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Abstract

The role of regional hemodynamics in intracranial aneurysms (IAs) hemodynamics and
rupture risk has been widely discussed based on numerical models over the past decades.
The aim of this paper is to investigate hemodynamics and rupture risk with a complicated
IA model. Fluid-structure interaction (FSI) simulations were performed to quantify the
hemodynamic characteristics of the established IA models. Hemodynamic parameters,
including wall shear stress (WSS), flow velocity, and flow pattern, were calculated and
analyzed. In this paper, the risk assessment of intracranial aneurysms focuses on the
mechanical properties of blood flow and blood vessel walls. Vortex flow and concentrated
impact field during blood flow play a decisive role in the rupture and development of
aneurysms. The uneven distribution of wall shear stress on the vessel wall has a great
influence on growth and rupture. By observing the simulation results of rigid walls, risks
can be predicted efficiently and accurately. This paper focuses on the relationship
between hemodynamics and rupture risk with a double intracranial aneurysms disease

mode and provides a new perspective on the treatment of intracranial aneurysms.
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Introduction

Currently, subarachnoid hemorrhage, mostly caused by intracranial aneurysm (IA)
rupture, is accompanied by a high disability and mortality rate, and cerebrovascular
disease has gradually become a major threat to human health. 1As are one of the fatal
cerebrovascular pathologies, with 50%—-60% mortality after rupture and a 30%—40%
dependence rate among survivors(Amenta et al., 2012). More than 50% of 1As do not
rupture in the individual’s lifetime(Brisman, Song, & Newell, 2006). Therefore, to
understand the rupture risk of IAs, understanding the different flow regimens in IAs is
important(Sagqr et al., 2020).

Aneurysm rupture may be related to aneurysm geometry, morphology, and complex
flow activity. the main reason of the aneurism occurrence, growth and rupture can be
explained by mechanical (hemodynamic) factors(lvanov, Dol, Pavlova, & Aristambekova,
2014). To understand the blood flow dynamics of IAs, computational fluid dynamics (CFD)
tools were adopted as an effective research tool to investigate numerous aspects of IA.
Hemodynamics plays an important role in the natural history of IA, and low wall shear
stress (WSS) was significantly associated with a higher risk of IA rupture(Tian et al., 2022).
Important factors in predicting IA rupture are more complex flow, larger minimum WSS,
and lower maximum low WSS area(W. Li et al., 2020). Meanwhile, deep learning is used
to further realize the flow field prediction and avoid complex operations and the high
computational cost of CFD(G. Li et al., 2021). Having high spatial resolution 4D flow
magnetic resonance imaging is a feasible tool for assessing hemodynamics in IA(Medero,
Ruedinger, Rutkowski, Johnson, & Roldan-Alzate, 2020). The fluid—structure interaction
(FSI) presents a semi-realistic simulation environment to observe the structural
interactions of blood and vessels, increasing the accuracy of the biomechanical study
results(Rostam-Alilou, Jarrah, Zolfagharian, & Bodaghi, 2022). Fully coupled FSI
simulations were performed to quantify the hemodynamic characteristics of IA models with
various inflow angles, and the IA inflow angle was associated with the following
hemodynamic changes(Mo, Meng, Yang, & Li, 2020).

FSI simulations were used to analyze a double IA disease mode in this study. We

analyzed the variations of the hemodynamic characteristics to gain insights into the



relationship between hemodynamics and rupture risk with IA. Therefore, this study could

be a useful reference for the rupture risk assessment of IAs.

Methods

In this paper, the hemodynamic research method of intracranial aneurysms is mainly
based on numerical simulation. Based on medical image data, 3D digital modeling is
carried out. The mechanical model is established by fluid mechanics and fluid-solid

coupling theory, and the numerical results are obtained by simulation software.

Models

We present a case of a 67-year-old female patient from West China Hospital of
Sichuan University. DSA (Distributed Systems Architecture) image examination showed
two cystic protrusions near the anterior communicating artery, and she was diagnosed
with an |IA. The occurrence of two aneurysms in similar positions on the same blood
vessel segment is extremely rare, and the more giant saccular aneurysm ruptured during
the subsequent development of the aneurysm. Figure 1(a) shows the aneurysm
examination results under imaging analysis.

