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Abstract

The maximum diameter criterion currently has been widely used to predict the risk of rupture of abdominal
aortic aneurysm (AAA). The effect of the aneurysm diameter on the flow pattern and stress distribution is
carried out in this study by using the fully coupling fluid structure interaction analysis with hyperelastic
material and Non Newtonian fluid models. The results show that the aneurysm diameter effects the direction of
flow and also causing increase in the size of vortices as the diameter increased. The stress on the inner wall is
higher than the outer wall, and the different between them decreased as the diameter increase. Linear
correlation was observed between the aneurysm diameter and maximum stress (R?= 0.9418}. These results
have confirmed the aneurysm diameter as an important parameter to predict the aneurysm rupture.
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Introduction

Abdominal aortic aneurysm is a bulge in the wall of the abdominal aorta, affecting 5-7% of
people over 60 years[1, 2]. It has the chance of rupture if not surgically treated, where is
responsible for 1-3 % of deaths in men from the age 65-85 in developed countries[3]. Currently the
surgery is performed only when the risk of rupture is high, where is widely based on the maximum
diameter criterion and expansion rate [4-6]. However there are some cases of small aneurysm (<5
cm) ruptured [5, 7-9], and certain of those considered large remain asymptomatic (>5cm) [5, 9,
10].

From biomechanics view point, failure of an AAA wall occurs when the mechanical stress acting
on it exceeds its strength. That is considered as an additional indicator to predict the failure of an
AAA wall [15-17]. There is no direct technique available to measure the stress in AAA patients[5,
18]. So, several studies [16, 19-26] have used the FEM to computed the wall stress distribution in
the wall of AAA, and they have reported it as an efficient tool to predict the aneurysm rupture. In
recent years the fluid structure interaction is increasingly being used to calculate the stress in the
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wall of aneurysm to obtain the effect of the interaction between hemodynamic and wall
deformation in AAA. Some researchers have compared between the FSI, and computational solid
stress (CSS), and they conclude the maximum wall stress obtain with FSI is a more accurate than
that with CSS[27-30]. Several studies have studied the effect of geometric properties on the
distribution of the wall stress in AAAs by using FEM [22, 23, 31-36], and suggested them as
important parameters in predict wall stress in the wall of aneurysm.

There are two_of reported publications studied the effect of some of geometric properties on the
wall stress distribution using FSI [37, 38]. The first_studied the effect of asymmetry and wall
thickness , whilst the second compared the degree of asymmetry, neck angle and bifurcation angle.
Their results showed that these geometry parameters play an important role in wall stress distribution
and suggest them as important parameters in computational prediction.

In this study, 3D f-FSI analysis is used to investigated the effect of the aneurysm diameter in the
distribution and magnitude of the velocity and the maximum wall stress.

Methods

The parameterized geometric model is used to identify the effect of aneurysm diameter, where
generated by the MATLAB code and commercial software (SolidWork) in which the cross section at
any axial position is circular.

The shape of the aneurysm is defined by a cosine function as given by Eq. (1).

[(2) = o + (Mo — ) COSR7L*) (1)

Where 7,4, is the maximum radius of the aneurysm, 7, is the Proximal neck radius, L is the
aneurysm region length.

The geometric dimensions of the aneurysm were chosen to be within the range found in clinical
observation[13, 39]. The thickness of the wall was assumed to be uniform throughout of model and
set to 0.15 cm. The proximal neck was assumed to be a straight tube of diameter 2 cm and length 6
cm. The length of the proximal neck was made longer to allow the flow to be fully developed before
entering the aneurysm sack.

The governing equations for blood flow domain and solid domain have been discussed in many of
previous publications [27, 29, 30, 37, 40]. However, in this study we have assumed the blood as
laminar, homogenous, incompressible, isothermal and Non-Newtonian (Carreau Yasuda model), with
transient boundary condition shown in Fig.1 [37]. The fully developed velocity profile was applied at
the proximal neck entrance, and the time dependent normal traction was applied normal to the end of
iliac bifurcation artery. The hyperelastic material was used to model the aneurysm wall, with fixed
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rotation and translation on the inlet and outlet. The boundary conditions that applied to FSI interface
was kinematic condition, dynamic condition and no slip condition. Table 1 lists the fluid and structure

parameter values used in this simulations.
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Table 1. Summary of simulation parameters.
Blood parameters
Carreau
Yasuda Model

Figure. 1. Transient behavior of the boundary condition.

