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Abstract: An intraluminal thrombus (ILT) is present in the majority of abdominal aortic aneurysms,
playing a crucial role in their growth and rupture. Although most computational studies do not
include the ILT, in the present study, this is taken into account, laying out the whole simulation
procedure, namely, from computed tomography scans to medical image segmentation, geometry
reconstruction, mesh generation, biomaterial modeling, finite element analysis, and post-processing,
all carried out in open software. By processing the tomography scans of a patient’s aneurysm before
and after rupture, digital twins are reconstructed assuming a uniform aortic wall thickness. The
ILT and the aortic wall are assigned different biomaterial models; namely, the first is modeled as an
isotropic linear elastic material, and the second is modeled as the Mooney-Rivlin hyperelastic material
as well as the transversely isotropic hyperelastic Holzapfel-Gasser-Ogden nonlinear material. The
implementation of the latter requires the designation of local Cartesian coordinate systems in the
aortic wall, suitably oriented in space, for the proper orientation of the collagen fibers. The composite
aneurysm geometries (ILT and aortic wall structures) are loaded with normal and hypertensive
static intraluminal pressure. Based on the calculated stress and strain distributions, ILT seems to
be protecting the aneurysm from a structural point of view, as the highest stresses appear in the
thrombus-free areas of the aneurysmal wall.

Keywords: abdominal aortic aneurysm; intraluminal thrombus; patient-specific geometry;
local Cartesian coordinate system; finite element analysis; Holzapfel-Gasser-Ogden model;

Mooney-Rivlin model

1. Introduction

An abdominal aortic aneurysm (AAA) is a pathology of the aorta, irreversible and
mostly asymptomatic, in which the physiological diameter increases by at least 50%. It
affects 7-9% of the male population over 65 years old [1] and is considered a high risk
disease, as the mortality rate reaches 90% in the case of rupture. An AAA is treated
by surgical intervention to restore the blood flow and drastically reduce the possibility
of rupture. There are two available interventional methods: (1) open aneurysm repair
(OAR) and (2) endovascular aneurysm repair (EVAR), with the latter being considered
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more effective due to the reduced 30-day mortality rate compared to the former [2]. Both
interventional methods may be accompanied by various complications that increase the
risk during implementation [3,4]. Therefore, the treating surgeon must assess the patient’s
condition and compare the risk of surgery to the risk of rupture. The decision-making
parameter to assess the risk of rupture is the maximum transverse diameter, with an AAA
requiring surgical intervention when its maximum diameter reaches 5.5 cm for males
and 5.0 cm for females [5-7]. In recent years, efforts have been made to upgrade the
decision-making process and enrich it with several histological, biological, and mechanical
parameters. Factors such as active smoking [8], gender [9,10], peak wall stress (PWS) [11,12],
and wall shear stress (WSS) [13-15] have been examined, among others, and evaluated.
The intraluminal thrombus (ILT), both its presence and extent, plays a crucial role
in the evolution of the AAA. Constituted by a 3D fiber matrix containing red blood cells,
platelets, and blood proteins, the ILT attaches to the aorta’s luminal layer, diminishing its
natural healing ability by obstructing endothelial cell coverage and replacing the fibrin
network with collagen [16]. The ILT is considered to induce inflammation via hypoxia,
weakening the aortic wall, enabling larger deformations [17], and affecting the distribution
of stresses [18]. The ILT is not always included in analyses found in the open literature,
despite being present in 75% of aneurysms [19]. Moreover, when the ILT is considered in the
relevant calculations [20-22], the conclusions are often conflicting regarding its impact on
the stress distribution. Some studies suggest that the ILT functions as a means of a mechani-
cal shield for the wall (“cushioning effect”) [20,23], while others dispute that claim [24]. The
incorporation of the ILT into AAA analyses has been the focus of many previous studies.
In the analysis of Di Martino et al. [25], an asymmetric geometry of the thrombus was
created using Gaussian distribution curves. Hyperelastic, homogeneous, isotropic material
models were assigned both to the wall and to the thrombus, and a uniform intraluminal
pressure was applied. A series of static simulations were conducted assuming different
values for the ILT mechanical parameters. The case of a bilayered ILT, consisting of the
luminal and external layers, was also examined. Similarly, Toungara et al. [26] created ide-
alized axisymmetric AAA geometries defined by a “parabolic-exponential shape function”
with a constant wall thickness. For a given wall geometry, several models were created that
vary in terms of ILT accumulation within the AAA, and in each of them, four cases were
created combining two wall-modeling approaches (hyperelastic isotropic and anisotropic)
with two thrombus-modeling approaches (dense hyperelastic and porohyperelastic). In all
cases, transient flow and pressure simulations were conducted. In an analogous way,
Polzer et al. [27] generated three axisymmetric AAAs with different maximum diameters
and a constant wall thickness. After modeling the wall as a homogeneous hyperelastic
material and the ILT as poroelastic, an in vivo-mimicking pressure wave was applied,
providing insights into the influence of a poroelastic ILT on the computed wall stress.
Alternatively, other studies account for the real (non-idealized) geometry of the wall.
Arslan et al. [28] constructed three distinct artificial thrombus volumes of uniform thickness
as an intrusion of the luminal layer of the wall, significantly altering the intraluminal
volume. In each case, the ILT was modeled as a linear elastic material, while the aneurysmal
wall was modeled as a Mooney-Rivlin material. In all cases, fluid—structure interaction (FSI)
simulations were performed, and the impact of the thrombus on biomechanical factors, such
as PWS and WSS, was examined. Similarly, Molony et al. [29] examined the stresses and
hemodynamics of three geometries, a healthy aorta, an AAA, and an operated AAA (EVAR
intervention), using FSI. A normal aorta was reconstructed from computed tomography
(CT) scans, and a strain—energy function (from the work of Raghavan et al. [30]) was fitted
based on the data of seven patients. Likewise, the diseased and operated AAA geometries
were reconstructed from CT scans: the first consisted only of the aneurysmal wall, while
the latter included both the wall and ILT geometries. An isotropic hyperelastic model
(proposed by Raghavan [31]) was applied to both diseased wall geometries, while for
the ILT, a two-parameter, hyperelastic, isotropic material model was applied. In all cases,
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velocity and pressure waveforms were used as boundary conditions at the inlet and outlet,
respectively.

Finally, other researchers have employed fully patient-specific AAA geometries, re-
constructing both the wall and the thrombus from CT scans. Doyle et al. [32] constructed
a patient-specific 3D AAA model by segmenting each entity via a brightness threshold
method using a commercial DICOM file processing software. To the same 3D model (with
constant wall thickness), several material properties were applied, such as linearly elastic
and hyperelastic models for the aortic wall and likewise for the ILT, while static intraluminal
pressure was applied. Following a very similar method, Rissland et al. [33] reconstructed a
patient-specific AAA geometry and conducted an FSI simulation assuming a linearly elastic
ILT and anisotropic hyperelastic wall models according to [34]. Similar geometry recon-
structions were performed by Di Martino et al. [35], as well as by Auer et al. [36], utilizing
research-based software for boundary contour recognition. In the comprehensive work
of Doyle et al. [37], the AAA wall and ILT geometries were reconstructed from CT scans,
while tissue samples from both entities were extracted for further examination. Both sample
types were subjected to uniaxial mechanical testing, whereas thickness measurements of
the wall tissue were used to create a varying-thickness digital-twin wall geometry. Uniaxial
testing was used for the fitting of two-parameter and three-parameter isotropic hyperelastic
material models to the wall and the ILT, respectively. A structural Finite Element Analysis
(FEA) was carried out with a uniform intraluminal pressure of 120 mmHg, based on which
Von Mises wall stress and principal strain distributions were predicted. It is important to
state that from the aforementioned studies, only [33,36,37] reconstructed AAA geometries
with partial accumulation of the ILT. Also worth mentioning is the work of de Lucio et
al. [38], in which the implementation of the Holzapfel-Gasser-Ogden (HGO) material
model was performed on idealized aneurysmal wall geometries consisting of three distinct
layers, representing the intima, media, and adventitia of the aorta. To each of the three
layers, different material parameters were assigned, and the aneurysmal geometries were
loaded with a uniform intraluminal pressure of 120 mmHg, ending up with predictions of
the stress distributions and displacement fields.

