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Abstract. Aneurysms are diseases that affect a considerable part of the world population, which can present high
mortality rates. Furthermore, they are asymptomatic, hindering its identification by the physician. Additionally,
physicians adopt a methodology based on the aneurysm size in order to opt for surgical intervention. Hence, aneurysm
identification and the evaluation of its rupture risk can aid the medical field. With this in mind, Computational Fluid
Dynamics (CFD) tools were developed with the purpose of providing physicians with additional analysis parameters.
Wall Shear Stress based parameters, such as the Time Average Wall Shear Stress (TAWSS), Oscillatory Shear Index
(OSI), and Relative Residence Time (RRT) are some of the parameters often utilized to assess the risk of aneurysm
rupture, as well as the risk of atherosclerotic plaque formation at the vessel wall. However, CFD-based tools are
dependent on the numerical setup chosen, and thus, considerations such as which boundary conditions to use or
whether turbulence modeling is considered, are of vital importance to the responsible for the numerical simulations.
Thus, the present work has the objective of investigating the influence of a turbulence model over the risk of rupture of
a middle cerebral artery aneurysm by evaluating Wall Shear Stress based parameters. In order to perform this
assessment, a comparison among simulations that considered turbulence and a simulation that used a laminar
approach was carried out. Additionally, a pulsatile inlet boundary condition was utilized, to closely model the
physiological phenomena and the geometry used was reconstructed based on medical data.
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1. INTRODUCTION

Hemodynamics are believed to play a major role in the risk of atherosclerotic plaque formation and progression at
artery walls. Additionally, atherothrombosis which may occur due to plaque presence, is one of the leading death and
disability causes in the globe (KOCK et al., 2008). The formation of this plaque can also lead to the initiation of an
aneurysm, which is a local dilatation of the arterial wall. It is known that worldwide, 2% to 5% of the population carries
one or more aneurysms (BERNARDINI et al., 2011), which are often located at arterial bifurcations and curvatures
(CASTRO et al., 2009). Due to this fact, cerebral aneurysms have a tendency to occur at the circle of Willis. Given this
location, aneurysm rupture can lead to subarachnoid hemorrhage (SIGNORELLI et al., 2018), which can present death
rates of up to 50% (BERNARDINI et al., 2011). Moreover, in cases where the patient survives, the rupture may cause
morbidity. Hence, aneurysm rupture prediction can be of aid to physicians, since this clinical condition is able to remain
asymptomatic until its rupture.

In order to assess this risk, Wall Shear Stress (WSS) based parameters can be calculated, such as the Time Averaged
Wall Shear Stress (TAWSS), Oscillatory Shear Index (OSI) and Relative Residence Time (RRT). Such parameters are
obtained with the use of Computational Fluid Dynamics (CFD) based tools and can be used alongside medical imaging
techniques, such as MRI and CT-Scans. Nevertheless, when conducting CFD-based simulations, the phenomena behind
blood flow, such as its rheology or turbulence, have a significant importance, in order to increase the simulation
accuracy. Although both phenomena have a major role in blood flow, the former is often more focused in CFD studies.
Despite presenting a shear-thinning behavior (RAZAVI; SHIRANI; SADEGHI, 2011), it was seen in past works that a
Newtonian approach may yield reasonable results (KARIMI et al., 2014). Additionally, Jain, Roller and Mardal (2016)
state that the transition Reynolds number for intracranial aneurysms is of the order of 500. Even though blood flow is
known for presenting low Reynolds numbers, values higher than 500 can be encountered in an Internal Carotid Artery
(ICA) (CEBRAL et al., 2009). Since the Middle Cerebral Artery (MCA) presents lower internal diameters than the ICA,
it can yield higher Reynolds numbers, and thus, achieve transitional flow. Therefore, this work will be focusing on
studying the influence of a turbulence model over the hemodynamic parameters in a middle cerebral artery aneurysm.

2. MATHEMATICAL MODELLING
2.1 GOVERNING EQUATIONS

From the time-dependent Navier-Stokes equation, the momentum balance can be written as Eq. (1), which yields the
blood flow:

%pu=—[|7-puu]—\7p—[l7-r] ()

where p indicates the density of the fluid, u the velocity vector, t the time, p the hydrostatic pressure and T the shear
stress. Moreover, since blood can be taken as being incompressible, the continuity Eq. (2) is used:

[V-u] =0 )

The shear stress in equation (1) is expressed using a Newtonian approach in Eq. (3):

T=—u[Vu+ (Vu)"] — g (V-wl 3)
where p denotes the dynamic viscosity of the fluid, (Vu)T the transpose of Vu and I the identity tensor.

