Shejima et al

Wall Shear Stress on Cerebral Anenrysm 2501

Figure 1, Extracted vessel image from 3-dimensional (3-D) com-
puted tomographic angiography {after smoothing}. The eriginal
madel is trimmed out by the blue plane. The region to be ana-
lyzed (red) is divided into the aneurysm and the surrounding
vessel by the yellow intersecting plans. ICA indicates internal
carotid artery; MCA, middle cerebral artery.

statistical analysis of the magnitude of W5Ss in and around
saccular cerebral aneurysms.

Materials and Methods

Data Source :

All medical data were acquired for diagnostic purpeses, and consent
for their use in this study was obtained from the patients or their
closest relatives.

From January 2001 to December 2002, there were 42 middle
cerebral artery (MCA) aneurysms that were diagnosed with
3-dimensional (3-D) computed tomographic (CT) angiography in 40
patients. Among them, 20 ancurysms of 19 patients had an
adequate image quality for CFD calculation and were analyzed in
this study. Patient population consisted of 7 men and 12 women,
with a mean age of 61.5 years (range, 51 to 75 years). Three
ancurysms were ruptured, and one of them was accompanied with
an unruptured aneurysm. The other 16 aneurysms were detected
before rupture by the screening examinations. All the aneurysm
studied here were saccular aneurysms originating at the first
major bifurcation of MCA.

Modeling of the Aneurysms

Three-dimensional CT angiography data with a voxel size of
0.21 mmx0.21 mmx0.50 mm were obtained with the aid of a
multislice CT system,'¢ the Aquilion multi 16 (Toshiba). The 16
central rows of 0.5-mm detector elements that were used had the
following parameters: 0.75-second rotation, a scanning pitch of 0.69,
135 kV, and 260 mA. A total of 8¢ mL nonionic contrast medium
(300 mg/mL) was injected at a rate of 3 mLJs via the median cubital
vein. Digital images were transferred to a Unix workstation and
vessel surfaces were constructed with the Fly-through mode of
Alatoview (Toshiba). The fine irregularities of the original models
resulting from partial volume effects or slice gaps were refined
without changing the comprehensive geometry using our original
smoothing software based on the algorithm of Garland mesh sim-
plification'” and Taubin mesh smoothing.!® The aneurysm and the
20 mm of vessel surrounding it were trimmed out for the analysis.
When possible, an intersecting plane dividing the aneurysm volume
from that of the parent artery was made to allow a comparison of the
WSS of the aneurysm and the vessel (Figure 1). Computational
meshes were generated for these models with ==60 000 hexshedral
elements.

Figure 2. The sites where maximum wall shear stress (WSS)
occurred in 20 cases. Eight occurred at the neck of the aneu-
rysm {A), 10 at the origin of the branch artery in contiguity with
the ansurysmal neck {B), and 2 in the branch vessel distant from
the aneurysm (C).

Numerical Simulation
CFD simulations were performed using our original finite-element
solver under the governing equations of mass conservation and
Navie—Stokes.'?-2! The boundary conditions were applied as fol-
lows. Blood was assumed to be an incompressible isothermal
Newtonian fluid?? with a specific gravity of 1000 kg/m® and a
viscosity of 4,0X107® N/m? per second. The viscoelastic properties
of the vessel wall were neglected and a rigid wall with no-slip
condition was applied.!® For the inlet condition, a pulsatile flow with
a Womersley velocity profile was simulated,?* with the typical MCA
velocity obtained by transcranial Doppler scanning (mean velocity,
0.6 m/s; maximum velocity, 0.81 m/s; heart rate, 80 bpm). This inlet
velocity condition was applied to all aneurysms (mean Reynolds
number, 413; mean Womersley number, 3.99). A traction-free
boundary condition?® was applied to the outlets, The width of the
time step for caleulation was set at 0.0001 seconds.

To confirm numerical stability, the calculation was performed for
5 cardiac ¢ycles and the result at the fifth cardiac cycle was used for
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Figure 3. Comparison of WS5s between the aneurysm and ves-
sel in 17 cases. The WSS of the aneurysm (red) Is significantly
lower than that of the vessel (yellow). Emror bars indicate the
standard deviation.
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Velocity field

Streamline

the analysis. The calculation time for one aneurysm was =48 hours,
W3S distributions were calculated from the 3-D velocity field data.2!

Statistical Analysis

The maximum WSS region and its value were recorded for all
aneurysms. When it was possible to divide the aneurysm from the
parent artery with an intersecting plane, we caleulated the spatially
averaged WSS for each region at the peak systole. The WSS of the
aneurysm was then compared with that of the vessel (paired Student
! test). A nonpaired Student ¢ test was applied to 2 comparison of the
WSS of the ruptured aneurysms with that of the unruptured
aneurysms.