Two image-processing software were needed to establish the vascular model. Mimics
(Materialise’s Interactive Medical Image Control System, MIMICS, Belgium) is a medical
interactive image control system that can establish a 3D model for editing by inputting
scanned data and outputting general CAD. It can also perform automatic unstructured
meshwork for finite element calculations and is widely used in biomedical engineering,
clinical research, and other fields. The imaging control system Mimics and medical
modeling software 3-matic medical (Belgium, Materialise) were used to perform 3D
reconstruction and smoothing of the Intracranial aneurysm and adjacent blood vessels.

Figure 1(a) shows the processed 3D model.
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Fig 1(a) DSA data of aneurysm. (b) 3D reconstruction model

Cerebral artery wall thickness in different regions and the thickness of each area
cannot be accurately measured using existing measurement techniques. The normal
intracranial vascular thickness does not exceed 0.5 mm(Lee, Zhang, Takao, Murayama, &
Qian, 2013). The mean wall thickness of 1As is 0.08—0.2 mm(Reorowicz et al., 2014). To
simplify the calculation model, we adopted 0.1 mm for the modeling of the vascular wall.

The STL format model obtained by medical image reconstruction was imported into
Rhino3D NURBS (Robert McNeel, USA) for shelling, and the solid model of the vascular
wall was obtained by offsetting 0.1 mm outward and stored in STP format. Thus, the

establishment of the digital vascular model was completed.

Mesh

The 3D digital model of blood vessels was divided into fluid and solid regions. The
Fluent Meshing module in ANSYS and ANSYS Mechanical Enterprise module (Ansys,
USA) were used to mesh the solid and fluid regions, respectively.

First, the flow field was meshed in Fluent Meshing, and the grid type was set to a
polyhedral grid. The maximum and minimum mesh sizes were formed to 0.5 and 0.2 mm,
respectively. The boundary layer was set to five layers, and the growth rate was 1.4.
Because we focused on the study of stress-related values for the solid part, the
tetrahedral grids were used to automatically divide the solid part because the solid region
does not have high requirements for grids. The unit size was set to 0.2 mm. Figure 2
shows the numerical simulation model grid division. The number of fluid domain grids and

nodes was 44,864 and 129,882, respectively. Moreover, the number of solid domain grids



and nodes was 51,870 and 104,105, respectively.

Fig 2 Fluid domain grid (upper). Solid domain grid (lower).

Mesh consideration

Mesh sensitivity study was conducted on the Fluid domain grid and the solid domain
grid to offer a solution-independent element size. By only changing the maximum element
size, several models with the same geometric parameters are obtained. The same

boundary conditions are applied to this group of models for calculation and

with-different-mesh-numbers-are-calculated-and-compared: The fluid part performs data

results statistics on the steady-state maximum velocity and maximum WSS at different

grid scales. Figure 3(a) shows the changes with the refinement of the grid. The maximum
deformation curve of the solid part in one second is drawn for different grid scales. Figure
3(b) shows the change curve of different grid scales. The statistical results show that both
the fluid grid and the solid grid have very good convergence. Further increase in the
number of grids will not result in significant differences in results and may lead to an
increase in computing resource consumption (such as simulation duration)(Oyejide,
Awonusi, & Ige, 2023). Therefore, the mesh divided in the previous section is a suitable

choice.
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Fig3(a) Fluid domain grid sensitivity study. (b) Solid domain grid sensitivity study.

Fluid domain boundary conditions and governing equations

The blood flow in the blood vessels can be described using the Navier—Stokes and
continuity equations. Based on relevant research, the use of Newtonian or non-Newtonian
fluids does not make a substantial difference in hemodynamic calculations(J. R. Cebral et
al., 2005). Therefore, we assumed that blood is a uniform, incompressible Newtonian fluid.
Density and viscosity were set to P = 1060kg/m* and 4= 0.004Pa-s. Due to
Considering-the complexity of blood flow in the anterior communicating artery, this paper
also considers the non-Newtonian effect of blood flow. The Carreau model is used to
calculate the flow field of the blood flow as a non-Newtonian fluid to compare the
difference between the two models in the calculation results. Time constant was set to
Aca = 3.313s, power-law index was set to n = 0.3568, zero shear viscosity and infinite

shear viscosity were set to 1, =0.056kg/m-s and 7, =0.0035kg/m-s (Razavi,

Shirani, & Sadeghi, 2011). The corresponding governing equations are as follows.

