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Abstract

Initiation, growth, and rupture of cerebral aneurysms are caused by hemo-
dynamic factors. It is extensively accepted that the cerebral aneurysm wall is
assumed to be rigid using computational fluid dynamics (CFD). Furthermore,
fluid-structure interactions have been recently applied for simulation of an
elastic cerebral aneurysm model. Herein, we examined cerebral aneurysm he-
modynamics in a realistic moving boundary deformation model based on
4-dimensional computed tomographic angiography (4D-CTA) obtained by
high time-resolution using numerical simulation. The aneurysm of the realis-
tic moving deformation model based on 4D-CTA at each phase was con-
structed. The effect of small wall deformation on hemodynamic characteris-
tics might be interested. So, four hemodynamic factors (wall shear stress, wall
shear stress divergence, oscillatory shear index and residual residence time)
were determined from the numerical simulation, and their behaviors were
assessed in the basilar bifurcation aneurysm.

Keywords
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1. Introduction

The initiation, growth and rupture of cerebral aneurysm are thought to be
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caused by hemodynamic factors. Hemodynamic factors such as the wallshear
stress (WSS), the studies have examined the hemodynamics of cerebral aneu-
rysms using numerical simulation to predict their growth and rupture. It had
been extensively accepted to use rigid-wall assumption in computational fluid dy-
namics [1] [2] [3] [4]. On the other hand, to reproduce the wall movement un-
der cardiac cycle, fluid-structure interaction simulation has been recently ap-
plied for the deformation of an elastic cerebral aneurysm model [5] [6] [7].
However, it is difficult to validate these results in another modality. Further-
more, it is still difficult to reproduce the wall deformation of the aneurysm wall
in pulsatile flow. Torii et al reported that there is significant difference of WSS
distribution between rigid-wall and elastic-wall simulation. In the previous study
[8], the influence of wall motion on wall shear stress is estimated by the similar
method to the present study and there is small influence of wall motion on wall
shear stress.

The aim of the present study was to exhibit the hemodynamics of basilar bi-
furcation aneurysms (BBA) using numerical simulation in a realistic moving
boundary deformation model obtained by high time-resolution 4-dimensional
computed tomographic angiography (4D-CTA) data. First, the wall of the realis-
tic moving deformation model was constructed based on 4D-CTA images. A
moving boundary wall was then created based on these images, and used as the
wall boundary condition for simulation. Four hemodynamic factors, 7.e. WSS,
WSSD, OSI and RRT, were assessed by numerical simulation using the moving
boundary method. Consequently, the authors have clarified the effect of moving

boundary wall in comparison with rigid model.

2. Method

Basilar bifurcation is one of predilection sites of cerebral aneurysm formed a
lump-like bulge at cerebral artery, and when it ruptures, it leads to subarachnoid
hemorrhage. Construction of the basilar bifurcation aneurysm (BBA) morphol-
ogy model was based on 4D-CTA data, and the deformation behavior of cerebral
aneurysm was taken 30 times per beat. CTA data was measured in Mie Chuo
Medical Center using 16-detector multislice acquisition CT scanner (Toshiba,
Inc., Tokyo, Japan). The morphology of the aneurysm was constructed based on
a patient-specific model is shown in Figure 1 for each phase. Amira ver 5.2.2
(Thermo Fisher Scientific Co., Tokyo, Japan) was used as the morphological
creative application. In this study, a moving boundary method is created using
an actual shape model and given as a boundary condition for the wall surface.
However, since the 30 shape morphologies based on 4D-CTA is not enough to
be used as a boundary condition, 10 intermediate shape morphologies interpo-
lated between actual shape morphology models at each phase #and ¢+ At were
also created. As a comparison, rigid model was selected as the morphology at the
8" time division based on 4D-CTA data comparable to an average volume from

30 morphologies during one cardiac cycle.
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STAR-CCM + Verl14.06 (SIEMENS) was used to create the intermediate shape.
This displacement amount during time step A¢ was multiplied by /11 (n is in-
teger). First, the displacement AX; =(AX;,Ay;,Az;) between shape model 1 (time
#) and model 2 (time ¢+ A{) is obtained, and the vector function X,; expressed

in Equation (1) was created.