In the current study, the influence of non-uniform ILT accumulation on the mechanical
behavior of the AAA was assessed via a method /workflow developed using open software
tools and libraries. Two AAA geometric models, before and after rupture, originating from
a single patient were reconstructed from medical imaging data, distinguishing the ILT
from the aortic wall based on suitable software and a procedure that is described in detail.
Moreover, each of the latter components was assigned distinct material properties for the
structural analysis based on FEA. Namely, the ILT was modeled as an isotropic linear elastic
material, and the arterial wall was modeled as (a) the Mooney-Rivlin hyperelastic model
(for the unruptured geometry) and (b) the HGO model (for both geometries), in which the
proper orientation of the collagen fibers was implemented by introducing suitable local
Cartesian coordinate systems. Moreover, suitable contact conditions were applied at the
interface of the two entities (ILT and aorta wall).

2. Materials and Methods

The implementation of the method relied primarily on the use of open software.
Throughout all stages of the method, namely, the processing of medical images, recon-
struction, the processing and smoothing of geometries, meshing, numerical solving, and
post-processing, open software and tools were utilized. These tools allowed for the cus-
tomization and adaptation of the method to suit the specific needs of the problem. Moreover,
in the results-processing stage, they allow for the calculation and presentation of any de-
sired quantities. The workflow begins with the processing of the CT scans and the creation
of the AAA geometric models using 3D Slicer (v5.6.0) [39] and Meshmixer (v.3.5) (Autodesk
Inc., San Francisco, CA, USA), followed by the generation of the mesh and the establish-
ment of the local coordinate systems on the aortic wall in MATLAB R2023a, academic
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license (MathWorks Inc., Natick, MA, USA) utilizing the GIBBON toolbox (v3.5.0) [40].
The FEA was carried out in FEBio (v3.8) software [41] through GIBBON.

2.1. Clinical Case

The examined clinical case is a patient with a ruptured AAA, substantiated by CT
scans carried out both before and after the rupture, spaced 1 year and 8 months apart.
The anonymized records are courtesy of the Department of Vascular Surgery at the Univer-
sity Hospital of Patras and have secured the requisite approval from the Ethics Committee
for the secondary use of the medical imaging data. At 85 years, the patient’s initial as-
sessment indicated an unruptured AAA, measuring a peak transverse diameter of 75 mm.
By age 87, upon hospital admission, this diameter had expanded to 88 mm, coinciding with
an AAA rupture.

The AAA is categorized as infrarenal with a fusiform shape. Within the AAA, there
is a noticeable accumulation of an ILT, which is distributed non-uniformly. Specifically,
as seen in Figure 1, its presence is minimal on the anterior side, in contrast to the posterior
and left sides, where it reaches up to 28 mm in thickness. Calcifications are also prominent
in several areas of the aortic wall but were not taken into account in the structural analysis.

Lumen

Figure 1. CT images after AAA rupture: axial, coronal, and sagittal views (from left to right).

2.2. Segmentation, Reconstruction, and Smoothing

The CT scans were imported into 3D Slicer in DICOM format to segment the regions
of interest and reconstruct the corresponding surfaces. The accurate representation of the
ILT geometry is a key part of the modeling. Calcifications were treated as components
of the aortic wall rather than distinct entities. The AAA region was specifically isolated
to the infrarenal section of the abdominal aorta, extending roughly 4 cm below the aortic
bifurcation along the iliac arteries.

The methodology described below is rooted in the concept of boundary surfaces.
In this approach, the individual entities (aortic wall and ILT) are delineated by their
respective 3D (boundary) surfaces that encapsulate them. This particular approach diverges
from the reconstruction of the thrombus and the wall as distinct 3D bodies. The reason for
adopting this approach is that, after smoothing, the ILT and the aortic wall will no longer
share a common interface, thus hindering the definition of a contact condition between the
two entities.

Figure 2a depicts an indicative cross-section of the AAA. Utilizing 3D Slicer’s tools,
two masks were created on this section: one referring to the inner surface of the aortic wall,
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including both the lumen and the ILT (Figure 2b), and the other referring only to the lumen
(Figure 2c). As is evident in Figure 2d, an ILT-free region exists, at which the two masks
intersect. The ILT surface in contact with the blood is defined as the luminal ILT surface
(depicted in Figure 2d with pink color), and that in contact with the aortic wall is named
the external ILT surface (depicted in Figure 2d with red color). Since the ILT is identified as
the volume between its luminal surface and its external surface, the volume of the ILT is
equal to zero at the intersecting region of the above two masks (blue area in Figure 2e). This
area will cause issues in the meshing stage, since it is not possible to create zero-volume
tetrahedral elements. However, this problem was solved by employing the concept of
fragmenting the boundary surfaces into individual pieces, which are then assembled in a
way that allows both meshing and the correct representation of the individual geometries.

Luminal ILT
surface

Outer aorta
wall surface
(1mm offset)

ILT-free part

Inner aorta wall surface ILT-covered part

Figure 2. Indicative annotated cross-sections of (a) the sagittal view of the aneurysm in the absence
of masking, (b) the whole AAA’s inner surface (blood lumen and ILT included) in red, (c) the
blood lumen mask in pink, (d) both masks, (e) both masks viewed with the masking intersection
highlighted in blue. (f) The reconstructed lumen and inner aortic wall surfaces, (g) the discarded
regions, including the part of the lumen surface not in contact with the ILT (top) and strip regions
along the border between the ILT-covered and the ILT-free parts of the inner aortic wall surface
(bottom), (h) the final surfaces to be stitched together, including the luminal surface of the ILT (the
part of the lumen surface in contact with the ILT), the fragmented inner aortic wall surface (composed
of the ILT-covered and the ILT-free parts), and the outer aortic wall surface (created by offsetting the
inner aortic wall surface by 1 mm before discarding the strip regions).

The 3D boundary surfaces of the lumen and the inner aortic wall, once reconstructed,
are not smooth enough. To rectify this, after importing them into the Meshmixer environ-
ment in STL format, a smoothing step was undertaken using the available tools, resulting
in two smooth surfaces: the lumen and the inner aortic wall (Figure 2f). Several approaches
to the reconstruction of the aortic wall can be found in the literature. Some studies have
reproduced a wall of varying thickness based on medical imaging [42,43], while others
have adopted a constant thickness [35,44]. Here, since the aortic wall could not be clearly
identified within the CT images, it was modeled with a constant thickness of 1 mm, as deter-
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mined by necropsy studies on AAAs containing an ILT [45]. The outer surface of the aortic
wall was generated by offsetting its inner surface by a fixed value of 1 mm, representing
the thickness of the wall (visible with light-blue color in Figure 2h).

In Meshmixer, a thickness analysis was performed to detect and eliminate areas
where the two surfaces coincide. With regard to the lumen surface, its area, which was
identified in the thickness analysis as being in contact with the inner aortic wall, was
removed, resulting in the luminal ILT surface (Figure 2g top). As for the inner aortic wall,
its common boundaries with the luminal ILT surface were selected and erased, thus creating
a discontinuity that outlines the boundaries of the thrombus (see relevant strips in Figure 2g
bottom). Three surfaces appear in the present application, namely, the lumen, the inner
aortic wall, and the outer aortic wall surfaces (Figure 2h). In Figure 2h, the fragmented
surface of the inner aortic wall is depicted, consisting of two areas: one marked in red,
representing the ILT-covered region, and the other one marked in blue, representing the
ILT-free regions.

2.3. Meshing

As a result of the previous processes, the aorta and ILT surfaces are fragmented
and disconnected. To generate a spatial mesh for FEA, both the ILT and the aortic wall
need to be closed surfaces that share a common interface. In this respect, the following
procedure was followed using GIBBON toolbox: the surfaces, imported in STL format,
were remeshed with uniform triangles, eliminating areas with variable triangle sizes, which
result from Meshmixer’s smoothing and brushing tools. To connect two surfaces, the nodes
belonging to their edges were identified and joined using the Delaunay triangulation
method (Figure 3c). This process introduces new surface triangles, creating a unified
surface, and henceforth is referred to as “stitching”, with each individual connection
termed a “stitch”.