2.2 TURBULENCE MODELLING

In order to properly model the turbulence, Eq. (4) to Eq. (6) are averaged using the RANS approach:

2 [ptt] + [V - pamir] = —Vp + [V - (r — pu's)] )
V- pi] = 0 5)
—puw = ©)

where the bar superscript denotes the time average, the apostrophe indicates fluctuations components and the new term
at the right hand side of the equation is defined as the Reynolds Stress Tensor.
This tensor can be further expressed as Eq. (7), after applying the Boussinesq hypothesis:
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where u, represents the turbulent viscosity and k the turbulent kinetic energy, which can be defined according to Eq. (8)
and Eq. (9), respectively:

2
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He (8)
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In this work, the k- model was utilized, in order to assess its impact over the hemodynamics of a MCA aneurysm.
The two-equation model is expressed in Eq. (9) and Eq. (10):

2
" [pk] + [V - puk] =V - (,ueff,ka) + P, + pe (120)
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where p¢5 is the effective viscosity, defined in Eq. (12), and ¢ is the rate of turbulence Kinetic energy dissipation.
Merrre =M+ g—; 3 Hefre = Ut Z—i (12)
Moreover, the constants are displayed in Eq. (13):

Cep = 144, Cp = 1.92,C, = 0.09, 0, = 1.0and 0, = 1.3. (13)

2.3WALL SHEAR STRESS BASED PARAMETERS

Since WSS related parameters are often linked to endothelial damage, these are required to be quantified, enabling
its assessment. Amongst the known parameters, the Oscillatory Shear Index (OSI) and the Relative Residence Time
(RRT) are believed to be related to atherosclerotic plaque formation (HE; KU, 1996), as well as with aneurysm rupture
(LI et al., 2018). Soulis et al. (2011) describe that atherosclerotic sites have a tendency to present slower and disturbed
flows, in which such disturbed flows can be determined by WSS related parameters.

The OSI is defined as being the cyclic oscillation of the WSS from its original vector direction, at time equals to
zero (HE; KU, 1996), and can be defined according to Eq. (14):

|fOTw55dt|>

|fo wss|at (14)

0SI :3(1 -
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where T is the duration of a cardiac cycle and WSS is the instantaneous WSS vector. The numerator and denominator
of Eq. (14) are defined as Time Averaged WSS vector and Time Averaged WSS, respectively:

1T
TAWSSV = _ [/ |WSSdt| (15)

1 T
TAWSS = - [ IWSS|dt (16)

The quantification of the TAWSS has also a significant importance, as values higher than 40Pa can lead to
endothelial damage and consequently increase the chance of thrombosis development (DONG; INTHAVONG; TU,
2013). Additionally, equation Eqg. (14) shows that the OSI can vary from 0, for cases in which the WSS vector presented
no variation during a cardiac cycle, up to 0.5, for cases that presented a 180° deflection of the WSS vector.

Lastly, the RRT is defined by the time a particle remains inside the domain, relative to the time it remains in a
specific pre-determined region. Hence, this parameter is able to indicate flow stagnation (XU et al., 2018). (SOULIS et
al., 2011) describe that high RRT regions may indicate a tendency of presenting the concentration of atheroma, which
can consequently lead to atherosclerosis. The RRT is described in Eq. (16):
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RRT = [(1 — 2 x OSI) x TAWSS]™! (16)

In this study, each RRT value was compared to the volume average value, which resulted in normalized values. This
procedure was described in Peiffer, Sherwin and Weinberg (2013):

RRT
RRTnormalized = (17)

RRTyolume average

Although these parameters aid in the assessment of aneurysm rupture risk and possible vessel damage risk, the
analysis provided by them is mainly qualitative, since these risks are not quantified.

3. MATERIALS AND METHODS
3.1GEOMETRY RECONSTRUCTION

With the purpose of reconstructing an artery, real patient data was acquired from a 66 year old female that presented
a saccular aneurysm at the bifurcation of her right middle cerebral artery (RMCA). Furthermore, all other patient data is
unknown, with the aim of preserving her anonymity. This data was provided to us by the Santa Isabel Hospital, located
in Blumenau, Brazil.