X =N X =(1 xi,ﬂAyi,ﬂAzij (1)
1 11 11 11

By giving the created vector function of the node at wall surface of shape
model 1, the node moves and the shape data of intermediate shape 1 (IS-1) is
created. This IS-1 has a shape slightly closer to model 2 than model 1. In this
study, we set n =1, 2, -, 9, 10 and created intermediate shapes between each
phase, creating a total of 300 intermediate shapes. In the simulation of moving
boundary model, the shape morphology is re-meshed in each time step with

changing cell number and created at # 7= 0.00 and 0.20 as shown in Figure 2.

18.7 mm 84

19.5 mm

v

DICOM (4DCT images)
0.196 x 0.196 mm/pixel
Slice thickness of 0.5 mm

Figure 1. DICOM data and morphology of the basilar bifurcation aneurysm.

Phase t/T = 0.00 Phase t/T = 0.20
Mesh number: 1095000 Mesh number: 1105000

(a) (b)

Figure 2. Mesh form. (Through one cardiac cycle, average mesh number is approximate-
ly 110,000.)
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3. Simulation

STAR-CCM + Verl14.06 (SIEMENS) was used for the simulation. The analysis
conditions were three-dimensional, implicit, unsteady, laminar flow and non-slip
condition on wall, and the moving boundary and rigid walls conditions created
based on the actual shape model were applied to the wall surface. The properties
of working fluid was assumed to bethe same as the property of blood; Newton
fluid, density p = 1057 (kg/m?), viscosity coeficientthe same as the property of
blood; Newton fluid, density p = 1057 (kg/m?), viscosity coefficient y= 3.7 x 107
(Pa-s). The mesh reference length was 0.07 - 0.08 (mm) and the discrete time
step was Az = 1/330 sec. The periodic mean Reynolds number Ree., and the
Womersley number a were defined by the following equations and were 300 and
1.81, respectively.

Re _ AU freand 2)
7

2\ utl

where the mean inflow velocity measured in previous study [9] is Upew = 0.39
(m/s), the inlet vessel diameter is d = 2.69 (mm), and one period is 7'= 1.0 (s).

Laminar flow model was used because the flow situation is low Reynolds
number. The outlet boundary condition was set to maintain the constant flow
division ratio into two outlets. The governing equations are the following conti-
nuity equation and the Navier-Stokes equation considering the mesh movement
velocity.

Vau=0 4)

p{i—l:ﬁ(u —umesh)-V}u} =—Vp+uVu (5)

where u (m/s) is the flow velocity vector, U, (m/s) is the mesh moving wall

velocity vector, p (Pa) is the pressure and ¢ (s) is the time. The simulation was
performed through 3 cardiac cycles, and data were collected from the 2™ cycle.

The pulsatile flow waveform shown in Figure 3 was used as the inflow boun-
dary condition. This is an adjustment of the pulsatile waveform based on pre-
vious studiesin middle cerebral artery [9] [10] [11].

The following quantities were used to evaluate the results obtained by simula-
tion under the above conditions. The first is the magnitude of the resultant wall
shear stress WSS (Pa), the second is the divergence of wall shear stress WSSD
(Pa/m), the third is the oscillation shear index OSI and the fourth is the residual
residence time RRT (Pa™') as defined following expressions.

WSS = ,/WSS? + WSS? + WSS (6)
OWSS
WSSD = OWSS, . v, OWSS, )
OX oy oz
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Figure 3. Pulsatile flow waveform.
T
1, [ wssdt
oSl== 1—$— (8)
2\ [ wssdt
0
RRT =1/[ (1-20SI) TAWSS | (9)

WSSD reflects the gradient of WSS components in 3 dimensions, and is consi-
dered to have a major effect on the pathological diseaseon cerebral aneurysm.
OSI indicates the change in the temporal flow direction. RRT denotes the resi-
dual residence time at stagnant region.

Firstly, in the process of numerical simulation, the dependency of the mesh
reference length (cell number) is examined on the pressure drop between inlet
and both outlets. The dependency of the pressure drop between inlet and
right-left outlets on mesh reference length is shown in Figure 4 at typical cell
number. The difference of pressure drop between cell number 1.1 x 10° and 1.5
x 10° was 0.013% - 0.015%. So, in the present simulation the cell number was

approximately 1.1 x 10° in moving boundary model.