Aorta wall and ILT border strips stitching Aorta wall and ILT mesh

Proximal Stitch

(e)

Figure 3. (a) Stitch between the luminal (pink) and external (red) surfaces of the ILT, (b) stitch (planar
triangulated surface) along the proximal end edges, between the inner (blue) and outer (light blue)
surfaces of the aortic wall, (c) detail of fragmented surfaces before (top) and after (bottom) performing
a stitch (white triangles), between the ILT-covered and the ILT-free parts of the inner surface of the
aortic wall, (d) stitched inner surface of aortic wall, (e) tetrahedral mesh of aortic wall (blue) and
ILT (red).

For the internal and external ILT surfaces, one stitch was performed at the luminal
boundaries and another was performed at its distal end, right before the aortic bifurcation
(Figure 3a). With respect to the inner aortic wall, stitches were also performed at the two
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strips between its ILT-covered and the ILT-free parts, as well as at three other areas, namely,
at the proximal end (infrarenal aorta, Figure 3b) and two distal ends (two iliac arteries) of
the aortic wall, Figure 3d.

Once these strips are sealed, two distinct volumes emerge—one for the ILT and another
for the aortic wall. A surface-smoothing process follows, with the aim of assimilating the
stitches and making them smooth and uniform. The two closed surfaces of the thrombus
and the aortic wall share a region with common facets and nodes that constitute the actual
interface between them. This interface is used in later stages to define the contact condition
between the two materials. The meshing was performed using the TetGen library, creating
two separate tetrahedral meshes with unique identification numbers, which enables the
assignment of materials with different properties to each entity (Figure 3e).

2.4. Local Material Axes

For the modeling of the aortic wall, the HGO model was adopted, which describes
a complex hyperelastic material composed of a ground matrix and collagen fibers [46].
The orientation of the fibers within the wall plays a crucial role in its mechanical behavior.
For this reason, defining the fiber orientation on the surface of the aneurysm by a vector
field is necessary. Since the longitudinal axis of the AAA is not rectilinear, changing its
orientation in space, the definition of local coordinate Cartesian systems (LCCSs) on the
vessel wall is necessary. An LCCS is parametrically defined as follows.

Firstly, the concept of the AAA centerline was employed, which was extracted using
3D Slicer’s VascularToolkit algorithms (Figure 4a). The centerline extraction algorithm
uses a Voronoi diagram to compute the medial axis and then traces the branches from
user-defined endpoints. After suitable resampling, a set of 90 points was obtained, with
30 points below the aortic bifurcation and 60 above. A centerline vector (deentr) is defined
as the vector connecting two consecutive points on the centerline, with a direction from the
iliacs toward the inlet of the aneurysm (Figure 4b).

Secondly, the centroids of the triangular sides of the tetrahedral mesh elements consti-
tuting the aortic wall’s external surface (referred to as “external triangles” of the “external
tetrahedra”) were calculated. These centroids were then matched with the nearest points
on the centerline, creating pairs of centroids and centerline points for the entire external
surface of the aorta wall.

To define the LCCS, three mutually orthogonal unit vectors are calculated: circumfer-
ential (e7), axial (¢2), and radial (¢€3). The last one is the normal unit vector on each external
triangle (Figure 4c).

The circumferential component (¢;) is calculated as the cross product of the centerline
vector (dcentr) and the radial component (€3) (Figure 4d). Namely,
€1 = Acentr X €3 (1)

Finally, the axial component (¢2) is computed as the cross product of the radial and
circumferential components (Figure 4e):

&y = &3 X €] )

The origin of each LCCS is positioned at the center of mass of the corresponding
external tetrahedra. The remaining mesh elements of the wall adopt the LCCS of the
nearest external tetrahedron. The result of the above process is a set of LCCSs, with
two axes being tangent to the aortic wall (axial and circumferential) and the third being
perpendicular to it, as visualized in Figure 4f.
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(b) \

Circumferential
Axial
Radial
Centerline

() (d) (e)

Local Material Axes
e

2

(f)

Figure 4. (a) Centerline points, (b) centerline vector (7..¢), (c) centerline vector (7..,¢) and radial
component (€3), (d) circumferential component (¢}) tangent to the triangle, (e) axial component (¢>)
tangent to the triangle, (f) components of the local coordinate systems.

2.5. Material Model

The AAA is modeled in the present study as a composite of two distinct structures:
the aortic wall and the ILT. Each structure is modeled with different material models.

2.5.1. Intraluminal Thrombus

For the ILT, the energy equation of deformation for a hyperelastic material is assigned,
which, for small deformations, reduces to a classical linear elastic material:

W= %A(trE)z + UE:E 3)

where E is the Euler-Lagrange strain tensor, and A and y are the Lamé parameters related
to the elastic modulus (E) and the Poisson’s ratio (v) through the equations:

Ev
) ¥
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E
=2+ ®)

The values of E and v (see next paragraph) were adopted from the experimental study
of Di Martino et al. [47], who examined thrombotic AAAs.

2.5.2. Aortic Wall

HGO Model
For the aortic wall, the decoupled strain-energy function ¥ is

Y =Y¥,(C)+ ) ¥(CH) (6)
i=4,6
The strain-energy function Y, represents the ground matrix

= (b -3) @

where c is a parameter of the ground matrix and

¥ (C)

L = tr(C) ®)

is the first invariant. The strain energy of the fibers ¥ y; is given by the following equation:

(€ ) = o [explin(E:)2 - 1) ©)

where the strain of the fibers is enclosed in Macaulay brackets to indicate that the content
takes the value of zero for compressive loads, while for tensile loads, it is defined as

Ey =x(l —3) + (1 —3x)(ly — 1) (10)

where « is a fiber dispersion parameter. Iy; is expressed as

Iy=M;-C-M;, i=4,6 (11)

and M; represents the two collagen-family orientations that are tangent to the aortic wall
and symmetrical to the circumferential component by an angle (),

My =cosa - e +sina - e (12)

Mg = cosa - e —sina - e (13)

Mooney-Rivlin Model

Alternatively, a two-parameter hyperelastic Mooney-Rivlin material model is applied
to the aneurysmal wall, where the strain—energy function (¥) is defined in Equation (14). I
and I, are the first and second invariants of the Cauchy-Green deformation tensor, and c;
and ¢, are the model parameters derived from [28,48].

Y=ci(lh—3)+ca(l2—3) (14)

The final material models” parameters for the ILT and aortic wall are presented in
Table 1. From the mechanical tests conducted both by Di Martino et al. [47] (related to the
thrombus) and by Niestrawska et al. [49] (related to the aneurysmal wall), certain strength
limits have emerged. Specifically, from the 21 samples of the ILT that underwent uniaxial
tensile tests in [47], an average ultimate tensile strength (UTS) was determined as follows:

o' = 0.085 MPa (15)

urs
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Similarly, a UTS limit was calculated for the aneurysmal aortic wall. From the exper-
imental biaxial tension curves [49], those related to (two) ruptured AAAs were selected.
From these curves, four limits were derived, namely, two for each direction [49]. This
process resulted in two average stress limits: one axial and another in the circumferential
direction:

Casial = —ial1 T Tuvial 2 “ZL‘T"”'“’—Z = 0.0895 MPa (16)
Toire = M — 0.0593 MPa (17)

Finally, the overall strength limit is calculated according to the Von Mises equation for
plane loading, and the final value is obtained as

ottt = 02, — Ceire i + 0Py = 0.079 MPa (18)
Table 1. Material models’ parameters and values.
Body Material Model Parameter Value Dimensions
. . E 0.11 MPa
ILT Linear elastic v 045 )
c 300.55 x 1073 MPa
k1 16.32 x 1073 MPa
HGO ko 1768.15 -)
. K 0.1010 (-)
Aortic wall N 56 ©)
. o 174 x 1073 MPa
Mooney-Rivlin e 1881 x 103 MPa

The parameters of the HGO model, as averaged values of the aneurysmal wall for ruptured AAAs, were adopted
from the work of Niestrawska et al. [49].