To obtain the data, an angio CT-Scan with the use of contrast was performed on the patient. Since a CT-Scan exam
provides two-dimensional planes in three different views, a 3D model could be reconstructed by doing a superposition
of such planes, which results in the formation of a three dimensional volume. This process is expressed in Fig. 1:

Planes from CT-Scan Plane Superposition Volume Reconstruction

-

Figure 1. Generation of a three-dimensional volume from two dimensional scans from a CT-Scan.

In order to reconstruct the arterial system from the CT-Scans, the Open Source software package 3D Slicer was
utilized. Additionally, alongside the software, the SlicerVMTK extension was used, which has the purpose of providing
tools for vascular reconstruction, as 3D slicer presents difficulties when reconstructing blood vessels with smaller
diameters. In the first step of the reconstruction, the arterial tree is built, as shown in Fig. 2:

Figure 2. Reconstructed head blood vessels.
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It is possible to see in Fig. 2 that the software captures all possible entities with similar contrast level, leading to the
creation of a complex three-dimensional geometry. Moreover, the software also reconstructs possible noise captured in
the CT-Scan machine. Therefore, after generating the first geometry, a manual segmentation was performed, to remove
all entities that are not of interest and to reduce the size of the geometrical domain, easing the computational
requirement by the numerical simulation. It is important to notice that, since segmentation was performed manually, the
quality of the geometrical domain is directly affected by the software operator, which may have an influence over the
obtained results. Once the segmentation was performed, the RMCA, as well as the aneurysm geometries were obtained,
as seen in Fig. 3:

Figure 3. RMCA reconstruction after manual segmentation.

The last step of the geometry reconstruction was to export the model as a .stl format, which is supported by ANSYS
ICEM v15, as it was the software used in the numerical mesh generation. Moreover, extensions were created at the inlet
and all the outlets of the geometry, in order to have a fully developed flow at the inlet and to avoid outlet boundary
conditions effects on the outlets. The extensions are represented in Fig. 4:

Figure 4. Anterior and Posterior views of the reconstructed RMCA.

3.2NUMERICAL MESH

With the purpose of discretizing the spatial domain and solve the conservation equations, a numerical mesh was
developed. Similarly to the extensions, the numerical mesh was generated in the ANSYS ICEM v15 software. For this
geometry, three tetrahedral meshes were constructed using the OCTREE method. This choice is justified by the
irregularity and complexity presented in the present geometrical domain. Furthermore, a prism layer was developed at
the wall region to increase wall phenomena accuracy. Additionally, the maximum element size defined for this mesh
was 0.2mm, as proposed by Ou et al. (2016). In order to closely match the element size, the prism layer contained a
total height of 0.19mm, with four layers that have a growth ratio as the elements are further away from the wall. The
three meshes created were divided into coarse, intermediate and refined meshes, with the aim of carrying out the Grid
Convergence Index (GCl), as described by Celik et al. (2008). Once the GCI was carried out, the intermediate mesh was
chosen, as the numerical error arisen from the mesh was in an acceptable range. The chosen numerical mesh contains
314 thousand elements and is showed in Fig. 5:
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Figure 5. Numerical mesh of the RMCA.

3.3NUMERICAL SETUP

In order to carry out the simulations with an acceptable accuracy, proper boundary conditions and parameters have
to be set. Regarding the boundary conditions, the artery walls were taken to be rigid, and thus, a no-slip boundary
condition was applied. A prescribed pressure boundary condition was used at the outlets, and pressure was taken to be
constant at an average physiological level of 100mmHg. At the inlets, a pulsatile flow boundary condition was applied.
In order to obtain a pulsatile function for this condition, the studies of Watanabe (2013) were utilized to obtain a blood
flow rate function at the MCA, as shown in Fig. 6:

Middle Cerebral Artery

T T T T

254 | .

Flow Rate(mL/s)

0O 02 04 06 08 1
Time (s)
Figure 6. Blood flow rate in a MCA during a cardiac cycle.

The data was then extrapolated and exported to the Matlab software, in which an 8" order Fourier regression was
carried out, which resulted in eighteen coefficients with a 95% confidence bound and a R-square over 0.99. This
regression made use of Eq. (17):

y = ay + 2=, a; cos(iwx) + b;sin(iwx) a7
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where a, models a constant term for i = 0 in the cosine term, w is defined as the fundamental frequency of the signal
and n is the number of harmonics in the series, which can vary from 1 to 8. Additionally, the obtained function was

utilized to write an User Defined Function (UDF) to enable its adoption as the inlet boundary condition. The resulting
cyclic pulsatile function is presented in Fig. 7:

04 T

|
035+ | || || \

0.3

Velocity [m/s ]

Time [ s ]

Figure 7. Pulsatile inlet velocity function for the MCA.

