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Abstract. We consider a total of ten cases, at three different locations, half of which
ruptured sometime after the images were taken. We use the stabilized space–time FSI
technique developed by the Team for Advanced Flow Simulation and Modeling, together
with a number of special techniques targeting arterial FSI modeling. We compare the ten
cases based on the wall shear stress, oscillatory shear index, and the arterial-wall stress.
We also investigate how simpler approaches to computer modeling of cerebral aneurysms
perform compared to FSI modeling.

1 INTRODUCTION

Arterial fluid mechanics modeling is now a significant part of computational biome-
chanics research. Much of this has been in patient-specific modeling of cerebral arteries
with aneurysm, taking into account the fluid–structure interaction (FSI) between the
blood flow and arterial walls. This class of research has been benefiting much from
computational mechanics techniques targeting FSI modeling in general. The Deforming-
Spatial-Domain/Stabilized Space–Time (DSD/SST) formulation [1, 2] was developed by
the Team for Advanced Flow Simulation and Modeling (T�AFSM) for flow computa-
tions with moving boundaries and interfaces, including FSI. The formulation is based

1



591

Kenji Takizawa, Tyler Brummer, Tayfun E. Tezduyar and Peng R. Chen

on the Streamline-Upwind/Petrov-Galerkin (SUPG) [3] and Pressure-Stabilizing/Petrov-
Galerkin (PSPG) [1] methods. The DSD/SST formulation is used with the mesh up-
date methods [4] developed by the T�AFSM. New-generation DSD/SST formulations
were introduced by the T�AFSM in [5]. The stabilized space–time FSI (SSTFSI) tech-
nique, which is based on the new-generation DSD/SST formulations, was also introduced
in [5]. The SSTFSI technique, with special techniques developed by the T�AFSM for
arterial FSI, has been extensively used for arterial modeling, with emphasis on cerebral
aneurysms [6, 7]. The special techniques include methods for calculating an estimated
zero-pressure (EZP) arterial geometry [8, 9], a special mapping technique for specifying
the velocity profile at an inflow boundary with non-circular shape [10], techniques for us-
ing variable arterial wall thickness [10, 9], mesh generation techniques for building layers
of refined fluid mechanics mesh near the arterial walls [11, 9], a recipe for pre-FSI compu-
tations that improve the convergence of the FSI computations [6, 8], and techniques [12]
for the projection of fluid–structure interface stresses, calculation of the wall shear stress
(WSS) and calculation of the oscillatory shear index (OSI).

In this paper, which is a short version of a recently-submitted journal article [7], we
focus on comparative patient-specific FSI modeling of cerebral aneurysms. We have ten
cases, at three different locations, half of which ruptured sometime after the images were
taken. We compare these cases based on the WSS, OSI and the arterial-wall stress. We
also investigate how simpler methods perform compared to FSI modeling.

2 COMPUTATIONAL TECHNIQUES AND GENERAL CONDITIONS

We use the SSTFSI technique [5], with special techniques for arterial FSI. The spe-
cial techniques include a mapping technique for specifying the inflow velocity profile [10],
methods [12] for the projection of fluid–structure interface stresses and calculation of
the WSS and OSI, and the Separated Stress Projection (SSP) technique [13, 9]. Special
boundary condition techniques [9] are used for inclined inflow and outflow planes. The
fully-discretized, coupled fluid, structure and mesh-moving equations are solved with the
quasi-direct coupling technique (see Section 5.2 in [5]). In iteratively solving the linear
systems involved at every nonlinear iteration, we use “Selective Scaling” technique (see Re-
mark 14 in [5]) to shift the emphasis between the fluid and structure parts. In some cases,
we also use selective scaling to shift the emphasis between the parts of the fluid equations
corresponding to the momentum conservation and incompressibility constraint [14].

The fluid and structure properties can be found in [9]. At the inflow we specify the
velocity profile as a function of time, by using a special technique [9]. The Womersley
parameter, which appears in that technique, is defined as Υ = rB

√

2π/νT . Here rB is
the average radius of the inflow cross-sectional area, which comes from the image-based
data, ν is the kinematic viscosity, and T is the period of the cardiac cycle, which is taken
as 1 s. The volumetric flow rate (which is calculated based on a velocity waveform that
represents the cross-sectional maximum velocity) is scaled by a factor. The scaling factor
is determined in such a way that the scaled flow rate, when averaged over the cardiac
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cycle, yields a target WSS for Poiseuille flow over an equivalent cross-sectional area. The
target WSS is 10 dyn/cm2 in the current T�AFSM computations. The time-step size
is 3.333×10−3 s. The number of nonlinear iterations per time step is 6. The number of
GMRES [15] iterations per nonlinear iteration for the fluid+structure block was chosen
such that mass balance is satisfied to within at most 5% for each case. For all six nonlinear
iterations the fluid scale is 1.0 and the structure scale is 100. In three of the cases, the
fluid scales for the momentum conservation and incompressibility constraint are 1.0 and
10. For the mesh moving block the number of GMRES iterations is 30. All computations
were completed without any remeshing. For additional description of the computational
techniques used and general conditions, see [7].