2.6. Finite Element Analysis

The aortic wall and ILT domains were reconstructed from the two AAA medical image
datasets (before and after rupture, as mentioned in Section 2.1) and meshed with 4-node
tetrahedral elements. FEA simulations were conducted using the open solver FEBio [41].
In each case, the initial geometry, reconstructed from the image processing of CT scans
corresponding to a time mean pressure of 100 mmHg, was assumed to be unloaded and
stress-free (following the conventional procedure), which is one of the limitations of this
study. Regarding the boundary conditions, the nodes of the distal and proximal ends of
the aneurysm were constrained in all three degrees of freedom in order to simulate the
tethering of the AAA with the rest of the arterial network and surrounding tissue. FSI was
not employed, assuming the vessel walls to be of low compliance due to aging (the disease
is common for ages above 60). Between the two bodies (ILT and aortic wall), a contact
condition was applied to their interface, enforcing a common displacement of these surfaces.
A contact force feont = €pg was applied, where g is the gap between the two surfaces, and
¢p is a penalty factor calculated automatically, representing the stiffness of the springs
inserted between the two surfaces. A quasi-static structural analysis was performed, and a
uniform pressure was applied to the inner surface of each AAA, gradually increasing from
80 to 120 mmHg (physiological case) and 200 mmHg (hypertensive case) in forty equal
steps, facilitating the convergence of the numerical solution. Stress tensor (¢), strain tensor
(e), and displacement (d) data were saved at each time step. The post-processing of the
output files was performed using the GIBBON toolbox. The principal stresses (01, 02, 03)
and equivalent strains (g1, €5, €3) were calculated for every tetrahedron, resulting in stress
and strain distributions across the volume of the aneurysm.
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3. Results
3.1. Mesh Independence Study

A sensitivity analysis was performed by varying the number of tetrahedral elements
of the unruptured geometry from 247,948 (coarse case) to 427,252 (fine case) and to 559,152
(finer case). As shown in Table 2, compared to the fine case that was finally adopted, in the
coarse case, the maximum stress was 2.18% smaller, and in the finer case, it was 1.42%
larger.

Table 2. Mesh sensitivity analysis parameters.

Elements Nodes Max Stress Value (MPa) Absolute Deviation at Max Stress

Coarse 247,948 64,939 0.0808 2.18%
Fine 427,252 107,054 0.0826 -
Finer 559,152 138,285 0.0837 1.42%

3.2. Finite Element Analysis Results
3.2.1. HGO Model

Employing the tools provided by GIBBON, maximum principal stress plots (1) were
generated for the unruptured and ruptured AAA geometries to depict the mechanical
loading of the aortic wall and the thrombus. In Figure 5, the stress patterns are depicted
for intraluminal pressures of 120 and 200 mmHg, and their highest values are compared
with the previously calculated strength thresholds. Distinct regions with elevated stress
concentrations are observed for both the aortic wall and the thrombus. With regard to the
unruptured case (Figure 5a), such stress concentrations are predominant on the anterior
side of the aneurysm, close to its proximal (aortic neck) and distal ends (aortic bifurcation),
and scattered around the maximum AAA diameter area. Concerning the ruptured case
(Figure 5b), stress concentrations are likewise pinpointed on its anterior side, most notably
in the proximity of the aortic neck region (where the rupture occurred) and at the aortic
bifurcation. The zone of the highest stresses is evident in the middle of the aneurysmal
bulge, on the right side. The peak stress regions are practically the same between the 120
and 200 mmHg loading scenarios, with only their values being increased with pressure.
The thrombus loading is also presented under both loading scenarios (120 and 200 mmHg)
for both clinical AAA states (unruptured and ruptured) in Figure 5c,d. In the unruptured
case, the highest stresses in the ILT concentrate at the boundaries of the thrombus, where
its thickness is minimum, with the values being significantly below the ILT strength limits.
A similar pattern emerges in the ruptured case, where the maximum stresses in the ILT are
located on the left anterior side of the AAA near the thrombus boundaries.

In a similar manner, in Figure 6, the equivalent Von Mises strains are depicted on the
outer surface of the aortic wall. In both the unruptured (Figure 6a) and ruptured (Figure 6b)
AAA cases, the regions of high strain values clearly align with the ILT-free areas of the
aortic wall, localized on the right anterior side of the aneurysmal bulge. The actual rupture
site, which was not covered by the ILT, exhibits high strain values, and the maximum value
was found around the maximum-aneurysm-diameter region.

In Figure 7, the average and maximum values of the principal stress o7 (Figure 7a,b)
and equivalent Von Mises strain ¢4, (Figure 7c,d) are presented for the ILT- free (blue bars)
and ILT-covered (red bars) areas of the aortic wall, for two pressure values (120 mmHg and
200 mmHg), and for two AAA clinical states (unruptured and ruptured). From 120 mmHg
to 200 mmHg, both average stresses (Figure 7a) and strains (Figure 7c) are elevated on the
order of 70% and 60%, respectively, whereas the clinical state seems to have less influence
on these quantities, with a slight increase (about 10% and 15%) from the unruptured to the
ruptured case. Comparing the wall areas where there is thrombus with the thrombus-free
areas reveals that the first are characterized by significantly smaller stresses (Figure 7a) and
strains (Figure 7c) (about 55% and 70%, respectively).
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Figure 5. Maximum principal stresses at the aneurysmal wall (a) prior to rupture and (b) after rupture
(in the red box is the region of the rupture) and at the ILT (c) prior to rupture and (d) after rupture.

3.2.2. Mooney-Rivlin Model

Alongside the HGO model, a widely adopted isotropic hyperelastic material model
for the aortic wall, the Mooney—Rivlin model with two parameters, was also examined,
as expressed by Equation (14). In contrast to the HGO, this does not involve a composite
material, and the contribution of the collagen fibers to the mechanical behavior of the wall
is disregarded. This model was applied only to the intact geometry of the wall, while
the thrombus, as in the previous case, was expressed as a linear elastic material. Figure 8
presents the distributions of maximum principal stresses in the intact geometry for both the
Mooney-Rivlin (left) and HGO (right) models for a pressure of 200 mmHg, and Figure 9
presents the maximum principal stress variation with pressure. Similarly, the maximum
Von Mises equivalent strain is also plotted against the applied pressure in Figure 9b, in
which the ruptured geometry manifests notably elevated levels. A fundamental observation
depicted in Figure 9 is that the highest values of principal stress are distinctly lower in the
Mooney-Rivlin model compared to the HGO. However, the mean value of the principal
stress for the Mooney—Rivlin is higher compared to that for the HGO. As a result, in Figure 8,
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concerning the Mooney-Rivlin results, stress concentrations do not reach high values, but
they cover larger areas, whereas, in the case of the HGO, higher stress values are recorded
on the surface of the wall, but only locally, with the stress values decreasing noticeably in
the neighboring areas. In addition, as illustrated in Figure 8b, according to the Mooney—
Rivlin model, the presence of stress concentrations in areas covered by the thrombus is
noticeable, specifically on the posterior side of the aneurysm.

Equivalent Von Mises strain

e =0.028 e =0.036
max ax

m;

Unruptured Ruptured

0.025 0.055
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Figure 6. Equivalent Von Mises strain at the aneurysmal wall (a) prior to rupture and (b) after rupture.
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Figure 7. Bar plots of stress and strain values per aortic wall region, ILT-free (blue) and ILT-covered

(red), for ruptured and unruptured geometries and pressures of 120 mmHg and 200 mmHg. (a) Aver-

age principal stress 0p, (b) max principal stress 071, (¢) average equivalent Von Mises strain, and (d) max

equivalent Von Mises strain.
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In contrast, based on the HGO model, these stress concentrations are completely
absent, which aligns with the previously mentioned literature regarding the contribution of
the ILT to reducing the stresses of the aortic wall. The stress values are close to each other
(up to 10% difference) for the unruptured and ruptured cases when applying the HGO
model and increase with rising intraluminal pressure. For the unruptured case applying the
Mooney-Rivlin model, both the stresses and strains are noticeably lower and never surpass
the UTS limit. In the ruptured AAA geometry, the values are consistently higher than in the
unruptured case, and the strength threshold (0.079 MPa) is exceeded for pressures higher
than 192 mmHg.

