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Abstract Hemodynamic factors like the wall shear stress
play an important role in cardiovascular diseases. To inves-
tigate the influence of hemodynamic factors in blood ves-
sels, the authors have developed a numerical fluid—structure
interaction (FSI) analysis technique. The objective is to use
numerical simulation as an effective tool to predict phenom-
ena in a living human body. We applied the technique to a
patient-specific arterial model, and with that we showed the
effect of wall deformation on the WSS distribution. In this
paper, we compute the interaction between the blood flow and
the arterial wall for a patient-specific cerebral aneurysm with
various hemodynamic conditions, such as hypertension. We
particularly focus on the effects of hypertensive blood pres-
sure on the interaction and the WSS, because hypertension
is reported to be a risk factor in rupture of aneurysms. We
also aim to show the possibility of FSI computations with he-
modynamic conditions representing those risk factors in car-
diovascular disease. The simulations show that the transient
behavior of the interaction under hypertensive blood pres-
sure is significantly different from the interaction under nor-
mal blood pressure. The transient behavior of the blood-flow
velocity, and the resulting WSS and the mechanical stress in
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the aneurysmal wall, are significantly affected by hyperten-
sion. The results imply that hypertension affects the growth
of an aneurysm and the damage in arterial tissues.
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1 Introduction

Computational hemodynamics has become a powerful and
desirable tool in investigation of cardiovascular diseases [19]
such as atherosclerosis and cerebral aneurysm, which are
influenced by hemodynamic factors [3, 35, 15]. Measuring
the hemodynamic factors such as the blood pressure and the
wall shear stress (WSS) is still beyond the capabilities of
in vivo measurement techniques. Image-based hemodynam-
ic computations, embodied as fluid dynamics computations
using patient-specific information for geometry and flow con-
ditions, are expected to give us the capability to predict phe-
nomena in human body. In fact, such hemodynamic compu-
tations have already been utilized in clinical setting [33].
Since cardiovascular diseases occur in vascular wall with
stimulation by hemodynamic forces, and mass transfer of
biological agents such as enzymes and proteins [9], multi-
physics computations are expected to help us better under-
stand the mechanisms of cardiovascular diseases. Advanced
modeling techniques have enabled multi-physics computa-
tions to investigate hemodynamic and other factors contrib-
uting to disease progression. Arterial wall motion [14, 36],
interaction between blood flow and arterial wall [20, 13] and
mass transfer of atherogenetic substances [5, 12] were al-
ready taken into account. Fluid—structure interaction (FSI)
simulations will particularly be helpful in investigating the
cardiovascular diseases. This is because the WSS on the lumi-
nal wall and the mechanical stress in the vascular wall could
be directly related to the location of the lesion [1, 32] and the
blood flow strongly interacts with the vascular wall motion.
We have been investigating the hemodynamics [29, 11]
and FSI [30] in the intracranial arteries using image-based
computations to study the effects of hemodynamic factors
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on creation, progress and rupture of cerebral aneurysm. We
showed the effects of the arterial geometry and the inter-
action between blood flow and arterial wall motion on he-
modynamic factors. As a next step, we are applying various
hemodynamic conditions to image-based FSI computations
to investigate how those conditions affect the blood flow,
the arterial motion, and the interaction between the two. By
introducing various hemodynamic conditions representing
the risk factors, which are typically derived from statistical
studies [21], we also aim to show the potential of image-based
computation as a risk-prediction tool for cardiovascular dis-
eases. Because hypertension is one of the well known risk
factors in subarachnoid hemorrhage (SAH) [21], we consider
the hypertensive blood pressure condition in this study. Since
over 95% of the SAH are caused by the rupture of cerebral
aneurysm [7], hypertensive blood pressure can be regarded
as a risk factor in rupture of cerebral aneurysm. We com-
pute FSI with high and normal blood pressures and compare
the results. We compare the results also to those obtained
for rigid arterial walls at normal blood pressure. All these
comparisons help us investigate the effect of hypertension
on cerebral aneurysm.

2 Computational method

The blood flow in cerebral arteries is assumed to be laminar
[6] and governed by the Navier—Stokes equations of incom-
pressible flows. The fluid mechanics with moving walls is
computed with the Deforming-Spatial-Domain /Stabilized

Space—Time (DSD/SST) method [22, 25, 27]. Inthe DSD/SST

formulation, the streamline-upwind /Petrov-Galerkin (SUPG)
[2] and pressure-stabilizing/Petrov-Galerkin (PSPG) [22, 28]
formulations are employed for stabilization. The DSD/SST
method was developed for flows with moving boundaries and
interfaces, and has been applied to a large class of problems
[23, 24], including FSI [16-18].

