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ABSTRACT

Intracranial aneurysm, a localized dilation of arterial
blood vessels in the Circle of Willis and its branches,
is potentially life threatening, due to massive bleeding
in the subarachnoid space upon rupture. In clinical
practice, one minimally invasive surgical procedure is
the implantation of a metallic stent to cover the an-
eurysm neck. This flow diverting device can reduce
the flow into the aneurysm and enhance the prospect
of thrombosis, a condition expected to reduce the risk
of growth and rupture. The biomechanical and haemo-
dynamic factors in stented and nonstented situations
are studied by computational fluid dynamics. Unlike
earlier models with straight or curved parent blood
vessels, the aneurysm is now located near an arterial
bifurcation. The influence of the aspect (depth to neck)
ratio of the aneurysm on the flow dynamics will be
emphasized, especially in the post-operation stages.
More precisely, the maximum flow velocity, the varia-
tions of wall shear stress, the risk of stent migration
and volumetric flow rate after endovascular treatment
will be studied. Aneurysms with larger aspect ratios
(i.e. smaller neck sizes for constant depth) generally
pose a greater risk in terms of these flow parameters.
These results will assist the applications and design of
stents in future neurosurgical therapy. The approach
is limited to a nonelastic model, without taking into
account of questions like stent expansion and interac-
tion with tissue.
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1. INTRODUCTION

The formation of an intracranial aneurysm in the arteries
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at the base of the brain is a serious cerebrovascular dis-
order [1], occurring in roughly 2% to 5% of the popula-
tion [2,3]. Rupture of such aneurysm may result in mas-
sive bleeding, with an incidence rate of about 6 to 8
cases per 100,000 persons [4]. Treatment by surgical
clipping aims to isolate the aneurysm from the normal
blood circulation, but such open surgical procedure may
lead to complications such as brain injury, infection and
seizures.

Recently, endovascular coiling has been developed [5,6],
but the procedure may fail for wide-necked aneurysms,
as the coil would extrude into the parent blood vessel.
The promising alternative is then endovascular stenting
[7], where a metallic stent, serving as a flow diverter,
will drastically reduce the flow into the aneurismal sac.
Nearly stagnant blood facilitates thrombus formation [8].
Risks of growth and rupture are thus vastly mitigated.

Intracranial aneurysms are usually saccular in shape.
Mechanisms for their formation and growth are still con-
troversial, but haemodynamic and biomechanical fac-
tors are believed to play a crucial role [9-11].

Computational fluid dynamics has been utilized exten-
sively to assess endovascular treatment quantitatively.
Both idealized models, i.e. those with a straight or curved
parent artery, and patient specific cases have been em-
ployed. For idealized models, the effect of stents on
blood flow patterns in steady flow conditions was
investigated [12]. The efficiency of different stent
configurations (helix and mesh patterns) under pulsatile
flow conditions was compared [13]. The impact of stent
porosity on the volume flow rate entering the aneurysm
was analyzed [14]. Models with curved parent vessel had
been studied too [15].

For patient-specific models created from medical image
processing techniques [16,17], many technological chal-
lenges exist, e.g. irregular geometric shapes, difficulty of
virtual stent deployment and relatively large computa-
tional efforts. The aspect ratio of the aneurysm, the ratio

L,o% Scientific

+03

%% Research


mailto:kwchow@hku.hk

A.Y.-S. Tang et al. | J. Biomedical Science and Engineering 5 (2012) 422-431 423

of depth to neck width, will prove to be crucial [18-20].
Another clinical concern is stent migration [21-23].
Dynamics of flow diversion and prospect of delaying
rupture were also investigated [24-26].

Despite these intensive efforts, many critical pheno-
mena remain poorly understood, and the focus here is the
aspect ratio [18-20]. For simplicity, we take the width
and depth of the aneurysm as identical, and vary the di-
mension of the neck (Figure 1). Thus the aspect ratio
becomes the single geometric factor governing the hae-
modynamics.