Maximum principal stress [MPa]
For intraluminal pressure of 200 mmHg

Unruptured

Mooney-Rivlin HGO Mooney-Rivlin HGO
0.09

0.067

0.022

o

-0.022

¢

]‘ ;T -0.045
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Figure 8. Maximum principal stresses at the aneurysmal wall for intraluminal pressure of 200 mmHg
and two different material models (Mooney-Rivlin, HGO) for (a) unruptured geometry anterior side
and (b) unruptured geometry posterior side.
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Figure 9. (a) Aortic wall maximum principal stress of the ruptured (orange), HGO model of the
unruptured (blue), and Mooney-Rivlin model of the unruptured (gray) geometry (aortic wall UTS in
green). (b) Aortic wall maximum equivalent strain of the ruptured (orange), HGO unruptured (blue),
and Mooney-Rivlin unruptured (gray) geometry.
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4. Discussion

The current study introduces a detailed workflow to integrate a patient-specific, non-
uniform ILT geometry into the biomechanical analysis of AAAs. Even though the ILT plays
a pivotal role in AAA structural properties, many published computational studies overlook
it. Clinically, the ILT’s structure does not always have distinct layers; its concentration can
vary significantly within the aneurysmal sac [50]. Some regions might show minimal ILT,
while others have a pronounced presence. The primary challenge for integrating the ILT
into the AAA lies in the fact that the reconstruction and smoothing of the aortic wall and ILT
lead to disconnected open surfaces that do not allow for computational meshing without
further processing. Our approach, utilizing open software, ensures the seamless connection
of the aortic wall and ILT surfaces, allowing the application of contact conditions at their
common interface.

Another crucial point in the biomechanical analysis of AAAs (and more generally for
aortic wall mechanics applications) refers to the implementation of the material model.
The HGO model is considered one of the most representative models for such applications,
but there is also an inherent difficulty in its implementation, as it mandates the designation
of the collagen fiber orientation across the entire volume of the aorta/aneurysmal wall.
To this end, a local Cartesian coordinate system for each element within the aortic wall
mesh was applied, the implementation of which is not comprehensively presented in
the literature. In addition to the reconstruction of the composite AAA geometry and
the creation of a mesh-generation-ready 3D model, in the present work, information for
the implementation of the HGO model is provided, with a special focus on the collagen
fiber orientation.

Furthermore, this study delves into a dataset: medical images before and after the
rupture of an AAA. At the initial assessment, the AAA’s diameter exceeded the surgical
threshold by 30%. However, due to the patient’s advanced age and health profile, surgery
was deemed too risky. Eventually, the AAA expanded and ruptured 20 months later.
The results showed that both the unruptured and ruptured AAA models had similar maxi-
mum principal stresses, both exceeding the UTS in hypertensive states, as seen in Figure 9.
However, the ruptured AAA consistently had a higher maximum principal stress across all
pressure ranges. Notably, the maximum equivalent strain was also greater in the ruptured
AAA, with this difference amplifying with increasing pressure. The highest principal
stresses occurred where the thrombus was either minimal or non-existent. Similarly, peak
equivalent strains appeared in areas devoid of ILT, showing an inverse relationship with
ILT thickness. For the case under consideration, the rupture took place at a transitional area
of the aortic wall, shifting from ILT-free to ILT-covered. Such transitional zones, beyond the
rupture site, showed elevated stress levels. The observed stress concentration, meriting
additional research, parallels findings by Xenos et al. [51].

Between the pre- and post-rupture assessments, there was an increase of the AAA
volume from 412 mL to 639 mL and of the ILT volume from 96 mL to 183 mL, as depicted
in Figure 10. Namely, the AAA and ILT volumes expanded by approximately 55% and
91%, respectively. However, the relative ILT volume (ILTo,), namely, the ratio of the
ILT volume to the aneurysm volume, increased from 23.3% to 28.6%. Several studies
have underscored the significance of the AAA volume and relative ILT volume as robust
predictors of the growth rate and rupture risk [52,53]. However, a comprehensive meta-
analysis [54] posits that ruptured AAAs exhibiting larger ILT volumes in patients are likely
attributable to a broader AAA diameter, rather than the ILT serving as a causative agent.
This perspective supports the contested notion that the presence of an ILT is more incidental
to the AAA than a primary contributory factor. Interestingly, in the current case, where
the diameter exceeded the known thresholds, the ILTe, did not align with the range of
28.00-45.40% for asymptomatic and 37.70-54.40% for ruptured AAAs observed in a recent
study of 98 patients [55]. Intriguingly, the ILTo, in the case at hand deviated from the range
specified in the mentioned study, with values below the lower limits for the unruptured
and ruptured cases. Given that the maximum principal stresses were also beneath the UTS
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in both states (unruptured and ruptured), this particular AAA case appears to diverge from
conventional statistical patterns. Still, a rupture did occur, but it remains indeterminate
whether the patient experienced acute stress, such as a hypertensive event, which would
facilitate and explain this AAA complication. These observations underscore the inherent
complexities in individualized rupture prediction.

Unruptured Ruptured

V. .=96cc

. V= 183 cc

Vaan= 412 cc Vaan= 639 cc

ILT,=233% ILT, =286 %

Figure 10. Volume parameters of AAA. (left) Unruptured, (right) ruptured.

5. Limitations

This study generally resonates with prior research [20,23] indicating that the throm-
bus’s presence may positively influence the mechanical loading of the aortic wall. However,
factors such as aortic wall weakening from hypoxia and inflammation were not considered.
It is important to highlight that integrating biochemical modeling necessitates a clearly
defined and “mesh-able” ILT region where additional equations, like those for oxygen
dissipation, can be defined and resolved. Model-wise, the study used an isotropic linear
elastic model for the ILT, differing from others that utilized poroelastic [26,27] or isotropic
hyperelastic models [33,56].

The aortic wall thickness was assumed to be constant, overlooking the variability
in aortic thickness [42,43], due to the non-appearance of the wall contours on CT scans,
not allowing its accurate measurement. Although this is a serious limitation, affecting
the prediction of the wall stresses and strains, it is a standard practice due to lack of any
other evidence.

The effects of aortic wall calcifications on the AAA stress concentration [57] were not
taken into account. Their mechanical behavior in AAAs has not been fully clarified, despite
their presence in 10% of adults above the age of 40 [58]. Nevertheless, the incorporation of
calcifications is not a standard practice in AAA mechanical analyses. However, there are
studies, such as Maier et al.’s work [57], where their influence is considered, and they are
introduced into the geometry as well as into the wall material model following mechanical
tests on samples of calcified aneurysmal aortic tissue.

The geometry obtained from the CT scans was assumed to be both unloaded and
stress-free (following the conventional procedure), although this corresponds in the present
work to a nonzero mean pressure of 100 mmHg. According to various published works
that employed the so-called “zero pressure geometry”, the conventional procedure causes
either an overestimation [59] or an underestimation of the predicted wall stresses [60].
As is shown in a recent numerical work [61], in addition to a zero-pressure geometry, it is
important to exclude the residual stresses as well. However, the focus of the present work
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is mainly on the presentation of the details in the implementation of the HGO model and
the treatment of the ILT-aortic wall interface.

FSI was not employed, considering the small amplitude of the AAA wall motion
within the cardiac cycle which was measured to be 1.4% of the aneurysm diameter in a
cohort of 56 patients [62], as a result of the reduction in the aorta compliance along its
length [63,64] and the lack of elastin because of aging [64,65]. Collectively, these oversights
represent the primary limitations of the present research.

6. Conclusions

The decision-making process in AAA treatment offers significant room for improve-
ment. One of the many factors playing a crucial role in the progression of AAAs is the
ILT. The inclusion of the ILT for the purpose of examining its overall impact has been the
subject of research activity in recent years, with each investigation focusing on different
aspects. The focal points of this work comprise a combination of the goals and approaches
in relevant prior research, prioritizing the precision in the modeling of the ILT and the aortic
wall. Our foremost contribution resides in elucidating a methodology, leveraging open
software, to reconstruct patient-specific geometries, which may encompass non-uniform or
even discontinuous thrombus geometries, to assess the mechanical impact of the thrombus
on the AAA stresses and strains. Simulation outcomes suggest that the ILT acts akin to
a reinforcing agent. This leads to reduced stresses in regions where its presence is most
prominent, contrasting with ILT-free zones.

