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studies have been conducted by researchers to analyse the blood flow characteristic and
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flow on the aneurysmal wall, however, there are small numbers of research focus on the
fusiform aneurysm and the effect of temperature on the blood flow inside the aneurysm.
Thus, this study aims to analyse the body temperature effect on hemodynamic
parameters in the fusiform aneurysm. Three different models of the fusiform aneurysm
based on patient-specific geometries have been developed and simulated. The
computational Fluid Dynamics (CFD) method was imposed in this study to analyse the
effect of hemodynamic variables on the different body temperatures by analysing the
Wall Shear Stress (WSS) and Oscillatory Shear Index (OSl) at the fusiform aneurysmal wall.

Keywords: The result shows that the WSS values fluctuate with the temperature variations and were
Aneurysm; middle cerebral artery; observed lowest low at the anterior fusiform aneurysm. The OSl indicates similar results
fusiform; wall shear stress; for each physiological condition with the variation of temperature. The high value of WSS
hypertension and low value of OSl increase the possibility of an aneurysmal wall being ruptured.

1. Introduction

Cerebral aneurysms are a major contributor to the rising number of deaths caused by severe
haemorrhages caused by their rupture. Because hemodynamic influence and body temperature
contribute significantly to the progression and formation of cerebral aneurysms, it is critical to
investigate how these parameters can increase the aneurysm's chances of growth and rupture.
Because fusiform type cerebral aneurysms are rare and hard to treat, few measures are taken to
manage this type of aneurysm [1,2]. However, if not properly treated, this type of aneurysm can be
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a factor contributing to severe haemorrhage. The number of cases is growing, and they are associated
with a higher re-bleeding rate and mortality [3,4].

In their study, Miao Li et al., [5] simulate 16 intracranial aneurysms. At the aneurysm sac and
rupture point, hemodynamic parameters, WSS, and OSI were calculated. They discovered that the
value of WSS was significantly higher at the aneurysm sac than at the rupture point. According to
Jiang et al., [6], higher pressure and lower WSS are associated with thinning of the local aneurysm
wall. Based on unruptured actual medical cases, they simulated a saccular aneurysm with a thin-
walled region and a relatively normal thickness area in the study. In their simulation, Jiang et al., [7]
imposed three different cardiac frequencies to the patient-specific geometry of the cerebral
aneurysm. With an increase in heart rate, the flow pattern and WSS change significantly. Isaksen et
al., [8] investigated the location of high wall tension area and displacement in the aneurysm wall
using a patient-specific model in their computational fluid dynamic simulation of saccular cerebral
aneurysm. They claim that the typical location of rupture is at a point of high wall tension and is
dependent on the shape of the aneurysm. In their work, Xu et al., [9] suggest that fluctuations in the
values and frequency of WSS contributed to the rupture of the aneurysm in terms of energy/pressure
loss. The low and high WSS values have also influenced the type of aneurysm growth, with high WSS
promoting a small and thin wall aneurysm and low WSS promoting a large and thick wall aneurysm
[10]. The simulation was limited to a saccular type aneurysm in the middle cerebral artery. Bazilevs
etal., [11] reported that saccular type aneurysms had high wall tension in the aneurysm dome, which
indicated the location of the aneurysm. They discovered that when the wall tension is greater than
the tissue strength, the aneurysm is more likely to rupture. Torii et al., [12] conducted simulation
studies on saccular type cerebral aneurysms with various hemodynamic conditions, focusing
primarily on hypertension, which is claimed to be a major contributor to aneurysm growth and
arterial tissue damage [12,13].

Fusiform aneurysms are found to occur at a 10% rate in the proximal and distal MCA. These
aneurysms, like other aneurysms, can cause haemorrhages if they rupture and have other health
implications if they affect nearby brain tissue and nerves. The causes and progression of this type of
aneurysm are still being debated. Most researchers included the hemodynamic effect in their
simulation, with the majority focusing on saccular type aneurysms. However, instead of solely
focusing on the saccular type aneurysm and hemodynamic effect, the body temperature and fusiform
type aneurysm must also be considered when evaluating factors that contribute to growth.