Density

N()TNeo — (1 + (/'h-/)a)(n—l)/a
MNo~"Noo

where
N9 = 0.056Pas,

Ny = 0.00345Pas

A=1902s,n=0.22,a =125
pr = 1050 kg/m?

Wall parameters

Hyperelastic
material model

ew =1 ({1 — 3) + C3(§I; — 3)?

Where
c; = 0.174MPa
,c3 = 1.881MPa
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Bulk modulus _ E
T 3% (1-2v)
Young's E =2.7MPa
Modulus
Poisson's ratio v = 0,45
Density ps = 2000 kg/m3

The fluid equations and the solid equations are formed in their weak form, where the solution
procedure of the fluid domain is based on a Petrov- Galerkin formulation [41]. The velocity was
interpolated using non-linear functions, and linear or bilinear functions to interpolate the pressure,
and coordinates. The mixed interpolation hexahedral elements were used in the solid domain, in
which the pressure interpolated by constant functions while the displacement by using bilinear
functions. Then both of equations are combine and treated in one matrix and solved by using
Newton Raphson method. Two periodic cycles with time step size of 0.001s with relative tolerance
of the degrees of freedom less than 10 in fluid domain, and 10 contact force tolerance, 10™"’
displacement tolerance in the solid domain were employed to achieve convergence. In order to
achieve the quality of mesh applied in this simulations a sensitivity analysis was conducted for the
solid and fluid model separately by using CSM in the solid model and CFD in the fluid model
which have been previously used [27, 37, 40, 42,54,55]. The final mesh sizes that selected in this
study to balance the CPU simulation times with mesh sensitivity was 0.005mm, where was
adopted for all the cases. In addition to the numerical accuracy checks, the present simulation was
compared with previous numerical results [28, 29, 37, 38, 40], and a good agreement were
obtained.

Results and Discussion

Figure 2 shows the velocity vectors within four models with difference diameter at different stage
of the second cardiac cycle. The difference between the time stages are observed by the structure
of flow pattern where at D,,=3 cm the streamline of the flow in bulge are smooth during 1.1s <
t > 1.2s, before reverse direction at t=1.3s, which causes small recirculation near proximal neck.
During 1.4s < t > 1.6s the blood flow recovers its original direction with disappear the vortices.
At t=1.7s the flow direction is reversed again which causes three vortices near the proximal neck.
At 1.8s the size of vortices decreases and move near the proximal neck, where are disappeared at
1.9s. In model with diameter (Dan=4 cm) the vortices start to appears early in the medal of the
bulge at t=1.1s, and move to near proximal neck as the blood flow accelerate to t=1.3s, where the

100 Vol.9 (1), 97-108, June 2019



The Effect of the Aneurysms Diameter .....

flow direction is reversed. At 1.4s the blood flow recovers its original direction with smooth
streamline. At 1.6s the blood flow direction is reversed again causing three vortices near the
proximal neck, which disappear at 1.8s. As the diameter increase to 9 cm, and 10 cm, the size of
vortices increase and they appear in all of time stage that may cause damaged the blood cells and
occurred the platelet activating in the region [2]. The flow pattern in this simulation was significant
differences with previously simulation with assumption of rigid wall[39, 43, 44] this because of
the viscoelastic dissipation of the flexible wall where the kinetic energy was absorbed during
acceleration of the flow in the potential energy to dilate the wall while the stored energy was
restored during deceleration of flow. Otherwise this streamlined profile is very similar to that
shown in previously FSI analysis[40]. From Fig. 2 we can found that the increase in the diameter
of aneurysm effect the direction of flow and also causing increase in the size of vortices, which
causing increase in the time for the blood particle to exit the aneurysm, and enlarge the volume of
Intraluminal thrombus in the bulge, which have been shown to reduce the wall strength[45-47].
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Figure. 2.. The velocity vectors at different stage of the second cardiac cycle through the deferent
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The distributions of the Von Mises stress of the aneurysm walls induced by transient of blood flow
in AAA for model Da,=6 cm at different periods in the second cardiac cycle are shown in Fig. 3.
The Von Mises stress patterns is similar for all the time period, and is located asymmetrical with
respect to a centerline, and it increase around the bulge combined, where the highest Von Mises
stress occur at peak systolic pressure condition (1.4 s) and located in the bulge near to the proximal
and distal end, which agree with previously findings results using FSI [40] and significant
different with the solid stress simulation (CSS) [27, 28, 40]. This because they ignore the effect of
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the hemodynamic. A previous comparison between the FSI and CSS analysis have also reported
this difference. For example the stress distribution found by Borghi et al [48] was higher than that
reported by Leung et al[30] and this because the internal pressure apply in the first study was
lower than the second one so the pressure drop along the aneurysm was higher. Scotti et al [40]
have reported it higher than that found by Borghi et al [48] and this because of the wall thickness
in the first result was 50% less than the second one, hence the thinner wall is more sensitive to the
internal pressure, Papaharilon et al[49] have used decoupled structure and fluid approach and have
shown it higher than that found by Borghi et al [48]. However in all these results the distribution
stress in the CSS solution is underestimated in comparison with FSI solution.