Author Contributions: Conceptualization, A.R., KM, J K. and C.M.; methodology, P.S., A.R. and
C.M,; software, P.S.; validation, K.M. and J.K.; investigation, D.M., K.M., ].K. and C.M.; resources,
KM, J K. and C.M,; data curation, P.S.; writing—original draft preparation, P.S., A.R. and C.M.;
writing—review and editing, A.R., D.M., K M., ] K. and C.M,; visualization, P.S.; supervision, C.M.;
project administration, C.M.; funding acquisition, A.R. and C.M. All authors have read and agreed to
the published version of the manuscript.

Funding: This research was implemented in the framework of the Action “Flagship actions in
interdisciplinary scientific fields with a special focus on the productive fabric”, which is implemented
through the National Recovery and Resilience Fund Greece 2.0 and funded by the European Union—
NextGenerationEU (Project ID: TAEDR-0535985).

Informed Consent Statement: Informed consent was obtained from the subject involved in the study
for the secondary use of its anonymized medical imaging data.

Data Availability Statement: Data are contained within the article.

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

References

1.

Lederle, EA.; Johnson, G.R.; Wilson, S.E.; Chute, E.P; Littooy, EN.; Bandyk, D.F,; Krupski, W.C.; Barone, G.W.; Acher, CW.;
Ballard, D.J. Prevalence and associations of abdominal aortic aneurysm detected through screening. Ann. Intern. Med. 1997,
126, 441. [CrossRef]

Locham, S.; Lee, R.E.; Nejim, B.; Aridi, H.D. Mortality after endovascular versus open repair of abdominal aortic aneurysm in the
elderly. . Surg. Res. 2017, 215, 153-159. [CrossRef]

Daye, D.; Walker, T. Complications of endovascular aneurysm repair of the thoracic and abdominal aorta: Evaluation and
management. Cardiovasc. Diagn. Ther. 2018, 8, S138-5156. [CrossRef]

Dakour-Aridi, H.; Paracha, N.Z.; Locham, S.; Nejim, B. Assessment of failure to rescue after abdominal aortic aneurysm repair
using the National Surgical Quality Improvement Program procedure-targeted data set. J. Vasc. Surg. 2018, 68, 1335-1344.e1.
[CrossRef]

Darling, R.; Messina, C.; Brewster, D.; Ottinger, L. Autopsy study of unoperated abdominal aortic aneurysms. The case for early
resection. Circulation 1977, 56, 11161-11164.

Sterpetti, A.; Cavallaro, A.; Cavallari, N.; Allegrucci, P.; Tamburelli, A.; Agosta, F.; Bartoli, S. Factors influencing the rupture of
abdominal aortic aneurysms. Surg. Gynecol. Obstet. 1991, 173, 175-178.

Powell, J.; Brown, L.; Forbes, J.F,; Fowkes, EG.R.; Greenhalgh, R.M.; Ruckley, C.V.; Thompson, S.G. Final 12-year follow-up of
surgery vs surveillance in the UK Small Aneurysm Trial. Br. J. Surg. 2007, 94, 702-708. [CrossRef]


http://doi.org/10.7326/0003-4819-126-6-199703150-00004
http://dx.doi.org/10.1016/j.jss.2017.03.061
http://dx.doi.org/10.21037/cdt.2017.09.17
http://dx.doi.org/10.1016/j.jvs.2018.01.059
http://dx.doi.org/10.1002/bjs.5778

Bioengineering 2024, 11, 144 18 of 20

10.
11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

Sweeting, M.; Thompson, S.G.; Brown, L.; Powell, ]. Meta-analysis of individual patient data to examine factors affecting growth
and rupture of small abdominal aortic aneurysms. Br. J. Surg. 2012, 99, 655-665. [CrossRef]

Lederle, FA.; Johnson, G.R.; Wilson, S.E. Abdominal aortic aneurysm in women. J. Vasc. Surg. 2001, 34, 122-126. [CrossRef]
Johnston, K. Influence of sex on the results of abdominal aortic aneurysm repair. J. Vasc. Surg. 1994, 20, 914-926. [CrossRef]
Buka¢, M.; Shadden, S.C. Quantifying the effects of intraluminal thrombi and their poroelastic properties on abdominal aortic
aneurysms. Arch. Appl. Mech. 2022, 92, 435-446. [CrossRef]

Riveros, F.; Martufi, G.; Gasser, T.C.; Rodriguez-Matas, J.F. On the impact of intraluminal thrombus mechanical behavior in AAA
passive mechanics. Ann. Biomed. Eng. 2015, 43, 2253-2264. [CrossRef] [PubMed]

Qiu, Y,; Wang, Y; Fan, Y,; Peng, L.; Liu, R.; Zhao, J.; Yuan, D.; Zheng, T. Role of intraluminal thrombus in abdominal aortic
aneurysm ruptures: A hemodynamic point of view. Med. Phys. 2019, 46, 4263-4275. [CrossRef] [PubMed]

Biasetti, J.; Hussain, F.; Gasser, T.C. Blood flow and coherent vortices in the normal and aneurysmatic aortas: A fluid dynamical
approach to intra-Luminal thrombus formation. . R. Soc. Interface 2011, 8, 1449-1461. [CrossRef] [PubMed]

Zambrano, B.A.; Gharahi, H.; Lim, C.; Jaberi, FA.; Choi, J.; Lee, W.; Baek, S. Association of intraluminal thrombus, hemodynamic
forces, and abdominal aortic aneurysm expansion using longitudinal CT images. Ann. Biomed. Eng. 2015, 44, 1502-1514.
[CrossRef] [PubMed]

Franck, G.; Dai, J.; 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]
[PubMed]

Vorp, D.A,; Lee, P.C.; Wang, D.H.J.; Makaroun, M.S.; Nemoto, E.M.; Ogawa, S.; Webster, M.W. Association of intraluminal
thrombus in abdominal aortic aneurysm with local hypoxia and wall weakening. J. Vasc. Surg. 2001, 34, 291-299. [CrossRef]
[PubMed]

Wang, D.H.J.; Makaroun, M.S.; Webster, M.W.; Vorp, D.A. Mechanical properties and microstructure of intraluminal thrombus
from abdominal aortic aneurysm. J. Biomech. Eng. 2001, 123, 536-539. [CrossRef]

Harter, L.P.; Gross, B.H.; Callen, PW.; Barth, R.A. Ultrasonic evaluation of abdominal aortic thrombus. J. Ultrasound Med. 1982,
1, 315-318. [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]

Gasser, T.C.; Auer, M.T.; Labruto, F; Swedenborg, J.; Roy, J. Biomechanical rupture risk assessment of abdominal aortic aneurysms:
Model complexity versus predictability of finite element simulations. Eur. J. Vasc. Endovasc. Surg. 2010, 40, 176-185. [CrossRef]
Larsson, E.; Labruto, F,; Gasser, T.C.; Swedenborg, J.; Hultgren, R. Analysis of aortic wall stress and rupture risk in patients with
abdominal aortic aneurysm with a gender perspective. J. Vasc. Surg. 2011, 54, 295-299. [CrossRef]

Vorp, D.A.; Mandarino, W.A.; Webster, M.W.; Gorcsan, J. Potential influence of intraluminal thrombus on abdominal aortic
aneurysm as assessed by a new non-invasive method. Cardiovasc. Surg. 1996, 4, 732-739. [CrossRef]

Schurink, G.W.H.; Van Baalen, ].M.; Visser, M.].; Van Bockel, ]. Thrombus within an aortic aneurysm does not reduce pressure on
the aneurysmal wall. J. Vasc. Surg. 2000, 31, 501-506. [CrossRef]

Martino, E.S.D.; Vorp, D.A. Effect of variation in intraluminal thrombus constitutive properties on abdominal aortic aneurysm
wall stress. Ann. Biomed. Eng. 2003, 31, 804-809. [CrossRef]