NS equation :

Continuity equation :
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Blood flow velocity vector,m/s
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p——-Blood pressure,N /m?*

p—Blood density,kg,/m?

I Dynamic viscosity of blood,Pa - s

The blood has both laminar flow and turbulence, which can be estimated using the

Reynolds number (Re). The Reynolds number can be expressed as :
_pUL
=

Re

Re Reynolds number
U——Blood flow velocity in blood vessels,m/s
L——Blood vessel diameter,m

In the calculation, the inlet condition of the geometric model is the velocity inlet. In
order to more effectively analyze the geometric effects of two different aneurysms on
rupture, the steady-state inlet velocity is 0.37m/s(Qing, Wang, Fei, Liu, & Cao, 2009), the
peak value of the blood flow velocity curve in the cardiac cycle (Fig 4)(Qiu, Fei, Zhang, &
Cao, 2013). The geometric model exit condition was set to the pressure exit, the
zero-pressure free flow boundary. In this study, the Reynolds number of the model was
<201.4, so the laminar flow model was used.

But in fact, the flow in the cerebral arterial system is characterized by laminar to
turbulent flow(Yi, Yang, Johnson, Bramlage, & Ludwig, 2022). Therefore, the shear stress
transport (SST)k — w turbulence model(Menter, 1994) is also used to calculate the flow
field to compare the numerical differences brought by the two calculation methods.

Equation to calculate turbulent viscosity, correlation coefficient and turbulent Reynolds

number are as follow:

. Pk
Uy =a —

Us turbulent viscosity

w—specific dissipation rate

Re; turbulent Reynolds number



Concurrently, the convergence residual of the fluid region was set to 10~".
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Fig 4 The curve of blood flow velocity in the inlet

Solid domain boundary conditions and governing equations

When the vessel wall is assumed to be isotropic linear elastic material, the elastic
modulus and Poisson ratio of the blood vessel wall were E =5 X 10°Pa gnq u =045
(Reymond, Crosetto, Deparis, Quarteroni, & Stergiopulos, 2013). At the same time, when
calculating the Von-Mises stress, the hyperelastic model was used to simulate the vessel
wall in the ruptured aneurysm area. The Mooney-Rivlin two-parameter model of
hyperelasticity was simulated in ANSYS to simulate the nonlinear elastic properties of the
pipe wall. Select ¢;, =1.2879 x 10*Pa, c¢q; = 1.1578 x 10*Pa , incompressibility
coefficient D = 0 (Oliveira, Cardiff, Baccin, & Gasche, 2022). Additionally, the vascular
wall thickness changes were ignored when the vascular wall dilates. The governing
equation is the momentum conservation equation.

psas = Vo

ps—Solid density,kg/m?>

Qs

Local acceleration of solid region,m/s?
o.——Solid stress tensor,N /m?
The arterial outflow inlet adopts a fixed support boundary adjustment to simulate the

motion constraints of the vascular segment in the body.



Fluid—solid interaction equations

Blood vessel wall is a compliant elastic material. The flow of blood through the blood
vessels causes them to become deformed. Concurrently, blood vessel wall deformation
will react with the blood and affect blood flow. The physical characteristics of the interface
between blood and vessel wall conformed to the mechanical parts of fluid—solid coupling.
In the calculation of the ground coupling problem in this paper, the calculation method of
one-way coupling is adopted. The wall pressure obtained by calculating the flow field is
transferred to the elastic wall in the form of boundary conditions as a load. At the interface,
the following formula holds.

