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CFD simulations were performed for 60 human cerebral aneurysms (30 previously ruptured
and 30 previously unruptured) to study the behavior of the time-averaged wall shear stress
(TAWSS) with respect to the aspect ratio (AR), implementing a set of low, normal, and high-
pressure differences between the inlet and the outlets of each artery. It is well known that there
exists a direct relationship between TAWSS and the rupture. In this investigation, we pre-
sented an important result because the condition of the pressure among the branches and the
AR may be measured in any patient, then a slope may be associated, and finally a TAWSS may
be estimated. We found that when the pressure difference increased, the absolute slopes be-
tween TAWSS and AR increased as well. Also, the magnitude of the slope in the previously
unruptured aneurysms was 4.7 times the slope in the previously ruptured aneurysms. On the
other hand, TAWSS was higher in the previously unruptured aneurysm than previously
ruptured aneurysms due to the unruptured aneurysms that have a smaller surface area. Fur-
thermore, we analyzed the relationship between TAWSS and other geometric parameters of
the aneurysm, such as bottleneck and non-sphericity index; however, no correlation was found
for either cases.

Keywords: CFD; cerebral aneurysm simulations; pressure difference; wall shear stress; aspect
ratio.

1. Introduction

An intracranial aneurysm (also called brain or cerebral aneurysm) is an abnormal
dilation of an artery caused by a weakness on the wall (a reduction in the tunica
media, i.e., muscular middle layer of the artery wall due to certain hemodynamic
factors'), and it is located in the subarachnoid space at the base of the brain.? It is
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typically classified based on its form and position in the main artery into the ter-
minal, lateral, or bifurcation aneurysm.® High-blood pressure, smoking, family
history, a previous aneurysm, and gender are factors that may increase the rupture
risk of an aneurysm. A study of the unruptured cerebral aneurysms revealed that
the rupture rate of a small aneurysm was only 0.05% per annum in patients with no
prior incidence of subarachnoid hemorrhage, and 0.5% per annum for large aneur-
ysms (> 10mm diameter) in patients with previous incidence of subarachnoid
hemorrhage.* Also, clinical studies have demonstrated that Wall Shear Stress
(WSS) and velocity field inside the arteries are relevant to understand the formation
of aneurysms and the ruptures.®® On the other hand, a complete study of the
aneurysm hemodynamic is possible via computational fluid dynamics (CFD) using
reconstructed cerebral aneurysm models. In fact, three computational studies are
known to have demonstrated that CFD may be used to differentiate between a
ruptured and non-ruptured cerebral aneurysm.”

Hemodynamic stresses are considered as important factors affecting the devel-
opment of aneurysms because they are directly related with aneurysm rupture.’°
One of the hemodynamic factors, WSS, acts directly on the vascular endothelium as
a biological stimulator that modulates its cellular function.''? Some authors have
proposed a relationship between WSS, calculated from computational simulations,
and the aspect ratio (AR) to determine the rupture risk.'*!'* Tateshima et al.'®
determined a linear relationship between WSS and AR with a negative slope. Ujie
et al.'% found an important result indicating that the difference between the ARs of
ruptured and unruptured aneurysms was statistically significant, and therefore, it
could become a reliable index for predicting an aneurysm rupture and help to ac-
curately analyze the operative indications to perform surgeries on an incidentally
discovered unruptured aneurysm. Shojima et al.'? illustrated that a low WSS may
facilitate the growth phase of a cerebral aneurysm and trigger its rupture by causing
degenerative changes in the aneurysm wall. Consequently, the WSS on an aneurysm
region related with respect to the AR may be of some assistance in the prediction of
its rupture.

2. Methodology
2.1. Reconstruction of geometries and properties

The geometric dimensions of an aneurysm (height in yellow, neck diameter in green
and width in cyan) are shown in Fig. 1(a). The AR (neck-to-dome length/neck-
width) was calculated for the entire cerebral aneurysm geometries, wherein AR
values from 0.6337 to 5.2786 were considered.

