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Abstract: Abdominal aortic aneurysm (AAA) is a critical health disorder, where the abdominal
aorta dilates more than 50% of its normal diameter. Enlargement in abdominal aorta alters the
hemodynamics and flow-induced forces on the AAA wall. Depending on the flow conditions, the
hemodynamic forces on the wall may result in excessive mechanical stresses that lead to AAA rupture.
The risk of rupture can be predicted using advanced computational techniques such as computational
fluid dynamics (CFD) and fluid—-structure interaction (FSI). For a reliable rupture risk assessment,
formation of intraluminal thrombus (ILT) and uncertainty in arterial material properties should be
taken into account, mainly due to the patient-specific differences and unknowns in AAAs. In this
study, AAA models are computationally investigated by performing CFD simulations combined with
FSI analysis. Various levels of ILT burdens are artificially generated in a realistic AAA geometry, and
the peak effective stresses are evaluated to elucidate the effect of material models and ILT formation.
The results indicate that increasing the ILT burden leads to lowered effective stresses on the AAA
wall. The material properties of the artery and ILT are also effective on the stresses; however, these
effects are limited compared to the effect of ILT volume in the AAA sac.

Keywords: computational fluid dynamics; abdominal aortic aneurysm; fluid-structure interaction;
intraluminal thrombus; rupture; mechanical stress; ADINA

1. Introduction

Abdominal aortic aneurysm (AAA) is the dilatation of abdominal aorta greater than
50% of its normal diameter [1,2]. The enlargement of the aortic segment results in severe al-
terations in flow hemodynamics and arterial mechanics [3-5]. Unless treated, the aneurysm
continues to grow, and catastrophic mechanical failure which is known as AAA rupture
may take place. AAA rupture is a health emergency in which 80% of ruptured AAAs result
in death [6].

From a mechanical point of view, the rupture occurs when the flow-induced hemody-
namic forces exceed the limit that the arterial wall can withstand [7,8]. The flow-induced
forces on the arterial wall cannot be directly determined by advanced imaging modali-
ties such as magnetic resonance imaging (MRI) or computed tomography (CT). At that
point, computational methods such as computational fluid dynamics (CFD) simulations
and fluid-structure interaction (FSI) analysis provide an opportunity to model the flow
and determine the flow-induced hemodynamic forces in a virtual environment by using
patient-specific geometries [9,10].

The computational modeling of AAA is a detailed process that requires patient-specific
geometry to be extracted by medical imaging tools, followed by solving the governing
physical equations using appropriate methodology. Therefore, the entire modeling process
requires a certain amount of time on the scale of days.

The findings of CFD studies report that the flow velocities are relatively slower in the
enlarged AAA sections [11-13]. As a result of the nearly stagnant flow in the aneurysm
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sac, wall shear stress (WSS) levels decrease on the AAA wall [14,15]. WSS levels on the
arterial wall are critical because the shear forces on the wall are sensed by the endothelial
cells that are responsible for the remodeling process of artery [1,16]. Therefore, the deterio-
rated levels of WSS result in abnormal arterial remodeling and deposition of intraluminal
thrombus (ILT) due to an increased relative residence time (RRT) of blood cells near the
arterial wall [17,18].

In addition to WSS, other hemodynamic markers such as time-averaged WSS (TAWSS),
oscillatory shear index (OSI), and endothelial cell activation potential (ECAP) are compu-
tationally investigated by the researchers [19,20]. TAWSS is the temporal average of WSS
levels through one complete cardiac cycle. OSI is a measure to determine the directionality
of the shear forces, as the low OSI indicates a unidirectional flow and high OSI points out a
high variability in shear force directions [4]. ECAP is a metric that describes the potential of
ILT deposition. As a general outcome, it is reported that low levels of TAWSS, high levels
of OS], and high levels of ECAP are the factors that increase the risk of AAA rupture in the
long term [1].

The mechanism of AAA rupture is quite complex due to different material layers and
uncertainties in the material properties on the AAA wall [21]. The wall structure consists of
intima, media, and adventitia layers of the artery [22-24]. In addition to these arterial layers,
calcified deposits and ILT volumes on the wall also affect the total strength of the AAA
wall [25,26]. Medical imaging tools are commonly employed to obtain the exact spatial
resolution of problem geometry, but the material properties of the structural layers cannot
be determined by these imaging modalities. Therefore, the assessment of rupture [27,28]
includes a patient-specific uncertainty depending on the unknown material properties in
the AAA.

In several studies, the inclusion of ILT provided improved solution accuracy in terms
of the mechanical stresses on the wall [29,30]. Mechanical stress can be considered as the
most important factor in determining the risk of rupture because the rupture occurs when
the mechanical stresses that arise due to the flow-induced hemodynamic forces are lower
than the ultimate stress of AAA wall [27,31]. Therefore, determining the peak mechanical
stresses has utmost importance to predict an impending mechanical failure on AAA wall.

In this study, a comprehensive computational analysis is performed to reveal the
effects of ILT deposition and material properties on the AAA wall. For this purpose, FSI
analyses are conducted by combining the hemodynamic results of CFD simulations with
the structural AAA models. The generated models are based on a patient-specific AAA
geometry that is determined by medical images. Various amounts of ILT burdens with
different volumes are artificially generated inside the AAA models, and different material
properties are employed for the artery and ILT structures. The results provided important
insight to better understand the effect of ILT burden and material properties on the rupture
risk of AAA.

2. Materials and Methods

In this study, the mechanical stresses on the artery are investigated considering three
different parameters, namely, the presence of various ILT volumes in AAA, different
material properties of ILT, and different material properties of the artery. Four different ILT
burdens, three different ILT materials, and five different artery materials are employed in the
analysis. In total, 50 different AAA models are artificially generated using a patient-specific
geometry. The generated models are summarized in Table 1. The employed ILT and artery
materials are explained in Section 2.3.1. In order to determine the peak mechanical stresses
on the artery, FSI analyses are performed by coupling the structural models of AAA with
the results of CFD simulations. CFD simulations and FSI coupling processes are performed
using ADINA 9.7 software package (ADINA R&D Inc., Framingham, MA, USA).
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Table 1. The modeled AAA cases in FSI simulations.

Case ILT ILT Artery Case ILT ILT Artery
Burden Material Material Burden Material Material
1 No ILT 1 1 26 Medium 2 1
2 No ILT 1 2 27 Medium 2 2
3 No ILT 1 3 28 Medium 2 3
4 No ILT 1 4 29 Medium 2 4
5 No ILT 1 5 30 Medium 2 5
6 Light 1 1 31 Medium 3 1
7 Light 1 2 32 Medium 3 2
8 Light 1 3 33 Medium 3 3
9 Light 1 4 34 Medium 3 4
10 Light 1 5 35 Medium 3 5
11 Light 2 1 36 High 1 1
12 Light 2 2 37 High 1 2
13 Light 2 3 38 High 1 3
14 Light 2 4 39 High 1 4
15 Light 2 5 40 High 1 5
16 Light 3 1 41 High 2 1
17 Light 3 2 42 High 2 2
18 Light 3 3 43 High 2 3
19 Light 3 4 44 High 2 4
20 Light 3 5 45 High 2 5
21 Medium 1 1 46 High 3 1
22 Medium 1 2 47 High 3 2
23 Medium 1 3 48 High 3 3
24 Medium 1 4 49 High 3 4
25 Medium 1 5 50 High 3 5

2.1. Model Geometry

The solid domain of AAA models consists of the artery and ILT, while the fluid domain
consists of blood. The fluid domain of the AAA model is extracted using the open source
medical data of a 60-year-old male [32]. The fluid domain is surrounded by a 1.5 mm
thick arterial structure [33,34]. In the original data, there is no ILT in the AAA; however, in
order to elucidate the effect of ILT burden, three different volumes of ILT are artificially
generated in the AAA. Thus, four different ILT formations are considered to model the
ILT burden, namely, No ILT, light ILT, medium ILT and high ILT. The No ILT case does
not have an ILT volume inside the AAA. The patient-specific AAA geometry and four
different ILT formations are presented in Figure 1. The generated AAA geometries include
the bifurcation of two iliac arteries at the bottom of the models.