TN = Ol

d——displacement, m

n Wall normal vector

The subscripts s and f represent solid and fluid, respectively

Results

There are two main factors, WSS and flow velocity that are commonly used to
analyze hemodynamic changes, and quantify most cardiovascular problems(Chaichana,
Sun, & Jewkes, 2013). Blood flow exerts a force on the vessel wall and aneurysms and
significantly influences WSS on the aneurysm wall. Therefore, studying the blood flow and

pressure distribution in aneurysms and parent vessels is important(lsaksen et al., 2008).

Pressure

Figure 5 shows the pressure results of the wall and the inlet and outlet. From the
pressure cloud diagram, it can be seen that when the blood flow is flowing, it will act on
the blood vessel wall with uneven load. Therefore, the deformation of the blood vessel

wall is also extremely complex, which also reveals the necessity of using the



fluid-structure interaction method for calculation. Comparing the pressure values on the
inlet and outlet sections, it can be found that the aneurysm will significantly reduce the
pressure at the outlet, so that the speed and direction of blood flow will also change.
However, whether pressure can be used as an influencing factor for rupture of
intracranial aneurysms remains to be confirmed. Many studies have even reported that
pressure is not an important hemodynamic factor in the rupture of intracranial
aneurysms(Valencia, Morales, Rivera, Bravo, & Galvez, 2008). Therefore, this paper only
regards pressure and pressure change as parameters in fluid-structure interaction

calculation.

Static Pressure (Pa)

4755.52
4280.4

3805.29
3330.18
2855.06
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1429.72

Fig5 Pressure distribution

Streamline

Figure 6(a) shows the final streamline analysis results under steady-state conditions.
Because of the small diameter of the anterior communicating artery, the velocity of blood
flow in the vessel increases considerably compared with inflow acceleration. Thus, blood
flow is very complex because of this geometric scale mutation.

Blood flows at a higher rate in more giant aneurysms to create a vortex flow within the
aneurysm, resulting in a constantly changing flow field within the aneurysm, making more
physical properties unstable, such as the vessel inner wall being impacted by the more
robust and changing direction of blood. Concurrently, the aneurysm continues to expand
under the pressure of blood flow, ultimately leading to aneurysm rupture to a certain

extent.



Due to the smaller inflow vessels in smaller aneurysms, the blood flow velocity in the
narrow inflow vessel segment is remarkably high, resulting in a jet phenomenon. The
generation of the jet also leads to energy loss; thus, the low blood flow velocity in another
branch of the blood vessel. Concurrently, blood flow velocity near the vessel wall is not
significantly affected due to the small cross-sectional area of the inflow vessel segment.
Therefore, blood on the vessel wall surface does not have a more significant impact,
resulting in a lower risk of aneurysm rupture in a short period.

Figure 6(b) shows the streamline obtained by using the (SST)k — w turbulence
model to calculate the flow field. Figure 6(c) shows the streamline obtained by using the
Carreau model to calculate the flow field of the blood as a non-Newtonian fluid. The
results of the blood flow velocity direction obtained by the three calculation methods are
basically the same, and the position of the vortex formed is basically the same, and the
maximum velocity has only a deviation of 1.3%. From the results, the simplification of the
model studied in this paper using laminar flow model and Newtonian fluid will not cause

deviations in the calculation results.

Velocity Magnitude (m/s)




Fig 6 (a)Streamline of Newtonian fluid, laminar flow. (b) Streamline of Newtonian fluid,
turbulence. (c) Streamline of Non-newtonian fluid, laminar flow.

WSS

WSS is the shear stress generated by the friction of viscous blood flow through the
blood vessel wall. Figure 7(a) shows the WSS distribution. Figure 7(b) and (c) shows the
WSS distribution on the border of subsequently ruptured and unruptured aneurysms,
respectively. Because aneurysm lesions are affected by vascular geometry, they often
have a remarkably high WSS(Philip, Bolem, Sudhir, & Patnaik, 2022). However, in the
vicinity of the high WSS area, the lower region often has a large area, that is, the WSS
gradient in the spatial distribution. In the subsequently ruptured aneurysms, the WSS near
the neck is more extensive, and a large area of low WSS was found on the wall except at
the top of the aneurysm. Concurrently, due to the relatively narrow vascular branches,
there is a pronounced increase in WSS in the excessive area of tumor-bearing vessels
and tumors. From the general distribution law, whether the aneurysm is smaller or giant,
the maximum WSS is always at the transition between the aneurysm neck and blood

vessel. In contrast, the WSS of the central part of the aneurysm is lower.
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Von Mises

Based on the fourth material strength theory, the failure of elastic materials is
generally due to the high Von Mises stress. If the vascular wall is considered a material,
analysis of the Von Mises stress can estimate the possibility of rupture, and the maximum
equivalent stress can predict the rupture point.

