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Summary

In addition to providing a skeleton for vessel
reconstruction, stent implantation as used for
cerebral aneurysm treatment can induce flow
redirection, thus reducing vortical flow velocities
within the aneurysm cavity. Further, stent charac-
teristics such as strut size, porosity and cell shape
influence the changes in intra-aneurysmal flow
by analog simulations. The purpose of this com-
puter simulation study was to visualize the flow
pattern over the entire neck area of a side wall
aneurysm while changing the stent parameters.

A 3-D computer model aneurysm was con-
structed to have a parent artery of 5 mm diame-
ter and an aneurysm of 10 mm diameter. The
distance between the midline of main artery and
center point of the aneurysm was 6.8 mm, pro-
viding a neck length of 5 mm, a width of 3.6 mm,
and a neck area of 14 mm 2. The simulations
were carried out with a Finite Element Method
based flow simulation package. The incompress-
ible Navier-Stokes equation was solved for a
steady flow with a mean speed of 290 mm/s,
steady viscosity of 3.83 cp, and density of 1.0
g/cm3. Two parallel stent struts (dimensions: 100
um m 100 um m 2.0 mm) were introduced into
the plane of the aneurysm neck.

The fraction of the aneurysm neck cross-sec-
tion occupied by the stent was 2.83% in all cases.

The velocity distribution through the neck of the
aneurysm was calculated for three different
choices of separation between the struts for each
of two orientations of the struts (parallel and
perpendicular) relative to the vessel axis.

The flow pattern in the aneurysm was com-
posed of an inflow zone at the distal neck and of
an outflow zone at the proximal neck. The place-
ment of stent struts at the aneurysm neck result-
ed in a decrease in the mean speed in the aneur-
ysm. The degree of reduction and the distribu-
tion of flow through the neck did depend on the
orientation of the stent struts. The struts, when
placed parallel or perpendicular to the parent
vessel axis affected the mean speed through the
aneurysm neck differently.

Introduction

Recently, image-guided minimally invasive
endovascular treatments such as coiling and
stenting for ruptured or unruptured cerebral
aneurysms have been validated by large ran-
domized trials '*. Specifically, Lylyk et Al have
reported stent treatment to be feasible for arte-
rial reconstruction of intracranial aneurysms°.
Such stent-based treatment is thought to lead
to embolization of intracranial aneurysm by
decreasing inflow into aneurysm**.

The degree to which a given stent achieves
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Figure 1 A) Semi-transparent surface display of the aneurysm, parent artery and stent struts and B) the resulting mesh of

the model geometry.

this effect may depend on design factors such
as separation, size and orientation of the struts,
which dictate the structure of the stent edge,
and thus may have important role for changing
the flow”.

Computational fluid dynamic (CFD) model-
ling that makes use of finite element methods
(FEM) has been used to delineate therapeutic
options in the treatment of aneurysms.

The inclusion of stents, and the associated
need to greatly improve on the structure of the
model grid (“mesh quality”) however, make si-
mulations that incorporate stents especially dif-
ficult'. Consequently, flow analyses incorporat-
ing stents in the aneurysm model, have seldom
been published *. Aenis et Al*, using FEM on
a hexagonal mesh to model flow past stent
struts aligned perpendicular to the parent arte-

ry, found the flow speed in the aneurysm to de-
crease after stenting. Hirabayashi and Ohta *'>'¢
characterized the effect of stent position on to
flow speed by using a Lattice-Boltzmann me-
thod, identifying positioning of the stent struts
to have an influence on flow speed. While these
reports have identified the orientation and posi-
tion of struts relative to the parent artery and
aneurysm neck as factors affecting flow in the
treated aneurysm, it remains to characterize
these dependencies. Such knowledge may in-
form the design process for stent construction,
coil selection and placement for treatment, and
contribute to our understanding of aneurysm
progression and their clinical management. In
this study, we carried out a numerical analysis of
the effects of stent orientation and geometry on
flow in an aneurysm.
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Material and Methods

Geometry

A 3-D model of a side-wall aneurysm was
constructed with a parent artery of S mm diam-
eter, and an aneurysm of 10 mm diameter. The
distance between the midline of the artery and
the center point of the aneurysm was 6.8 mm,
providing a neck length of 5 mm, a width of 3.6
mm, and a neck area of 14.13 mm?2. Two paral-
lel stent struts were incorporated into the mod-
el, with their position laying in the plane of the
aneurysm neck.

Each strut was 100 pm x 100 um in cross-sec-
tion, and 2.0 mm in length. As test conditions,
the separation between the struts was set suc-
cessively to 0.5, 1.0 and 1.5 mm for simulations.

Additionally, the orientation of the struts for

all separation distances were set to 0° (paral-
lel) and 90° (perpendicular) to the parent ves-
sel axis. The fraction of the aneurysmal neck
areas occupied by the struts was 2.83% in all
cases.