The models shown in Fig. 1(a) were generated by first performing aneurysm
surgeries of the patients of Instituto de Neurocirugia Asenjo (INCA), and then,
reconstructing 60 three-dimensional angiography images on a 1:1 scale to obtain an
adequate geometry for the simulation software, ANSYS (shown in Fig. 1(b)). In this
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Fig. 1. (a) Three-dimensional angiography image from a patient of INCA. (b) Reconstruction from the
three-dimensional angiography with an inlet, outlets and the aneurysm geometric measurement (Neck,
Width, and Height).

investigation, 30 aneurysms were previously ruptured and other 30 were previously
unruptured.

To model the blood inside each artery, a laminar and incompressible fluid flow
was considered using p = 1065 kg/m*'™'® and modeled by the conservation of mass
and momentum (Navier—Stokes equations). Also, it was considered as a non-
Newtonian fluid, and the Carreau model was used to model the shear thinning

behavior':

fesr () = ping + (110 — pinr) (1 + (V9)2)°T, (1)

where s = 0.00345kg/m - s (viscosity at infinite shear rate), pg = 0.056kg/m - s
(viscosity at zero shear rate), A = 3.313 s (relaxation time), and n = 0.3568 (power
index) are the material coefficients.

With respect to the mechanical behavior of the artery walls, we considered the
simplification of the rigid artery in all cases.

2.2. Boundary conditions

It is important to mention that the boundary conditions simulated the internal
cardiovascular system of the brain and these ones should be adjusted to maximize
the real conditions, having an important role in the development of the flow inside
each artery. The inlet condition was used as a velocity profile and the outlet con-
ditions represented the blood pressure. The pressure difference was another im-
portant factor that was assumed to be only a function of time, and it was generated
by a pulse wave of a finite velocity.?’ We used the Womersley velocity theory?! to
obtain the physiological flow conditions at the artery inlet. The velocity profile was
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computed from the general Womersley solution (Eq. (2)) using a code on RStudio
and it was subsequently exported to the ANSYS Fluent software” (the Womersley
solution equation is described in more detail in Ref. 21).

(%)
QQ 72 2 Qn 1- Jo(Bn inwi
ot = (1= Q)]+ X [T [ @)

ma? a — ma? |1 2L
n= B o (B,)

with
ﬁn = Z%an = Z%a T (3)

where «,, is the n-Womersley number, « is the artery radius of the inlet, n is the
number of modes, and w is the angular frequency obtained from the period of the
cardiac cycle. In our study, we have chosen eight modes and an angular frequency of
7.703s7! (period of the cardiac cycle was 0.857s). The Womersley solution depends
on the Womersley number, and it is a measure of the ratio of the momentum
equation to the viscous part.?* When «, is small, the unsteadiness is not important,
and the solutions become Poiseuille solutions that vary in magnitude, but not in
shape. If o, is large, the shapes of the profiles are not parabolic.?!

Figure 2(a) shows one of the 60 blood velocity profile measurements delivered by
INCA. We obtained the time-averaged maximum velocity (TAMAX) following the
results given by Li et al.?* and Blanco® for all artery-images using an RStudio
tool.?% We localized each RGB pixel of the TAMAX line (a smooth line of Fig. 2(a)),
then, we related the distance between a subtraction of pixels and a subtraction of
centimeters at the vertical axis. Finally, an average was derived from all the velocity
profiles and it was multiplied by the inlet area of each geometry to obtain the
blood flow (Q;), assuming that the vessels were circular in cross-section (shown in
Fig. 2(b)). Subsequently, a Fourier fitting of Q; was performed using a fit function of

b
93

by
o

Blood Flow Rate (inl/s)
w
wn

3.0
25 - - :
00 02 04 06 08
12Q CAROTIDA INTERNA = Tinle (S)

(a) (b)

Fig. 2. (a) Blood velocity measurement from a patient of INCA. (b) Flow volume to employ in the inlet
condition.
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Fig. 3. (a) Equivalent pulsatile pressure computed by the (b) three-element Windkessel model.