The inlet and outlet boundaries of the AAA geometry are not ideal circles and resemble
ellipses. Therefore, the distances between the edge points on the inlet and outlet boundaries
exhibit certain variations in terms of diameters. At the inlet boundary, the outer diameter
of artery varies within the range of 16-19 mm. This arterial diameter range corresponds to
an inlet flow diameter of 13-16 mm due to the arterial thickness of 1.5 mm. At the outlet
boundary, the outer diameter of artery varies within 8.5-10 mm, corresponding to an outlet
flow diameter of 5.5-7 mm.

At the mostly expanded section of AAA, the outer diameter of artery varies within
the range of 4548 mm. For the No ILT case, the maximum flow diameter varies within
42-45 mm. This maximum flow diameter reduces to 30-32 mm for the light ILT case,
24-26 mm for the medium ILT case, and 19-21 mm for the high ILT case.
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Figure 1. (a) Anterior and posterior views of the patient-specific AAA model. (b) The cross-sectional
views of the fluid domains for four different ILT burdens, namely, No ILT, light ILT, medium ILT,
and high ILT burdens. The fluid domain consists of blood. (c) The cross-sectional views of the solid
domains for four different ILT burdens, namely, No ILT, light ILT, medium ILT, and high ILT burdens.
The solid domain consists of the ILT and artery, which are shown in blue and green, respectively.

2.2. Modeling of the Fluid Domain

The governing equations in the fluid domain are known as the Navier-Stokes and
continuity equations which are provided in Equations (1) and (2), respectively [35]. In the
given equations, v is the tensor of flow velocity, py is the mass density of blood, ¢ is time, T¢
is the tensor of fluid stress, w is the velocity of fluid domain coordinate system due to the
deformed solid domain. The continuity equation (Equation (2)) guarantees that the mass
flow rate at the inlet is equal to the mass flow rate at the outlet.

0
pfa_‘t, +pf(v—w)Vv—-V.t, =0 (1)

Vv=0 2)

The flow simulations are performed using ADINA-CFD module of ADINA 9.7
(ADINA R&D Inc., Framingham, MA, USA). The laminar flow solver is employed us-
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ing a time increment of 0.022 s. Several CFD studies in the literature report that the laminar
flow assumption can adequately capture the AAA flow hemodynamics [24,36,37]. Three
sequential cardiac cycles are simulated in all modeled cases. The difference in the maximum
outlet velocities between the first and second cardiac cycles of Case 1 is found to be less
than 2%. When the second and third cardiac cycles of Case 1 are compared, it is found that
the maximum outlet velocities are almost identical in the second and third cardiac cycles,
indicating a difference that is close to zero. This demonstrates that the transient effects
diminish within the first two cardiac cycles. As a result, the findings of the third cardiac
cycle are used for further analysis. Each cardiac cycle has a time length of 1.1 s and divided
into 50 equal time steps.

2.2.1. Boundary Conditions in the Fluid Domain

The boundary conditions are adapted from the clinical studies in the literature [35]. A
time-dependent inlet flow velocity profile is applied at the top of the fluid domain. The
applied inlet flow velocity has a plug profile with the same magnitude across the entire
inlet area. Instead of using a parabolic or Womersley flow profile, a plug flow profile is
preferred at the inlet due to the considerable distance between the inlet and aneurysm
sac. There is a distance of approximately 50 mm between the inlet and aneurysm entrance,
which is approximately 3.5 times greater than the inlet flow diameter. It is considered that
the relatively long distance between the inlet and aneurysm can result in an adequately
developed flow at the entrance of the aneurysm.

At the two outlet surfaces of iliac arteries, a time-dependent pressure profile is applied.
The inlet and outlet boundary conditions are provided in Figure 2. The outer surface of the
fluid domain which contacts the solid domain is set with a no-slip boundary condition to
guarantee that the flow velocity is zero on the AAA wall [1,4,9].

0.5 16,000
(a) (b)
0.4
= 12,000
E 0.3 a
E S 8000
= 0.2 5
Z a
S o
s 1 S~ S 4000
> 0
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-0.2
Time (s) Time (s)

Figure 2. (a) Inlet velocity profile for one full cardiac cycle [35]. (b) Outlet pressure profile for one
full cardiac cycle [35]. In the FSI simulations, the given profiles are applied during three sequential
cardiac cycles.

2.2.2. Material Properties of Blood

Blood is modeled as a homogeneous, incompressible, and non-Newtonian fluid [38,39].
For non-Newtonian fluids, the local viscosity () changes as a function of local shear rate (7).
Therefore, the flow regions with different shear rates may have different local viscosities.
According to the findings in the literature, non-Newtonian blood models provide better
hemodynamic results in the cardiovascular models [40—42]. The Carreau viscosity model
is employed for modeling the non-Newtonian behavior of blood, as given in Equation (3).
The constants in Equation (3) are set as A = 10.976, n = —0.3216, o = 0.0033, and
uo = 0.056 [43]. The mass density of blood is used as 1050 kg/ m3 [44].

ﬂ:uoo+(uo—uoo)(1+A|’y\2)" ®)
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2.3. FSI Modeling

The hemodynamic results of fluid domain are coupled with solid models using
ADINA-FSI module of ADINA 9.7 (ADINA R&D Inc., Framingham, MA, USA). For the
data transfer between the fluid and solid domains, a two-way iterative coupling method
is employed. In two-way coupling, the flow-induced forces are transferred to the solid
domain [45]. The materials in the solid domain deform under the effect of transferred
fluid-induced forces, and therefore, the geometric form of the solid changes. The new
deformed state of the solid leads to a geometric change in the flow domain, meaning that
the deformed geometric state in the solid domain is transferred to the fluid domain. This
way, the solid and fluid domains counter-interactively transfer force and displacement at
each time step of the FSI analysis.

2.3.1. Governing Equations and Material Properties in Solid Domain

The momentum conservation given in Equation (4) is the governing equation in the
solid domain. In Equation (4), Ts implies the stress tensor of solid, ps indicates the mass

density of solid, d; denotes the local acceleration of solid, and fs denotes the body forces
on solid [35]. Due to the indiscernible effect of gravity, the gravitational forces (f;) are
neglected in the models.

