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endovascular coiling. However, the presence of flow recirculation causes the aneurysm
wall to degenerate and weakened. The weakened wall is due to the haemodynamic
factors such as velocity, wall shear stress (WSS), time average WSS (TAWSS), OSI and
RRT, which were analysed in this study. In the present study, the flow model simulated
a human patient-specific aneurysm at the apex of the bifurcation in the middle cerebral
artery (MCA) in the transient state. Experimental results of full-scale models were
collected on a median, side plane to study the flow behaviour and validation to the
numerical simulation settings, which resulted in good agreement with only 8%
difference. The simulation results obtained showed several interesting findings. The jet
flow into the aneurysm led to complex vortex formation due to impinging flow
behaviour within the aneurysm dome. Additionally, the area that recorded low velocity
was at 30% of low TAWSS with only 1% of OSI that was more than 0.3, while the OSI
critical value and 0.27% area exceeded RRT threshold, which caused the large
oscillating blood flow direction and activated the atherosclerosis progression. These
results suggest that the jet flow into the dome may cause further damage to the wall
of the MCA aneurysm, which will help in providing an insight towards completing a
guidance system assessment of rupture risk for medical practitioners in future work.
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1. Introduction

Intracranial aneurysms (IAs) are balloon-like dilations of the intracranial arterial wall in the brain.
In the United States, 3 to 5 million people have been identified with intracranial wall dilation in which
the wall becomes weaker due to flow irregularity. However, the symptoms are usually neglected or
left unnoticed [1]. Japan had also reported a huge number of 1As. The rupture of IA leads to
subarachnoid haemorrhage (SAH), which causes fatality in 40-50% of the cases and significant
disability in 30% of cases [1]. In Japan, the incidence and mortality rates for SAH are 23 and 9 per
100 000 populations for all ages, respectively, whereas the annual rupture rate is ~2.7% [2].
Commonly, 3% of untreated people with brain aneurysm are at risk of bleeding. Aneurysm can
happen in multiple locations of Circle of Willis [3,4].

In this study, the saccular aneurysm in middle cerebral artery (MCA) was chosen since this type
of aneurysm was reported to have higher wall shear stress (WSS) and prone to rupture in comparison
with the fusiform aneurysm. Furthermore, 90% of the aneurysm is commonly in saccular type [5]. It
has been reported with animal experiments that high WSS has a close relationship with the initiation
of cerebral aneurysm while low WSS causes rupture due to wall degradation [6,7]. The WSS might
also play an important role in the rupture of cerebral aneurysms. Figure 1 shows several examples of
patient-specific MCA saccular aneurysm [8]. Various sizes of aneurysm were considered especially
the neck size since it is one of the factors that also cause complications during coiling treatment and
affect the thrombosis issue [9].

The formation of aneurysm is generally due to the dysfunction of endothelial cells. The
hemodynamic stress will increase from unhealthy practices such as taking alcohol, smoking and other
biological factors such as female gender, infection, lipid and cholesterol accumulation, which then
cause the normal endothelial cells and internal elastic lamina to become inflamed. Then, this
inflammation will lead to the dysfunction of remodelling extracellular matrix for smooth muscle cell
and initiate the aneurysm formation. Further inflammation will degenerate extremely and slowly
cause the aneurysm to rupture. This will then affect other parameters and conditions such as low
wall shear stress, media thinning and intraluminal thrombus. Figure 2 explains the analogy of
aneurysm growth and rupture once the vessel is inflamed [7].