RStudio to obtain the respective Fourier coefficients.?” Finally, the Fourier coeffi-
cients were employed to calculate the Womersley velocity of each geometry.

The maximum flow volume calculated was 270 ml/min, shown in the peak of
Fig. 2(b). This result is in accordance with the results given by Leopold et al.,”®
Schoning et al.,? Scheel et al.,?” and Kamensky.*!

We used a normal pulsatile pressure condition between 80mmHg and
120 mmHg** (shown in Fig. 3(a)) calculated through a three-element Windkessel
model (Fig. 3(b)) for the outlets, using two resistors and a capacitance. The purpose
of this model was to represent the realistic physiological flow patterns and pressure
distributions in the computational domain for the fluid.*?

The differential equation that describes the circuit of Fig. 3(b) (Eq. (4)) is

dp; pi Q; R; dQ;
dt+Rc_c<1+R>+Ri dt )

where p; is the solution of the pressure, Q; is the flow exiting from each outlet, and
R;, R and C are two resistors and a capacitance, respectively. To obtain the normal
pulsatile pressure condition (shown in Fig. 3(a)), the values of these parameters
were taken following the results obtained by Segers et al.** Then, Eq. (4) was solved
using finite difference approximation of derivatives by the central difference method
(Eq. (5)) in a code on RStudio, solving for p!™!. Then, it was interpreted by the
ANSYS Fluent software.

) AL\ 2ALQ, R, d0;
t4+1 -1 _ i 4 ) !
pT=p (1 —C) + . (1 + 7 ) + 2AtR; e (5)

In addition, we used Eq. (6) to relate the input flow and pressure difference (Hagen—
Poiseuille equation.*?).
~ 8uQdl

mrd

dp

(6)
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By considering the axial differential equation, we obtain the expression shown in
Eq. (7).

u = cVp, (7)

"2
where ¢ = £-.

T

With Eqﬂ (7), we may derive different types of pressure differences if the inlet
velocity (u) is known?!*%37; in fact, the inlet velocity is a boundary condition.

On the other hand, to study the relationship between the hemodynamic and
geometric parameters, we used three cases of a high-pressure difference, three
cases of a low-pressure difference and a base case of the pressure difference
(Eq. (7)); therefore, we had seven cases altogether. For each case, we performed 60
simulations of the cerebral arteries (30 previously ruptured and 30 previously
unruptured) whose setups are discussed in Sec. 2.3. Altogether, we carried out 420
simulations.

To obtain the low and high-pressure differences, we considered the results from
the numerical studies of Torii et al.,?® Cebral et al.?” and Le,*° that mentions some
limits of the velocity inside the arteries in a physiological environment, being 0.45
and 1.45 times the normal pressure among branches, respectively. Hence, the inlet
velocity condition (Eq. (7), normal hemodynamic state) was multiplied by 0.55,
0.70 and 0.85 (low-pressure differences) and 1.15, 1.30 and 1.45 (high-pressure
differences). Also, we calculated the Windkessel pressure in all cases, being a
maximum of 180 mmHg and a minimum of 70 mmHg,.

2.3. Numerical method and setup

A mesh for each geometry must be considered to solve the transient Navier—Stokes
equations by considering a non-Newtonian fluid. In our case, we used a mesh density
of 1500 elements/mm?® (shown in Fig. 4), in which we studied the difference between
WSS (in the most influenced area of the aneurysm) at the systole time of the
pulsatile blood flow with 250, 500, 1000, 2500, 3500 and 4500 elements/mm?’, re-
spectively. The maximum difference is shown in Fig. 5, and it is below 2% between
1500 and 4500 elements/mm?. The criteria values were selected for the time step and
residual were 0.0001s and 0.001, respectively.

