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Wall Shear Stress Variations in Basilar Tip Aneurysms investigated
with Computational Fluid Dynamics

Christof Karmonik, Goetz Benndorf, Richard Klucznik, Hani Haykal, and Charles M. Strother

Abstract—Hemodynamics are thought to play an important
role in the creation, thrombosis, recanalization, regrowth and
re-bleeding of cerebral aneurysms treated by endovascular
means. However, their exact role and interaction is unclear and
warrants further study. Towards a systematic classification of
the hemodynamics in intracranial aneurysms, we investigated
the dependence of the values of the magnitude of the wall shear
stresses in the vicinity of the aneurysm on varying inflow
conditions in three basilar tip aneurysms.

I. INTRODUCTION

he rupture of an intracranial aneurysm is a serious

clinical event leading to a subarachnoid hemorrhage
(SAH) with potential fatal outcome. Prevalence of SAH is 8
to 10 people in 100 000 persons per year [1] with a mortality
of 25 % -50 %. Most deaths are due to the initial bleed and
its immediate complications. Despite the need for a well-
defined treatment plan, management of an unruptured
intracranial aneurysm is still controversial. Possible options
include observation, endovascular coiling or surgical
clipping. Symptomatic unruptured aneurysms (causing
ischemic events, seizures, headaches, cranial nerve palsy), in
contrast to asymptomatic unruptured aneurysms, will most
likely be treated. However, it is not clear which aneurysms
will rupture. With an overall morbidity and mortality for
treatment of unruptured aneurysms of about 11 % [2], the
availability of a technique to determine risk of rupture for a
specific intracranial aneurysm would be very beneficial.
Recently, this has become more important, because recent
advances in medical imaging techniques, such as 64 slice
CT and MRI at 3T, have led to an increase in the number of
incidental findings of unruptured intracranial aneurysms.
While aneurysm size has been identified to be an important
risk factor, this criterion can only serve as a statistical
guideline and alone will not be sufficient to predict rupture.
Other geometric factors such as aspect ratio or the ratio
between aneurysm volume and neck area may play a role as
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well. Recent research results [3-11], indicate that
hemodynamic factors may provide such a criterion.

In the last decade, the endovascular treatment (EVT) of
intracranial aneurysms has become more popular, mainly
because this minimally invasive procedure is associated with
significant lower mortality and morbidity than the
conventional neurosurgical approach involving clipping of
the aneurysm [12, 13]. With the advent of new endovascular
devices such as intracranial stents, balloons and new
generations of coils, a combination of treatment options is
now available. Despite these recent improvements, the
anatomical results obtained by EVT are still inferior to those
obtained by surgical clipping. Therefore, the question of
durability of EVT and long term protection of patients is still
to be answered.

Many important hemodynamic factors in intracranial
aneurysms cannot currently be assessed directly by means of
imaging mainly due to the small size and the tortuosity of
intracranial vessels compared to the resolution limits of
suitable imaging methods such as clinical MRI. However, it
has been shown that computational fluid dynamics (CFD)
methods can provide such critical information [3, 11].
Furthermore, a deeper understanding of the hemodynamics,
studied with computational methods, may help to develop
criteria that could become future indicators for recurrence,
re-bleeding and re-canalization of the endovascular treated
aneurysm, such as the hemodynamical AFI (aneurysm
formation indicator) [14].

Systematic CFD studies are needed to understand the
influence of variations in the boundary conditions on the
biologically important hemodynamics parameters, especially
the magnitude of the wall shear stress (WSS). In the present
study, we therefore simulated steady and unsteady flow in
computational meshes of three basilar tip aneurysms with
varying inflow conditions.

II. METHODS

A. Image Acquisition

Three dimensional digital subtraction angiography (3D
DSA) image data of three basilar tip aneurysms were
retrospectively obtained from imaging studies performed as
part of diagnostic angiograms. The angiograms were
acquired on interventional C-arm systems (Axiom Artis,
Siemens Medical Solutions, Erlangen, Germany). Using the
Siemens Leonardo image post-processing with the Inspace
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Fig. 1. Three dimensional surface reconstructions of the three basilar tip
aneurysms (posterior view).

software, high-resolution 3D reconstructions of the acquired
3D DSA data were created. The isotropic spatial resolutions
obtained were 0.1873 mm (casel), 0.0874 mm (case2) and
0.1352 mm (case 3). Images were then transferred to an off-
line PC workstation for further manipulation.