For each aneurysm, the diameter of the inlet of the aneurysm and
the maximum height of the aneurysmal sae from the inlet plane were
measured from the 3-D model, and the aspect ratio was determined
by dividing the latter by the former, Pearson correlation coefficients
were calculated among the aspect ratio, the WSS of the aneurysm
region, and the volumetric flow into the aneurysm. Statistical
significance was taken as P<0.05,

Figure 4. Visualization of the hemody-
namics of 2 representative unruptured
aneurysms {case 1, left; case 2, right).
Arrows show the sites of maximum
WSS, Top figures show velocity field in
cross-sectional plane. Vactors show the
direction of flow, and the magnitude of
velocity is shown in colored contour. In
case 1, interruption of flow at the bifur-
cation created a high-velocity field near
the wall and caused a maximum WSS at
the neck of the aneurysm. The intra-an-
eurysmal flow velocity was not
decreased particularty in case 1, In con-
trast, in case 2, it was extremely low with
a prominent recirculating zone in most
parts of the aneurysm. Middte figures
show WSS distribution In 3-D geometry.
The maximum WSS occurred at the neck
of the aneurysm In case 1. in case 2, a
maderately high WSS ocourred near the
neck (arrow head), but the maximum
WSS occurred at a site distant from the
aneurysm where velocity increased as a
result of reduction of the flow path. Bot-
tom figures show the streamiine, which
shows the flow structure around the an-
eurystns. The lower part of the aneurysm
in case 2 had flow structure similar to
that in case 1. However, in case 2, the
upper part had a stagnant disturbed flow
structure, which led to a markedly low
WSS.

Results

Magnitude and Distribution of WSSs

The sites where the maximum WSS occurred in the caleu-
lated region could be divided into 3 groups (Figure 2). In 10
aneurysms, the maximum WSS appeared at the origin of the
branch artery in contiguity with the aneurysmal neck. In 8
aneurysms, the sites were at the neck of the aneurysm, and in
the remaining 2 the maximum WSS occurred in the branch
artery distant from the ancurysm. Whereas moderately high
WSSs appeared at the body of the aneurysm in some cases,
the WSSs at the tip or the bleb of the aneurysm were
markedly low in all ancurysms, The peak WSS value aver-
aged over the 20 cases was 14.39+6.21 N/m® (mean+SD: 1
N/m’=0.0075 mm Hg or 10 dyne/cm?), which was 4-times
higher than the spatially averaged WSS of the vessel region at
the peak systole (3.641.25 N/m?).
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Figure 5. Bivariate scattergram with regression between the
aspect ratio and the WSS of the aneurysm. A significant nega-
tive comrelation can be observed {r=~0.67). Ruptured cases are
shown as red, and unruptured cases are shown as blue. Dotted
lines indicate 95% confidence bands.

Intersecting planes dividing the aneurysm from the parent
artery were created successfully for all but 3 small unruptured
aneurysms, For these 17 cases, the WSS of the vessel region
(spatially averaged at the peak systole) was 3.64+1.25 N/m?.
In contrast, the WSS of the aneurysm region (spatially
averaged at the peak systole) was 1.64+1.16 N/m?, which is
significantly lower than that of the vessel (P<<0.05; Figure 3).

Flow Structure in the Aneurysms

The shape of the apeurysm had a profound impact on the flow
structure within it. In case 1 (Figure 4, left), a small aneurysm
with a smooth contour and a low aspect ratio of 0.56, the
intra-aneurysmal flow velocity did not decrease particularly.
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The averaged WSS of the aneurysm region at the peak systole
was 3.35 N/m’, one of the highest among our cases. However,
in case 2, which had a large aneurysm with an aspect ratio of
1.58 (Figure 4, right), the intra-aneurysmal flow velocity was
markedly low and the flow field showed a conspicuous
recirculating zone. In this case, the spatially averaged WSS of
the aneurysm region was markedly low (0.14 N/m?®) even at
the peak systole because of this large area of the flow stasis.
The aspect ratio of the aneurysm had a significant negative
correlation (r=—0.67, P<0.05; Figure 5) with the WSS of
the aneurysm region (spatially averaged at the peak systole).
A mild positive correlation was observed between the spa-
tially averaged WSS of the aneurysm region and the volu-
metric flow into the aneurysm (r=0.50, P=0.06). The corre-
lation betweern the volumetric flow into the aneurysm and the
agpect ratio of the aneurysm was weak (r=0.36, P=0.06).

Ruptured Versus Unruptured Aneurysms

The mean size {diameter) and the aspect ratio of the aneu-
rysms were 3.36 mm and 0,73, respectively, for the ruptured
cases (n=3) and 4.3]1 mm and 0.92, respectively, for the
unruptured cases (n=17}. The difference between the respec-
tive figure for the ruptured and unruptured cases was not
statistically significant.

When the spatially averaged WSS of aneurysm region at
the peak systole was compared between ruptured and unrup-
tured cases, it was found to be significantly higher for
ruptured cases (2.92 N/m* versus 1.48 N/m?, P<0.03).