The pressure implicit with splitting of operator (PISO) algorithm was used to
solve the Navier—Stokes equations using the spatial discretization of the least
squares cell based on the gradient, second-order pressure, and second-order upwind
for the momentum. For the transient formulation, the second-order implicit method
was used.

Finally, the Time-Averaged Wall Shear Stress (TAWSS = + f0T|Tw(X,t)|dt) on
each cerebral aneurysm were computed by employing ANSY'S, where this quantity
was besides averaged over the area of each aneurysm during a cardiac cycle T.
Consequently, TAWSS were related with the associated AR to obtain the corre-
sponding relationships.
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Fig. 4. Type of grid using 1500 elements/mm? for a case studied.
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Fig. 5. Comparison of mesh results when WSS at systole time was calculated using different
mesh densities. The difference of the computing time in ANSYS was almost 10 times between
4500 elements/mm?® and 1500 elements/mm?.

3. Results and Discussion

WSS on the wall of each cerebral aneurysm was computed in all the simulations
(a case is shown in Fig. 6, where the maximum peaks represent the systolic time),
then, we calculated TAWSS and the relationship between TAWSS and AR using an
RStudio script code. It is important mentioning that WSS had a lower magnitude at
the diastolic time than the systolic time, although the temporary form was main-
tained. For large aneurysms, we noticed that the maximum WSS was mainly
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Fig. 6. Maximum WSS computed and located at the neck of an aneurysm for a normal pressure
difference.

located at the neck of the aneurysms (shown in Figs. 7 and 8) due to the velocity
vector inside of the cerebral artery was approximately 90° with respect to the wall of
the aneurysm.?’ In addition, for large aneurysms, the flow enters the aneurysm
generating vorticities without being significant at the dome.*"**> On the other hand,
when an aneurysm has a small size, the velocity streamlines are distributed
throughout the surface area, and indeed, the rupture occurs at the dome.*

Out of 420 results, 12 of them are shown in Fig. 8, considering a normal pressure
difference. With large aneurysms, maximum WSS was mainly located at the neck.
On the other hand, with small aneurysms, maximum WSS is distributed throughout
the surface area. Also, it is important to note that WSS is strongly correlated with
the aneurysm rupture.”!3

A comparison of each slope of TAWSSs (vertical axis) variation with ARs
(horizontal axis) are shown in Figs. 9 and 10 for previously unruptured and
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Fig. 7. WSS (a) and velocity streamline (b) computed at a systolic time from ANSYS software. High
WSS was localized at the neck of the aneurysm (AR = 2.88) where the flow was facing the wall.
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Fig. 8. Result of the WSS calculation at the systolic time in some random aneurysms selected for a
normal pressure difference.
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Fig. 8. (Continued)

previously ruptured aneurysms, respectively. We show the results of the seven
cases of the pressure differences studied in this investigation, wherein each case had
30 different arteries that represent a variation of AR. We calculated the best fits to
the distributions using a linear regression** on RStudio, where R? was greater than
88% for all values of TAWSS (statistic results are shown in Table 1). Standard
deviation was homoscedastic in each case, standard errors were linear and P values
were all lower than 0.0005. Consequently, the slopes fitted in the variation of
TAWSS as a function of AR decreased linearly from the lowest to the largest
pressure difference. Furthermore, the slopes of the previously unruptured aneur-
ysms were smaller than the previously ruptured aneurysms. It oppositely occurs
with the intercept in the vertical axis, being higher in the previously unruptured
aneurysms, this is due to the ones that have a smaller surface area, and therefore,
there is a greater distribution of velocity fields and WSSs than previously ruptured
aneurysms.