V’TS + fs — psas (4)

Three different material models are used for the ILT and five different material models
are employed for the artery. The reason for using various material models is the uncertainty
in the material properties of the ILT and artery. The elastic modulus of the ILT is relatively
lower than the arterial elastic modulus. When the ILT is initially formed, the elastic modulus
is about 50 kPa [46]. The ILT structure becomes more rigid over time, eventually reaching
a maximum stiffness of 200 kPa. Since the stiffness of ILT cannot be directly determined
using the medical imaging tools, the elastic modulus of ILT is modeled using three different
values—50 kPa, 100 kPa and 200 kPa. An elastic modulus of 50 kPa indicates a newly
formed ILT. The value of 100 kPa indicates the nominal elastic modulus for the ILT, and
200 kPa indicates a relatively older ILT structure. As given in Table 2, ILT elastic modulus
values of 50 kPa, 100 kPa, and 200 kPa are named as ILT material 1, ILT material 2, and ILT
material 3, respectively. The Poisson’s ratio of ILT is used as 0.45 [47] and the mass density
of ILT is used as 1050 kg/ m?3 [48] for all ILT material models.

Table 2. Elastic modulus values of different ILT material models.

ILT Material Model Elastic Modulus (kPa)
1 50
2 100
3 200

A more detailed material model is employed for the artery using the hyperelastic
Mooney-Rivlin model, since the rupture of artery is the main interest. The Mooney-Rivlin
model has a nonlinear relationship between the mechanical stress and strain. The Mooney—
Rivlin material model is defined in Equation (5), where W denotes the strain energy density
function, ¢; and ¢, are empirically determined material constants, and I; and I, are the first
and second invariants of the Cauchy—Green deformation tensor.

The studies in the literature showed that the values of ¢; and ¢; have certain variations
from patient to patient [49]. The minimum, average, and maximum values of c; are reported
as 15.2,17.4, and 21.9 N/cm?, respectively. In a similar way, the minimum, average, and
maximum values of ¢, are reported as 117.6, 188.1, and 355.7 N/ cm? [49]. The average
c1 and average c; values are considered as the nominal material model properties for the
artery. By combining the given minimum, average, and maximum values of c; and c;,
five different material models are generated for the artery as summarized in Table 3. The



J. Cardiovasc. Dev. Dis. 2023, 10, 233

7 of 17

Poisson’s ratio of artery is used as 0.49 [50] and the mass density is used as 2000 kg/ m3 [51]
for all artery material models.

W = C1(11 - 3) + Cz(lz — 3) 5)

Table 3. The Mooney-Rivlin model constants of c; and c; for five different artery material models.

Artery Material Model Value of ¢; (N/cm?) Value of ¢, (N/cm?)
1 174 188.1
2 15.2 117.6
3 21.9 117.6
4 21.9 355.7
5 15.2 355.7

2.3.2. Boundary Conditions in Solid Domain

The two ends of the artery, which correspond to the inlet and outlet sections, are fixed
with zero displacement and zero velocity. The inner surface of artery and the outer surface
of ILT contact to the fluid domain; therefore, these surfaces are selected as FSI boundaries
in the solid domain [1]. Similarly, the outer surface of fluid domain contacts the artery and
ILT; therefore, these surfaces in fluid domain are set as FSI boundaries in the fluid domain.
The FSI surfaces of fluid and solid domains must perfectly match each other; otherwise,
compatibility errors are observed during the force and displacement transfer between the
fluid and solid domains. The surfaces between the ILT and artery are modeled as bonded
surface boundaries, which assume that the ILT structure is bonded to the arterial structure.

3. Results

The maximum displacement magnitudes and maximum effective stresses on the
artery are determined for 50 different AAA models presented in Table 1. In order to show
the accuracy of the results, mesh independency studies are performed in the fluid and
solid domains.

3.1. Mesh Independency in Fluid Domain

Three different fluid mesh densities are used to solve a sample case to show the mesh
independence of the results. The sample case is selected as the Case 1 presented in Table 1.
The reason for selecting Case 1 as the sample case is the nominal arterial material properties
with no ILT deposition in the AAA sac which result in high variations in the expected
hemodynamic findings. Since the artery wall has only experienced minor deformations of
around 1 mm, the solid domain is assumed to be rigid for the mesh independence studies
in the fluid domain.

The coarse, moderate, and dense fluid meshes have total element numbers of 58,641,
167,879, and 482,929, respectively. In all meshes, four-noded tetrahedral elements are
employed. The peak pressure values in the third cardiac cycle are compared between
these three meshes. According to the results, the difference of maximum pressure between
the coarse and moderate fluid meshes is found as 0.42%, and the difference between the
moderate and dense fluid meshes is determined as 0.1%. Since the difference in pressures
between the moderate and dense meshes is lower than 1%, the results of the moderate fluid
mesh are considered as satisfactorily accurate [52].

3.2. Mesh Independency in Solid Domain

Three different solid meshes are employed to test the mesh independence in the solid
domain. For the mesh independency studies in the solid domain, the Case 41 presented
in Table 1 is selected as the sample case due to the expected high solid deformations.
The peak mechanical stresses are determined for Case 41, which has high ILT deposition
with nominal ILT and nominal artery material properties. For the fluid mesh, previously
determined moderate fluid mesh is employed.
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The results are determined for the coarse, moderate and dense solid meshes, which
correspond to total element numbers of 25,134 (16,337 for ILT and 8797 for artery), 138,148
(75,758 for ILT and 62,390 for artery), and 238,927 (154,264 for ILT and 84,663 for artery),
respectively. The unit element sizes are set as 2 mm, 1 mm, and 0.75 mm for the coarse,
moderate, and dense solid meshes, respectively. The solid elements are used as eight-noded
hexahedral elements. The difference in peak mechanical stress between the coarse and
moderate solid meshes is determined as 7.98%, and the difference in moderate and dense
solid meshes is found as 0.86%. Since the difference between the moderate and dense
solid meshes is less than 1%, the results of the moderate solid mesh are considered to be
satisfactorily accurate [52]. Therefore, the moderate fluid mesh and the moderate solid
mesh are used together for further FSI analyses.

3.3. Determination of Effective Stresses

The mechanical stresses on the arterial structure play an important role on the vascular
remodeling [53] and they are the main indicators of an impending AAA rupture. The
fundamental types of mechanical stresses can be listed as compression, tension, shear,
torsion, and bending stresses [54]. To predict the failure of a structure, a number of
mechanical failure criteria have been developed based on the mechanical stresses [54].
According to the Huber-von Mises—-Hencky theory, the mechanical failure is expected if
the square of von Mises stress (05) is greater than the square of the uniaxial failure strength
of the material. Therefore, the effective stresses are calculated using the formulation of von
Mises stress (05) provided in Equation (6), where 071, 09, 03 are the local principal stresses of
the Cauchy stress tensor [35].

05 = \/;[(m — )+ (02— 03)* + (03 — 01)?] ©)

3.4. The Maximum Effective Stresses on Artery

The maximum effective stresses on artery are obtained at the instant of peak inlet flow
rate. The maximum effective stresses on artery are presented for 50 different AAA models
in Table 4. The determined stress levels show variations depending on the ILT burden, ILT
material, and artery material. The levels of maximum effective stresses are approximately
within the range of 510-730 kPa.

Table 4. The maximum effective stress on artery for 50 different AAA models.