Fig. 1. Example of the patient-specific MCA saccular aneurysm images
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Fig. 2. Growth and rupture of aneurysm due to inflammation [7]

To avoid aneurysm from ruptures, surgical clipping or interventional neuroradiology can be done
even though it still has morbidity and mortality risk [10]. The blood coagulation will be promoted and
increased after undergoing the treatment, which helps to avoid the impinging blood flow to the
vessel wall that will retard an aneurysm from rupturing [11]. The brain aneurysm rupture rate is
increasing now up to one rupture in every 18 minutes due to the difficulties for the surgeons to make
a decision due to the uncertainty on brain aneurysm rupture risk. Many people died before entering
the operation or treatment room since they do not have accurate assessment to assist the physicians
to balance the surgery risk and MCA aneurysm rupture [12]. Usually, the large size of an aneurysm
has a high potential of rupture, but recent studies indicated that most of the ruptured aneurysms
cases were in small size [13,14]. There were also qualitative factors that affect the rupture risk such
as gender, age and location. Most of recent studies focused on the rupture in the brain aneurysm
due to the morphologies impact and wall shear stress [15-17]. The impact of irregularity flow such as
vortex formation and flow recirculation also contribute to the aneurysm wall thinning, which
increases the risk of aneurysm to burst. Computational fluid dynamics (CFD) technique is the most
prominent technique use to easily visualise and quantify the effects of flow behaviour. There were
several researches that used CFD in their research focusing on flow behaviour such as Mustafa et al.,
[18] who investigated the vortex shedding and proved secondary vortices related to the oscillating
flow effects. In addition, Hamad et al., [19] discussed about the fluid flow recirculation for water flow
distribution application using CFD. Also, Cebral et al., [20] claimed that slow swirling flow with low
and oscillating wall shear stress led to atherosclerotic changes using their own in-house software.
Thus, the objective of this present work is to show the presence of flow recirculation inside the
patient-specific MCA aneurysm qualitatively with transient flow condition to mimic the blood flow
inside their brain. These flow vortices happened due to the impinging effects of the jet flow into the
aneurysm sac that weakened the wall, which then expedited the rupture process. This phenomenon
was then supported quantitatively by several hemodynamic parameters considered namely wall
shear stress, velocity, pressure, oscillatory shear index (OSI) and relative residence time (RRT), which
triggered the rupture of the aneurysm [17,21,22]. Thus, in this study, it was hypothesised that these
haemodynamic factors are due to the vortex’s formation, which will be terminated by the
recirculation of flow inside the bulge area that will increase the aneurysm rupture risk [22]. The flow
recirculation will be on the result and discussion part.
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2. Methodology
2.1 Numerical Simulation

In this study, ANSYS CFD 19.1 software (Canonsburg, PA, USA) was used to simulate the patient-
specific rigid model. The interaction with the surfaces defined by boundary condition was simulated
using the computers. Therefore, fluid flow was simulated in an environment that provides reasonably
reliable and accurate solutions across a wide range of applications. The solver was based on the finite
volume method with several types of arbitrary mesh topologies such as hexahedral, tetrahedral,
wedge and pyramid elements. The conservation of mass and momentum was the physical law used
in this study.

The geometry of an MCA aneurysm was reconstructed using SOLIDWORKS (Dassault Systems
SolidWorks Corporation, Waltham, MA) based on patient-specific model. The mesh generation and
boundary condition setup of the model was exported to ANSYS CFD Fluent (Canonsburg, PA, USA) as
in Table 1. There were three sub-steps in the reconstruction process before numerical simulation was
carried out and the pulsatile inlet was used.

Table 1
The patient-specific model reconstruction process
Patient-specific model Polyline creation from 3D Knit and combine the surface

images in Solid work

A transient velocity waveform for was imposed as inlet based on previous study as shown in
Figure 5(a) [21]. Non-slip boundary condition was imposed on the walls and laminar flow model was
selected since it has low Reynold number and this paper focused more on the flow characteristics
away from the wall. Further in this case, there were not many differences between laminar and
turbulent SST turbulent model as in previous work [24]. Also, the blood used in this simulation was
considered as incompressible Newtonian fluid with density of 1188 kg/m3 and 0.0035 N. s/m2 for
viscosity. Previous research recommended tuning to use the non-Newtonian blood behaviour to
avoid overestimation as recommended, but this study was at an early stage to establish a guidance
system for MCA aneurysm rupture risk. But the non-Newtonian blood behaviour will be considered
for next stage of this research considering to increase the result accuracy [25]. Thus, the Newtonian
blood behaviour to easy the experimental validation process in preparing the blood mimics fluid. The
Navier-Stokes equation used in this simulation was expressed as Eq. (1).