With the objective of presenting the values of constants and parameters, as well as the boundary conditions chosen
in both simulations, this data is summarized in Tab. 1:

Table 1. Solver parameters and boundary conditions.

Parameters and Boundary Conditions Setup Chosen
Blood Density Pbiooa = 1050kg/m3
Blood Newtonian Viscosity Uglooa = 0.004Pa.s
Rheological Model Newtonian
Turbulence Model None / k-& model
Inlet Boundary Condition Pulsatile Velocity (UDF)
Outlets Boundary Conditions Ppiooqa = 100mmHg
Wall Boundary Condition No-slip velocity
Time step 107*

The values presented in Tab. 1 were taken from the studies of Schwatz et al. (2019). It is important to point out that
two simulations were carried out, and the only difference between them was the usage of the k-¢ turbulence model.

Lastly, 5s of simulation were carried out in both cases and the first 4s were discarded, in order to guarantee a pseudo-
stationary condition.

4. RESULTS AND DISCUSSION
4.1WALL SHEAR STRESS BASED PARAMETERS

The proposed simulations were carried out according to the setup described in the previous section and are presented
in this section.

The first parameter analyzed was the TAWSS, in which an average value was quantified over an entire cardiac
cycle. Its relevancy is justified by the fact that abnormally high TAWSS values are correlated to endothelial damage,
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increasing the risk of a thrombosis (DONG; INTHAVONG; TU, 2013), or ischemic stroke, in cases of atherosclerotic
plaque presence (DONG; WONG; TU, 2013). The computed TAWSS for both cases is presented in Fig. 8 and Fig. 9:

TAWSS

(Pa]

Figure 9. TAWSS of the anterior and posterior views of the RMCA for the model with the adoption of a turbulence
model.

From Fig. 8 and Fig. 9 it can be observed that, qualitatively, TAWSS values are higher for the case which adopted
the k-& model. Moreover, the regions with the highest observed WSS were at the posterior region of the ICA and at
arterial bifurcations. Knowing that arterial bifurcations are more susceptible to atherosclerotic plague formation
(DONG; INTHAVONG; TU, 2013; SKIADOPOULOS; NEOFYTOU; HOUSIADAS, 2017), the higher values of
TAWSS at the bifurcations are in accordance with the literature, since higher values increase the risk of vessel damage.
On the other hand, the aneurysm region presented the lowest TAWSS values. Since this region yields lower flow
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velocities and that WSS is a function of shear rate, such values of TAWSS can be expected. Nevertheless, low WSS
values increase cell permeability, promoting inflammatory cell infiltration, consequently increasing endothelial
vulnerability (SKIADOPOULOS; NEOFYTOU; HOUSIADAS, 2017). Furthermore, lower WSS or TAWSS ranges
may increase the risk of aneurysm rupture (SHAMLOO; NEJAD; SAEEDI, 2017).

4.2 OSCILLATORY SHEAR INDEX

In addition to the TAWSS, the OSI was also quantified, as this parameter also aids in the assessment of aneurysm
rupture and vessel damage risks. This is due to the correlation of high OSI values with the increase of aneurysm growth
and rupture risk (SHAMLOO; NEJAD; SAEEDI, 2017). The OSI contours are presented in Fig. 10 and Fig. 11:

Fig. 10 and Fig. 11 indicate that, qualitatively, despite visible similarities, the case with the adoption of a turbulence
model yielded higher OSI values. Knowing that the latter case also showed higher TAWSS, higher OSI values were to
be expected, as TAWSS is the denominator in Eq. (14). Furthermore, OSI represents the oscillatory behavior of the
flow during a cardiac cycle, and thus, by using a turbulence model, this behavior can be more accurately captured.
Additionally, both figures show that the regions that display high OSI values are arterial bifurcations and the aneurysm
dome, which are the regions with the tendency of suffering damage from these hemodynamic forces (HE; KU, 1996).

0Osl
0.15

0.14
0.12
0.1
- 0.09
- 0.08

A
Figure 10. OSI contours for the anterior and posterior views of the RMCA and highlighted regions for the case without
turbulence modelling.
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0slI

A &
Figure 11. OSI contours for the anterior and posterior views of the RMCA and highlighted regions for the case with
the adoption of a turbulence model.