An aneurysm is a dilated or ballooned section of a blood vessel that appears in various locations
throughout the cardiovascular system because of excess pressure or local weakness of the arterial
wall [14-17,18]. When an aneurysm ruptures in the cerebral arteries, it causes subarachnoid
haemorrhage (SAH), a type of stroke that can result in death or permanent disability. Previous
research indicates that approximately 5% of the world's population develops an aneurysm, with only
a fraction of these bursts [14,15]. In some cases, the aneurysm does not rupture but causes serious
health problems such as vomiting, nerve paralysis, and headache because of compression of
surrounding brain tissue and nerves [15]. Hemodynamic conditions can influence the growth and
rupture of an intracranial aneurysm [19,20]. The factor influencing aneurysm growth at this stage still
requires extensive research to fully understand the process [17,21-23]. There are two theories about
the rupture of an aneurysm [24]. One of the theories agreed that the aneurysm rupture was caused
by high WSS in the aneurysm wall. Other theories contend that a low WSS is associated with
aneurysm rupture. The geometry of an aneurysm is determined by the WSS and the flow within the
aneurysm [25]. The WSS is primarily determined by the mechanical properties of the arterial wall,
aneurysm geometry, and aneurysm pressure [21,26-27]. Hypertension's systemic enhancement of
the hemodynamic effect resulted in the formation, growth, and rupture of aneurysms [28,29].
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Asymmetrical geometries of the anterior arteries have also been observed to contribute to the
formation of cerebral artery aneurysms [28]. Although several surgical management for this type of
aneurysm has been reported, the appropriate strategy or method remains unknown due to
anatomical features and distal blood flow preservation [30]. Correct simulation techniques, such as
computational fluid dynamic simulations, can aid medical expertise in preventing aneurysm rupture.

This paper discusses the relationship between body temperature and hemodynamic condition as
it relates to wall shear stress at the arterial wall in the case of a fusiform cerebral aneurysm. Other
researchers have not focused on the effect of hemodynamics and body temperature on the growth
of fusiform type aneurysms in the current situation. Based on hemodynamic variables, three different
models of fusiform aneurysms were identified, modelled, and simulated in this study. In this study,
the computational fluid dynamics (CFD) analysis method is used to investigate the hemodynamic
variable effect on the WSS on the aneurysmal wall. The simulations were carried out in a transient
state with two cardiac cycles of abdominal blood pressure (ABP) and middle cerebral artery (MCA)
velocity. The grid-independent test was carried out to ensure that the simulation results were
accurate. The data was then analyzed and presented in terms of WSS and OSI index. According to the
findings, the hypertension effect causes a significant change in the WSS distribution in the aneurysm
wall, which may affect the aneurysm wall's growth and damage.

2. Methodology
2.1 Geometry of Difference Aneurysm at The Cerebral Artery

Magnetic resonance imaging was used to generate a three-dimensional model of the fusiform
aneurysm based on the patient-specified model (MRI). The model was then remodelled in SolidWorks
2018 (Dassault Systémes, United States, 2018), as shown in Figure 1. The first model of a middle
fusiform aneurysm is depicted in Figure 1(a) [31]. This model has a symmetrical bulge diameter of 4
mm and a total length of 50.39 mm. The bulging volume depth is 4.7 mm, the bulge's maximum
diameter is 6.06 mm, and the bulge area is 74 mm?2. Furthermore, because the depth of the aneurysm
is smaller than its diameter, this model remains in the fusiform category [32].

Figure 1(b) depicts the development of a second model of a posterior fusiform aneurysm [33].
This model was created in the context of a non-symmetrical fusiform aneurysm. The volume of the
bulge, however, was not symmetrical to the aneurysm axis. The inlet diameter is 3 mm, and the
overall length is 62 mm. The bulge area has a length of 15.5 mm, a maximum diameter of 8.5 mm,
and a total bulge area of 319.25 mm2. The overall area of the model is approximately 858.41 mm?.

