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Characterization of flow reduction properties in an aneurysm due to a stent
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We consider a lattice Boltzmann simulation of blood flow in a vessel deformed by the presence of an
aneurysm. Modern clinical treatments involve introducing a stertibular mesh of wirgsinto the cerebral
artery in order to reduce the flow inside the aneurysm and favor its spontaneous reabsorption. A crucial
question is to design the stent with suitable porosity so as to produce the most effective flow reduction. We
propose a stent positioning factor as a characterizing tool for stent pore design in order to describe the flow
reduction effect and reveal the several flow reduction mechanisms using this effect.
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Hemodynamics has now become an important field of reeter. This result is valuable as it gives clear guidelines to
search for numerical simulation%] because a better under- stent manufacturers to aid effective design.
standing of the behavior of blood flow in various organs is a Our results follow from intensive numerical simulations
very challenging issue in medical research. Here we presefit Which we have analyzed the flow of blood with many
a numerical study of the hemodynamics of a cerebral arterglifferent stentd14]. As we are looking for a generic effec-
on which a saccular aneurysm has developed. tive parameter describing the quality of a stent, we consider

To a crude approximation, such a situation is similar to ah€ simplest possible two-dimensional situation, namely, the
cavity flow: the aneurysm can be considered as a semicircyPical geometry presented in Fig. 1. We neglect several ef-
lar or a circular deformation in the vessel membrane, agects, such as the pulsatile flow of blood, its non-Newtonian

shown in Fig. 1. As blood flows in the vessel, it produces geroperties, and the elasticity of the wall. It is indeeq gener-
circulation inside the cavity. It turns out that the flow inside ally accepted that these aspects do not play a major role in

the aneurysm is detrimental to the thrombus effect, that ishow the stent structure affects the flow reductiér5—13.

the deposition of blood constituents on the aneurysm Wa”Qur numerical simulations are based on the lattice Boltz-

The thrombus formation is the natural way for blood to cIotmann(LB) method[18,19, which represents a fluid as the

h I leadi h b . ¢ th discrete time dynamics of interacting the particle distribution
at the wall, leading to the reabsorption of the aneurySmg,,iion on a lattice. This approach has been successfully
Without this effect, the aneurysm may grow and possibly,jieq to various complex flow situatiofs8—21, includ-

break, thus causing a hemorrhage that can be lethal. jhg piood-flow simulation§22,23. Our LB model is vali-

To prevent this dangerous rupture a modern and miniyated theoretically, experimentally, and numerically. Theo-
mally invasive treatment of cerebral aneurysms, which invetically it is proved for the LB algorithm that the Navier-
volves introducing a stent into the vessel so as to occludstokes equations are recovered correctly for the small Mach
partially the orifice of the cavity, was proposed in 19943].  number[24]. Compared with the results of the vitro ex-
Stents are tubular meshes made of stainless steel or alloys, geriment in Ref[8] and the numerical experiment using the
shown in Fig. 2. If a suitable stent is chosen for each aneutraditional finite element method in Rg#], we can confirm
rysm, it will reduce significantly the flow induced in the that the results of our LB simulation in Réfl4], where we
cavity. The design of effective stents is therefore a key issue
in this treatment technique, however there is no effective
parameter to characterize the flow reduction capability of the a

stent because of the complexity in the flow reduction mecha- 100 20 P
. _ . . Flowr 'i 1 = - (]
nism. Although several authofd—12] have studied numeri - o] I s
cally and empirically the properties of stents on the induced : - J.;—-" :‘";
flow in an aneurysm, no simple quantification of the flow - ‘—igg}(em 4)
reduction has been given, and no global characterization of 800 T

the stent structure has been obtained to describe its effect.
For example, the experimental and numerical results re-

ported that the geometrical porosity and permeability of the Hilrad

200

stent has no significant correlation with its flow reduction ’ IE‘D 80 \ N L35
property[13,14]. This means that it is difficult to predict the Flaw : - e ml
stent’s effect in advance using these traditional parameters. = 0] 1 died?