pos=—Vp+urlu+pg (1)

where p is density, u is flow velocity, p is pressure, t is time, g is body acceleration, p is viscosity and
V is the divergence. Reynold number was based on the peak of velocity waveform as in Figure 3(a).
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The maximum and minimum Reynolds numbers were 700 and 250, respectively, based on waveform
used as in Figure 3(a). The flow rate was maintained at the same free flow rate in both outlet vessels.
The mean Reynolds number of 310 was referred to as the flow rate of Qmean= 300 mL/min. The inlet
waveform was simulated from [26]. One period of pulsatile flow was set to be 1.0 s, while the peak
flow phase was at t= 0.25s and the Womersley number was a= 1.86. Although the pulsatile flow
waveform is simply simulated as in Table 1, the flow rate through both outlets was free flow. This
transient flow simulation was run from two cycles to avoid any unstable pulsatile flow effect related
to flow initialisation. The simulation data was validated to the experimental data quantitatively and
qualitatively to discuss the flow complexity in 3D view.

The model geometry was divided into three boundary zones: the inflow, impeller region and the
volume region. A triangular mesh (tetrahedral) was selected for the entire flow domain as the quality
of mesh has a significant impact on the accuracy of the numerical solutions. The meshing setting used
involved 663 608 nodes and 1817468 elements. This grid setting was chosen based on grid
independent test (GIT) on different node numbers where there was no significant number of velocity
changes at the optimum node number. Figures below shows the comparison between numbers of
node and the velocity. Meanwhile, the graph generated in CFD Post below shows three numbers of
nodes used, which were 350 k nodes, 450 k nodes and 560 k nodes. Based on the velocity result of
each nodes number, there was no significant velocity value changed even as the node numbers
increases past 100 k nodes as shown in Figure 3(b). Figure 4 shows the unstructured meshing of
tetrahedral elements used. The meshing distribution density was a bit higher near the wall compared
to the other regions. To ensure the adequate overall mesh quality, the skewness and aspect ratio
were used as mesh quality indicators by more than 90%.
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Fig. 3. (a) Inlet waveform [26]; (b) GIT validation
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Fig. 4. Meshing of the MCA aneurysm on (a) median plane (b) side plane and (c) top plane
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2.2 Particle Image Velocimetry Set Up

An experimental rig with transient flow and non-scale up silicone phantom model was set up to
validate the simulation results using Particle Image Velocimetry (PIV) technique. The PIV setting was
referred to a previous work [27]. The velocity vector was measured by two-dimensional PIV using a
15 Hz Double Pulse Yag Laser Solo Il (New Wave Research Ltd., CA, USA) with a pulse interval of 20
Bs, an image intense charged-coupled device camera (1376 x 1040 pixels; Lavision, Gottingen,
Germany), a 2 W continuous Yag Laser (Dantec SYSTEM 8, Copenhagen, Denmark) and a SpeedSense
M camera (Dantec SYSTEM 8). The measurement was performed at the median xy plane under 1000
fps. The interrogation window size was 12 pixels circular with an overlap of 50%.

2.2.1 Silicone phantom preparation

To prepare the phantom aneurysm model, the aneurysm mould was firstly fabricated as shown
in Figure 5. Secondly, the mould was dipped into the silicone and rotated both vertically and
horizontally several times to ensure the desired thickness. After hardening the silicone, the mould
was removed. After obtaining silicone phantom model, the morphology was measured using micro
CT scan and reconfirmed by the validation of morphology.
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d2=2.3 mm \j L
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Fig. 5. Morphology of middle cerebral aneurysm mould on front and
side view core

2.2.2 The schematic diagram and full experimental rig

Due to the limitation and constrain in experimental facilities, only velocity and wall shear stress
distribution analysis can be made. Thus, validation on velocity distribution at the median plane was
done on simulation results, which concluded and validated the overall procedure of the simulation
setting and process. Figure 6 illustrates the overall processes of PIV experimental flow circuit.