The first goal is to assess the blood velocity and flow
rates as the aspect ratio varies. Secondly, the magnitude
of the shear forces acting on the stent tangentially in the
post-operative stage will depend on the dimensions of
the aneurysm necks (aspect ratio). A large shear force
may lead to stent migration and effectively causes the
failure of endovascular treatment. Finally, the shear stress
inside the aneurysm will play an important role too. In
cardiovascular mechanics, a huge literature has concen-
trated on the magnitude of shear stress on blood vessels
and endothelial cells alignment/damage [27]. The aspect
ratio will affect this biomechanical factor too.

The structure of this paper is organized as follows. A
three dimensional (3D) model of a saccular aneurysm is
first constructed based on the imaging data of a patient.
Computational fluid dynamics (CFD) analysis (Section 2)
[28,29] is conducted 1) to compare the nonstented (pre-
operative) and stented (post-operative) configurations,
and 2) to measure the effectiveness of endovascular in-
tervention by examining flow parameters (Section 3).
Conclusions are drawn (Section 4).

2. METHODOLOGY AND MODEL
2.1. Software

SOLIDWORKS 2010 (Concorde, Massachusetts, USA)
was used to build a high quality model. GAMBIT 2.4.6
(developed by FLUENT) was adopted to carry out the
task for mesh generation and quality control. FLUENT
6.3.26 (ANSY'S, Canonsburg, Pennsylvania, USA) was
utilized to conduct the simulations.

2.2. Geometric Configuration

Y-shaped configurations are highly relevant in the hae-
modynamics of intracranial aneurysms. Ford et al. [30]
considered the angle between the parent vessel and the
nominal center of the aneurysm, and the effect on flow
dynamics. Ujiie et al. [31] conducted flow visualization
experiments with different aspect ratios. Wang et al. [32]
analyzed the flow fields inside the stented model with
aspect ratio being unity. Babiker et al. [33] examined the
influence of different stent deployment approaches on
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the flow near the bifurcation region. While these and ear-
lier studies generally focused mainly on haemodynamic
properties and aneurysm geometries, this paper addresses
the potential risks of post-stenting aneurysm rupture and
stent migration problems as well.

The geometry of intracranial aneurysms is complex
and irregular in real patients, hence idealized models
where the aneurysm was located at the intersection point
of the daughter vessels had been considered [30,31].
Here we consider an asymmetric Y-shaped model with
the aneurysm located near the bifurcation point of the
cerebral arteries [34] (Figure 1(a)). If endovascular
repair is performed, a metallic stent will cover the
aneurysm neck and the left branch vessel (Figure 1(b)).

In the numerical simulations, the diameters of the
parent artery and two bifurcating vessels were selected as
4 mm and 3 mm respectively. The depth (D) and width
(W) of the aneurysm were taken to be identical at 15 mm,

| 33 mm

40 mm

(b)

Figure 1. Intracranial aneurysm model: (a) Geometry and di-
mensions; (b) Stent deployment.
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Neck Size (N)=5mm Neck Size (N)=7.5mm Neck Size (N) =10 mm
(Aspect Ratio =2)

and the aneurysm neck size (N) would take on values of
5, 7.5 and 10 mm (Figure 2). The aspect ratios (AR =
D/N) for these neck sizes were thus equal to 3, 2 and 1.5
respectively. The inclinations of the outlets “B” and “C”
were 30° and 0° respectively.

For the post-operative configurations, the computational
stent was constructed by SOLIDWORKS as a mesh-like
configuration with regular patterns of closed-cell, where
each closed-cell assumed the shape of a rhombus (0.5
mm x 1 mm). The porosity of the stent was 77%, and the
strut width and thickness were 0.07 mm and 0.1 mm re-
spectively. The stent was assumed to be a rigid structure
in tight contact with the vessel wall. Blood flowed from
the parent artery (inlet “A”) to the two branch vessels
(outlets “B”, “C”) and the aneurysm.