ILT ILT Artery Maximum ILT ILT Artery Maximum
Case Burden Material Material Stress Case Burden Material Material Stress on
on Artery (kPa) Artery (kPa)

1 No ILT - 1 719.8 26 Medium 2 1 610.2
2 NoILT - 2 715.4 27 Medium 2 2 610.2
3 No ILT - 3 714.5 28 Medium 2 3 609.0
4 NoILT - 4 730.7 29 Medium 2 4 639.1
5 NoILT - 5 730.5 30 Medium 2 5 637.2
6 Light 1 1 670.1 31 Medium 3 1 588.3
7 Light 1 2 666.2 32 Medium 3 2 580.3
8 Light 1 3 665.6 33 Medium 3 3 580.2
9 Light 1 4 671.0 34 Medium 3 4 599.4
10 Light 1 5 671.2 35 Medium 3 5 597.3
11 Light 2 1 664.2 36 High 1 1 619.2
12 Light 2 2 661.7 37 High 1 2 613.6
13 Light 2 3 660.9 38 High 1 3 613.2
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Table 4. Cont.
ILT ILT Artery Maximum ILT ILT Artery Maximum
Case Burden Material Material Stress Case Burden Material Material Stress on
on Artery (kPa) Artery (kPa)

14 Light 2 4 661.9 39 High 1 4 624.2
15 Light 2 5 662.2 40 High 1 5 624.3
16 Light 3 1 656.1 41 High 2 1 579.5
17 Light 3 2 649.7 42 High 2 2 564.5
18 Light 3 3 649.5 43 High 2 3 565.5
19 Light 3 4 656.9 44 High 2 4 593.6
20 Light 3 5 657.1 45 High 2 5 593.4
21 Medium 1 1 635.9 46 High 3 1 540.6
22 Medium 1 2 641.6 47 High 3 2 513.4
23 Medium 1 3 639.5 48 High 3 3 516.0
24 Medium 1 4 676.6 49 High 3 4 567.7
25 Medium 1 5 674.9 50 High 3 5 567.2

In Figure 3, the distributions of effective stresses are shown for the No ILT cases at the
instant of peak inlet flow rate. The colored contour plots are provided from the anterior
and posterior views. For five different artery materials, similar stress distributions are
observed in terms of the amplitudes. Three main high-stress locations are observed in
all modeled cases, which are the anterior mid-section, the posterior mid-section, and the
junction between the main aorta and AAA sac.

No ILT — Anterior view No ILT — Posterior view

.&7-..

)’ ?’ 7?\ ~

Artery material 2

Effective stress

I R T

240.0

180.0

Artery material 3

&7 - —;as 7 - |”°°

Attery material 4

i !)}’?1- 7 i ’:“B

Artery material 5

(@ij ?’ "75?:&

Figure 3. Effective stress distributions for the No ILT cases at the instant of peak inlet flow rate.
The contour plots are provided from the anterior and posterior views considering five different
artery materials.

In Figure 4, the effective stress contour plots are provided considering different ILT
material properties and ILT burdens. Artery model 2 is employed for all models presented
in Figure 4. It is observed that the critical locations with high effective stress are coincident
with the critical locations in the No ILT models. The increased ILT burden decreases the
maximum stress on AAA. In a similar way, the increased ILT stiffness leads to decreased
stress levels on the artery wall.
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Figure 4. Effective stress distributions at the instant of peak inlet flow rate for various ILT burdens

and ILT materials. The contour plots are provided from the anterior view. Artery material 2 is

employed for the given 9 contour plots.

3.5. The Maximum Displacement Magnitudes on Artery

The maximum displacement magnitudes on artery are obtained at the instant of peak
inlet flow rate. In Table 5, the maximum displacement magnitudes on artery are presented
for 50 different AAA models. The determined maximum displacements show variations
depending on the ILT burden and material models in the solid domain. The levels of
maximum displacement are approximately within the range of 0.6-2.1 mm.

Table 5. The maximum displacement magnitudes on artery for 50 different AAA models.

Maximum Maximum
Case ILT ILT Artery Displacement Case ILT ILT Artery Displacement
Burden Material Material on Artery Burden Material Material on Artery
(mm) (mm)
1 No ILT - 1 1.03 26 Medium 2 1 1.09
2 No ILT - 2 1.44 27 Medium 2 2 1.41
3 No ILT - 3 1.38 28 Medium 2 3 1.37
4 No ILT - 4 0.64 29 Medium 2 4 0.77
5 No ILT - 5 0.65 30 Medium 2 5 0.78
6 Light 1 1 0.97 31 Medium 3 1 0.92
7 Light 1 2 1.33 32 Medium 3 2 121
8 Light 1 3 1.28 33 Medium 3 3 1.17
9 Light 1 4 0.62 34 Medium 3 4 0.63
10 Light 1 5 0.63 35 Medium 3 5 0.64
11 Light 2 1 0.91 36 High 1 1 1.76
12 Light 2 2 1.24 37 High 1 2 2.10
13 Light 2 3 1.20 38 High 1 3 2.05
14 Light 2 4 0.59 39 High 1 4 1.44
15 Light 2 5 0.59 40 High 1 5 1.45
16 Light 3 1 0.88 41 High 2 1 1.20
17 Light 3 2 1.19 42 High 2 2 1.48
18 Light 3 3 1.16 43 High 2 3 1.45
19 Light 3 4 0.57 44 High 2 4 0.92
20 Light 3 5 0.58 45 High 2 5 0.92
21 Medium 1 1 1.38 46 High 3 1 0.89
22 Medium 1 2 1.73 47 High 3 2 1.12
23 Medium 1 3 1.69 48 High 3 3 1.09
24 Medium 1 4 1.03 49 High 3 4 0.65
25 Medium 1 5 1.04 50 High 3 5 0.66

In Figure 5, the distributions of arterial displacements are given for the No ILT cases
at the instant of peak inlet flow rate. In contrast to the stress distributions in the No ILT
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cases, the maximum displacement magnitudes show a high variance depending on the
artery materials.

No ILT — Anterior view No ILT — Posterior view

Artery material 1

3

Artery material 2 Displacement
(mm)

I 1.0
0.8

0.6

¥

Artery material 3

B

Artery material 4

j

Artery material 5

Figure 5. Displacement magnitude distributions for the No ILT cases at the instant of peak inlet flow
rate. The contour plots are provided from the anterior and posterior views considering five different
artery materials.

In Figure 6, the displacement contour plots are provided considering different ILT
material properties and ILT burdens. Artery model 2 is employed for all models presented
in Figure 6. In all cases, the highest displacements are observed around the anterior
mid-section. Similar to the findings of the effective stress, the increased ILT burden and
increased ILT stiffness result in decreased arterial displacements.
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Figure 6. Displacement magnitude distributions at the instant of peak inlet flow rate for various ILT
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burdens and ILT materials. The contour plots are provided from the anterior view. Artery material 2
is employed for the given 9 contour plots.

3.6. Statistical Analyses on Maximum Effective Stresses

Statistical analyses are performed for the maximum effective stresses on artery by
employing two tailed Student’s ¢ test with paired data. Statistical significance is considered
for the p values which are less than 0.05. The p values less than 0.005 are considered to be
highly statistically significant.

The effect of artery material properties is investigated by employing five different
artery material models. For No ILT case, the averages of maximum effective stresses are
obtained as 719.8, 715.4, 714.5, 730.7, and 730.5 kPa for the five different artery materials.
For light ILT cases, the averages of maximum effective stresses are determined as 663.5,
659.2, 658.7, 663.3, and 663.5 kPa for the artery materials of 1, 2, 3, 4, and 5, respectively. For
medium ILT cases, these averages are found as 611.5, 610.7, 609.6, 638.4, and 636.5 kPa. In
similar way, for high ILT cases, the averages of maximum effective stresses are calculated
as 579.8, 563.8, 564.9, 595.2, and 595.0 kPa for the artery materials of 1, 2, 3, 4, and 5,
respectively. The percent differences in the averages of peak stresses reach up to 1.5% for
No ILT, 0.7% for light ILT, 4.4% for medium ILT, and 2.7% for high ILT cases. These results
indicate that the stress variations due to the artery material properties are in the range of
0.7-4.4% and a direct relationship is not observed depending on the ILT burden.