For each combination of strut orientation
and separation, the combined vessel and stent
geometry was first structured and the computa-
tional mesh was created using GAMBIT1.3
(Fluent Inc., Lebanon, NH). An identical pro-
cess was performed for the vessel model alone,
without the inclusion of a stent. The number of
mesh elements ranged from 20984 to 24329.
figures 1A,B show geometry and mesh for a
parallel strut configuration.

For each of the defined geometry prescrip-
tions, the incompressible Navier-Stokes equa-
tions were solved using a dedicated, commer-
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Figure 2 Velocity distribution and contour lines A) within and B) at the neck of aneurysm without stent struts.
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Figure 3 Velocity distribution and contour lines A) within and B) at the neck of aneurysm with stent struts parallel to the
parent artery (0.5 mm separation between the struts).
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Figure 4 Velocity distribution and contour lines A) within and B) at the neck of aneurysm with stent struts perpendicular to
the parent artery (0.5 mm separation between the struts).
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cially-available Finite Element Method (FEM)
flow simulation package (FIDAP 8.6, Fluent
Inc., Lebanon, NH) running on a workstation
(hp workstation*1100, Pentium 4, 2GHz, 1GB
Memory, Hewlett-Packard).

For the simulations, we assumed a steady
flow with a mean speed of 290 mm/s, with a ve-
locity of 0 m/s taken as the boundary condition
at the vessel wall. The steady viscosity and den-
sity were set to 3.83 cp, and 1.0 g/cm? respec-
tively. The velocity distributions at the aneur-
ysm neck and within the aneurysm were calcu-
lated for variable combinations of angles and
gaps. Mean values and the histogram for distri-
bution of flow speed were examined and com-
pared for the different configuration. The flow
reduction ratio is calculated using the following
equation.

To avoid issues related to mesh geometry, the
same mesh was used in each study, but the
properties of the strut portion were changed to
reflect either fluid or strut being present at that
position.

Equation

Results

Figure 2A shows a lateral view of the flow in
the unstented case, with the flow entering from
the left edge of the parent artery. Laminar flow
at the outlet and a vortex in the aneurysm are
predicted. The flow pattern in the aneurysm
was composed of an in-flow zone at the distal
neck and an out-flow zone at the proximal
neck. These features are better seen in the con-
tour plot of Y-axis speed shown in figure 2B. In
the figure of left, arrows express the velocity at
the neck, and the speed distribution of the Y-
axis is shown in the right image.

Figure 3 shows a simulation of the flow after
a stent is placed with struts parallel to the main
axis of the parent artery (strut separation 0.5
mm). Again, the lateral view is seen in figure
3A, and the speed distributions at the neck are
shown in figure 3B. The Y-axis speeds are de-
creased when compared to the pre-stenting.
The change of conformation was observed af-
ter stenting.

(mean of flow speed without stent struts) - (mean of flow speed)

Flow reduction ratio =

(mean of flow speed without stent struts)

struts and perpendicular struts with 0.5 mm strut separation

Table 1 Average speed in the aneurysm, the standard deviation (S.D.), and maximum speed of without (w/o) stent, parallel

. Stent Average (mm/s) S.D. Maximum Speed (mm/s) 7
w/stent 32,15 28,58 560,03
Parallel stent 22,81 17,66 238,99
\Perpendicular 21,37 15,62 159,89 j

Table 2 The reduction ratios of after stenting with variation of strut distance from 0.5 mm to 1.5 mm

/ Direction of Struts Distance of Struts (mm) Reduction Ratio (%) \
0,5 25,13
Parallel 1,0 36,15
1,5 33,67
0,5 28,05
Perpendicular 1,0 32,15
] L5 33,70 /)
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Figure 5 Histogram of speed distribution of flow into the aneurysm at the neck.

Figure 4A shows the simulation results for
stenting with struts perpendicular to the parent
artery (strut separation is 0.5 mm). The strut
near to the proximal neck created a division of
inflow zone into the aneurysm rather than the
parallel struts.

The distribution of flow speeds through the
neck of the aneurysm is graphed in figure 5. In
the unstented case and that of the parallel strut
with 0.5 mm separation, a bilobed distribution
is seen with substantial high speed components.
The perpendicular stent case is more unilobear
with reduced high velocity components.

Within the aneurysm, the average, maximum,
and standard deviation (S.D.) of the speed
were all reduced by the introduction of stent.
All these metrics of the velocity showed grea-
ter reduction with perpendicular strut than par-
allel (table 1). The maximum speed decreased
by at least half with stenting, and struts perpen-
dicular to the vessel axis produced a greater re-
duction than did parallel struts.

The separation of the stent inversely related
to the reduction in mean velocity within aneur-
ysm (table 2). Expressed as a ratio of the val-
ues obtained in the unstented case, the reduc-
tion in the mean of flow speed ranged between
25-36%.