4.3RELATIVE RESIDENCE TIME

Lastly, the RRT was also quantified with the aim of providing further aneurysm rupture and vessel damage risk
assessment. Similarly to the OSI, high RRT values indicate higher probability of aneurysm rupture, since it is linked to
blood flow stagnation (LI et al., 2018). The RRT contours are displayed in Fig. 12 and Fig. 13. From these figures it can
be seen that the RRT also followed the trend of yielding higher values for the case with the adoption of a turbulence
model. Furthermore, Fig. 12 and Fig. 13 show that the aneurysm domes are the main region with high RRT values.
These high values can be possibly explained by the stagnation caused due to the concentration of circulatory flow inside
the aneurysm, as well as to the deceleration suffered by the blood when entering the aneurysm dome. Moreover, when
comparing Fig. 10 and 11 with Fig. 12 and Fig. 13, it becomes visible that the areas with the highest OSI values are
similar to those with the highest RRT values.
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Figure 12. RRT contours for the anterior and posterior views of the RMCA and highlighted regions for the case with
the adoption of a turbulence model.
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Figure 13. RRT contours for the anterior and posterior views of the RMCA and highlighted regions for the case with
the adoption of a turbulence model.

44VELOCITY STREAMLINES AND QUANTITATIVE RESULTS

In addition to the color maps for the WSS-based parameters, their maximum values were also quantified to provide
further comparison and are presented in Tab. 2. From the results computed in Tab. 2 it is possible to see that all
parameters in the k-& model presented higher values, which were discussed in their respective sections. Furthermore,
this data indicates that by considering the usage of a turbulence model, WSS-based parameters might be overestimated,
or that a laminar approach might cause the opposite.
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The velocity streamlines were also analyzed, which can be seen in Figure 14. In order to analyze the streamlines
over a full cardiac cycle, it was decided to divide it into five different time steps, covering both the systole and the
diastole phase of the cardiac cycle. These phases correspond to the contraction and relaxation of the heart, respectively.
The systole is represented by the peak in the most left image of Figure 14, whereas the diastole is represented by the
furthest right image in Figure 14. Disturbed flows were observed in both cases, in which they became more chaotic
during the systolic phase. Moreover, the presence of intra-aneurysm vortexes was also noticed. Despite qualitative
results showing a supposedly higher oscillatory behavior in the laminar case, especially at the third image from left to
right, the results from Tab. 2 indicate that the k- model has, in fact, a higher oscillatory behavior. This can be justified
by the fact that the case with the turbulence model does consider the presence of eddies and their impact over the flow.
Additionally, higher velocities were encountered in the laminar case, which justify the lower RRT values presented by
this case.

Table 2. Maximum TAWSS, OSI and RRT values for both cases.

CASE TAWSS, 0. (Pa) OSIpax RRT,,4y
Laminar 7.4464 0.38206 60.4515
k-& model 13.5663 0.4568 137.0910
Velocity ) w

H 0.350 .
0.262 / <’f

[/ N

{ V4

0175
H 0.087
0.000

[m s*-1] J f AT f

7 \ U’ ‘ ‘ f
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‘\(’ S ' 444 2 Model
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Figure 14. Velocity streamlines inside the aneurysm for both models.

5. CONCLUSIONS

With the aid of CFD-based tools, the influence of a turbulence model over hemodynamic parameters in a middle
cerebral artery was studied. Additionally, an assessment of the risk of aneurysm rupture and vessel damage was made.
From the results presented in the previous section, the conclusions that could be drawn are:

e TAWSS results showed that lower values were encountered at the aneurysm dome region, which can
increase cell permeability and consequently increase the chance of aneurysm rupture. High TAWSS values
were observed at arterial bifurcations, such as the ICA bifurcation and the MCA bifurcation, which are
correlated to endothelial damage and atherosclerotic plaque formation and growth. Moreover, the usage of
the k- model increased TAWSS values;

e OSI presented its highest values at the aneurysm dome and at the bifurcations of the artery. Such values
were even higher when the k- model was considered, which might be due to the increase in oscillatory
behavior of the flow;

o Differently from the other parameters, the RRT only had significantly high values at the aneurysm dome.
However these values are often linked to aneurysm rupture. Furthermore, following the trend of the other
parameters, RRT values were significantly higher when adopting the k- model;

e Lower velocities were observed when using the turbulence model, which consequently impacts all other
hemodynamic parameters. Thus, the consideration of using a turbulence model may overestimate WSS-
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based parameters, due to an increased oscillatory behavior of the flow. Nevertheless, it is necessary to
further analyze turbulence models before any claims can be made.
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