that the stent prevents
vortices driven directly by the parent vessel ow and that the aneurysm size plays
an important role in the formation of the stented ow pattern. We need to con-
sider the aneurysm size when we choose the suitable stent for ow reduction.
The desirable stent should be designed to decrease the direct inuence of the
main ow. We need the suÆcient number of stent struts at the aneurysm ori�ce,
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Fig. 5. The velocity reduction in the stented aneurysms. The mean velocity reductions

in the aneurysm models LLa and Sa are shown in (a)-(c) as a function of porosity,

pore size or the proportion of the pore size to the aneurysmal ori�ce size respectively.

Porosity reduction is obtained by the simple pore size reduction. We plot the maximum

velocity, maximum x velocity and maximum y velocity at the aneurysm ori�ce as a

function of the porosity in (d)-(f) respectively. The variation of the porosity is obtained

by the simple pore-size reduction. The porosity 100 % means the nonstented case.

Table 2. Parameters in �g. 3. In the column headings v
�

o
(max) denotes the dimen-

sionless maximum ori�ce velocity by the maximum velocity in the parent vessel, �vr
is the mean velocity reduction, p�

a
(whole) is the dimensionless pressure in the whole

aneurysm and p
�

a
(upper) is that in the upper aneurysm, p�

d
(upper) is the dimensionless

pressure di�erence in the upper aneurysm.

Model Aneurysm Stent v�
o
(max) �vr (%) p�

a
(whole) p�

a
(upper) p�

d
(upper) v�

o
=p

�

d

Fig. 3 (a) LLa - 0.4910 - 1.0530 1.0350 0.00300 164

Fig. 3 (b) Ls 0.2709 61.90 1.0560 1.0410 0.00075 361

Fig. 3 (c) Ss 0.2187 66.67 1.0410 1.0350 0.00024 1154

Fig. 3 (d) Sa - 0.2769 - 1.0230 1.0380 0.00420 66

Fig. 3 (e) Ls 0.1522 67.88 1.0200 1.0410 0.00045 338

Fig. 3 (f) Ss 0.0642 87.64 0.9990 1.0320 0.00024 268

Fig. 3 (g) La - 0.4410 - 1.0470 1.0440 0.00450 98

Fig. 3 (h) Ls 0.2716 58.82 1.0350 1.0440 0.00090 302

Fig. 3 (i) Ss 0.1366 72.06 1.0080 1.0350 0.00015 911

Fig. 3 (j) SSa - 0.2552 - 0.0600 0.1020 0.00900 28

Fig. 3 (k) Ls 0.1373 56.76 0.9180 0.9840 0.00240 57

Fig. 3 (l) Ss 0.0597 79.44 0.8430 0.9780 0.00030 199
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therefore small pore size is preferable for the small-necked aneurysm, however it

causes a kind of ori�ce e�ect and prevents the ow reduction in the large-necked

aneurysm. These numerical observations can explain well the experimental re-

sults of Bar�ath et al. [11]. We need further discussion on the other important

parameters, which de�nes the e�ective stent. In our future work, we would like

to study the e�ect of the pressure on the elastic aneurysm wall and the e�ect of

promoting the thrombosis by the stent implantation for deeper understanding

of the vortex role in the aneurysm. In comparison with traditional methods such

as �nite element method, the lattice Boltzmann method is easy to handle due to

the simple algorithm and shows promising capabilities to simulate complex ow

such as non-Newtonian multi-phase ows [13, 28] and moving elastic boundaries

[29] without phenomenological models.
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