Using the given averages of maximum effective stresses for different artery materials,
p values are found as 0.000024 between No ILT and light ILT cases, 0.0024 between light
ILT and medium ILT cases, and 0.000093 between medium ILT and high ILT cases. These
findings point out that the formation and growth of ILT have a highly significant effect on
the arterial stresses, and therefore on the risk of AAA rupture.

The averages of maximum effective stresses which are determined for different artery
materials are compared considering five different artery models. Artery material 1 has the
nominal arterial properties; therefore, the statistical analyses are performed by comparing
the results of other artery materials with the results of artery material 1. The comparison
between artery material 1 and artery material 2 resulted in a p value of 0.151. The compar-
isons between artery materials 1 and 3, artery materials 1 and 4, and artery materials 1 and
5 resulted in p values of 0.097, 0.099, and 0.091, respectively. This indicates that the effect
of artery material properties on effective stresses are not statistically significant. When
a similar comparison is carried out for investigating the effect of ILT material properties
on effective stresses, it is observed that the comparison between ILT material 1 and ILT
material 2 resulted in a p value of 0.120 and the comparison between ILT material 2 and ILT
material 3 resulted in a p value of 0.103. These findings show that the effect of ILT material
properties on effective stresses is not statistically significant.
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4. Discussion

The mechanical determinant of AAA rupture is the effective stress on the artery wall.
Therefore, the investigation of the effective stresses has utmost importance for detecting an
impending AAA rupture. The effective stress on AAA wall can change depending on the
ILT burden, ILT material properties, and arterial strength of AAA. As a consequence, the
effects of material properties and ILT burden are elucidated by analyzing various scenarios
including different ILT burdens and material properties.

The range of maximum effective stresses on artery is determined as 714.5-730.7 kPa for
No ILT, 649.5-671.2 kPa for light ILT, 580.2-676.6 kPa for medium ILT, and 513.4-624.3 kPa
for high ILT cases. This finding indicates that increasing amount of ILT burden results in
a broader range for the maximum effective stresses. The percent difference between the
minimum and maximum values of the given ranges are found as 2.3% for No ILT, 3.3%
for light ILT, 16.6% for medium ILT, and 21.6% for high ILT cases. Therefore, the potential
differences in mechanical stresses tend to become more prominent with increasing ILT
burden in the AAA sac.

The average of the maximum effective stresses for all different scenarios are found as
722.2 + 3.6 kPa for No ILT, 661.6 & 1.8 kPa for light ILT, 621.3 & 8.0 kPa for the medium
ILT, and 579.7 & 9.5 kPa for high ILT cases. The increasing ILT volume shows a softening
effect on the arterial wall. The softening effect in maximum effective stresses is determined
as 8.4% for light ILT, 14.0% for medium ILT, and 19.7% for high ILT cases. These percent
values are determined by comparing the maximum effective stresses of the No ILT case
with the results of the ILT-formed cases, namely, the light ILT, the medium ILT, and the
high ILT cases.

The effect of ILT material properties is investigated by comparing the average values
of the maximum effective stresses for various cases. For light ILT models, the average of
maximum stress is obtained as 668.8 kPa for ILT elastic modulus of 50 kPa, 662.2 kPa for ILT
elastic modulus of 100 kPa, and 653.9 kPa for ILT elastic modulus of 200 kPa. For medium
ILT cases, the averages of maximum stresses are determined as 653.7, 621.1, and 589.1 kPa
for ILT elastic modulus values of 50, 100, and 200 kPa, respectively. In a similar way, the
averages of maximum stresses are determined as 618.9, 579.3 kPa, 541 kPa for ILT elastic
modulus values of 50, 100, and 200 kPa, respectively. It is apparent that the peak stresses
on AAA wall reduce with increasing elastic modulus of the ILT structure. However, the
effective stress reduction due to ILT material properties is limited when compared to the
stress reduction due to ILT burden. For light ILT cases, the stress reduction due to ILT
material properties is in the range of 1.0-1.3%. This stress reduction due to ILT material
properties reaches up to 5.2% for medium ILT cases and 6.8% for high ILT cases, indicating
an increasing stress reduction with the increasing ILT amount in AAA sac.

To provide a better understanding of the effects of material properties and ILT burden,
statistical analyses are performed using the averages of the maximum effective stresses for
various cases. According to the findings, the only statistically significant parameter for the
effective stresses is found to be the ILT burden. It is seen that the artery material properties
and ILT material properties do not have a statistically significant effect on the effective
stresses on the arterial wall. This suggests that the inclusion of ILT volume in the AAA
model is critical for improving the accuracy of the rupture risk assessment of the aneurysm.

Similar conclusions can also be drawn for arterial wall displacements. The average
of the maximum displacements on artery is determined as 1.03 £ 0.17 mm for the No ILT,
0.92 & 0.08 mm for the light ILT, 1.12 & 0.09 mm for the medium ILT, and 1.28 £ 0.12 mm
for the high ILT cases. For the light ILT cases, the average values of the maximum dis-
placements are determined as 0.97, 0.91, and 0.88 mm for the ILT elastic modulus values
of 50, 100, and 200 kPa, respectively. For the medium ILT, these averages of the maxi-
mum displacements are obtained as 1.37, 1.08, and 0.91 mm. For the high ILT models,
the averages of maximum displacements are found as 1.76, 1.19, and 0.88 mm for ILT
elastic modulus values of 50, 100, and 200 kPa, respectively. It is seen that the average
values of maximum displacement are within the range of 0.88-1.76 mm and the effect of
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ILT material properties on arterial displacement is less than 1 mm. Therefore, the arterial
displacements are considered to be less critical compared to the arterial stresses, and the
maximum effective stresses on the artery are mainly investigated to assess the rupture risk.

To summarize, the formation of ILT significantly changed the effective stress levels on
the arterial structure of AAA. The increased amount of ILT reduced the flow volume inside
the AAA sac and decreased the effective stress levels on the arterial wall with a softening
effect. The stated effect of ILT can be considered as a factor that reduces the rupture risk
of the aneurysm. For the No ILT case, the relatively larger flow volume in the AAA sac
resulted in increased arterial stresses. This implies that the larger flow volumes in the larger
aneurysms are expected to result in increased wall stresses, and therefore, increased risk of
rupture. The material properties of the artery are partially effective on the arterial stresses;
however, this effect is not statistically significant. Similarly, the increasing stiffness of the
ILT structure results in a slight reduction in arterial stresses, but this reduction is also not
statistically significant. Although the artery material properties and ILT material properties
have limited effects on the arterial stresses, these effects are not critical compared to the
effect of ILT volume. Therefore, the presence and current state of the ILT structure should
be considered in detail for an improved rupture risk assessment of the AAA.