On the other hand, measuring the condition of the pressure among branches and
the AR in any patient, a slope may be associated, and then, a TAWSS may be
estimated. It is important to consider that whether the value of TAWSS is low (high
values of the ARs), then the aneurysm may be ruptured. Additionally, a study has
shown that a low-WSS (high-AR) may have a significant role in the rupture of an
aneurysm,® in accordance with our results.

Furthermore, we analyzed the relationship between TAWSS and other geo-
metric parameters of the aneurysms, such as bottleneck and non-sphericity index
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Relationship of the previously unruptured aneurysm between the TAWSS and AR for the seven
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cases of the pressure difference conditions.
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(these geometric parameters do not depend on the neck of the aneurysm); however,
no relationships were found because TAWSS depends on the implicit velocity and is
affected by the variations of the neck of the lateral saccular aneurysm.*’*2 For low
values of the neck diameter (high values of the AR), TAWSS also has low values.

With respect to the limitations of this study, CFD techniques in cerebral
aneurysms are a relatively new approach translating a well-established engineering
technology into clinical research, being a real-world approximation.*®
conditions have an important role in any CFD problem, they are approximated by
no-variation generalized waveforms, quantifying the hemodynamic differences be-

Boundary

tween ruptured and unruptured aneurysms.*” However, physiologic waveforms may
also vary due to physical efforts or emotional excitement, resulting in a sudden
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Fig. 10. Relationship of the previously ruptured aneurysm between the TAWSS and AR for the seven

cases of the pressure difference conditions.

Table 1. Statistic values of the linear regression supervised-learning algorithm computed and summa-
rized in each case in study.
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Slope Intercept Slope Std. Intercept Std.
Previously condition Case R? (x1072)  (x107%)  error (x1072)  error (x1072%)
Unruptured 0.55 times  0.868 —2.31 12.59 0.167 0.359
0.70 times 0.888 —5.72 30.72 0.376 0.809
0.85 times  0.901 —9.12 49.54 0.561 1.208
Normal 0.904 —12.58 68.09 0.762 1.639
1.15 times  0.904 —15.98 85.84 0.964 2.07
1.30 times 0.911 —19.37 105.75 1.125 2.42
1.45 times 0.899 —22.72 123.16 1.417 3.03
1850055-12
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Table 1. (Continued)

Slope Intercept Slope Std. Intercept Std.
Previously condition Case R? (x1072) (x1072)  error (x1072)  error (x1072)
Ruptured 0.55 times  0.900 —0.50 2.39 0.031 0.046
0.70 times  0.871 —1.26 5.98 0.090 0.135
0.85 times  0.897 —1.98 9.58 0.124 0.187
Normal 0.898 —2.68 12.94 0.167 0.251
1.15 times  0.893 —3.40 16.75 0.218 0.328
1.30 times  0.881 —4.13 20.14 0.333 0.502
1.45 times  0.883 —4.84 23.44 0.325 0.490

change in blood pressure and TAWSS. We propose to carry out another work that
studies the relationship between TAWSS and AR considering the physiologic
waveform variations and how close they are to the ideal model.

4. Conclusions

In this investigation, the effect of three low, normal and high-pressure differences
among the branches of each artery on 60 human saccular cerebral aneurysm models
were investigated using ANSYS simulations considering both the previously rup-
tured and unruptured aneurysms. In the result of each simulation for large aneur-
ysms, we found that the maximum WSS was mainly located at the neck of the
aneurysm due to the velocity vector that was normal with respect to the wall of the
aneurysm, generating vorticities without being significant at the dome. On the other
hand, TAWSS was related with respect to AR and a linear regression with negative
slope was found for each case. Accordingly, while the pressure difference was higher,
higher was the absolute value of the slope in each case. Also, the slope and intercept
of the previously unruptured aneurysms was on average 4.7 times and 5.2 times the
slope of the previously ruptured aneurysms, respectively. Greatest values of
TAWSS in the unruptured previously aneurysms are due to the ones that have a
smaller size, and therefore, these values have a greater distribution of the velocity
fields and WSS on the walls.
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