The posterior fusiform aneurysm was the third model, as shown in Figure 1(c) [34]. In this model,
a non-symmetrical aneurysm with an inlet diameter of 4 mm and a total length of 57 mm was created.
The bulge has a diameter of 10 mm and an area of 482.19 mm2. The model's total area is
approximately 1282.55 mm?.
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Fig. 1. Three different model of aneurysm (a)
middle fusiform aneurysm [31] (b) anterior
fusiform aneurysm [33] (c) posterior fusiform
aneurysm [34]

2.2 Governing Equation

ANSYS Fluent 19.2 (ANSYS, Inc., United States, 2018) was used as the simulation and CFD analysis
platform in this study. To solve the continuity, Navier-Stokes, and Energy equations, both velocity
inlet and pressure outlet are computed. The conservation of mass and momentum are appropriate
physical laws to represent when describing MCA problems. The continuity, Navier—Stokes, and
energy equations for such a fluid are as follows [35,36-38].

V.u=20 (1)
du

p(g+u.V.u) =—=Vp+ uV.u (2)

222 1 V. (pue) = —V.(KVT) + Se (3)

where u = velocity, P = Pressure, p = Density, e is the internal energy, Se is the source, K is the
temperature gradient coefficient, T is the temperature, and p = Viscosity. The shear stress, WSS at
the wall of the aneurysm is calculated based on a function of velocity gradient [23]. Where du/dy is
the velocity gradient along the aneurismal wall taking fluid viscosity into account, and y is the distance
from the wall.

WSS = u (g—;)yzo (4)

43



Journal of Advanced Research in Fluid Mechanics and Thermal Sciences
Volume 95, Issue 2 (2022) 40-54

The oscillatory shear index (OSl), a dimensionless parameter ranging from 0 to 0.5 that computes
the magnitude of wall shear stress fluctuations, quantifies directional changes in wall shear stresses.
The oscillatory shear index [23] at the aneurysm wall is computed as follows

(5)

_afy _ biwssad
os =31 - )

Jy WSSy at
where t denotes time, WSS; denotes the instantaneous WSS vector, and T denotes the cycle duration.
2.2.1 Discretization technique

The finite volume method is used to solve the governing equations on a spatially tetrahedral
computational mesh designed in the Cartesian coordinate system and refined locally at the fluid's
most outer volume surface. During the calculation, specific blood regions were refined further at the
arterial and aneurysm surfaces. The mesh cell centres store all physical variables. To discretize the
governing equations in a conservative form, the Finite Volume method is used. Figure 2 depicts the
mesh of the aneurysmal model.

Fig. 2. Mesh generated in the middle fusiform aneurysm for the
Model 1

2.3 Parameter and Boundary Conditions

Several assumptions were imposed on the developed model in this study, which include
transient, incompressible flow, homogeneous, non-Newtonian flow for a shear rate less than 100 s-
1, and the flow were predicted as a pulsatile flow with a Reynolds number less than 200 [37,39]. Body
temperatures ranging from normal to high were also included in the analyses to see how they
affected the properties studied. Furthermore, two types of blood pressure flow were included in the
study: normal and second-stage hypertension, to see how they affected blood flow in aneurysmes.
Fully developed parabolic flow with zero radial velocity at the inlet, no-slip at the wall, and zero
velocity gradient at the outlet are the boundary conditions. For time-dependent operation, the inlet
was also set to pulsatile velocity, while the outlet was set to pulsatile pressure.