2.2.3 Working fluid properties

To substitute the blood properties, the working fluid namely aqueous Glycerol with sodium (Nal)
iodide solution containing 47.38% water, 36.94% glycerol and 15.68% Nal was used [28]. The physical
properties were as follows: density of p = 1188 kg/m3, viscosity of v= 3.57x10-6 m?/s and the
refractive index of n=1.411.
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3. Results

The velocity, wall pressure, TAWSS, OSI and RRT are discussed on the next subtopic by comparing
the flow pattern and behaviour trends at early systole (0.0s) mid - systole (0.1s), peak systole (0.2s)
and diastole (0.3s). The relevance and effects of the flow recirculation on this transient flow of patient
specific MCA aneurysm to the rupture risk are also addressed.

3.1 Velocity Distribution

Table 2 denotes the velocity distribution during early systole, mid — systole, peak systole and
diastole condition in MCA aneurysm obtained from CFD and PIV non-deformation model. The data
was taken at four different phases, which were early systole 0.0s, mid — systole 0.1s, peak systole
0.2s, and diastole 0.3s. From the result in Table 2, it can be said that the CFD numerical results was
successfully validated with PIV experimental results quantitatively. The velocity data was taken at
median plane. The flow entered the bulge with high flow jetting, decreased after hitting the fundus
of the aneurysm bulge and started to recirculate. The flow became irregular with few unstable
vortices. The formation of recirculation flow at the centre of the flow inside the bulge showed very
low velocity with blue coloured area. This was obviously seen during mid-systole to diastole. The
blood flow from inlet induced high velocity and flow impingement. This flow recirculation increased
due to the increasing of vortex inside the bulge. Then, the flow collided at certain stagnation point
and recirculation flow patterns before the velocity became slower once it moved from one phase to
another. The location of recirculation happened obviously at the centre of flow and on the side of
the stagnation point region, which caused low wall shear stress impact. A low wall shear stress can
contribute to high rupture risk of the aneurysm [17]. The flow recirculated in few small parts in
anticlockwise and moved away from the stagnation point. Clinically, the disturbance that happens
especially on peak and diastole (0.2s and 0.3s) phases can cause high pressure impact, which will
weaken the endothelial cells and soften them, which then initiate the rupture to occur. Table 2
explains the evidence of vortex existence in the lower half of the aneurysm area and confirms the
development of flow recirculation.
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Table 2
Flow velocity visualisation of MCA aneurysm.
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3.2 Wall Shear Stress Distribution

Wall shear stress is one of the haemodynamic parameters that relates to the rupturing of MCA
aneurysm. WSS is a drag exerted by flowing blood on the arterial wall. Low WSS will cause the vessel
to degenerate and weaker, especially when flow recirculation also happens in the bulge area [14].
This may lead to the MCA aneurysm rupture. WSS distribution was varied throughout the cycle. Other
than WSS, rupture risk also associated to the oscillatory shear index (OSl) and relative residence time
(RRT). The details on WSS distribution with other haemodynamic parameters such as time average
WSS (TAWSS) are discussed in this subtopic as far as the WSS was validated with the experimental
data. The experiment was done without scaling up the model to ensure better accuracy as shown in
Table 3. The trends were seen in good agreement of both WSS values. This result was collected on
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the wall of the bleb since this bulge presence changed the haemodynamicindicators on the aneurysm
surface. The WSS increased as the velocity flow increases and resulted in the flow impingement [5].