The equivalent stress distribution of the blood vessel is calculated using elastic
material model and hyperelastic material models, respectively (Figure 8(a) and (b)). By
observing the equivalent stress distribution, the Von Mises stress distribution at the
aneurysm neck is high in the subsequently ruptured aneurysm, and its value is also

significantly in the tumor part is higher than that in the smaller aneurysm. Therefore, Von



Mises pressure can be used as a reference standard for criticizing fracture risk.

By comparing the calculation results of the elastic and hyperelastic walls, Compared
with the linear elastic model, the Von-Mises stress of the vascular wall with hyperelastic
constitutive model is smaller in value, and the spatial distribution has a smaller gradient
and a more uniform distribution. At the same time, the numerical results of the
hyperelastic model also show that there is a significant stress enhancement at the neck of
the aneurysm, which also explains a major reason for the rupture of the aneurysm.
Although the location of the rupture predicted by the hyperelastic model and the linear
elastic model is different, the results of the Von-Mises stress surge in the neck of the
aneurysm are obtained. However, even if a relatively simple hyperelastic model is used, it
is still prone to non-convergence in the calculation process, and the calculation time will
be greatly increased, which is not suitable for clinical prediction and diagnosis.

Unit: Pa
Time:1s

Type: Equivalent fvon-Mises) Stress
Unit: Pa
Time1s

94114 Max
83658
73202
62746
52291
41835
31319
20924
10468
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42218 Max
31527

401
0.17828 Min

Fig 8(a) Von Mises stress distribution of the elastic model. (b) Von Mises stress
distribution of the hyperelastic model.

Blood vessel deformation

Figure 9(a) shows the deformation results of the blood vessel wall by calculating the
fluid—solid coupling of blood and blood vessel wall. Figure 9(b) and (c) shows the blood
vessel shape before and after deformation, respectively. The parent vessel cannot easily
deform if the aneurysm volume is small. For larger aneurysms, the maximum deformation
does not occur at the dome but at the jet impingement point. Concurrently, the crown also
has a large deformation. However, the deformation result is quite different from the actual
situation because the tissue fluid in the physiological environment produces external

pressure on the blood vessels. However, it can also provide a clinical reference for the



growth trend and treatment of IAs.

Type: Total Deformation
Unit: m
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2022/11/28 11:34

0.00061382 Max
0.00054563
0.00047747
0.00040926
0.00034105
0.00027284
0.00020463
0.00013642
6821e-5

0 Min

0.00061389 Max
0.00054563
0.00047747
0.00040926

- 000034105
0.00027284
0.00020463
0.00013642
6821e-5

0 Min

0.00061389 Max
000054563
000047747
0.00040926

- 0.00034105
000027284
0.00020463
0.00013642
6821e-5

0 Min

Fig 9(a) Vascular wall deformation. (b) Vascular configuration before deformation. (c)

Vascular configuration after deformation.

Discussion

This study discussed selected cases with apparent characteristics. Two aneurysms
were observed in a small range, and the larger aneurysm ruptured in the subsequent
observation and treatment. Therefore, this case can screen many unrelated variables,
such as genetic factors, patients' living habits, etc. Because the main blood flow affecting
the two aneurysms was from the same inflow vessel, a certain degree of boundary
condition simplification can be performed, and the branched small artery was considered
the zero-pressure outlet boundary. In this study, the selected model and calculation
method can intuitively explore the hemodynamic influencing factors of IA rupture. Factors

affecting |A rupture are complex and result from a combination of blood flow and the



vessel wall. The most critical parameters in the hemodynamic study of 1As are blood flow
velocity and WSS. Its dynamic effect is of great significance in assessing rupture risk.