The parameters and boundary conditions were set to be the same for the three models studied,
with the assumption that the conditions are transient. Since the effect of temperature distributions
was included in this study, the energy equation is used in the analyses. The SST k-w turbulence model
was used to calculate shear stress on the aneurysm wall. The blood properties used in the simulation
are based on previous data from another researcher, which is summarised in Table 1 [40].
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Table 1

Blood properties used in the simulations
Properties Value used
Density 1060 kg/m3
Specific heat 3.475 ki/kg.K
Thermal conductivity 0.67 W/m.K
Viscosity 0.0035 kg/ms

3. Simulation results
3.1 Wall Shear Stress (WSS) and Oscillatory Shear Index (0Sl) for Middle Fusiform Aneurysm

Figure 3 shows the distribution of WSS at the fusiform aneurysm in different temperatures with
normal blood pressure (NBP) and high blood pressure (HBP) conditions. There were no significant
changes in low WSS observed for the temperatures of 37°C and 38°C. However, at temperatures
between 39°C and 40°C, there was a significant change in the low WSS area. The percentage area of
WSS at 39°C was widened, particularly in the region of the aneurysm's neck. Similarly, the WSS
distribution at the hotspot jet area remains constant across all temperature ranges. However, the
distribution of low WSS in the hypertension condition resembles that of normal blood pressure for
temperature differences. Low WSS in aneurysms could be caused by flow stagnation or vortices
dominated at the bulge area [41,42].

Figure 4 shows the mean WSS in normal blood pressure for temperature differences for the first
model of the aneurysm. From the observation, the highest mean WSS has indicated approximately
at 3.761274 Pa for a body temperature of 38 °C. Then, the WSS slightly dropped after reaching the
peak value and the lowest value of WSS is indicated at a temperature of 40 °C with the pressure
approximately at 3.755481 Pa.

In hypertension conditions, the distribution of the mean WSS for different temperatures was
slightly different, as shown in Figure 5. The mean WSS decreased slightly from 37°C to 39°C; however,
the value of WSS increased slightly at 40°C. According to the observations, the highest mean WSS
value was at 40 °C and the lowest at 39 °C, contributing approximately 5.705490 Pa and 5.075948 Pa,
respectively.

OSI analysis is critical for determining the initial lesion and how far it has progressed in the
aneurysm region. The lowest OSI value may be more likely to reduce the risk of aneurysmal wall
rupture. As a result, Figure 6 presents the analysis of the OSI for various temperatures in both NBP
and HBP. According to the observations, NBP has the highest OSI value when compared to HBP at
various temperatures. However, the value of OSI was similar for both NBP and HBP at each
temperature. The OSI index for NBP was found to be higher than that of HBP, with a 12.28 percent
difference. Furthermore, the difference in the OSI at different temperatures was calculated for both
NBP and HBP, which contributed approximately 0.002 percent and 0.311 percent, respectively. The
difference in OSl values for NBP and HBP has a significant effect on the distribution of low WSS, with
low WSS producing higher OSI [43].
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Simulation Result
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3.2 Wall Shear Stress (WSS) and Oscillatory Shear Index (OSl) for Anterior Fusiform Aneurysm

WSS distribution has a significant impact on the geometry of aneurysms. The saccular aneurysm
demonstrated flow fluctuation in the aneurismal region, which promotes high WSS. However, the
effect of WSS in the anterior aneurysm is explained differently, as shown in Figure 7. This graph
represents the distribution of WSS at anterior aneurysms for both NBP and HBP at different
temperatures. WSS distributions were found to be highest at the proximal neck of the anterior
aneurysm compared to the distal region. The highest WSS value was at the aneurysm bulge and the
lowest was 0.00296 Pa for the HBP condition. Otherwise, the NBP condition yielded the lowest WSS
value of around 0.00578 Pa. This is an indication of an increase in the rate of aneurysm growth during
hypertension blood pressure conditions [44]. The lowest region of the WSS was more likely to
promote thrombosis and increase pressure distribution at the anterior aneurysm. Temperature
changes, on the other hand, have a minor impact on low WSS areas.