2.3. Fluid Properties

Blood plasma is regarded as a continuum. Suspended
particles are ignored, as typical diameters of red blood
cells (7.6 um) and platelets (2.5 pm) [35] are small rela-
tive to the size of the blood vessel (3 - 4 mm). Blood is
assumed to be an incompressible, Newtonian fluid [36],
with density and dynamic viscosity being taken as 1060
kg-m~ and 0.0035 kg-m™-s™* respectively [37].

2.4. Governing Equations

Using tensor notations (repeated indices implying sum-
mation), the continuity (mass conservation) and Navier-
Stokes equations (momentum) are given respectively as
[35]:

Ou,
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where u; (i = 1, 2, 3) are the components of the velocity
vector, p = fluid density, p = pressure, and z; = normal
and shear stresses. These equations were treated by an
unsteady flow solver of FLUENT with a time step of
0.001 second, and a residual error of 107°,

2.5. Spatial Grid Sizes

The spatial grid size ranged from 0.027 mm to 0.3 mm,
depending on the complexity of stented and nonstented
models. Tetrahedral/hybrid elements were employed and
T-grids were used. To maintain proper resolution, the
number of spatial grids must increase for the aneurysm
(pre-operative case) with larger neck size as follows:

* 429,135 grids for the aneurysm with AR = 3;

* 499,845 grids for the aneurysm with AR = 2;

* 565,193 grids for the aneurysm with AR = 1.5.

Copyright © 2012 SciRes.

(Aspect Ratio = 3) (Aspect Ratio = 1.5)

Figure 2. Three-dimensional perspective of intracranial aneurysm
model with stent placement.

For the post-operative case, the spatial grid size must
be refined further to sustain the mesh quality and compa-
tibility of the aneurysm model treated with stents:

* 1,175,698 grids for the aneurysm with AR = 3;
* 1,501,084 grids for the aneurysm with AR = 2;
e 2,037,419 grids for the aneurysm with AR = 1.5.

To verify the accuracy of the simulation results, mesh
independence tests were also performed. As an illustra-
tive example, we used three different grid sizes to com-
pute the maximum flow velocity inside the aneurysm for
the post-operative case AR = 3. The results are 0.205
m-s™ (789,433 grids), 0.211 m-s™ (1,175,698 grids) and
0.211 m-s™ (1,442,070 grids). Consequently, the model
with 1,175,698 grids was taken as accurate, as further
mesh refinement did not affect the accuracy of the results
to leading order.

2.6. Boundary Conditions

The no slip boundary conditions were applied at all ves-
sel walls. The walls were assumed to be rigid, with ef-
fects of elasticity deferred to a future study. A pulsatile
velocity waveform (Figure 3(a)), which resembled realis-
tic patient conditions, was imposed at the inlet (position
“A” in Figure 1(a)). The time-dependent waveform at
the inlet was taken as a spatially parabolic velocity pro-
file. The outlet boundaries (positions “B” and “C” in
Figure 1(a)) were subjected to a pulsatile pressure
waveform with 122/82 mmHg (1 mmHg = 133.332 Pa)
(Figure 3(b)). The full cardiac cycle (T) was taken as 1
second.
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Figure 3. Pulsatile blood flow waveform: (a) Velocity inlet; (b)
Pressure outlet.

At the peak systole (#T = 0.25), the Reynolds number
was 215, based on the inlet arterial diameter (4 mm) and
the systolic velocity (0.178 m-s™). The Reynolds number
remained small throughout the cardiac cycle, and thus
the flow could be treated as laminar. Typically, a peri-
odic output was generated after just two cycles of com-
putations, and data for the third cycle were reported.
Unless otherwise specified, the subsequent results re-
ferred to those at the systolic phase of the cardiac cycle,
ie. t/IT =0.25.

3. RESULTS AND DISCUSSIONS

The aspect ratio of intracranial aneurysms is one critical
factor in determining the timing of medical intervention.

Copyright © 2012 SciRes.

We focus on values of aspect ratio (AR) and neck size
which are of medical interests. Clinical studies [19,20]
reported that an aspect ratio larger than 1.6 poses a
higher than average risk for aneurysmal rupture. To ana-
lyze quantitatively, three different aspect ratios are se-
lected, i.e. aspect ratio AR = 3, 2 and 1.5. Since the depth
and width (Figure 1(a)) are kept constant, a greater neck
size Will imply a smaller aspect ratio.