Table 3
WSS Validation on median plane of MCA aneurysm
0.0s 0.1s
40 40
_ 30 —
g g
= 20 2
< 2

10 15

e
-10 0 5 10 15

®PIV OCFD ®PIV OCFD

Length (mm) Length (mm)

Figure 7 shows the WSS distribution on each phase. The maximum WSS value is important to
ensure that lower WSS is able to increase the rupture risk. The threshold of MCA aneurysm rupture
was 1 Pa [29]. It was hypothesised that low velocity gives impact to the low WSS and that high OSI
influences the increase in aneurysm rupture risk. RRT is advisable to have less than 10 Pa™to avoid
atherosclerosis formation, which able to initiate the growth and rupturing of aneurysm. If the
percentage of area for RRT with more 10 Pais larger, intimal thickening line on the vessel will
increase and promote atherosclerosis formation [30]. Figure 8 shows the maximum WSS at each
condition and percentage of area with less than 1Pa. As in Figure 8, it was shown that the WSS
distribution was set with a range from 1.00 to 5.00 Pa. The blue area indicated the area with low
WSS, which was about 4.23% area than 1 Pa during 0.00s, while it decreased to 2.05% on 0.10 s and
became 1.01% on 0.2 s and 0.3 s. This MCA aneurysm model is prone to ruptured model; thus, in this
situation, high WSS was considered as the high WSS condition can promote early sign to rupturing
process as reported by Yoshiki et al., [31]. Even though the low WSS percentage area had decreased,
the stagnation region denoted as black circle became bigger, indicating that the existence of flow
recirculation at that side had become worse and irregular. This irregularity caused the degeneration
of endothelial cells to obviously start at mid - systole 0.1 s. During peak systole, the stagnation point
became larger and can slowly burst the weak wall especially during peak systole condition (0.3 s).
This was due to the impinging flow and high jetting during peak systole, which then increased the
WSS value as shown in Figure 8. The highest WSS was seen during the peak systole 0.2 s, and
decreased back during the diastole. During the peak systole, the high WSS distribution region was
seen larger (red colour) compared to other phases due to the high jetting inflow velocity in the fluid
inside the aneurysm bulge.
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3.3 TAWSS, OSI and RRT Effects to Rupture Risk

WSS based on Poiseuille’s law is a drag exerted by flowing blood on the arterial wall [32,33]. Since
this study involved a transient case, WSS was time averaged to get the mean value representing WSS
for each cardiac cycle of heartbeat. Thus, TAWSS was calculated to obtain the OSI and RRT values.
These parameters are very important as OSl provides an index describing the change in WSS direction
other than that of the temporal mean shear stress vector [22,34,35]. The range of OSI for stented
artery is from 0 to 0.5. The region with high OSl is predicted to have a high risk of atherosclerosis
activity. Since the arterial surfaces with high OSI are prone to atherosclerosis, the desired value of

10
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OSl for lowering rupture risk is from 0.0 to 0.3 [30,36]. Higher OSl is also caused by the high pressure,
which can lead to the inflammation on the vessel. This inflammation is not a good sign in an aneurysm
and can accelerate the rupture process [36].

RRT is a scalar-valued quantity that indirectly characterises the time amount of atherogenic
particles to be in contact with arterial wall. Longer period of contact between atherogenic particles
and the arterial wall could cause a high prediction on atherosclerosis formation. The atherogenic
activity can be seen through RRT higher than 10 Pa [30,36]. Therefore, the optimum value of RRT
for stented haemodynamic model should be less than or equal to 10 Pa™ to avoid any inflammation
and high risk of MCA aneurysm rupture [38].