After selecting a volume of interest containing the
aneurysm and adjacent vessels, the image data was
smoothed by convolution with a Gaussian kernel using VTK
(Kitware Inc.). Visual inspection of the smoothed dataset
and additional manipulations were then performed with
Paraview (Kitware Inc.) and the final image data (fig. 1) was
stored as a stereolithographic file for input into the meshing
software GAMBIT (Fluent Inc.). Tetrahedral meshes were
created with 133,646 volume elements for case 1; 87,263
volume elements for case 2 and 153,796 volume elements
for case 3. The meshes were then imported into the CFD
solver Fluent (Fluent Inc.). Three wall areas of interest were
defined as follows: the aneurysm area (AA) as the wall area
of the basilar tip (including the aneurysm), the basilar artery
area (BAA) as the vessel wall area of a healthy section of
the basilar artery and the aneurysm dome area (DA) located
at the top of the aneurysm dome. Fig. 2 shows the
computational mesh for case 1 and illustrates the location of
the vessel wall areas.

WSS (Pa)

I>18
B

Fig. 2. Illustration of the wall areas AA, BAA and DA with contours
of the wall shear stress magnitude at maximum flow in the unsteady
case. (LPCA: left posterior cerebral artery, RPCA: right posterior
cerebral artery, LSCA: left superior cerebellar artery, RSCA: right
superior cerebellar artery, LVA: left vertebral artery, RVA: right
vertebral artery).

Steady and unsteady simulations of blood flow were
performed. With the converged solutions for the steady
case, the simulations for the unsteady case were initialized.
For case 2 and case 3, inflow was modeled as a velocity
inlet realized as a cross section of the basilar artery. For case
1, inflow was modeled as two velocity inlets realized as
cross sections of the right and left vertebral arteries.

For the steady case, average velocity values were used at
the velocity inlets: 0.348 m/s for the basilar inlets [15], and
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Fig. 3. Velocity waveforms utilized as unsteady boundary conditions.
Left: average waveform for the vertebral artery, right: average
waveform for the basilar artery.

0.52 m/s and 0.46 m/s for the right and left vertebral artery
inlets, respectively [16]. For the unsteady case, an unsteady
boundary condition of the velocity at the inlets was defined
by polynomial interpolation derived from waveforms

TABLEI
CFD SIMULATION PARAMETERS

Case Simulation

:LVA 100 %, RVA 100 %
:LVA 125 %,RVA 75 %
:LVA 100 %, RVA 75 %
LVA 100 %, RVA 25 %
LVA 100 %, RVA 10 %
: LVA 100 %, RVA closed

:BA 100 %
:BA 50 %

:BA 100 %
10: BA 50 %

Percentage of inflow velocity at the velocity inlets.

measured with phase contrast MRI [17, 18] (fig. 3).

Blood was modeled as an incompressible Newtonian fluid
with a density of 1000 kg/m’ and a viscosity of 0.004 N/m’s
[5].

The time step for the unsteady simulations was chosen as
5 ms and the duration of the cardiac cycle was chosen as 820
ms when using the vertebral artery velocity flow waveform
and 1000 ms when using the basilar artery velocity flow
waveform. A total of 5 cardiac cycles were simulated and
results were recorded from the 5™ cardiac cycle to minimize
any influence of transient effects.

The inlet boundary conditions were varied as shown in table
L.

III. RESULTS

Figure 4 shows the temporal variations of the WSS
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magnitudes for the three wall areas AA, BAA and DA for
case 1 with inflow from both vertebral arteries and inflow
from only the left vertebral artery as well as for case 2 and
case 3. From the WSS curves, the maximum, the minimum
and the average values for the WSS magnitudes were
determined. Relative average magnitudes of the WSS for
AA and DA were derived by dividing the average value of
the WSS magnitude for these wall areas by the WSS
magnitude for the BAA. A time to maximum (tmax) was
calculated as the time from the beginning of the cardiac
cycle to the maximum of the WSS magnitude for each wall
area. The values of these parameters are listed in table 2.