5. Conclusions

In this study, realistic AAA models are computationally investigated by performing
flow simulations combined with FSI analyses. The effective stresses on the arterial structure
are elucidated to reveal the effects of the ILT burden, the ILT material properties, and the
artery material properties. For this purpose, 50 different scenarios are modeled considering
various ILT burdens and material properties. The results obtained provided important
information for understanding the mechanical stresses on the arterial structure. The
increasing ILT volume resulted in a softening effect as the high ILT deposition in AAA led
to reduced effective stresses on the artery. In a similar way, increasing ILT stiffness resulted
in slightly reduced arterial stresses. According to the statistical analyses, the ILT burden
has a significant effect on the arterial stresses. The effects of artery material properties and
ILT material properties on arterial stresses are not statistically significant and are limited
compared to the effect of ILT burden. It is concluded that the presence and volume of the
ILT have important effects in AAA models, and the inclusion of the exact ILT volume is
critical to improve the accuracy of the rupture risk assessment of the aneurysm.

Author Contributions: Conceptualization, H.E.S. and A.C.A.; methodology, H.E.S. and A.C.A;;
software, H.E.S. and A.C.A,; validation, H.E.S. and A.C.A.; formal analysis, H.E.S. and A.C.A.;
investigation, H.E.S. and A.C.A.; resources, H.E.S.; writing—original draft preparation, H.E.S. and
A.C.A,; writing—review and editing, H.E.S. and A.C.A.; visualization, H.E.S. and A.C.A.; supervision,
H.E.S. All authors have read and agreed to the published version of the manuscript.

Funding: This research was funded by TUBITAK (The Scientific and Technological Research Council
of Tiirkiye) 3501-Career Development Program (Project number: 221M001).

Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.
Data Availability Statement: Not applicable.

Acknowledgments: The authors are thankful to TUBITAK (The Scientific and Technological Research
Council of Tiirkiye) for its support.

Conflicts of Interest: The authors declare no conflict of interest.



J. Cardiovasc. Dev. Dis. 2023, 10, 233 15 0f 17

References

1.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

Salman, H.E.; Ramazanli, B.; Yavuz, M.M.; Yalcin, H.C. Biomechanical Investigation of Disturbed Hemodynamics-Induced Tissue
Degeneration in Abdominal Aortic Aneurysms Using Computational and Experimental Techniques. Front. Bioeng. Biotechnol.
2019, 7, 111. [CrossRef] [PubMed]

McGloughlin, T.M.; Doyle, B.]. New Approaches to Abdominal Aortic Aneurysm Rupture Risk Assessment. Arterioscler. Thromb.
Vasc. Biol. 2010, 30, 1687-1694. [CrossRef]

Arzani, A.; Shadden, S.C. Transport and Mixing in Patient Specific Abdominal Aortic Aneurysms with Lagrangian Coherent
Structures. In Proceedings of the Summer Bioengineering Conference, Fajardo, Puerto Rico, 2023 June 2012; pp. 9-10.

Arzani, A.; Shadden, S.C. Characterizations and Correlations of Wall Shear Stress in Aneurysmal Flow. ]. Biomech. Eng. 2015,
138, 014503. [CrossRef]

Arzani, A.; Suh, G.-Y,; Dalman, R.L.; Shadden, S.C. A longitudinal comparison of hemodynamics and intraluminal thrombus
deposition in abdominal aortic aneurysms. Am. J. Physiol. Heart Circ. Physiol. 2014, 307, H1786-H1795. [CrossRef]

Bengtsson, H.; Bergqvist, D. Ruptured abdominal aortic aneurysm: A population-based study. J. Vasc. Surg. 1993, 18, 74-80.
[CrossRef] [PubMed]

Salman, H.E.; Yalcin, H.C. Computational Investigation of the Effect of Wall Thickness on Rupture Risk in Abdominal Aortic
Aneurysms. ]. Appl. Fluid Mech. 2020, 14, 499-513. [CrossRef]

Fillinger, M.F,; Raghavan, M.L.; Marra, S.P.; Cronenwett, J.L.; Kennedy, FE. In vivo analysis of mechanical wall stress and
abdominal aortic aneurysm rupture risk. J. Vasc. Surg. 2002, 36, 589-597. [CrossRef]

Mutlu, O.; Salman, H.E.; Al-Thani, H.; El-Menyar, A.; Qidwai, U.A.; Yalcin, H.C. How does hemodynamics affect rupture
tissue mechanics in abdominal aortic aneurysm: Focus on wall shear stress derived parameters, time-averaged wall shear stress,
oscillatory shear index, endothelial cell activation potential, and relative residence time. Comput. Biol. Med. 2023, 154, 106609.
[CrossRef]

Salman, H.E.; Yalcin, H.C. Computational Modeling of Blood Flow Hemodynamics for Biomechanical Investigation of Cardiac
Development and Disease. J. Cardiovasc. Dev. Dis. 2021, 8, 14. [CrossRef]

Doyle, B.J.; McGloughlin, T.M.; Kavanagh, E.G.; Hoskins, P.R. From Detection to Rupture: A Serial Computational Fluid Dynamics
Case Study of a Rapidly Expanding, Patient-Specific, Ruptured Abdominal Aortic Aneurysm. In Computational Biomechanics for
Medicine; Springer: New York, NY, USA, 2014; pp. 53-68.

Les, A.S.; Shadden, S.C.; Figueroa, C.A.; Park, ].M.; Tedesco, M.M.; Herfkens, R.J.; Dalman, R.L.; Taylor, C.A. Quantifica-
tion of Hemodynamics in Abdominal Aortic Aneurysms during Rest and Exercise Using Magnetic Resonance Imaging and
Computational Fluid Dynamics. Ann. Biomed. Eng. 2010, 38, 1288-1313. [CrossRef]

Soudah, E.; Ng, E.YK; Loong, T.H.; Bordone, M.; Pua, U.; Narayanan, S. CFD Modelling of Abdominal Aortic Aneurysm on
Hemodynamic Loads Using a Realistic Geometry with CT. Comput. Math. Methods Med. 2013, 2013, 472564. [CrossRef] [PubMed]
Boyd, A.J.; Kuhn, D.C.S.; Lozowy, R.]J.; Kulbisky, G.P. Low wall shear stress predominates at sites of abdominal aortic aneurysm
rupture. J. Vasc. Surg. 2016, 63, 1613-1619. [CrossRef] [PubMed]

Belkacemi, D.; Al-Rawi, M.; Abbes, M.T.; Laribi, B. Flow Behaviour and Wall Shear Stress Derivatives in Abdominal Aortic
Aneurysm Models: A Detailed CFD Analysis into Asymmetry Effect. CFD Lett. 2022, 14, 60-74. [CrossRef]

Franck, G.; Dai, | ; Fifre, A.; Ngo, S.; Justine, C.; Michineau, S.; Allaire, E.; Gervais, M. Reestablishment of the Endothelial Lining
by Endothelial Cell Therapy Stabilizes Experimental Abdominal Aortic Aneurysms. Circulation 2013, 127, 1877-1887. [CrossRef]
Zambrano, B.A.; Gharahi, H.; Lim, C.; Jaberi, F.A.; Choi, J.; Lee, W.; Baek, S. Association of Intraluminal Thrombus, Hemodynamic
Forces, and Abdominal Aortic Aneurysm Expansion Using Longitudinal CT Images. Ann. Biomed. Eng. 2016, 44, 1502-1514.
[CrossRef] [PubMed]

Zambrano, B.A.; Gharahi, H.; Lim, C.Y.; Lee, W.; Baek, S. Association of vortical structures and hemodynamic parameters for
regional thrombus accumulation in abdominal aortic aneurysms. Int. |. Numer. Methods Biomed. Eng. 2022, 38, €3555. [CrossRef]
[PubMed]