Discussion

In this study, we used FEM to investigate the
impact of different strut separation distances
and strut orientations relative to the parent
artery on flow through the aneurysm neck for
stents placed across the neck of cerebral
aneurysm. The flow pattern in the native aneu-
rysm was composed of an inflow zone at the
distal edge of the aneurysm neck, and an out-
flow zone at the proximal edge, with rotation
centered within the aneurysm. This flow pat-
tern is consistent with previously reported
computer simulations and in-vitro models '>'7*%,

We found perpendicular struts to more effec-
tively decrease flow speed through the aneur-
ysm neck than did the parallel struts, extending
the results of Aenis et Al showed that struts
perpendicular to the parent vessel axis led to a
decrease in the flow speeds within the aneur-
ysm after stenting.

Hirabayashi et Al characterized the ef-
fect of stents on flow speed, and indicated stent
position as a factor influencing flow speed.

The simulations do not however distinguish
the operative mechanisms that lead to the re-
duction in flow speeds and the differences aris-
ing due to strut orientation and spacing. We sug-
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gest two possible mechanisms. First, the struts
act as a boundaries cutting the aneurysm neck
into (in these simulations) three zones (vessel
wall to strut, strut to strut, and strut to vessel
wall).

In the case of struts parallel to the vessel ax-
is, they may act as sidewalls, which maintain
the primary proximal and distal conformation
of the native aneurysm vortex, but restrict the
area open to flow, and thus via viscous effects
reduce the velocities achieved. When the struts
are perpendicular to the main vessel axis, three
successive distal and proximal zone pairs arise,
each likely to generate a vortex. This confor-
mation positions the first vortex’s inlet zone
next to the outlet zone for the second vortex
(and similarly for the second inlet and third
outlet). As a result the vortices may produce
partial cancellation of the overall flow pattern
in addition to the increased viscous effects due
to the boundary effect of the struts themselves.
In addition, a second, smaller effect may arise
due to the effect of the struts on flow momen-
tum. With struts parallel to the flow, angle of
incidence of fluid striking the struts is likely to
be small (low cross-section) and so there is lit-
tle change to the momentum vector which
maintains its speed and direction along the
parent artery.

In contrast however, with the struts are per-
pendicular to the flow, they will present a
greater cross-section to the flow, and result in a
change in the momentum of fluid striking
them, inducing disturbance in the parent and
intra-aneurysmal flows. Moreover, the flow
pattern or speed distribution at the neck may
have good relation to those at the whole neck.

We note that, since only the distance be-
tween struts and the strut angle relative to the
parent artery were varied, all patterns have the
same porosity. Nonetheless, the histograms of
the speed distributions differ despite the com-
mon porosity of all the strut patterns. This indi-
cates the importance of the design of a stent in
defining their effect the flow in aneurysm.

As with any modeling study a number of sim-
plifications were made. The assumption of a
rigid vessel is probably acceptable as intracra-
nial arteries and aneurysms are less distensible
than extracranial arteries ”*. While a pulsatile
flow was not used in this study, and so the tem-
poral evolution of haemodynamic parameters
over the cardiac cycle has been sacrificed, Yu

et Al"” and Steiger et Al* have previously shown,
the flow field of a steady flow matches well
with the systolic field under the pulsatile con-
ditions.

As regards the idealized 3-D geometry and
the simple stent “design”. It is certainly desir-
able to perform simulations on patient specific
3-D geometric data with real stent geometry.
Recent reports by Steinman et Al and Hassan
et Al'' have demonstrated the feasibility of per-
forming CFD simulations based on the 3-D an-
giographic data of individual patients. It antici-
pated that advances in computer performance
will ultimately lead to that goal for stent stud-
ies. Despite the simplifications in the present
study, defining the role of stent struts on hae-
modynamics using an ideal geometry, for which
flow has been already investigated with physi-
cal models, is a helpful check on the validity of
the results to be obtained in later patient-based
studies.

Conclusions

Application of finite element methods to the
analysis of blood flows in cerebral aneurysm
has advanced considerably in the last decade.
We have defined a simple model consisting of
an aneurysm and a parent artery into which
stent struts can be integrated, and a hexagonal
computational mesh generated for FEM simu-
lation of the effect of stents on flow in aneur-
ysms. Without stent emplacement, the flow pat-
tern in this aneurysm model consisted of an in-
flow zone at the distal neck, an out-flow zone at
the proximal neck and a vortex within the
aneurysm.

The placement of stent struts at the aneur-
ysm neck resulted in a decrease in the mean
speed in the aneurysm, regardless of the orien-
tation and separation of the struts. The degree
of reduction and the distribution of flow through
the neck however did depend on the orienta-
tion of the stent struts.
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