The structural mechanics is governed by force equilib-
rium equation and computed with the Galerkin finite ele-
ment method. The arterial wall is assumed to be made of
linear elastic material and therefore a linear constitutive law
is employed.

The fluid and structural mechanics systems are coupled
at the interface by the kinematic and dynamic conditions.
The two systems are solved with a block-iterative coupling
approach. The fluid mesh is updated by using an automatic
mesh moving method [26, 4], where the motion of the nodal
points is governed by the equations of elasticity. The bound-
ary conditions come from the motion of the interface between
the fluid and structure. Details of computational method are
described in [30].

3 Computational model

We constructed an arterial model with cerebral aneurysm
based on computed tomography (CT). The model, which is
shown in Fig. 1, is the left middle cerebral arterial (MCA)

bifurcation. The patient is a 59-year-old female with a rup-
tured aneurysm. 150 CT slices with 0.60 mm interval were
used for the geometry construction. Each CT slice consists
of 512x512 pixels and were segmented with the region-
growing scheme. The horizontal resolution of the CT slice
is 0.3125 mm/pixel. The surface of the arterial lumen is then
constructed with the marching-cubes method [8] as the
iso-surface with the CT signal intensity. The construction
process of the luminal surface was carried out with acommer-
cial software ALATOVIEW. Since the arterial wall cannot
be depicted in the CT but only the arterial lumen is depicted,
the external wall of the artery in the computational model
was constructed by expanding the luminal surface, assuming
a uniform wall thickness of 0.3 mm. In Fig. 1b, the arterial
wall is shown in red and the lumen is shown in light blue.
The diameter of the arterial lumen is approximately 3 mm
at the proximal end and 2mm at the distal end. The diam-
eter of the aneurysm is approximately Smm. Eight-noded
hexahedral elements are used for the finite element discreti-
zation as shown in Fig. 1b. The meshes for the fluid and struc-
tural mechanics parts are made of 49,395 nodes and 46,000
elements and 11,520 nodes and 10,800 elements, resepec-
tively. We employ first-order interpolation functions for all
variables.

Although the blood is known to be non-Newtonian in
general, we assume it to be Newtonian in this study. This
is because we are focusing on large arteries with radii of

(a)
ICA ICA
Cerebral arterial network.
(b) 12.5 mm
12.1 mm
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Fig. 1 Computational model

MCA model.
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the order 1.0 mm, where the velocity and shear rate are high.
The apparent viscosity is nearly constant when the shear rates
are high [10]. The blood density and kinematic viscosity are
specified as 1000kg/m? and 4.0 m?/s, respectively. The arte-
rial wall is assumed to be made of linearly-elastic material.
The elastic modulus and Poisson’s ratio are set to 1.0 MPa
and 0.49, respectively.

4 Boundary conditions and hypertension model

The inflow boundary condition, which is shown with the blue
arrow in Fig. 1b, is a pulsatile velocity profile prescribed with
the Womersley formulation [34]:
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where r is the cylindrical coordinate and ¢ is time. R de-
notes the radius of the inlet cross section. Here Jy and J;
are Bessel functions of the first kind of order 0 and 1, and
o, = R./nw/v, where w is based on one cardiac cycle
(=1.0s). The non-dimensional parameter ¢ = R./w/v is
known as the Womersley number. The coefficients B, are
derived in reference to the velocity waveform measured with
ultrasound Doppler velocimetry at the carotid artery of a
healthy subject in his 20s. The flowrate waveform based on
the measured velocity is shown in Fig.2a with the red line,
and the one computed with the Womersley profile is shown
with the blue line. The resistance arising from the distal arte-
rial networks are applied at the outflow boundaries as stress
conditions, which are shown with the red arrows in Fig. 1b.
The magnitude of the stress vector at the outlet, which corre-
sponds to the outlet pressure, varies in time and is governed
by following equation:

N
P(t) = Z Pt

n=0

3)

Here the coefficients P,, are determined, in an ad hoc fash-
ion, based on B, in the flowrate waveform to make the range
of the variation within the standard blood pressure range of
a healthy male, 80-120mmHg. This means that the inflow
velocity and the outlet pressure vary in the same phase. The
resulting pressure waveform is shown in Fig.2b. The blue
and red lines depict the pressure waveform for the normal
blood pressure (NBP) and high blood pressure (HBP) cases,
respectively. No-slip condition is applied at the arterial wall.

In the structural mechanics computations, the hemody-
namic force at the interface between the blood and arterial
wall is used as the surface force. All ends of the artery are held
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Fig. 2 Transient behavior of the boundary conditions

fixed by specifying zero-displacement boundary conditions.
The initial displacements and stresses are set to zero.