In all roptured cases, high and low WSS were mixed in the
small aneurysm area (Figure 6). The blood of parent artery
flowed into the aneurysm more directly in the ruptured cases
and high WSSs appeared at the body or the neck of aneurysm.

Figure 6. Velocity field and WSS distri-
bution of 2 rupturad aneurysms. The
velocity field in cross-sectional plane
{upper) and the W3S distribution in 3-D
geometry (lower) are shown in the same
way as Figure 4. Black arrowheads indi-
cate the site of moderately elevated
WSSs in the aneurysm region. Yellow
arrows and lines show the site of a
markedly low WSS area and the flow
stasis with recirculating zones at the tip
of the aneurysm, respectively. The num-
bers near the arrows indicate the magni-
tude of WSSs at the sites.
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This resulted in a higher averaged WSS of the aneurysm
region in ruptured cases. However, at the tip, the stasis of the
blood with recirculating zones was observed. This caused
markedly low WSS at the tip (<0.5 N/m?). These findings
make fine contrast to the flow structure of the unruptured
aneurysm, shown in the left side of Figure 4, which also had
a high averaged WSS of the aneurysm region. The intra-an-
eurysmal velocity was not delayed, particularly near the wall,
The WSS ‘at the tip of this unruptured aneurysm was not
decreased severely (1.7 N/m?).

Discussion

This study demonstrates clearly that the magnitude of the
WSS of the aneurysm region is significantly lower than that
of the vessel region. The present study also disclosed that the
WSS of the aneurysm region has a significant and inverse
correlation with the aspect ratio of aneurysm, which has some
connection to the rupture 5 '

WSS is a flow-induced stress that can be deseribed as the
frictional force of viscous blood.™® The 3-D geometry and the
3-D velocity field of vessels are indispensable to the estab-
lishment of spatial distribution of WSS and the flow structure.
In vivo measurements of the 3-D velocity field and WSS have
become possible with the development of phase contrast
magnetic resonance velocimetry for large and simple arteries
like the aorta? or the carotid bifurcation.13 However, in small
and tortuous vessels like the intracranial arteries, the currenily
available techniques, like phase contrast magnetic resonance
velocimetry, cannot be applied in calculating the spatial
distribution of the WSS. To investigate the flow dynamics in
cercbral arteries, simulation in vitro or by computer is
necessary. The major difference between in vitro fluid exper-
iments and CFD simulations may be the fact that the quality
of computational mesh generation has some effect on the
results of computer simulations. However, the reliability of
computer simulations with proper mesh generation has been
established.* Comparisons between our results and those of
in vitro experiments are ongoing in our laboratory.20

Recent studies have indicated the involvement of WSS in
the formation of saccular cerebral aneurysms.!! A prolonged
high WSS fragments the internal elastic lamina of vesselg26
and gives rise to the initial change involved in the formation
of a cerebral aneurysm. Our results have established that the
magnitude of the WSS of well-developed aneurysms is very
low, in accordance with the previous hypothesis that the
strength of the WSS of the aneurysm region is not sufficient
to mechanically tear the wall of the aneurysm.” The WSS is
converted to biological signals via mechanoreceptors on
endothelial cells, and it modulates gene expressions and the
cellular functions of the vessel wall.919 It is assumed that a
WSS of ~2.0 N/m? is suitable for maintaining the structure of
artetial vessels and a WSS Jower than 1.5 N/m? will degen-
crate endothelial cells via the apoptotic cell cycle.!® The WSS
of the aneurysm region was barely 1.64 N/m? even in the peak
systole and seems to be too low to maintain the regular cellar
functions of endothelial cells, This excessively low WSS may
be one of the main factors underlying the degeneration,
indicating the structurai fragility of the anecurysmal wall.
Although a high WSS plays an essential role in the initiation

of cerebral aneurysms,!! a low WSS might be a major factor

for its growth,

Our 3 ruptured aneurysms had higher averaged WSS of
aneurysm region than unruptured aneurysms and they had
markedly low WSS in their tip or bleb with high WSS in the
body or fundus of aneurysm. We speculate that this low WSS
at the tip or the bleb might be responsible for the fragile
change of the aneurysm and led to the rupture, Endothelial
cells react differently to the high and low WSS.1® The
proximity of high and low WSS in a small aneurysm region
might enhance the degenerative change of the aneurysmn wall,

Until now, there has been no study to our knowledge that
demonstrated the changes of the size and the shape of the
aneurysm immediately before and after the rupture. These
changes might have affected our results. The current and
previous*s results of ruptured aneurysms might not charac-
terize the aneurysm with high risk of rupture, but may only
document the feature of the aneurysm after rupture, The
application of these results to the clinical materials will prove
the validity.

Conclusions .
The results of this study suggest that the CFD technique has
the potential to be a useful clinical tool for the prediction of
the initiation, growth, and rupture of cerebral aneurysms.
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