3.1. Velocities and Pressure

Blood flow patterns within the intracranial aneurysm can
be altered considerably after the implantation of stents.
Figure 4 depicts the velocity contours of blood flow for
different aspect ratios. Before stent treatment, blood flow
can reach the upper part of the aneurysm (i.e. aspect ratio
AR =2 and 1.5 in Figure 4). In this pre-operative case,
the maximum flow velocities inside the aneurysm at
systole are 0.259 m-s™ (AR = 3), 0.297 m-s™ (AR = 2),
and 0.291 m-s™ (AR = 1.5). For the post-operative case,
the maximum velocities decrease to 0.211 m-s™ (AR =
3), 0.227 m-s* (AR = 2), and 0.225 m-s™ (AR = 1.5).
The percentage reductions are 18.5% (AR = 3), 23.6%
(AR =2), and 22.7% (AR = 1.5) after stent placement.

The three dimensional sketch of the particle paths in
the pre-operative and post-operative configurations of
the AR = 3 case is also shown in Figure 5. The highest
flow velocities inside the aneurysm throughout the full
cardiac cycle for both cases are presented in Figure 6.
These results clearly show that the stent is capable of
decelerating the blood flow, which renders the aneurysm
more prone to thrombus formation, and hopefully en-
hances the safety of the patient. A state of complete
thrombosis can isolate aneurysms from the blood circu-
lation. Without treatment, complete thrombosis seldom
occurs. Due to this velocity reduction after flow diver-
sion, a high speed flow jet acting on the aneurysm wall
when blood passes through the tiny gap between the stent
struts is unlikely, confirming the merit of endovascular
stenting in the treatment of aneurysms.

Pressure drop within the aneurysm: Regarding pressure,
the contour plots for the pre-operative and post-operative
cases are portrayed in Figures 7 and 8. The pressure
distribution patterns with different aspect ratios are similar
to each other. In the pre-operative case (AR = 1.5), the
maximum and minimum pressures within the aneurysm
are 15,815.8 Pa and 15,796.8 Pa respectively. The ab-
solute difference of the blood pressure is 19 Pa. In the
post-operative case (AR = 1.5), the maximum and mini-
mum pressures within the aneurysm become 15,835.2 Pa
and 15,831.3 Pa respectively. These maxima and minima
in pressure occur at the moment of systole.

The maximum differential in blood pressure in the
interior of the sac is thus only 3.9 Pa, a reduction of 79%
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Figure 4. (a) Velocity contour plots for the pre-operative cases with aspect ratio = 3, 2 and 1.5; (b) Velocity
contour plots for the post-operative cases with aspect ratio = 3, 2 and 1.5.
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Figure 5. Three dimensional sketch of the particle paths in the pre-operative and post-operative configu-
rations (AR = 3).
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Figure 6. (a) Maximum flow velocity inside the aneurysm (pre-operation); (b) Maximum flow velocity inside the aneurysm

(post-operation).
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Figure 7. Pressure contour plots for the pre-operative cases with AR = 3, 2 and 1.5.
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Figure 8. Pressure contour plots for the post-operative cases with AR =3, 2 and 1.5.
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as compared with the configuration before stent placement.

This drastic reduction in the pressure differential will
imply that blood flow in the sac is considerably reduced
after the operation. Furthermore, the maximum blood
pressure in the aneurysm goes up only slightly, from
15,815.8 Pa to 15,835.2 Pa, a 19.4 Pa (=0.145 mmHg)
increase in the presence of stent deployment. This small
increment of blood pressure is unlikely to cause the
rupture of aneurysms, consolidating another merit of this
endovascular stenting procedure.

Pressure drop across the vessel: The pressure drop
between the inlet and the outlet will increase after the
placement of the stent, as the stent will pose an additional
resistance to fluid motion.

Moreover, the percentage drop in fluid velocity in the
left branch is higher for the larger aspect ratio case, con-
firming that these cases are more difficult to treat clini-
cally.