To investigate the effect of high blood pressure on the
flow field, the motion of the arterial wall, and the interaction
between the two, a hypertensive blood pressure condition is
applied as the stress condition at the outflow boundary, with
a variation range of 100—170 mmHg. The transient behavior
of the HBP condition is shown in Fig. 2b with the red line.

5 Results
5.1 Wall displacement

Figure 3 shows snapshots of the displacement distributions
at the peak systole. For both the NBP and HBP cases the
maximum displacement occurs at the aneurysmal wall. The
magnitude of the maximum displacement is 0.700 mm for
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NBP case.

HBP case.

Fig. 3 Instantaneous displacement distribution at the peak systole

the NBP case and 0.752mm for the HBP case, which are
approximately 24% of the arterial diameter and 14% of the
aneurysm diameter. In addition to expansion and contraction
due to the blood pressure variations, in both cases the aneu-
rysm exhibits a rotating motion (illustrated with the arrows
in the figures).

5.2 Wall shear stress

Figure4 shows the transient behavior of the WSS distribu-
tions. The maximum WSS magnitude is 334 dyn/cm? for the
NBP case, 398 dyn/cm2 for the HBP case, and 427 dyn/cm2
for the rigid-wall case. The maximum-WSS location is indi-
cated with a white arrow in the figures. In all cases, the max-
imum-WSS location is near the root of the aneurysm, which
is called the “neck”. The maximum WSS occurs immedi-
ately after the peak systole for the NBP case, 0.05s after
the peak systole for the HBP case, and at the peak systole
for the rigid-wall case. At the beginning of the systole, the
WSS magnitude at the neck is 114, 116 and 103 dyn/cmz, for
the NBP, HBP and rigid-wall cases, respectively. The WSS
abruptly increases during the systolic period in all cases, and
the magnitude of the systolic WSS variation for the HBP
case, 282 dyn/cmz, is 28% larger than that for the NBP case,
220dyn/cm?. As previously reported in [31], because of the

deformation of the arterial wall, the maximum WSS for the
NBP case is less than that for the rigid-wall case. The max-
imum WSS for the HBP case on the other hand is almost
as large as that for the rigid-wall case. Furthermore, a wide
region with large WSS magnitude is seen on the aneurysmal
wall in the HBP case.

5.3 Interaction between the arterial wall and blood flow

The differences in the WSS distribution are caused by the
differences in the interaction between the arterial wall motion
and blood flow. The flow-velocity distributions are shown in
Fig.5. The colors depict the velocity magnitude and the vec-
tors are the velocity vectors projected on to the viewing plane.
Since the arterial bifurcation is Y-shaped, in all cases the flow
coming from the inlet impinges on the arterial wall near the
neck. Consequently, the flow velocity and velocity gradient
near the wall of the neck are considerably large. Therefore
the maximum WSS occurs near the neck. With the expand-
ing motion of the arterial wall in the systolic period, the wall
around the flow-impingement region moves away from the
impinging flow. Additionally, the expanding motion of the
artery upstream of the bifurcation lowers the magnitude of the
impinging flow velocity to maintain the flow rate the same.
Consequently, the velocity gradient near the impingement re-
gion and the resulting WSS are smaller for the elastic-wall
cases. At the peak systole, due to the interaction mechanism,
the WSS magnitude and impinging-flow velocity for the HBP
case are smallest while those for the rigid-wall case are the
largest . After the peak systole the WSS magnitude does not
decrease for the HBP case although the blood-flow velocity
decreases. In fact, the WSS increases and the magnitude ex-
ceeds that for the NBP case. After the peak systole, the arterial
wall starts contracting due to the decreasing blood pressure,
and the wall moves toward the impinging blood flow. Hence
the arterial motion enhances the blood flow impingement af-
ter the peak systole contrary to what happens before the peak
systole. The change in the interaction mechanism at the peak
systole is significant especially for the HBP case because
the more the arterial wall expands at the peak systole the
more it contracts afterwards. As shown in Fig.5, the blood
flow, which has a significant velocity magnitude, is divided
at the neck. For the NBP and rigid-wall cases the flow go-
ing into the left branch has a rather large velocity magnitude.
For the HBP case, on the other hand, the velocity magni-
tude for the flow going into the left branch is remarkably
small, and a flow with large velocity magnitude enters the
aneurysm at the peak systole. Because the open mouth of the
aneurysm becomes larger, for the HBP case the blood flow
tends to enter the aneurysm after the impingement . The flow
with large velocity magnitude that enters the aneurysm at
the peak systole, with the help of the contracting motion of
the aneurysmal wall, runs through near the aneurysmal wall
after the peak systole. Therefore, for the the HBP case the
velocity gradient near the aneurysmal wall and the resulting
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(a) NBP case (b) HBP case (c) Rigid-wall case

Beginning of the systole (t = 0.01 s).