Table 4 discusses the streamline velocity to relate the recirculation flow to the TAWSS, OSI and
RRT effects. On the front plane, very low velocity confirmed the recirculation flow that happened on
the centre of the aneurysm bulge. This is supported by the TAWSS exerted due to the low velocity,
which then exerted the low TAWSS distribution as in second row in Table 4. Reviewing the flow
distribution from the side plane and bottom plane supporting the recirculation can be observed to
be clearly formed in the aneurysm dome. In Table 4, the percentage lower than 0.5 Pa was about
31.12% area with low WSS. The area was almost 50% with this very low WSS. The size of the
stagnation point was similar to that in peak systolic as shown in Figure 7. This site has higher tendency
to rupture earlier than at the centre of the dome. From the bottom plane, the flow injected in high
velocity and bifurcated the flow into two different sides. This situation also caused higher OSI value
at that stagnation area, which can be seen from the side plane on the OSI result. About 1% area of
the MCA aneurysm have high OSI value of more than 0.3. It is possible for this small value to spread
larger percentage area with high OSI value if no proper treatment is given as soon as possible. The
flow that moved to the left side induced larger recirculation region with low velocity and the
separation flow to the right part created stagnation point. These two parts showed higher point or
interest of the aneurysm to be ruptured due to the flow recirculation effect. On the neck area of the
MCA aneurysm, more exceeded RRT threshold value, which was more than 10 Pa from the side
plane, happened at that side with very low velocity and flow recirculation. Almost 0.5% of the total
area in the MCA aneurysm dome with more than 10 Pa™ have promoted atherosclerosis due to the
contact time of atherogenic particles into the surface. This kind of flow behaviour would activate the
arteriosclerosis progression and formation. The flow inside the MCA aneurysm was irregular and
unstable, which increased the time of contact between the wall and the particles as well as the RRT,
leading to higher risk of MCA aneurysm to rupture.

11
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Table 4
Streamline, TAWSS, OSI and RRT distribution on three different planes
Parameter Front Plane Side Plane Bottom Plane
Streamline N T ] !
Velocity A

recirculation

TAWSS
Percentage <
0.5 Pa
=31.12%

Osl
Percentage >
0.3

=1.00 %

RRT
Percentage >
10 Pa?

=0.27 %

3.4 Fluid Flow Validation Using PIV Technique

The velocity distribution for CFD and PIV experimental data validated is as shown in Figure 9,
which further confirmed that the CFD results can be used to predict velocity distribution in MCA
aneurysm and showed similar result with PIV experiment. However, the CFD result obtained was 8%
lower than the experimental result. These findings are similar to those described by Ford et al., [39].
In particular, they observed stronger flows and higher velocities in the CFD than those in the PIV
models. They also reported that the PIV measurements did not capture detailed flow fields near the
wall region and observed disagreements between the CFD and PIV fields in a few regions in the
interior of the aneurysm volume away from the walls. Finally, differences in the experimental and
computational modelling assumptions could also have introduced discrepancies in the flow fields
[39,40]. These results showed a good agreement between CFD and PIV.

12
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Velocity distribution for both CFD and PIV
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Fig. 9. Good agreement of CFD and PIV validation at the centre of the median
plane

4. Conclusion

In this study, the transient flow dynamics has been carried out to simulate on a rigid body of a
patient-specific MCA aneurysm model and validated using full-scale phantom model by PIV
technique. The primary flow from inlet driven a high jetting flow, separated the flow into two parts
and formed the flow recirculation, which led to low shear stress, high OSI and longer RRT value. The
flow recirculation phenomena were obviously occurred in the centre of the MCA aneurysm dome
supported with the larger area with very low WSS value. These situations have actually weakened
the endothelial cell lining, injured the surface of the cell with about 1% OSI and 0.27% RRT higher
than critical value, which able to promote and initiate atherosclerosis to be formed. The formation
of atherosclerosis then led more stagnant particles on the arterial surface and slowly burst the
weaken MCA aneurysm wall easily. This is a base study in preparing and completing a guidance
system in assessing rupture risk. In conclusion, it is expected that this coming support system can be
used as pre-assessment decision making not only for medical consultant, but also for junior medical
officers based on the early results as discussed in this paper.
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