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Abstract: The paper aims to investigate effects of blood vessel geometry on hemodynamics of the
cerebral artery, particularly the internal carotid artery using computer graphics. The medical statistics
show that generation and rupture of the cerebral aneurysms is strongly correlated with the wall shear
stress and flow patterns in the blood vessel. In order to provide better understanding of phenomena, the
paper presents the numerical analysis system, which consists of pre-processing, simulation and post
processing. In the pre-processing, the medical imaging data, mainly CT (Computerized Tomographic)
angiography, are used to construct the three-dimensional geometry of the artery. Various simulations are
carried out varying curvature or location of bifurcation, and the results are visualized to investigate
geometry effect.
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1. Introduction
It is known that over 90% of subarachnoid hemorrhage is caused by rupture of a cerebral aneurysm. The clinical

statistics show that the generation of cerebral aneurysm has three characteristics: 1) there are three preferential

areas where cerebral aneurysms are created (Karino et al.,1993), 2) the age group with a high risk of cerebral

aneurysms is in 40's and 50's (Kuwahara et al.,1991), and 3) gender difference of generating rate exists.

Particularly, women have higher tendency to have the cerebral aneurysm at a branch of ICA and PCom (see Fig. 1)

Fig. 1. Cerebral aneurysm at the bifurcation between internal carotid artery (ICA) and posterior

communicating artery (PCom) extracted from CT angiography. MCA and ACA denotes middle and anterior

cerebral arteries.
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than men do. The difference in sex affects the size of skull, and the difference in age affects curvature of artery
(Huber,1982). Considering these factors, the geometry of artery, which varies with age and sex, may play an
important role in creation of the aneurysm.

To investigate influence of geometry, the system for the numerical analysis, which consists of pre
processing, numerical simulation and post-processing has been constructed. In this system, the real three
dimensional geometry of the artery is used for computational mesh, and measured transient velocity profile of
blood flow is used for pulsatile inlet boundary conditions. Using this system, various simulations are carried out to
analyze the effect of geometry of artery on wall shear stress distributions and flow patterns.

2. Numerical Analysis System

2.1 Mesh Generation
To calculate the flow in the real geometry of the artery, computational mesh was generated using CT imaging data
(male in 70's). Figures 2 (a)-(c) show the slices of CT angiography. One slice consists of 512 X 512 pixels and
each pixel has a 16 bit value corresponding to the brightness of color. There are a total of 100 frames with an
interval of 0.4 mm in the vertical direction.

(b) Original horizontal slice

(a) Overview

(c) ICA extracted

Fig. 2. CT angiography.

In order to construct the three-dimensional geometry from 100 pictures of the two-dimensional slice data,
the iso-surface of the brightness of the color is created so as to depict the surface of the arterial wall. In this
procedure, first of all, the area of ICA is extracted from original data as shown in Fig. 2 (c) in each horizontal CT
slices. After the extraction of ICA geometry information, each slice is stacked up vertically to construct a three
dimensional geometry model such that the model surface corresponds to iso-surface of the brightness of the color.
Then, the SlL (STereo Lithography) data file is generated with triangular elements to describe the surface of ICA.
This entire operation is executed using AVS, the commercial visualization software. After the STL data are

Fig. 3. Computational mesh.
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transferred to the commercial meshing software, ICEM CFD, computational mesh for FEM (Finite Element
Method) is created as shown in Fig, 3, The total number of elements is 38,860, and the total number of nodes is
42,120,

2,2 Computational Method
The blood flow in ICA is an incompressible flow and the flow can be treated as a laminar flow since the Reynolds
number of blood flow is generally under 2,000 (Burleson et aL,1995) Thus, the governing equations are the
continuity and Navier-Stokes equations, These equations are descretized by FEM, The numerical algorithm used
in this calculation is summarized in Table 1,

Table 1. Numerical algorithm.