After the peak systole (t=0.11 s)

Fig. 4 Instantaneous WSS distributions

WSS become considerably large after the peak systole. The
interaction mechanism is summarized in Fig. 6.

It is known that high WSS acts on the vascular endo-
thelium as a biological stimulator that modulates the cellu-

lar function of the endothelium. Thus, WSS changes due to
hypertension possibly cause changes in cellular function in
the aneurysmal wall. In the Y-shaped junction we investigate
here, the impingement region for the blood flow is near the
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(a) NBP case (b) HBP case (c) Rigid-wall case

Lt
t=0.06 s).

Immediately after the peak systole (t =0.07 S).

Fig. 5 Instantaneous flow-velocity profiles

neck and the hemodynamics in the artery is significantly sen-  on the blood pressure can clearly be seen. As the next step, we
sitive to the impingement location. Therefore the dependence  plan to investigate for various arterial geometries the effect
of the interaction between the blood flow and the arterial wall ~ of hypertension in general.
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5.4 Mechanical stress in the arterial wall

Figure7 shows the instantaneous principal-stress distribu-
tions for the luminal wall of the artery. For both the NBP
and HBP cases the maximum principal stress occurs at the
peak systole and has a value of 690 and 1080 kPa, respec-
tively. The maximum principal stress occurs near the neck
as indicated with the white arrow. The comparison of the
principal stress distributions at the beginning of the systole
and at the peak systole shows that the systolic variation of
the principal stress is considerably large, similar to what we
observed for the WSS. The maximum principal stress at the
beginning of the systole is 84.6 and 152 kPa for the NBP
and HBP cases. The magnitude of the variation in the prin-
cipal stress during the systolic period is 605 and 928 kPa for
the NBP and HBP cases. Although both the maximum value
and maximum variation of the principal stress occur around
the neck for both the NBP and HBP cases, we consider the
principal stress in the aneurysmal wall also to be important
because that is where the aneurysm tends to rupture. The
maximum value and variation of the principal stress in the
aneurysmal wall occurs at the point indicated in the figure
with the yellow arrow. For both the NBP and HBP cases, that
location is near the part called the “bleb”, which is a small
saccular aneurysm on the aneurysmal wall. The existence of
a bleb is one of the known indicators in rupture-risk estima-
tion. The maximum principal stress in the aneurysmal wall
is 212 and 310 kPa for the NBP and HBP cases. The sys-
tolic variation of the principal stress is 183 and 249 kPa for
the NBP and HBP cases. The maximum value and variation
of the principal stress for the HBP case are approximately
50% larger than those for the NBP case, although the max-
imum displacement is only 7% larger. This is because the
structure of the arterial wall is complicated particularly near
the aneurysm.

These results show that hypertension also significantly
affects the stress distribution in the arterial walls. In fact,
the wall thickness for the aneurysmal wall is smaller than
0.3 mm, which is what we assumed in this study. Therefore
the magnitude of the mechanical stress in the aneurysmal wall
should be larger than what we find in this study. Although the
mechanism of the rupture in cerebral aneurysm needs further
investigation, these results show that hypertension could en-
hance the damage in arterial wall tissue in terms of structural
mechanics.

6 Conclusions

We computed the cardiovascular fluid—structure interactions
of aneurysmal conditions with high and normal blood pres-
sures. This demonstrates the potential of image-based FSI
modeling in disease simulation and in investigating the effect
of hypertension on the cerebral aneurysm.

The results show that hypertensive blood pressure causes
significant changes in the WSS distribution on the aneurysmal

at the peak systole
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mild wall
contraction

drastic wall
contraction
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after the peak systole

deformation of the
impingement reglon

large deformation of the
impingement region

f—
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Fig. 6 Interaction between the blood flow and the arterial wall

wall and in the stress distribution in the aneurysmal wall.
This implies that hypertension possibly affects the growth
of aneurysm and leads to damage in the aneurysmal wall.
Although the mechanisms for how a cerebral aneurysm ini-
tiates, grows and ruptures still remain to be investigated,
we consider the blood pressure to be an important factor
in cerebral aneurysm. We are planning to further investi-
gate the effect of hypertension on the aneurysm by using
various arterial geometries. We are also planning to, by us-
ing the Windkessel model, take into account the phase lag
between the velocity and pressure waveforms, since in our
current study these two are assumed to vary in the same
phase.

Other known risk factors such as smoking can also affect
the hemodynamics through the variation in the heart beat rate,
the blood pressure or the arterial impedance. We believe that
those risk factors can be incorporated into our modeling in
the same way as we have incorporated hypertension. The cur-
rent study shows the potential for image-based FSI modeling
to be used in the future as a disease simulator.
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Fig. 7 Instantaneous principal-stress distributions
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