Toungara, M.; Geindreau, C. Influence of a poro-mechanical modeling of the intraluminal thrombus and the anisotropy of the
arterial wall on the prediction of the abdominal aortic aneurysm rupture. Cardiovasc. Eng. Technol. 2013, 4, 192-208. [CrossRef]
Polzer, S.; Gasser, T.C.; Markert, B.; Bursa, J.; Skacel, P. Impact of poroelasticity of intraluminal thrombus on wall stress of
abdominal aortic aneurysms. BioMed. Eng. OnLine 2012, 11, 62. [CrossRef]

Arslan, A.; Salman, H.E. Effect of intraluminal thrombus burden on the risk of abdominal aortic aneurysm rupture. J. Cardiovasc.
Dev. Dis. 2023, 10, 233. [CrossRef]

Molony, D.; Broderick, S.P.; Callanan, A.; McGloughlin, T.; Walsh, M.T.  Fluid-Structure Interaction in Healthy, Diseased
and Endovascularly Treated Abdominal Aortic Aneurysms. In Biomechanics and Mechanobiology of Aneurysms; Springer:
Berlin/Heidelberg, Germany, 2011; pp. 163-179. [CrossRef]

Raghavan, M.L.; Webster, M.W.; Vorp, D.A. Ex vivo biomechanical behavior of abdominal aortic aneurysm: Assessment using a
new mathematical model. Ann. Biomed. Eng. 1996, 24, 573-582. [CrossRef]

Raghavan, M.L.; Vorp, D.A. Toward a biomechanical tool to evaluate rupture potential of abdominal aortic aneurysm: Identifica-
tion of a finite strain constitutive model and evaluation of its applicability. J. Biomech. 2000, 33, 475-482. [CrossRef]

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

Rissland, P; Alemu, Y.; Einav, S.; Ricotta, J.J.; Bluestein, D. Abdominal aortic aneurysm risk of rupture: Patient-specific FSI
simulations using anisotropic model. J. Biomech. Eng. 2008, 131, 031001. [CrossRef]

Holzapfel, G.; Gasser, T.C.; Ogden, R.W. A new constitutive framework for arterial wall mechanics and a comparative study of
material models. J. Elast. 2000, 61, 1-48. .:1010835316564 [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]


http://dx.doi.org/10.1002/bjs.8707
http://dx.doi.org/10.1067/mva.2001.115275
http://dx.doi.org/10.1016/0741-5214(94)90228-3
http://dx.doi.org/10.1007/s00419-021-02034-9
http://dx.doi.org/10.1007/s10439-015-1267-x
http://www.ncbi.nlm.nih.gov/pubmed/25636600
http://dx.doi.org/10.1002/mp.13658
http://www.ncbi.nlm.nih.gov/pubmed/31206182
http://dx.doi.org/10.1098/rsif.2011.0041
http://www.ncbi.nlm.nih.gov/pubmed/21471188
http://dx.doi.org/10.1007/s10439-015-1461-x
http://www.ncbi.nlm.nih.gov/pubmed/26429788
http://dx.doi.org/10.1161/CIRCULATIONAHA.113.001677
http://www.ncbi.nlm.nih.gov/pubmed/23572502
http://dx.doi.org/10.1067/mva.2001.114813
http://www.ncbi.nlm.nih.gov/pubmed/11496282
http://dx.doi.org/10.1115/1.1411971
http://dx.doi.org/10.7863/jum.1982.1.8.315
http://dx.doi.org/10.1067/mva.2002.126087
http://dx.doi.org/10.1016/j.ejvs.2010.04.003
http://dx.doi.org/10.1016/j.jvs.2010.12.053
http://dx.doi.org/10.1016/S0967-2109(96)00008-7
http://dx.doi.org/10.1067/mva.2000.103693
http://dx.doi.org/10.1114/1.1581880
http://dx.doi.org/10.1007/s13239-013-0139-5
http://dx.doi.org/10.1186/1475-925X-11-62
http://dx.doi.org/10.3390/jcdd10060233
http://dx.doi.org/10.1007/8415_2011_85
http://dx.doi.org/10.1007/BF02684226
http://dx.doi.org/10.1016/S0021-9290(99)00201-8
http://dx.doi.org/10.1186/1475-925X-6-38
http://dx.doi.org/10.1115/1.3005200
http://dx.doi.org/10.1023/A:1010835316564
http://dx.doi.org/10.1016/S1350-4533(01)00093-5

Bioengineering 2024, 11, 144 19 of 20

36.

37.

38.

39.

40.
41.
42.
43.
44.
45.
46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

Auer, M.T.; Gasser, T.C. Reconstruction and finite element mesh generation of abdominal aortic aneurysms from computerized
tomography angiography data with minimal user interactions. IEEE Trans. Med. Imaging 2010, 29, 1022-1028. [CrossRef]
Doyle, B.; Callanan, A.; Grace, P.A.; Kavanagh, E.G. On the influence of patient-specific material properties in computational
simulations: A case study of a large ruptured abdominal aortic aneurysm. Int. J. Numer. Methods Biomed. Eng. 2012, 29, 150-164.
[CrossRef]

De Lucio, M.; Garcia, M.E,; Garcia, ].D.; Rodriguez, L.E.; Marcos, F. On the importance of tunica intima in the aging aorta: A
three-layered in silico model for computing wall stresses in abdominal aortic aneurysms. Comput. Methods Biomech. Biomed. Eng.
2020, 24, 467-484. [CrossRef]

Fedorov, A.; Beichel, R.; Kalpathy-Cramer, J.; Finet, J.; Fillion-Robin, ]J.C.; Pujol, S.; Bauer, C.; Jennings, D.; Fennessy, EM.;
Sonka, M.; et al. 3D Slicer as an image computing platform for the quantitative imaging network. Magn. Reson. Imaging 2012,
30, 1323-1341. [CrossRef]

Moerman, K.M. GIBBON: The geometry and image-Based bioengineering add-on. J. Open Source Softw. 2018, 3, 506. [CrossRef]
Maas, S.A; Ellis, B.J.; Ateshian, G.A.; Weiss, ].A. FEBio: Finite elements for biomechanics. . Biomech. Eng. 2012, 134. [CrossRef]
Raut, S.S.; Jana, A.; De Oliveira, V.; Muluk, S.C.; Finol, E.A. The importance of patient-specific regionally varying wall thickness
in abdominal aortic aneurysm biomechanics. J. Biomech. Eng. 2013, 135. [CrossRef] [PubMed]

Shum, J.; Martufi, G.; Di Martino, E.S.; Washington, C.; Grisafi, J.L.; Muluk, S.C.; Finol, E.A. Quantitative assessment of abdominal
aortic aneurysm geometry. Ann. Biomed. Eng. 2010, 39, 277-286. [CrossRef] [PubMed]

Raghavan, M.; Vorp, D.A.; Federle, M.P.; Makaroun, M.S.; Webster, M.\W. Wall stress distribution on three-dimensionally
reconstructed models of human abdominal aortic aneurysm. J. Vasc. Surg. 2000, 31, 760-769. [CrossRef] [PubMed]

Kazi, M.; Thyberg, J.; Religa, P.; Roy, J.; Eriksson, P.; Hedin, U.; Swedenborg, J. Influence of intraluminal thrombus on structural
and cellular composition of abdominal aortic aneurysm wall. J. Vasc. Surg. 2003, 38, 1283-1292. [CrossRef] [PubMed]

Gasser, T.C.; Ogden, R.W.; Holzapfel, G. Hyperelastic modelling of arterial layers with distributed collagen fibre orientations. J.
R. Soc. Interface 2005, 3, 15-35. [CrossRef]

Di Martino, E.S.; Mantero, S.; Inzoli, F.; Melissano, G.; Astore, D.; Chiesa, R.; Fumero, R. Biomechanics of abdominal aortic
aneurysm in the presence of endoluminal thrombus: Experimental characterisation and structural static computational analysis.
Eur. J. Vasc. Endovasc. Surg. 1998, 15, 290-299. [CrossRef]