4. Results and Discussion
4.1. Flow Pattern and WSS

The typical flow behaviors such as streamline, velocity contour, swirling flow
and vortex in moving boundary model are shown in Figure 5 at peak systole. At
the front median plane (Figure 5(a)), the main inlet flow collides at the right
neck of aneurysm dome. Then, the flow bifurcates to enter inside of the aneu-
rysm as a wall jet along the aneurysm wall, and to flow out to the right outlet
vessel. Inside the dome, the global swirling flow along the dome wall surface and
the small spiral core vortex flow are induced to be similar to those of the cerebral
aneurysm [12]. Also, at the right side plane, large swirling and core vortex flow
corresponding to the flow pattern at the front median plane is depicted in Fig-
ure 5(b). The comparison of streamline and flow pattern in rigid with moving
boundary models is shown in Figure 6 at peak systole. Since the deformation ra-

tio is small, there is little difference between rigid and moving boundary models.
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Figure 4. Dependency of mesh reference length (cell number) on pressure drop between
inlet and both outlets. (a) Pressure drop from inlet to left outlet; (b) Pressure drop from
inlet to right outlet.
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Figure 5. Streamline and velocity contour at front median plane and right side plane in
the basilar bifurcation aneurysm in moving boundary model at peak systole. (a) Front

median plane; (b) Right side plane.

The velocity contour at the entrance of aneurysm dome for rigid and moving
boundary models is shown in right and left sides in each phase in Figure 7, re-
spectively. At each velocity contour, the flow with large velocity at right side en-
ters into dome. Conversely, the reverse fluid flows out of left side of dome. The
ratio of deformation volume in both models is shown in Figure 8. The maxi-
mum volume ratio is 3.0%, Ze. the expansion of depth D of 0.2 mm, is compara-
ble to that [8].
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(a) (b)

Figure 6. Comparison of streamline and flow pattern at front median plane of rigid with
moving boundary models at peak-systole. (a) Rigid model; (b) Moving boundary model.
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Figure 7. Velocity at entrance section of aneurysm in rigid and moving boundary models
at each phase.
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Figure 8. Volume deformation ratio during one cardiac cycle.

The comparison of spatially-averaged WSS in rigid with moving boundary
models during one cardiac cycle is shown in Figure 9. WSS in moving boundary
is slightly smaller than that in rigid models owing to displacement of aneurysm
wall through cardiac cycle. The difference between both models is 0.5 Pa at peak-
systole.
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Figure 9. Comparison of spatially-averaged WSS in rigid with moving boundary models
during one cardiac cycle.

The resultant WSS at four typical phases (early-, mid-, peak-systoles, and mid-
diastole) in rigid model is shown in Figure 10. The maximum WSS (denoted in
numeral) at each phase is large at the right neck where the inlet flow collides,
and reaches 78.6 Pa at peak systole in moving boundary model. In contrast, WSS
is globally small at other wall surface, Ze. apart for the aneurysm right neck. WSS
in moving boundary is slightly smaller than that in rigid models except for
mid-diastole and WSS in rigid model has a similar trend. Comparison of the re-
sult [8] with those of present result, the trend is similar to WSS around inlet re-
gion larger than that on another surface. Surely, the difference of colliding point

depends on morphology.

4.2. WSSD, OSI and RRT

WSSD in both models is shown in Figure 11. At each phase, WSSD at the aneu-
rysm right neck is large compared with that on the global dome surface, and
reaches 523 Pa/mm at the flow colliding point in rigid model at peak systole. In
moving boundary model, WSSD of 578 Pa/mm at the aneurysm right neck is
slightly larger than that in rigid model. WSSD denotes the gradient of WSS, and
reflects stretching and compression for the aneurysm wall [3] [13] [14]. WSSD
in moving boundary is slightly larger than that in rigid models.

It might be related to the wall displacement, ie. the aneurysm wall displaces
and the flow pattern might be much complicated near wall surface.