In terms of blood flow velocity, vortex flow is present in more giant aneurysms and
has a more significant rate. Some studies reported that vortex flow on the aneurysm wall
causes significant damage and is the leading cause of aneurysm rupture(Hejc¢l et al.,
2017). Pronounced vortex flow can be observed in subsequently ruptured aneurysms in
the three-dimensional streamline diagram, whereas smaller aneurysms have no
prominent vortex characteristics. Vortex intensity can be easily calculated and observed in
hemodynamic parameters; thus, vortex size can be used as a critical evaluation criterion
in the clinical prediction of rupture risk. Hoi et al. initially proposed the concept of shock
domain(Hoi et al., 2004). which refers to the central area of the jet acting on the aneurysm
wall. A significant difference can be found between the two aneurysms in the impact
domain. When the inflow jet performs vertically on the vascular wall, the impact domain
area takes the minimum value when other conditions are the same, and the velocity
component in the average direction of the wall takes the maximum value. Aneurysms that
subsequently ruptured had significantly smaller impact areas and were perpendicular to
the wall at the neck, confirming that aneurysms with more incredible inflow velocity and
smaller impact areas were more prone to rupture. Meanwhile, in the subsequent
calculation results, the WSS values and equivalent stress in the impact region are
significantly higher than those in other parts. Therefore, the jet effect of blood in blood
vessels will have a more significant impact on the vessel wall. Because the speed of blood
flow velocity in different physiological environments has different standards, intracranial
blood flow velocity is difficult to determine physically. By comparing the blood flow
characteristics of the two aneurysms, the vortex intensity and location of the impact region
are prominent hemodynamic characteristics, which can be used as effective qualitative
indicators. Aneurysms tend to have a higher rupture risk when significant vortex flow
occurs in numerical simulations or when a concentrated area of blood flow impact can be
observed(Fukazawa et al., 2015; Jiang et al., 2021). This predictive method can quickly
assess the rupture risk clinically. Concurrently, in the design of interventional treatment

programs, eddy currents must be eliminated, and concentrated blood flow shocks in



aneurysms should be reduced.

With regard to the most significant hemodynamic index in IAs, WSS is closely related
to the morphology of aneurysms and parent vessels. The influence of aneurysm
morphology can be intuitively investigated by studying WSS distribution(Valencia et al.,
2008). Previous studies showed that remarkably high and low WSS could lead to
aneurysm growth and rupture(Acevedo-Bolton et al., 2006; Juan R Cebral & Meng, 2012;
Jou et al., 2005). Under the action of hemodynamics, smooth muscle cells of the
aneurysm wall undergo two kinds of changes : (1) repair process of smooth muscle cells
and collagen hyperplasia, (2) apoptosis of smooth muscle cells and other cells. When the
two changes are in equilibrium, the aneurysm is stable, and the rupture risk is low. The
subsequently ruptured aneurysms had high WSS areas, and the low WSS areas were
unevenly distributed on the surface wall of the aneurysm. Aneurysm rupture may have
resulted from high and low WSS. Studies of WSS distribution on the wall of anterior
communicating artery aneurysms showed that the maximum WSS on the wall of ruptured
aneurysms was often higher than that of unruptured aneurysms(Castro, Putman,
Sheridan, & Cebral, 2009). Moreover, the maximum WSS was higher than that of the
smaller aneurysm in the subsequently ruptured aneurysm. The highest WSS value can be
used as the main factor to predict aneurysm rupture in smaller-diameter blood vessels
and more complex blood flow environments. In the spatial WSS distribution, studies
showed that the maximum WSS value on the aneurysm wall seems to be the aneurysm
neck, and the minimum value is distributed at the top of the aneurysm. However, there is
no obvious distribution(Shojima et al., 2005). Because WSS is the result of friction
between blood and vessel walls, areas with complex geometries have high WSS. The
WSS of the aneurysm neck or the vascular mutation area will be higher, whereas that of
the central part of the cystic aneurysm will be lower. Comparative studies have also
shown that the maximum effective stress in dome of larger aneurysms increases
significantly and is more likely to rupture(lvanov, Dol, & Polienko, 2016). Additionally, high
WSS will induce IA formation and growth, but low WSS will lead to apoptosis, resulting in
aneurysm wall degradation rupture(D'Arcangelo, Ambrosino, Giannuzzo, Gaetano, &