3.2. Wall Shear Stress

Wall shear stress (WSS) is another key factor in studying
vascular biology [38]. Clinical studies indicated that low
WSS can trigger the growth and rupture of aneurysms
due to the degeneration of endothelial cells [39,40],
which line the luminal surface of the intima. In the post-
operative cases (Figure 4(b)), sluggish flow in the upper
part of the aneurysm induces thrombus formation, which
then protects the most weakened upper part of the aneu-
rysm from rupture.

Here we focus on the variation of the shear stress in
the vicinity of the aneurysm neck. The shear stress level
there is low except for a brief period (about 20%) of the
cardiac cycle. During that short instant, the shear stress
rises to a maximum and then subsides. Generally, this
maximum shear stress will increase significantly at both
the proximal and distal regions (Figures 1(b) and 9) with
stent placement. For instance, the maximum shear stress
at the proximal neck goes up from 6.09 Pa (AR = 1.5) to
10.57 Pa (AR = 1.5), representing a 73.6% increase in
shear stress magnitude. In the distal neck, the maximum
shear stress changes from 6.47 Pa (AR = 1.5) to 10.64 Pa
(AR = 1.5), with a 64.5% increase. However, the maxi-
mum shear stress for AR = 3 does not have a signifi-
cant change at the distal neck as compared to AR = 1.5
and 2.

Since low WSS creates an undesirable haemodynamic
environment related to the growth and rupture of aneu-
rysms [39,40], the decision to perform stenting for aneu-
rysms with high aspect ratios should be made with due
considerations of the potential risk of rupture. The need for
frequent and long-term post-operative follow-up should
be emphasized.

Outside of the aneurismal sac, the shear stress in the
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Figure 9. Maximum shear stress at the proximal and distal
regions for various aspect ratios.

left/right branch vessel decreases/increases due to the
reduced/enhanced flow respectively. Earlier works in the
literature established that a shear stress falling below the
threshold of 0.4 N-m™ might trigger adverse conse-
quences. Future works will concentrate on changes in
shear stress levels with respect to variations in both the
aspect ratio and porosity of the stent.

3.3. Stent Migration

The “shear force”, haemodynamic force acting parallel to
the stent, may lead to stent migration with serious con-
sequence. During the systole phase, the shear force per
unit area on the stent amounts to 10.49 N-m™ (AR = 3),
8.74 N-m™ (AR = 2), and 8.00 N-m™ (AR = 1.5), with
the first two values higher than the last one by 31.1% and
9.3%. This implies that a stented aneurysm with a greater
aspect ratio may have a higher risk of stent migration.
Clinically, the use of follow-up angiographic studies in
mitigating risk of stent migration and aneurysm recur-
rence should be given proper consideration. The actual
length of the stent deployed in surgical treatment, which
depends on the geometry of the local vasculature, must
be taken into account.

3.4. Volume Flow Rates

Generally, a critical issue for clinicians is the efficiency
of flow-diverting devices in preventing blood from en-
tering the aneurysm. This question can be addressed
quantitatively by considering the pre-operative and post-
operative stages of the present model. Since results so far
have indicated that an aneurysm with a greater aspect
ratio is subject to a more undesirable haemodynamic
environment, we shall focus on the case AR = 3. The
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volume flow rate can be determined by calculating an
integral of the axial velocity multiplied by the neck area
over the complete cardiac cycle. Since the aneurysm is a
blind sac, the volume flow rate of blood entering the an-
eurysm, defined as:

:lJ-HTM dt:iJ-HT
T 2 2T
must be equal to that leaving the aneurysm at every time
instant according to the conservation law of mass, where
0O is the volume flow rate (m®-s™), T is the cardiac cycle
(=1 second), |V] is the spatial-averaged absolute axial
velocity at the cross section of the neck (m-s™), 4 is the
cross-sectional area of the neck (m?), and ¢ is a time in-
stant. The following spatial grids are used for compu-
tation:

* 780,903 grids for the pre-operative case with AR = 3;
» 1,442,070 grids for the post-operative case with AR = 3.