1.1 sec 1.2 sec 1.3 sec 1.4 sec 1.5 sec 1.6 sec 1.7 sec 1.8 sec 1.9 sec

Figure. 3. The distributions of the VVon Mises stress at different periods of the second cardiac cycle
in model (Dan=6).

To show the effect of the maximum aneurysm diameter in Von Mises Stress in inner wall and
outer wall. We have computed it along line on the inner wall and another one on the outer wall at
peak systolic pressure condition and same thickness (0.15cm), and compared with different
diameters as shown in Fig. 4. The Von Mises stress on the inner wall is higher than the outer wall.
And the different between maximum Von Mises stress on the outer wall and inner wall decreased
as the diameter increase. For example at Dan=3 cm, the Von Mises Stress on the inner wall is 11%
higher than the outer wall and the different reduce as the diameter increase, where at Dan=10cm is
3%. The Von Mises stress on the inner and outer wall increase as the diameter increase, where at
the small diameter (3cm, and 4cm) the maximum Von Mises stress occurs at the maximum
diameter, which agree with Laplace equation[4]. But as the diameter increase to 5 cm the
maximum Von Mises stress does not occur in the maximum diameter, but near to start and end of
aneurysm, and the Von Mises stress in the midsection is around 8 % less than the maximum Von
Mises stress. As the diameter increase, the location of maximum Von Mises stress move to the
start and end of the aneurysm, and increase the different between the maximum Von Mises stress
and the Von Mises stress in the midsection, where reach to 40% at 10 cm . However it should be
noted that the Von Mises stress distribution is effected by the aneurysm diameter, and the
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maximum Von Mises stress is not located at maximum diameter, but rather, where the local wall
curvature is high. Which agree with the recent studies [34, 50, 51].

As evident by Fig. 3, and Fig. 4, the diameter of aneurysm have a significant effect on the
magnitude and the distribution of the VVon Mises Stress, and the wall curvature of the aneurysm
has a strongly influences on the location of the Von Mises Stress. To fine the relationship between
the Maximum Von Mises Stress and the maximum aneurysm diameter, the linear least squares
method have been used as shown in Fig. 5. The linear correlation was observed (R’= 0.9418),
which agree with the finding by Doyle el. al[52], and Georgakaraka et al. [34].
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Figure. 4. The Von Mises Stress along the line on the inner wall (line),and the outer wall ( dash line)
with different diameter at peak systolic pressure condition.
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Figure. 5. The maximum Von Mises stress as a function of the maximum diameter of aneurysm

4. Conclusions

Fully coupled FSI simulations have employed to study the effect of the aneurysm diameter, on the
velocity, and wall stress distribution. The aneurysm diameter effects the flow pattern by increase
the size of vortices and also effect the direction of flow. The maximum wall stress occurs in the
inner wall and the difference between the inner and outer wall decreased as the diameter increase.
The maximum Von Mises stress increase linear as the maximum diameter increase (R°= 0.9418),
and move to the ends of aneurysm, where the large wall curvature. However, this study suggests
that the aneurysm diameter, as an important parameter to predict the risk of rupture. Of AAA
aneurysm.
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