Elementgeometry Hexahedral
Approximation function l st order for velocity

Piece-wiseconstantfor pressure
Pressureand velocitycoupling MAC method
Solverof Poissonequation Conjugategradientmethod
Time integration 2nd order Adams-Bashforth method

2.3 Boundary Conditions
The boundary condition at the inlet is time-dependent pulsatile velocity profile called Womersley velocity profile
(Taylor et al.,1998) which is given by the following equation for the axial component
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Here, R is the radius of inlet, J; and J1 are Bessel functions of the first kind of order 0 and 1, respectively and an =
R -V nwiu where u is the kinematic viscosity and w is the angular frequency of the cardiac cycle, Since the cross
section of the inlet is not circular, an additional driving pipe with circular cross section is attached at the inlet The
nondimensional parameter a = R -V wiu is known as the Womersley number. Coefficients B, are Fourier

coefficients of flow rate, and are determined
N
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Here, Q(t) is the flow rate obtained by the ultrasound Doppler velocimetry, which is measured at the carotid artery
of a male in 20's, And the order of series used in this calculation is ten, The flow rates of the measured velocity
and of the Womersley velocity profile are shown in Fig, 4, The Womersley velocity profile shows good agreement
with the measured velocity profile, Using this pulsatile velocity profile, the Reynolds number at the inlet varies
from 160 to 850,
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Fig. 4. Comparison of flow rate.

The boundary condition at the outlet of main artery and branching artery are traction free. In fact, outflow
of the branching artery is almost zero because PCom is a bypath between ICA and PCA (Posterior Cerebral
Artery). As a result of this calculation, outflow of the branching artery is very small, and is not larger than 0.25
mlls (1120 of outflow of main artery).

The boundary condition at the wall is non-slip. And the wall of the artery is assumed to be rigid. The initial
condition is given by fully developed flow field at Re =300.

2.4 Branching Model

Unfortunately, the branch of PCom from ICA, which is the high risk area of aneurysm, is not resolved in our CT
angiography. In order to investigate effect of branching PCom numerically, the branching artery is modeled so as
to emulate PCom. The diameter of the modeled PCom (d in Fig. 5) is about 1 mm, which is one fourth of ICA
diameter. Since the location of bifurcation varies depending on individual cerebrovascular geometry, the modeled
PCom is placed at these different locations as summerized in Table 2 and Fig. 5. The simulation is also conducted
for ICA without the modeled PCom and the results of the four cases are compared. The modeled PCom consists of
about 3,500 elements and 4,000 nodes.

1II~~ point bs
point ba

point b-

Fig. 5. Branching model (d indicates the diameter of branch).

Table 2. Computational models.

Case No. Branching Point

1

2

3

4

no branch

A

B

C



3. Results
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3,1 Characteristics ofAveraged Wall Shear Stress

Using the present analysis system described in the previous section, we are able to perform one analysis within a
week, Figure 6 shows the wall shear stress distributions averaged over one cardiac cycle, Since the magnitude of
wall shear stress of artery is known to be between 10 to 70 dyne/ern' (Malek et aL,1999) the magnitude of the wall
shear stress in these simulations shows good agreement with the actual value,

60.0
4 5 .0
3 0 . 0
15 .0

0 .0
Idyne/ em'l

(a) case 1

(c) case 3

(b) case 2

(d) case 4

Fig. 6. Averaged wall shear stress distribution over one cardiac cycle.

Figure 6(a) shows that there are some areas where the wall shear stress concentrates even without a
branching PCom, When there is the branching PCom, Figs, 6(b)-(d) show that the high wall shear stress area exists
not only in the same area as case 1 but also on the wall near the branching PCom, The maximum wall shear
stresses around branching area in cases 2-4 do not vary significantly, and are about 49(case 2), 48(case 3) and
48(case 4) dyne/ern' respectively,