Di Achille, P; Tellides, G.; Figueroa, C.A.; Humphrey, ].D. A haemodynamic predictor of intraluminal thrombus formation in
abdominal aortic aneurysms. Proc. R. Soc. A Math. Phys. Eng. Sci. 2014, 470, 20140163. [CrossRef]

Meng, H.; Tutino, V.M.; Xiang, J.; Siddiqui, A. High WSS or Low WSS? Complex Interactions of Hemodynamics with Intracranial
Aneurysm Initiation, Growth, and Rupture: Toward a Unifying Hypothesis. Am. |. Neuroradiol. 2014, 35, 1254. [CrossRef]
Fanni, B.M.; Antonuccio, M.N.; Pizzuto, A.; Berti, S.; Santoro, G.; Celi, S. Uncertainty Quantification in the In Vivo Image-Based
Estimation of Local Elastic Properties of Vascular Walls. J. Cardiovasc. Dev. Dis. 2023, 10, 109. [CrossRef]

Xie, J.; Zhou, J.; Fung, Y.C. Bending of Blood Vessel Wall: Stress-Strain Laws of the Intima-Media and Adventitial Layers. ].
Biomech. Eng. 1995, 117, 136-145. [CrossRef]

Pefa, J.A.; Martinez, M.A; Pefia, E. Failure damage mechanical properties of thoracic and abdominal porcine aorta layers and
related constitutive modeling: Phenomenological and microstructural approach. Biomech. Model. Mechanobiol. 2019, 18, 1709-1730.
[CrossRef] [PubMed]

Simsek, F.G.; Kwon, Y.W. Investigation of material modeling in fluid—structure interaction analysis of an idealized three-layered
abdominal aorta: Aneurysm initiation and fully developed aneurysms. J. Biol. Phys. 2015, 41, 173-201. [CrossRef] [PubMed]


https://doi.org/10.3389/fbioe.2019.00111
https://www.ncbi.nlm.nih.gov/pubmed/31214581
https://doi.org/10.1161/ATVBAHA.110.204529
https://doi.org/10.1115/1.4032056
https://doi.org/10.1152/ajpheart.00461.2014
https://doi.org/10.1067/mva.1993.42107
https://www.ncbi.nlm.nih.gov/pubmed/8326662
https://doi.org/10.47176/jafm.14.02.31727
https://doi.org/10.1067/mva.2002.125478
https://doi.org/10.1016/j.compbiomed.2023.106609
https://doi.org/10.3390/jcdd8020014
https://doi.org/10.1007/s10439-010-9949-x
https://doi.org/10.1155/2013/472564
https://www.ncbi.nlm.nih.gov/pubmed/23864906
https://doi.org/10.1016/j.jvs.2015.01.040
https://www.ncbi.nlm.nih.gov/pubmed/25752691
https://doi.org/10.37934/cfdl.14.9.6074
https://doi.org/10.1161/CIRCULATIONAHA.113.001677
https://doi.org/10.1007/s10439-015-1461-x
https://www.ncbi.nlm.nih.gov/pubmed/26429788
https://doi.org/10.1002/cnm.3555
https://www.ncbi.nlm.nih.gov/pubmed/34859615
https://doi.org/10.1098/rspa.2014.0163
https://doi.org/10.3174/ajnr.A3558
https://doi.org/10.3390/jcdd10030109
https://doi.org/10.1115/1.2792261
https://doi.org/10.1007/s10237-019-01170-0
https://www.ncbi.nlm.nih.gov/pubmed/31123879
https://doi.org/10.1007/s10867-014-9372-x
https://www.ncbi.nlm.nih.gov/pubmed/25624113

J. Cardiovasc. Dev. Dis. 2023, 10, 233 16 of 17

25.

26.

27.

28.
29.

30.

31.

32.

33.

34.

35.

36.

37.

38.
39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

O’Leary, S.A.; Mulvihill, ].J.; Barrett, H.E.; Kavanagh, E.G.; Walsh, M.T.; McGloughlin, TM.; Doyle, B.]. Determining the influence
of calcification on the failure properties of abdominal aortic aneurysm (AAA) tissue. J. Mech. Behav. Biomed. Mater. 2015,
42,154-167. [CrossRef]

Marra, S.P; Daghlian, C.P; Fillinger, M.F.; Kennedy, F.E. Elemental composition, morphology and mechanical properties of
calcified deposits obtained from abdominal aortic aneurysms. Acta Biomater. 2006, 2, 515-520. [CrossRef] [PubMed]

Fillinger, M.F.; Marra, S.P.; Raghavan, M.L.; Kennedy, EE. Prediction of rupture risk in abdominal aortic aneurysm during
observation: Wall stress versus diameter. J. Vasc. Surg. 2003, 37, 724-732. [CrossRef]

Gasser, T.C. Biomechanical Rupture Risk Assessment. Aorta 2016, 4, 42—60. [CrossRef]

Wang, D.H.J.; Makaroun, M.S.; Webster, M.W.; Vorp, D.A. Effect of intraluminal thrombus on wall stress in patient-specific models
of abdominal aortic aneurysm. J. Vasc. Surg. 2002, 36, 598-604. [CrossRef]

Georgakarakos, E.; Ioannou, C.V.; Kamarianakis, Y.; Papaharilaou, Y.; Kostas, T.; Manousaki, E.; Katsamouris, A.N. The Role of
Geometric Parameters in the Prediction of Abdominal Aortic Aneurysm Wall Stress. Eur. J. Vasc. Endovasc. Surg. 2010, 39, 42-48.
[CrossRef]

Wolters, B.].B.M.; Rutten, M.C.M.; Schurink, G.W.H.; Kose, U.; de Hart, J.; van de Vosse, EN. A patient-specific computational
model of fluid—structure interaction in abdominal aortic aneurysms. Med. Eng. Phys. 2005, 27, 871-883. [CrossRef]

Smith, C.R.; Leon, M.B.; Mack, M.].; Miller, D.C.; Moses, J.W.; Svensson, L.G.; Tuzcu, E.IM.; Webb, ].G.; Fontana, G.P,;
Makkar, R.R; et al. Transcatheter versus Surgical Aortic-Valve Replacement in High-Risk Patients. N. Engl. ]. Med. 2011,
364, 2187-2198. [CrossRef]

Raghavan, M.L.; Kratzberg, J.; Castro de Tolosa, E.M.; Hanaoka, M.M.; Walker, P.; da Silva, E.S. Regional distribution of wall
thickness and failure properties of human abdominal aortic aneurysm. J. Biomech. 2006, 39, 3010-3016. [CrossRef] [PubMed]
Malkawi, A.H.; Hinchliffe, R.J.; Xu, Y.; Holt, PJ.; Loftus, LM.; Thompson, M.M. Patient-specific biomechanical profiling in
abdominal aortic aneurysm development and rupture. J. Vasc. Surg. 2010, 52, 480-488. [CrossRef] [PubMed]

Scotti, C.M.; Jimenez, J.; Muluk, S.C.; Finol, E.A. Wall stress and flow dynamics in abdominal aortic aneurysms: Finite element
analysis vs. fluid—structure interaction. Comput. Methods Biomech. Biomed. Eng. 2008, 11, 301-322. [CrossRef] [PubMed]

Doyle, B.J.; Callanan, A.; McGloughlin, TM. A comparison of modelling techniques for computing wall stress in abdominal aortic
aneurysms. Biomed. Eng. Online 2007, 6, 38. [CrossRef]

Ene, F; Delassus, P.; Morris, L. The influence of computational assumptions on analysing abdominal aortic aneurysm haemody-
namics. Proc. Inst. Mech. Eng. H 2014, 228, 768-780. [CrossRef]

Baieth, H.E. Physical parameters of blood as a non-newtonian fluid. Int. . Biomed. Sci. 2008, 4, 323-329.