3 CASE STUDIES

Ten cases are studied from three locations: 4 Middle Cerebral Artery (MCA), 4 Anterior
Communicating Artery (Acom), and 2 Basilar Artery. Half of each location ruptured
sometime after the images were taken. Figures 1–3 show the lumen geometries. The

M1MCA M2MCA M3MCA M4MCA
Unruptured Unruptured Ruptured Ruptured

Figure 1: Arterial lumen geometry obtained from voxel data for the MCA models.

M5Acom M6Acom M7Acom M8Acom
Unruptured Unruptured Ruptured Ruptured

Figure 2: Arterial lumen geometry obtained from voxel data for the Acom models.

physical parameters are shown in Table 1. The number of nodes vary between 8,000 and
18,000 for the structure (hexahedral) meshes and between 33,000 and 60,000 for the fluid
(tetrahedral) meshes. For all models the maximum WSS occur at the maximum inflow
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M9Basilar M10Basilar
Unruptured Ruptured

Figure 3: Arterial lumen geometry obtained from voxel data for the Basilar models.

Model DI DO1 DO2 DO3 Υ Qmax

M1MCA 2.43 2.42 1.87 1.52 0.51
M2MCA 1.56 1.41 1.38 0.97 0.12
M3MCA 2.50 1.49 1.43 1.57 0.56
M4MCA 1.70 1.21 0.81 1.06 0.08
M5Acom 3.05 1.78 1.75 1.91 1.08
M6Acom 3.13 2.12 2.12 1.96 1.20
M7Acom 1.02 0.90 0.80 0.64 0.04
M8Acom 1.94 2.31 2.17 1.38 1.21 0.25
M9Basilar 2.60 1.31 1.01 0.88 1.63 0.64
M10Basilar 3.03 1.34 1.04 1.01 1.90 1.06

Table 1: Physical parameters. Diameters are in mm and peak volumeteric flow rate is in ml/s. M10Basilar
has a fourth outflow with diameter 0.93 mm.

flow rate of the cardiac cycle. Maximum and average WSS values are shown in Figure 4.
Figures 5–9 show the OSI for all the models. The maximum structural stress in space
and time occurs at the peak pressure. Figure 10 shows the maximum stress and maximum
variation in stress for all the models. As a point of reference, we note from [16] that the
breaking strength of saccular aneurysms is in the range of 730–1,900 kPa.

4 NUMERICAL-PERFORMANCE STUDIES

We investigate how simpler approaches to modeling of our ten cases compare to FSI
modeling. The three simpler modeling techniques are computing the blood flow with the
artery shape held fixed at the average pressure (92 mm Hg), computing the arterial wall
deformation with a prescribed, time-dependent pressure, and computing the blood flow
with the prescribed arterial shape coming from that arterial-wall computation. We refer
to these modeling techniques as “Rigid Artery (RA)”, “Structure (S)”, and “Prescribed
Shape (PS)” in this paper. For the RA and PS computations we compare the WSS and
OSI. For the Structure computations, we compare the arterial-wall stress.

Figure 11 shows the maximum and average WSS for the FSI, RA, and PS techniques.
We see the maximum WSS being almost the same for the FSI and PS computations. The
shape for the PS comes from a structural mechanics only computation where the viscous
forces from the fluid are not accounted for. This gives the PS a slightly smaller shape
than the FSI shape resulting in WSS that is on average 2.5% higher than FSI. For the
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Figure 4: Maximum and average WSS (dyn/cm2) in space and time.
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Figure 5: OSI for M1MCA and M2MCA.

RA computations, we see a clear pattern of higher WSS than the FSI. The RA shape
is inflated to the average pressure, which, over the interval of peak inflow flow rate, is
smaller than the FSI shape over that same interval. For this reason, we see the average
WSS to be 4.2% higher than FSI. Using M5Acom as a sample model, we compare the
spatial distribution of the OSI obtained with the PS and RA techniques (Figures 12 and
13) to those obtained with the FSI computation. The differences between the RA and FSI
computations show the need for computing with a deformable structure. Figure 14 shows
the maximum arterial-wall stress for the FSI and Structure techniques. The differences
are less than 1%.

5 CONCLUDING REMARKS

We have presented an extensive comparative study based on patient-specific FSI mod-
eling of cerebral aneurysms. We considered a total of ten artery models, coming from
three different locations, half of which ruptured sometime after the images were taken.
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Figure 6: OSI for M3MCA and M4MCA.
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Figure 7: OSI for M5Acom and M6Acom.

We used the SSTFSI technique developed by the T�AFSM, together with a number
of special techniques targeting arterial FSI modeling, which were also developed by the
T�AFSM. We compared the WSS, OSI and the arterial-wall stress. We also showed how
simpler approaches perform compared to FSI modeling. The simpler approaches were
computing the blood flow with the artery shape held fixed, computing the arterial wall
deformation with a prescribed, time-dependent pressure, and computing the blood flow
with the prescribed arterial shape coming from that arterial wall computation.
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Figure 10: Maximum stress and maximum variation in stress (kPa) in space and time.
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Figure 11: Maximum and average WSS (dyn/cm2) in space and time.
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Figure 13: RA OSI for M5Acom.
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