Capogrossi, 2006; Liu, Fan, Xiang, Zhang, & Yang, 2016; Meng et al., 2007; Nixon, Gunel,



& Sumpio, 2010). Subsequent aneurysm rupture due to the large surface area results in a
lower WSS area, and a large area of cell wall results in fracture. Due to the complexity of
cerebral artery blood flow, there is no unified statement on the specific numerical criticism
standard of WSS, and significant differences will be found under the influence of different
simulation methods and prediction positions. Through the comparative analysis of the
WSS values and spatial distribution of the two aneurysms, it can be estimated from the
WSS spatial distribution gradient. Under complex geometric configurations, the WSS size
changes significantly with the morphological characteristics of aneurysms, resulting in
high and low WSS regions that are substantially different from typical vascular walls. A
different spatial variation of WSS on the vessel and aneurysm walls may indicate that the
aneurysm is morphologically a type with a high risk of rupture. The effect of excessively
low WSS on the growth and rupture of aneurysms can indicate that WSS should be
controlled at an expected range and occurrence of wall mutation area in the design of
interventional therapy.

This study showed the fluid—solid coupling calculation of the hyperelastic wall and
linear elastic wall, and the Von Mises stress distribution value on the wall was obtained.
The calculation results of linear elastic and hyperelastic models show that the Von-Mises
stress of the aneurysm neck is significantly enhanced, which has certain reference value
for predicting the rupture of intracranial aneurysms. Even if different constitutive models
have great differences in values, the distribution of the maximum Von-Mises stress can
also be used to predict the possibility of future fracture. This view needs more cases to
support. However, the hyperelastic model is far less than the linear elastic model in terms
of calculation speed and convergence, so the linear elastic model is more practical for

clinical analysis.

Limitations
This study has some limitations. First, the simulation process relies on several
simplified assumptions. In order to obtain obvious comparative data, the simulation of

blood flow cycle was not carried out, but the calculation simulation of steady state was



used to get the conclusion. And due to the convergence problem, the mechanical index of
the whole model is not calculated when the hyperelastic model is used. The outlet
boundary is simplified to a zero-pressure boundary in the calculation setting. Concurrently,
this study only considers the inflow vessels that play a significant role in comparing the
hemodynamic indexes of the two aneurysms under the same conditions and ensuring the
convergence of calculation results. This study did not consider the complex blood flow in
the anterior communicating artery. More accurate numerical results can be obtained if the
above ideal assumptions are removed and the scheme closer to the actual situation is
simulated. In addition, more hemodynamic parameters, such as oscillatory shear index,
pressure difference, etc., should be considered in the calculation results to better explore
the influencing factors of rupture and draw a more comprehensive conclusion(Murayama,
Fujimura, Suzuki, & Takao, 2019). Therefore, the conclusions verified in this study need

more forward-looking research for further improvement.

Conclusions

This article aimed to find the dominant hemodynamic factors leading to the growth
and rupture of IAs through a particular case of IAs. Through CDF-based hemodynamic
simulation, significant differences were found between ruptured and unruptured
aneurysms in blood flow, WSS numerical distribution, and vascular deformation.
Parameters, such as eddy current, impact domain, high and low WSS distribution,
equivalent stress, and deformation degree, will mostly lead to aneurysm rupture.

Concurrently, by comparing the equivalent stress calculation results of hyperelastic
material walls and elastic material walls, the fracture point should be predicted more
accurately by fluid—solid coupling simulation, which is the most accurate simulation
method and of great significance to clinical research. However, by comparing numerical
results, the data calculated by fluid-structure coupling with linear elastic wall also have the
ability to predict the fracture point. Through the processing method in this paper, the risk
assessment of the rupture point of intracranial aneurysms can be carried out in an hour

after the medical imaging data is obtained. It can provide auxiliary guidance for the



treatment plan with minimal cost.
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