Here we propose to describe the flow reduction property T T = —sstena
of the stent using a stent positioning effect. The main result 800 ‘fg{g:g‘t}%}»

of the present work is to provide a meaningful stent param-
eter to characterize the flow reduction property and to reveal FIG. 1. A schematic view of an aneurysm on a parent vessel
several other important stent parameters using this paranganit: cell).
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FIG. 2. (Color online An example of a stent.

analyzed the flow pattern formation within the aneurysm in
detail, show that our model can provide an effective simula
tion tool for the stented-blood-flow problem. Moreover com-
pared with a traditional CFD solver, such as fluent, the LB
approach is quite flexible and easy to adapt to various ne
conditions. For instance, in a forthcoming work, we shall

W
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erage velocityu=2.92x10 ! m/s in the parent vessel for
the characteristic velocityd, and the diameterd=4.0
X102 m for the characteristic length Then we get the
clinical Reynold number Re344 in the parent vessel. For
the numerical study, we use the following flow parameters in
order to get reasonable Reynolds number with numerical sta-
bility and efficiency[20]. Here we use the two-dimensional
square lattice with nine velocities for the calculation, which
is called the D2Q9 mod€l14,20. The average density
=1.0 and the kinematic viscosity of the lattice Boltzmann
fluid v=pul/p=(27—1)/6=0.026, where the relaxation time
for the LB algorithm7=0.58. The velocity at the center of
the parent vessel= — (d?/8u)Vp=0.1, which is drawn by
the pressure gradien¥p|=4.17x10 ° between the inlet

and the outlet, is chosen as the characteristic veldgitin
our D2Q9 model the lattice Boltzmann sound sperd
=1/\/3, therefore the Mach numbén=u/c,=0.173. The
parent vessel diametel=80 is used for the characteristic

consider explicitly the clotting effect, which we would like to '€ngthl. As a result we get the Reynolds number297 in
describe as a deposition-aggregation process, similar to t{8€ parent vessel.

LB sediment transport model of Ref®5,26. Also, we plan

to include the wall elasticity in order to study aneurysm'’s

growth and rupture, using the model described in R&T).
The situation we consider is illustrated in Fig. 1. The size

and parameters of the simulation are chosen so as to corr

spond to the range of experimental and clinical observation

[3,8]. The stent is a tubular mesh which fits perfectly with

the parent vessel width. In our two-dimensional simulation,

the stent is represented by horizontal stiisese Fig. 1 with

a thickness of two lattice cells. We use three types of stent

A-C of different pore sizes and with relatively long periodic

designs, which are suitable for measuring the two-

The main flow obeys periodic boundary conditions along
the x axis defined in Fig. 1, and is driven by a pressure
gradient between the inlet and the outlet, which is imposed
according to the method described in R&8]. On the walls
gf the vessel and the aneurysm we use the so-called bounce-
back rule[19,28-3@, which ensures a nonslip boundary
condition. On a stent element, the fluid particles also bounce
back. The convergence criterion is attained by comparing
simulation results from two successive time steps and the
stop criterion is when this difference is less than 10

We show that we can characterize the flow reduction
property of the stent in a quantitative way by introducing a

dimensional positioning effect. The combination of the poreMeasure of the flow reduction using the positioning effect.

size and strut size is as follows: stekt15-cell strut, 55-cell
pore, 35-cell stryt stentB (15-cell strut, 40-cell pore, 35-
cell struy, and stentC (15-cell strut, 15-cell pore, 35-cell

Here we define the stent positioning effect as the phenom-
enon caused by the variation of the strut position depending
on the stent position at the aneurysm orifice. Numerically we

strub, therefore the characteristic cyclic lengths of thesef@n observe this effect by moving the stent from the initial

stents are 160, 130, and 80 cells, respectively.

As for the aneurysm, we use two different cavities with a
wide and a narrow neck in order to consider the influence o
the neck size on the flow reduction. We use the following

position.

Figures 3 and 4 show that the variation of the stent strut
position influences the effective porosity, which is defined as
the metal-free area divided by the orifice area. The position-

parameters based on the typical clinical observation of a sa¢?9 €rror is defined as the distance from the initial position
cular cerebral aneurysm. The aneurysm diameter is 10 m,qlwde(_]l by the characterls_tlc cyclic length of the stent. Th|_s
and occupies 200 lattice cells in our simulation. The orificeSffect is most remarkable in the small-necked aneurysm with

diameter of the small-necked aneurysm is 5 mm and that dhe large-pore stent and in this case the variation of the flow

the large-necked aneurysm is 10 mm. The parent vessel is
straight tube, 4 mm widé€80 cells and 40 mm long(800
cells).