In Figure 10, the absolute axial velocity |V of blood
passing through the neck (neck size N =5 mm) is plotted.
The volume flow rates O into the aneurysm for one
cardiac cycle are 31.51 mm®.s™ (pre-operation) and 15.29
mm?®.s™ (post-operation). Despite the stent porosity of
77%, the computational results show that only 48.5% of
the pre-operative volume flow rate can enter the aneurysm
after stenting. This analysis verifies that endovascular
stenting with flow diverters constitutes a feasible form of
treatment.

Furthermore, the implantation of stent may also affect
the volume flow rate of blood in the two smaller (daughter)
vessels. In the pre-operative case, the volume flow rates
in the left and right bifurcating vessels are 178.9 mm?®.s™
and 194.2 mm®.s™ respectively. In the post-operative case,

the rates for the left and right vessels are 128.3 mm?®.s™
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Figure 10. Absolute axial velocity of blood passing through the
neck over the full cardiac cycle for AR = 3.
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and 244.8 mm®.s™ respectively. In terms of percentages,
the ratios are 47.9%:52.1% (pre-operation), and 34.4%:
65.6% (post-operation). The reduction of blood supply of
the left branch vessel is 13.5% of the total blood flow
volume. This is reasonable as the flow diversion stent
covers the entrance of the left blood vessel at the bifur-
cation point.

A rough clinical estimate is that a reduction of 15% to
20% would still be acceptable, i.e. providing enough blood
supply to prevent cells and organs downstream of the left
branch from suffering long term damage. A comprehen-
sive examination on the relation between porosity and
bifurcating blood vessels will be left for future studies.

4. CONCLUSIONS

Endovascular repair is a novel treatment modality for
intracranial aneurysms. To examine the effectiveness of
stenting quantitatively, a computational model with an
aneurysm located near a bifurcation point of blood ves-
sels is investigated. The focus is to assess the impact of
aspect ratios (depth/neck, smaller neck means a larger
ratio) on the haemodynamics in the post-operative stage.

Generally, the results here indicate that aneurysms with a

larger aspect ratio will pose a greater risk.

Computational fluid dynamics data supporting this
claim include:

e The maximum fluid velocity inside the aneurysm
after endovascular surgery will generally be reduced,
as compared with the value before the operation. This
reduction becomes less substantial as the aspect ratio
increases, meaning that the volume flow rate reduction
mechanism becomes less effective.

* The shear force (per unit area) on the stent, and thus
the risk of stent migration, are higher for an aneurysm
model with a greater aspect ratio.

e Damages to the endothelial cells at low shear stress
have been well documented in the literature [38]. Af-
ter endovascular treatment, shear stress at the distal
and proximal junctions generally increases to rea-
sonable values, offering protecting against long term
damage and rupture potential. This increase fails to
materialize for the case of high aspect ratio, indicat-
ing again problematic scenario for these aneurysms
with narrow necks.

Other factors of general medical interests:

e The volume flow rate of blood in the two branch
vessels is altered after stent placement, thus the use of
low stent porosity (e.g. <65%) for endovascular treat-
ment may notably affect the blood supply to the bi-
furcating branches adjacent to the aneurysm.

e The maximum flow velocity inside the aneurysm at
the systolic phase is decreased by about 18% - 24%
after stent deployment, hence the creation of a high
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speed flow jet acting on the aneurysm wall is unlikely
to occur when blood passes through the tiny gap be-
tween stent struts.

The pressure gradient within the aneurysm is reduced
drastically after stent deployment, retarding the like-
lihood of flow and promoting chance of thrombosis.
The volume flow rate of blood entering into the an-
eurysm over the entire cardiac cycle can be reduced
by more than 50% after endovascular operation.

In an attempt to verify the computational results, the

next step is to pursue an in-vitro experimental investiga-
tion using phantoms fabricated with rapid prototyping
techniques. The fluid flow will be measured with high-
frame-rate ultrasound imaging. Such investigations will
provide further insights into the diagnosis and treatment
of this cerebrovascular disease.
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