Tzirakis, K.; Kamarianakis, Y.; Kontopodis, N.; Ioannou, C.V. The Effect of Blood Rheology and Inlet Boundary Conditions on
Realistic Abdominal Aortic Aneurysms under Pulsatile Flow Conditions. Bioengineering 2023, 10, 272. [CrossRef]

Gijsen, FJ.H.; van de Vosse, EN.; Janssen, J.D. The influence of the non-Newtonian properties of blood on the flow in large
arteries: Steady flow in a carotid bifurcation model. J. Biomech. 1999, 32, 601-608. [CrossRef]

Bernsdorf, J.; Wang, D. Non-Newtonian blood flow simulation in cerebral aneurysms. Comput. Math. Appl. 2009, 58, 1024-1029.
[CrossRef]

Khanafer, KM.; Gadhoke, P.; Berguer, R.; Bull, ].L. Modeling pulsatile flow in aortic aneurysms: Effect of non-Newtonian
properties of blood. Biorheology 2006, 43, 661-679.

Jahangiri, M.; Saghafian, M.; Sadeghi, M.R. Numerical simulation of non-Newtonian models effect on hemodynamic factors of
pulsatile blood flow in elastic stenosed artery. J. Mech. Sci. Technol. 2017, 31, 1003-1013. [CrossRef]

Qiu, Y; Yuan, D.; Wen, J; Fan, Y.; Zheng, T. Numerical identification of the rupture locations in patient-specific abdominal aortic
aneurysmsusing hemodynamic parameters. Comput. Methods Biomech. Biomed. Eng. 2018, 21, 1-12. [CrossRef] [PubMed]
Salman, H.E,; Saltik, L.; Yalcin, H.C. Computational Analysis of Wall Shear Stress Patterns on Calcified and Bicuspid Aortic
Valves: Focus on Radial and Coaptation Patterns. Fluids 2021, 6, 287. [CrossRef]

Wilson, J.S.; Virag, L.; Di Achille, P,; Karsaj, I.; Humphrey, ].D. Biochemomechanics of Intraluminal Thrombus in Abdominal
Aortic Aneurysms. |. Biomech. Eng. 2013, 135, 021011. [CrossRef]

Vande Geest, ].P; Sacks, M.S.; Vorp, D.A. A planar biaxial constitutive relation for the luminal layer of intra-luminal thrombus in
abdominal aortic aneurysmes. J. Biomech. 2006, 39, 2347-2354. [CrossRef] [PubMed]

Chandra, S.; Raut, S.S.; Jana, A.; Biederman, R.W.; Doyle, M.; Muluk, S.C.; Finol, E.A. Fluid-Structure Interaction Modeling of
Abdominal Aortic Aneurysms: The Impact of Patient-Specific Inflow Conditions and Fluid/Solid Coupling. J. Biomech. Eng. 2013,
135, 081001. [CrossRef]

Raut, S.S.; Jana, A.; De Oliveira, V.; Muluk, S.C.; Finol, E.A. The Effect of Uncertainty in Vascular Wall Material Properties
on Abdominal Aortic Aneurysm Wall Mechanics. In Computational Biomechanics for Medicine; Springer: New York, NY, USA,
2014; pp. 69-86.

Reeps, C.; Gee, M.; Maier, A.; Gurdan, M.; Eckstein, H.-H.; Wall, W.A. The impact of model assumptions on results of computa-
tional mechanics in abdominal aortic aneurysm. J. Vasc. Surg. 2010, 51, 679-688. [CrossRef]

Di Martino, E.S.; Guadagni, G.; Fumero, A.; Ballerini, G.; Spirito, R.; Biglioli, P.; Redaelli, A. Fluid-structure interaction within
realistic three-dimensional models of the aneurysmatic aorta as a guidance to assess the risk of rupture of the aneurysm. Med.
Eng. Phys. 2001, 23, 647-655. [CrossRef]


https://doi.org/10.1016/j.jmbbm.2014.11.005
https://doi.org/10.1016/j.actbio.2006.05.003
https://www.ncbi.nlm.nih.gov/pubmed/16839827
https://doi.org/10.1067/mva.2003.213
https://doi.org/10.12945/j.aorta.2015.15.030
https://doi.org/10.1067/mva.2002.126087
https://doi.org/10.1016/j.ejvs.2009.09.026
https://doi.org/10.1016/j.medengphy.2005.06.008
https://doi.org/10.1056/NEJMoa1103510
https://doi.org/10.1016/j.jbiomech.2005.10.021
https://www.ncbi.nlm.nih.gov/pubmed/16337949
https://doi.org/10.1016/j.jvs.2010.01.029
https://www.ncbi.nlm.nih.gov/pubmed/20395107
https://doi.org/10.1080/10255840701827412
https://www.ncbi.nlm.nih.gov/pubmed/18568827
https://doi.org/10.1186/1475-925X-6-38
https://doi.org/10.1177/0954411914546122
https://doi.org/10.3390/bioengineering10020272
https://doi.org/10.1016/S0021-9290(99)00015-9
https://doi.org/10.1016/j.camwa.2009.02.019
https://doi.org/10.1007/s12206-017-0153-x
https://doi.org/10.1080/10255842.2017.1410796
https://www.ncbi.nlm.nih.gov/pubmed/29251991
https://doi.org/10.3390/fluids6080287
https://doi.org/10.1115/1.4023437
https://doi.org/10.1016/j.jbiomech.2006.05.011
https://www.ncbi.nlm.nih.gov/pubmed/16872617
https://doi.org/10.1115/1.4024275
https://doi.org/10.1016/j.jvs.2009.10.048
https://doi.org/10.1016/S1350-4533(01)00093-5

J. Cardiovasc. Dev. Dis. 2023, 10, 233 17 of 17

52. Kelsey, L.J.; Powell, ].T.; Norman, P.E.; Miller, K,; Doyle, B.]. A comparison of hemodynamic metrics and intraluminal thrombus
burden in a common iliac artery aneurysm. Int. . Numer. Methods Biomed. Eng. 2017, 33, €2821. [CrossRef]

53. Skalak, T.C.; Price, R.J. The Role of Mechanical Stresses in Microvascular Remodeling. Microcirculation 1996, 3, 143-165. [CrossRef]

54. Budynas, R.G.; Nisbett, J.K. Shigley’s Mechanical Engineering Design; McGraw-Hill: New York, NY, USA, 2011; Volume 9.

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


https://doi.org/10.1002/cnm.2821
https://doi.org/10.3109/10739689609148284

	Introduction 
	Materials and Methods 
	Model Geometry 
	Modeling of the Fluid Domain 
	Boundary Conditions in the Fluid Domain 
	Material Properties of Blood 

	FSI Modeling 
	Governing Equations and Material Properties in Solid Domain 
	Boundary Conditions in Solid Domain 


	Results 
	Mesh Independency in Fluid Domain 
	Mesh Independency in Solid Domain 
	Determination of Effective Stresses 
	The Maximum Effective Stresses on Artery 
	The Maximum Displacement Magnitudes on Artery 
	Statistical Analyses on Maximum Effective Stresses 

	Discussion 
	Conclusions 
	References