In the parent vessel which we focus on, we can observ
the following clinical flow parameters: the fluid densipy
=1.087x 10° kg/m®, fluid viscosity u=3.695< 10 ° Pas,
the average fluid velocity=2.92x 10" ! m/s, the mean vol-
ume flow Q=2.2x10"3 m%s, and systolic and diastolic
pressurep of 1.9326x 10" and 1.199& 10* Pa. We adjust

rgduction by the positioning effect is large. These figures
show that the stent property depending on the aneurysm size
can be described quantitatively by measuring the effective
gorosity using the stent positioning effect. Figures 5 and 6
show the variation in the velocity reduction depending on the
positioning error. Here, the velocity reductidf is defined

by computing a coefficient comparing the nonstented and the
stented cased/, = (U,s— Ug)/U,s whereU s andUg are the

averages of the velocity= \uz(r)+uj(r) over all lattice

the time and length scales between the numerical simulatiogsitesr(x,y) in the cavity, for nonstented and stented flows,

and clinical data through the Reynolds number
=pUl/u, whereU andl are the characteristic velocity and

Rerespectively. Thex axis and they axis are defined in Fig. 1.

The average velocity cannot reveal the mechanism of the

the characteristic length in the system. Here we use the ayecalized stagnation within the aneurysm, which is thought
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FIG. 3. Variation in the effective porosity at the small-necked
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FIG. 4. Variation in the effective porosity at the large-necked

aneurysm orifice when the stent is shifted along the cavity orificeaneurysm orifice when the stent is shifted along the cavity orifice
successively by five cells: the positioning error is defined as thesuccessively by five cell§a) The case of stend, (b) the case of

distance from the initial position divided by the characteristic cyclic
length of the stent(a) The case of stem, (b) the case of ster,
and(c) the case of sten. The variation in porosity is large at the

small-necked aneurysm compared with the case at the Iarge-neck%%j

aneurysm.

stentB, and(c) the case of ster€. The variation in porosity is not
so large compared with the case of the small-necked aneurysm.

ainly caused by the strong orifice effect in the large-necked
aneurysm. Compared with Fig(cj, Fig. 8c) shows that the

of as a cause of thrombotic occlusion, however, we focus oRroPOrtion maximumu, of meanu at the aneurysm orifice is

the total flow reduction property by stent implantation here.

relatively large. This is due to a kind of orifice effect caused

Figures 3—6 show the possibility that we can predict th&dY the small pore in the stent and the relatively large velocity

velocity reduction effect by stent implantation in advance

using the stent positioning effect. We can also characterier;

the velocity reduction property of the stent on each aneurys
using a Fourier series

)

a o0
224 a,cosnme+ D,
2 n=1 n=1

Vi(e)= )

b,sin2nwe,

wheree is the positioning error. The coefficierdg, a,,, and

at the large-necked aneurysm orifice. These results show that
e orifice effect cannot be neglected in determining the ve-
city reduction in large-necked aneurysms.

Flow reduction in an aneurysm by stent implantation is a
complex phenomenon. Figures 3—6 show that there is no
significant correlation between effective porosity and veloc-
ity reduction properties. These observations show that not
only effective porosity but also strut distribution plays an
important role in determination of the flow reduction effect.
This is because it can be thought that the flow reduction

b, are stent-dependent parameters that provide a way tmechanism is sensitive to the strut position due to the non-
summarize the efficiency of a stent and, thus, give usefuliniform velocity distribution at the aneurysm orifice, there-

guidelines to design them.
Figures 5 and 6 also show the following features. Gener

fore the position of the strut at the aneurysm orifice is very
important. Moreover the strut sometimes makes a narrow

ally small-necked aneurysms have large velocity reductiorgap at the distal orifice. This also influences the orifice effect.

error based on the stent positiee Fig. 5. This is remark-
able in the large-pore stefgtentA). We think that this is

These assumptions may explain the reason for the disconti-
nuity in the variation in these figures. These phenomena,

due to the insufficient number of stent strut at the aneurysmwhich are considered to be caused by the stent positioning
orifice. This tendency is improved by using the small-poreeffect or the orifice effect, have been observed experimen-
stent(stentB or C). On the contrary, Fig. 6 shows that in the tally [13]. We think that the stent positioning effect makes it
large-necked aneurysm the large-pore stent does not cauddficult to analyze clinical observations, because it is diffi-
serious variations in flow reduction depending on the numbecult to know the exact stent position at the aneurysm orifice,
of struts at the orifice, however this is sometimes the case fdherefore these numerical analyses will be helpful in under-
the small-pore stent. We think that this phenomenon istanding the clinical stent effect.
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FIG. 5. Mean velocity reduction plots at the small-necked aneu- FIG. 6. Mean velocity reduction plots at the large-necked aneu-
rysm orifice as a function of the positioning err@® The case of rysm orifice as a function of the positioning err¢g The case of
stentA, (b) the case of sterB, and(c) the case of stert. stentA, (b) the case of sterB, and(c) the case of stert.