Figures 7(a)-(c) show the secondary flow velocity distributions and wall shear stress distributions in the x-z
and the y-z cross sections in cases 2-4, Each figure shows secondary flow, This secondary flow mainly consists of
swirl, which is caused by the curvature located at the upstream of the branch, In cases 2 and 3, the secondary flow
near the wall impinges on the wall of the branch as shown in Figs, 7(a) and (b), This causes the high wall shear
stress near by the branching area in cases 2 and 3, On the other hand, in case 4, the secondary flow is not so strong
in this area, Instead of the secondary flow, the axial flow near the wall impinges on the wall around the branching
area,
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(a) case 2 (left: y =2.46 em, right: x =1.40 em)

(b) case 3 (left: y = 2.68 em, right: x = 1.46 em)

(c) case 4 (left: y= 2.84 em, right: x= 1.52 em)

Fig. 7. The secondary flow distribution around branching area averaged over one cardiac cycle. (The color

contour shows the wall shear stress distribution, and arrows indicate the positions of the maximum wall

shear stress, left: y-z plane, right: x-z plane).

Because of this difference in the direction of impinging flow, position of the maximum wall shear stress
varies (see arrows in Fig. 7). In cases 2 and 3, position of maximum wall shear stress is on the wall of branch. But
in case 4, position of maximum wall shear stress is very close to junction area, wall shear stress distribution in case
4 is probably affected by the way how the modeled PCom is connected to ICA, and this needs further investigation.

These results indicate that the wall shear stress around the branching area is highly affected by the flow
approaching to the branch, which is caused by the complex and abrupt curvature of the artery. The location of the
modeled PCom does not affect the distribution and the magnitude of the averaged wall shear stress.

3.2 Transient Behavior ofWall Shear Stress

Figure 8 describes the transient behavior of the wall shear stress at two points in each case. One is point a
described in Fig. 5, where the averaged wall shear stress concentrates in all cases. The other point is around the
branching area, where the maximum wall shear stress is observed for cases 2-4. In case 1, there is no PCom, but
wall shear stress is recorded at a point where the modeled PCom branches out in case 3 (near point b, in Fig. 5).
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This figure shows that the wall shear stress varies with a pulsatile motion of the heart And the behavior of the
wall shear stress in each case is similar to each other and is also quite similar to that of the flow rate at the inlet (see
Fig, 4), This implies that at point a, the transient behavior of the wall shear stress is directly affected by the
behavior of the flow at the inlet

Fig. 8. Transient behavior of the wall shear stress at some points in cases 1-4 (the locations of points a

and b, are shown in Fig. 5).

On the other hand, at points b-b; the transient behavior of the wall shear stress is quite different from the
behavior of the flow at the inlet In the cases with the modeled PCom, the maximum magnitude of wall shear
stress appears in the systole, and the magnitude is much larger than that in the case without branch, Furthermore,
the transient behavior of wall shear stress distribution is different from the averaged one, and the magnitude of the
wall shear stress at points bl-b3 is much larger than that at point a, The maximum magnitude, over 250 dyne/ern', is
about four times as large as the usual value, 10-70 dyne/ern' (Malek et aL,1999),

From Figs, 8(b), (c) and (d), it is shown that the maximum magnitude of wall shear stress decreases as the
position of branch moves further from the inlet This is caused by difference in the characteristics of impinging
flow in the branching area,

These results indicate that such an abrupt change in the wall shear stress may damage the arterial wall
because the endothelial cell is known to be sensitive to the wall shear stress (Malek et aL,1999), This abrupt change
of wall shear stress is mainly affected by combination of shape of artery upstream and position of branch,
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4. Conclusions
The numerical analysis system based on medical imaging data is presented. The system can analyze one case
study of the geometry within a week. In order to investigate effects of the geometry of artery on wall shear stress
and flow pattern, the numerical simulations are performed. As a result, it is found that the distribution of the wall
shear stress is dominantly affected by the relationship between the position of branch and the characteristics of
flow approaching to the branching area. And the characteristics of flow is determined by complex curvature of
leA called "carotid siphon".
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