Figure 8 and 9 show the detailed effects of WSS at various temperatures on the anterior fusiform
aneurysm. According to the findings, the lowest WSS value was observed at 38°C for both NBP and
HBP conditions, which are approximately 3.3698820 Pa and 5.421 Pa, respectively. However, the
highest WSS values were observed at 37°C for NBP and 40°C for HBP conditions, which contributed
approximately 3.708485 Pa and 5.425 Pa, respectively. In comparison, the WSS value at HBP was
found to be higher than at NBP. As a result of the HBP condition, the WSS distribution has a significant
effect. WSS values recorded at 39 °C and 40 °C in NBP conditions do not change as the temperature
rises.
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Simulation Result
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The fluctuation of flow has a significant impact on the aneurismal wall failure. The OSl index may
be useful in predicting the failure of the aneurismal wall by predicting the strength of the vortices. A
lower OSI index value may indicate a lower risk of aneurismal failure. Figure 10 represents the OSI
analysis for both NBP and HBP at various temperatures for the model under consideration. The OSI
index discrepancy for both NBP and HBP was approximately 8.86 percent. Both physiological
conditions at different temperatures showed a similar pattern of OSI value. However, the highest OSI
was observed in the NBP condition rather than the HBP condition, which contributed about 0.48 and
0.435, respectively.

—&— NBP

&-,045 L —— HBP

»
»
»
»

37 38 39 40
Temperature, (°C)

Fig 10. Oscillatory Shear Index for both blood
pressure in model

3.3 Wall Shear Stress (WSS) and Oscillatory Shear Index (OSl) for Posterior Fusiform Aneurysm

WSS has a significant effect on the different geometries of the aneurysm. This phenomenon
occurred as a result of the different flow characteristics displayed in the various geometries. The
deformation of arteries as temperature rises contributes to the variation trend of WSS in NBP and
HBP conditions [45].

The geometry of the vessel, which represents the presence of various failure risks, also affected
the flow direction alignment. The WSS and OSI analyses in posterior fusiform aneurysms were
explained in this section. Figure 11 shows the distribution of WSS at various temperatures for both
NBP and HBP in the case of a posterior fusiform aneurysm. Flow recirculation was seen at the distal
neck as opposed to the proximal neck based on the observations. The distal region of the posterior
fusiform aneurysm had the highest WSS, predicting the weakest region of the artery. The pattern of
WSS distribution, on the other hand, was quite similar for both NBP and HBP conditions.
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Simulation Result
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Fig. 11. Distributions of WSS for both NBP and
HBP conditions for various temperature
differences at the posterior fusiform aneurysm

For both NBP and HBP conditions, the low WSS dominated the overall area of the posterior
fusiform aneurysm. As shown in Figure 12 and 13, the mean WSS was calculated for both NBP and
HBP conditions. The HBP condition had the highest mean WSS, with a discrepancy of about 25%.
However, the mean WSS in NBP increases from 37°C to 38°C, then remains constant until the
temperature reaches 40°C. The HBP condition, on the other hand, had a different mean WSS
behaviour throughout the temperature difference. The mean WSS in HBP decreased slightly between
temperatures of 37°C and 38°C and remained constant at temperatures of 38°C, 39°C, and 40°C
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Figure 14 represents the OSl index for both NBP and HBP conditions at different temperatures at
a posterior fusiform aneurysm. The pattern of OSI for all geometries was observed to be similar for
both NBP and HBP. For all models, the OSl index was highest in the NBP condition. Furthermore, the
OSI index value has remained consistent across temperature differences for both NBP and HBP

conditions.
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5. Conclusions

The various geometries of fusiform aneurysms represent different hemodynamic effects on the
aneurismal wall under different physiological conditions. According to the findings, the anterior
fusiform aneurysm had the lowest WSS and OSI value when compared to other geometries.
Furthermore, flow recirculation was seen at the aneurysm's distal neck for the middle and posterior
aneurysms, but not at the proximal neck for the anterior fusiform aneurysm. WSS values fluctuated
in different temperatures for both physiological conditions at all geometries of the aneurysm. The
OSl value, on the other hand, yielded similar results in different temperatures for each physiological
condition. In hypertension (HBP) conditions, the higher the temperature, the higher the WSS, which
may predict the weakest point of the aneurysm to rupture.
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