In conclusion, we have provided a useful guideline, theaneurysm orifice induced by the parent vessel flow. The ef-
stent positioning measurement, in order to analyze the flovfect of the flow reduction is sensitive to the strut distribution
reduction effect in a cerebral artery with an aneurysm bydue to this nonuniformity. This may be one of the reasons for
stent implantation. The following four main analyses werethe existence of the discontinuity in the variation, which is
obtained using this stent positioning measurement. First, thebserved in several figures.
stent positioning effect cannot be neglected and therefore we We think that our analysis is effective in the three-
can characterize the flow reduction property of a stent fodimensional case, too. As we mentioned before,itheitro
each aneurysm by a Fourier serig=g. (1)] utilizing this  experiment in Ref[8] shows a similar flow structure as our
positioning effect. Second, a large-pore stent shows largavo-dimensional numerical simulation in R¢fL4]. In both
fluctuation in the flow reduction for the small-necked aneu-cases, we can observe that the stent prevents the vortex in the
rysm. We think that this is due to the small number of strutsaneurysm from being driven directly by the parent vessel
at the aneurysm orifice. This phenomenon depends mainiffow. We provided the two-dimensional analysis of the
on the pore sizéor effective porosity of a stent. We guess mechanism of this flow pattern formation in detail in Ref.
that we can find the critical value of a combination of both[14]. As for the stent design, the three-dimensional stent has
the pore size and the aneurysm orifice size for characterizingnore complex geometrical structure, however, the pore dis-
these fluctuations. Third, a kind of orifice effect of the stenttribution and pore size should play the same important roles
with small pores in the large-necked aneurysm disturbs thé this case, too. We think that the stent design parameters
velocity reduction. This phenomenon depends mainly on thésuch as the pore size, its distribution, the strut size, and its
geometrical pore size, however, sometimes the strut positiodistribution are very important factors in determining the
can cause another orifice effect because even a large-poflew structure. If the characteristic cyclic length of the stent
stent can make a narrow gap at the distal part of the anetis small(for example, a uniform fine-meshed steithe stent
rysm orifice. This implies that exact strut position at the an-positioning effect is not so remarkable as in our stent models
eurysm orifice plays an important role in flow reduction. Fi- used here. On the other hand, if the characteristic cyclic
nally, the strut positiorfor strut distribution at the aneurysm length of the stent is largéfor example, a large-meshed
orifice must play another important role in the velocity re- stenj, the flow reduction property is subject to the stent po-
duction due to the nonuniform velocity distribution at the sitioning effect and the strut distributidior the pore distri-
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FIG. 7. The proportion maximuna, of meanu plots at the FIG. 8. The proportion maximunu, of meanu plots at the
small-necked aneurysm orifice with different positionings of thelarge-necked aneurysm orifice with different positionings of the
stent.(a) The case of ster, (b) the case of ster®, and(c) the case  stent.(a) The case of stem, (b) the case of ster®, and(c) the case
of stentC. of stentC.

. e . in vivo, because we cannot know the stent position at the
bution) at the aneurysm orifice is also important for the flow g6 ,rysm orifice in detail. However, we will be able to verify
pattern formation due to the nonuniform property of the Ve-he existence of the stent positioning effect indirectly by ob-
locity distribution at the aneurysm orifice. We expect thatserying the fact that the same stent shows different flow re-
these design parameters can be classified usingliq. duction properties in similar aneurysm situations. We think

_For future works, we think that we can propose somenat this phenomenon, which is often observed in clinical
critical values of the combination of both stent parameter%peraﬁons, is caused by the large-pore stent, which is often
(such as the pore size or the strut $iasd aneurysm param- sed, because these stents are sensitive to the stent position-
eters(such as the neck size or the dome siae the flow  ihg effect. Our results offer an important framework to dis-
reduction property by using the measurement of the positiong ,ss the intricate properties of the stent.
ing effect. Moreover the positioning effect will be useful to
investigate the further flow structure for understanding the We acknowledge the great help of Krisztina Bararan-
flow reduction mechanism by stent implantation. On a clini-cis Cassot, Jonas tta Alexandre Dupuis, and Christopher
cal note, it is difficult to confirm the stent positioning effect Pooley.
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