The distribution of OSI in both models is shown in Figure 12. In both models,
the arrows on surface denote the direction of resultant WSS. The maximum OSI
appears at the middle of the front median plane. Three direction vectors in both
models are observed around the location of maximum OSI; ie. the vector at the
right side induced by the inlet wall jet, and the vector at the front upper and front
lower surfaces induced by the swirling flow and the core vortex flow. Although
the maximum OSI of 0.430 in moving boundary is slightly 7% smaller than that
(0.460) in rigid models, the spatially- and temporally-averaged OSI in moving
boundary is 0.0294, ie 6.3 times, larger than that (0.0046) in rigid models. In

both models, the vectors of WSS converge around the location of maximum OSI.
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The distribution of residual residence time (RRT) is shown in Figure 13.
There is a little difference RRT between both models and only there appears the
maximum value of 78.9 (Pa™') and 10.7 (Pa™!) for rigid and moving boundary
models, respectively. This small RRT in the moving boundary model implies
short residence time of blood flow. When RRT in moving boundary model is
10.7, this aneurysm dome at the middle point on front median plane might not
be prone to prevent from rupture. Globally, the specially-averaged RRT of 0.562
(Pa™) in moving boundary is slightly larger than that of 0.551 (Pa™') in rigid
models. The location of maximum RRT is close to that of maximum OSI. The
location with maxi-mum OSI and maximum RRT appear in the middle at front

median plane where is different from flow colliding point.

Early-systole Mid-systole Peak-systole Mid-diastole
WSS [Pa] tT =0 T =013 T = 0.23 tT = 0.33

52 Qg
)

16.2 (-7%) 49.6 (-5%) | 78.6 (:0% 58.7 (+7%)

] U I 55 Pa

Figure 10. Comparison of WSS in rigid with moving boundary models at four phases.

Rigid model

Moving boundary
model

L

(Numerals denote maximum WSS. Spatially- and temporally averaged WSS in moving
boundary and rigid model is 0.326 (-4%) and 0.340, respectively.)

Early-systole Mid-systole Peak-systole Mid-diastole
WSSs [Paimm] tT=0 tT = 0.13 tT = 0.23 YT = 0.33

‘I 523
: 578 (+10%) |

Rigid model

Moving boundary

model
» 3 ~
78 (-37%) 364 (+2%) 400 (+6%)
ety N 400 Pa/mm

Figure 11. Comparison of WSSD in rigid and moving boundary models at each phases.
(Numerals at each panel denote maximum WSSD. For comparison of the rigid with
moving boundary models, large and small WSSDs are denoted in red and blue, respec-
tively.) (Spatially- and temporally-averaged WSSD in moving boundary and rigid model
is 0.573 [-13%] and 0.657, respectively.)
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0.430 (-7%)

(b)

Figure 12. Distribution of oscillatory shear index OSI. The arrows on surface in both
models denote the direction of WSS. (The surface arrows on both models denote the di-
rection of WSS.) (Specially-averaged OSI in moving boundary and rigid models is 0.0294
and 0.0046, respectively.) (a) Rigid model; (b) Moving boundary model.

RRT Rigid Realistic-Deformation

10.7 (-86%)

S W 40Pa

RRT

Figure 13. Comparison of residual residence time (RRT) in rigid with moving boundary
models. (Specially-averaged RRT in moving boundary and rigid models is 0.562 [Pa™]
and 0.551 [Pa™!], respectively.)

Our findings indicate that in moving boundary model the WSS might be sup-
pressed and small RRT might be prevented from flow stagnation. WSSD in mov-
ing boundary model is larger than that in rigid model and WSSD at right dome
neck might be related to stretching and compression for the wall tissue. OSI ap-
pears at low WSS region where associates with atherosclerosis of aneurysm
dome surface [15] [16]. The spatially-averaged OSI in moving boundary is larger
than that in rigid models except for maximum (OSI). On the other hand, RRT in

moving boundary is approximately same as that in rigid models.
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Although these behaviors cannot be associated with pathological evaluations
directly, the location of maximum WSS, maximum WSSD, maximum OSI and
maximum RRT might be determined by assessing the hemodynamics of cerebral

aneurysms.

5. Summary

In the present study, the effect of moving boundary wall on hemodynamic fac-
tors is examined in comparison with rigid wall numerically. Consequently, the
temporally- and spatially-averaged WSS around the global dome surface was
smaller in comparison with rigid model. Although the maximum residual resi-
dence time RRT in moving boundary is smaller than that in rigid models, the
spatially-averaged RRT is same as that of rigid models. Both the maximum WSSD
at the neck and the global OSI in moving boundary model are larger than those

in rigid model.
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