TABLEII
WSS PARAMETERS
relative

SIM  area Max  Min Average Average tmax
1 AA 6.7 22 4.0 0.95 120
BAA 8.6 2.5 42 95

DA 3.4 1.0 2.0 0.48 180

2 AA 7.7 2.6 4.5 0.94 115
BAA 9.7 2.8 4.8 85

DA 4.1 1.2 2.4 0.50 160

3 AA 5.8 2.0 3.5 0.92 115
BAA 7.7 22 3.8 95

DA 2.8 0.8 1.7 0.45 190

4 AA 4.7 1.4 2.5 0.85 110
BAA 5.8 1.7 29 85

DA 22 0.5 1.1 0.36 140

5 AA 42 1.3 2.3 0.84 110
BAA 5.3 1.6 2.7 85

DA 1.9 0.4 0.9 0.34 135

6 AA 4.8 1.5 2.6 0.87 110
BAA 5.9 1.7 3.0 90

DA 33 0.7 1.5 0.51 135

7 AA 13.2 3.8 7.4 0.80 190
BAA 16.1 5.1 9.2 165

DA 12.4 2.8 6.5 0.71 200

8 AA 43 1.4 2.6 0.68 185
BAA 6.5 2.1 3.8 165

DA 33 0.7 1.8 0.48 235

9 AA 9.5 35 6.1 0.86 210
BAA 13.2 3.7 7.1 160

DA 33 1.0 2.1 0.30 330

10 AA 3.4 1.2 2.1 0.76 180
BAA 5.2 1.5 2.8 160

DA 0.7 0.2 0.4 0.15 440

SIM = simulation;, 1-6: case 1; 7-8: case 2; 9-10: case 3, units in Pa

WSS (Pa)

WSS (Pa)

time {ms)

time (ms)

Fig. 4. Temporal variations of the wall shear stress magnitudes for
the three vessel wall areas AA, BAA and DA over one cardiac cyle.
Top left: case 1, simulation 1, inflow from both vertebral arteries, top
right: case 1, simulation 6, inflow only from LVA. Bottom left: case
2, simulation 7, bottom right: case 3, simulation 9.

IV. DISCUSSION

The temporal variations of the WSS magnitudes (fig. 4)
show different dynamics for the three wall areas AA, BAA
and DA in all three cases. In case 1, the WSS magnitude
variations for BAA follow the variations of the input
velocity waveform. The WSS curves for AA and DA are
less pulsatile and also reach their maxima at different times
(tmax in table 2). Qualitatively, the same behavior is
observed for case 3. In contrast, for case 2, all three curves
show the same dynamic behavior and differences in tmax
are less pronounced. If inflow is only modeled by the LVA
in case 1, the WSS magnitude curves for AA and DA regain
some pulsatility.

Variations in the inflow conditions result in changes of
the relative average WSS magnitude for the wall areas AA
and DA, with the relative average of the WSS for AA
varying from 95 % to 84 % for case 1; from 80 % to 68 %
for case 2 and from 86 % to 76 % for case 3 and with the
relative average of the WSS for DA varying from 50 % to
34 % for case 1, from 71 % to 48 % for case 2 and from 30
% to 15 % for case 3. While the overall variations in tmax
for BAA and AA are relatively small in each case, higher
variations in tmax for DA are noted.

Recent CFD simulations on intracranial aneurysms
suggest that low WSS magnitudes may be one of the main
factors underlying the degeneration of the aneurysm wall [3,
11]. A WSS of about 2.0 Pa is assumed to be suitable for
maintaining the structure of arterial vessels and a WSS
lower than 1.5 Pa will degenerate endothelial cells via the
apoptotic cell cycle [19]. The correct simulation of the WSS
therefore appears to be of high importance in CFD
simulations if information about growth or rupture of an
intracranial aneurysm should be derived from these
simulations.

The results of our study demonstrate that not only the
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absolute values but also the relative values of the WSS
magnitude obtained at different wall segments in the basilar
system using CFD techniques may strongly depend on the
inflow conditions. In addition, also the time to maximum of
the WSS curves varies with the inflow parameters. These
variations suggest a high sensitivity of CFD simulations of
the basilar system to the inflow conditions. To model the
hemodynamics in intracranial aneurysm accurately, it seems
therefore necessary to not only obtain high-resolution
geometric information but also to use accurate flow
information of the parent artery proximal to the intracranial
aneurysm.

(10]
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