Ng, E.; Looi, L.J.C. Numerical analysis of biothermal-fluids and cardiac thermal pulse of abdominal aortic aneurysm. Math.
Biosci. Eng. 2022, 19, 10213-10251. [CrossRef]

Niestrawska, J.A.; Viertler, C.; Regitnig, P.; Cohnert, T.; Sommer, G.; Holzapfel, G. Microstructure and mechanics of healthy and
aneurysmatic abdominal aortas: Experimental analysis and modelling. J. R. Soc. Interface 2016, 13, 20160620. [CrossRef]

Wilson, J.S.; Virag, L.; Di Achille, P.; Karsaj, I.; Humphrey, J.D. Biochemomechanics of intraluminal thrombus in abdominal aortic
aneurysms. J. Biomech. Eng. 2013, 135. [CrossRef]

Xenos, M.; Rambhia, S.H.; Alemu, Y.; Einav, S.; Labropoulos, N.; Tassiopoulos, A.; Ricotta, ]J.J.; Bluestein, D. Patient-Based
abdominal aortic aneurysm rupture risk prediction with fluid structure interaction modeling. Ann. Biomed. Eng. 2010,
38, 3323-3337. [CrossRef]

Liljeqvist, M.L.; Hultgren, R.; Gasser, T.C.; Roy, J. Volume growth of abdominal aortic aneurysms correlates with baseline volume
and increasing finite element analysis-derived rupture risk. J. Vasc. Surg. 2016, 63, 1434-1442.e3. [CrossRef] [PubMed]
Kontopodis, N.; Metaxa, E.; Papaharilaou, Y.; Georgakarakos, E.; Tsetis, D.; Ioannou, C.V. Value of volume measurements in
evaluating abdominal aortic aneurysms growth rate and need for surgical treatment. Eur. ]. Radiol. 2014, 83, 1051-1056. [CrossRef]
[PubMed]

Singh, T.P.; Wong, S.A.; Moxon, ].V.; Gasser, T.C.; Golledge, J. Systematic review and meta-analysis of the association between
intraluminal thrombus volume and abdominal aortic aneurysm rupture. J. Vasc. Surg. 2019, 70, 2065-2073. [CrossRef] [PubMed]
Koncar, I.; Nikolic, D.; Milosevic, Z.; Bogavac-Stanojevic, N.; Ilic, N.; Dragas, M.; Sladojevic, M.; Markovic, M.; Vujcic, A.; Filipovic,
N.; et al. Abdominal aortic aneurysm volume and relative intraluminal thrombus volume might be auxiliary predictors of
rupture—An observational cross-sectional study. Front. Surg. 2023, 10, 1095224. [CrossRef] [PubMed]

Throop, A.; Bukac, M.; Zakerzadeh, R. Prediction of wall stress and oxygen flow in patient-specific abdominal aortic aneurysms:
The role of intraluminal thrombus. Biomech. Model. Mechanobiol. 2022, 21, 761-1779. [CrossRef] [PubMed]

Maier, A.; Gee, M.W.,; Reeps, C.; Eckstein, H.; Wall, W.A. Impact of calcifications on patient-specific wall stress analysis of
abdominal aortic aneurysms. Biomech. Model. Mechanobiol. 2010, 9, 511-521. [CrossRef]

Sethi, A.; Taylor, D.L.; Ruby, J.G.; Venkataraman, J.; Sorokin, E.P.; Cule, M.; Melamud, E. Calcification of the abdominal aorta
is an under-appreciated cardiovascular disease risk factor in the general population. Front. Cardiovasc. Med. 2022, 9, 1003246.
[CrossRef]

Zelaya, J.E.; Goenezen, S.; Dargon, P.; Azarbal, A.F.; Rugonyi, S. Improving the efficiency of abdominal aortic aneurysm wall
stress computations. PLoS ONE 2014, 9, e101353. [CrossRef]

Chandra, S.; Gnanaruban, V.; Riveros, F; Rodriguez, ].E; Finol, E.A. A Methodology for the derivation of unloaded abdominal
aortic aneurysm geometry with experimental validation. J. Biomech. Eng. 2016, 138, 101005. [CrossRef]

Johnston, R.D.; Ghasemi, M.; Lally, C. Inverse material parameter estimation of patient-specific finite element models at the
carotid bifurcation: The impact of excluding the zero-pressure configuration and residual stress. Int. |. Numer. Methods Biomed.
Eng. 2022, 39, e3663. [CrossRef]


http://dx.doi.org/10.1109/TMI.2009.2039579
http://dx.doi.org/10.1002/cnm.2515
http://dx.doi.org/10.1080/10255842.2020.1836167
http://dx.doi.org/10.1016/j.mri.2012.05.001
http://dx.doi.org/10.21105/joss.00506
http://dx.doi.org/10.1115/1.4005694
http://dx.doi.org/10.1115/1.4024578
http://www.ncbi.nlm.nih.gov/pubmed/23722475
http://dx.doi.org/10.1007/s10439-010-0175-3
http://www.ncbi.nlm.nih.gov/pubmed/20890661
http://dx.doi.org/10.1067/mva.2000.103971
http://www.ncbi.nlm.nih.gov/pubmed/10753284
http://dx.doi.org/10.1016/S0741-5214(03)00791-2
http://www.ncbi.nlm.nih.gov/pubmed/14681629
http://dx.doi.org/10.1098/rsif.2005.0073
http://dx.doi.org/10.1016/S1078-5884(98)80031-2
http://dx.doi.org/10.3934/mbe.2022479
http://dx.doi.org/10.1098/rsif.2016.0620
http://dx.doi.org/10.1115/1.4023437
http://dx.doi.org/10.1007/s10439-010-0094-3
http://dx.doi.org/10.1016/j.jvs.2015.11.051
http://www.ncbi.nlm.nih.gov/pubmed/27106248
http://dx.doi.org/10.1016/j.ejrad.2014.03.018
http://www.ncbi.nlm.nih.gov/pubmed/24768189
http://dx.doi.org/10.1016/j.jvs.2019.03.057
http://www.ncbi.nlm.nih.gov/pubmed/31327602
http://dx.doi.org/10.3389/fsurg.2023.1095224
http://www.ncbi.nlm.nih.gov/pubmed/37215356
http://dx.doi.org/10.1007/s10237-022-01618-w
http://www.ncbi.nlm.nih.gov/pubmed/35908098
http://dx.doi.org/10.1007/s10237-010-0191-0
http://dx.doi.org/10.3389/fcvm.2022.1003246
http://dx.doi.org/10.1371/journal.pone.0101353
http://dx.doi.org/10.1115/1.4034425
http://dx.doi.org/10.1002/cnm.3663

Bioengineering 2024, 11, 144 20 of 20

62.

63.

64.
65.

Long, A.; Rouet, L.; Bissery, A.; Rossignol, P.; Mouradian, D.; Sapoval, M. Compliance of abdominal aortic aneurysms evaluated
by tissue Doppler imaging: Correlation with aneurysm size. |. Vasc. Surg. 2005, 42, 18-26. [CrossRef] [PubMed]

Kriiger, T.; Veseli, K.; Lausberg, H.; Vohringer, L.; Schneider, W.; Schlensak, C. Regional and directional compliance of the healthy
aorta: Anex vivostudy in a porcine model. Interact. Cardiovasc. Thorac. Surg. 2016, 23, 104-111. [CrossRef] [PubMed]

Buja, L.M.L.; Butany, J. Cardiovascular Pathology; Academic Press: Cambridge, MA, USA, 2015.

Tsamis, A.; Krawiec, ].T.; Vorp, D.A. Elastin and collagen fibre microstructure of the human aorta in ageing and disease: A review.
J. R. Soc. Interface 2013, 10, 20121004. [CrossRef] [PubMed]

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.


http://dx.doi.org/10.1016/j.jvs.2005.03.037
http://www.ncbi.nlm.nih.gov/pubmed/16012447
http://dx.doi.org/10.1093/icvts/ivw053
http://www.ncbi.nlm.nih.gov/pubmed/26993474
http://dx.doi.org/10.1098/rsif.2012.1004
http://www.ncbi.nlm.nih.gov/pubmed/23536538

	Introduction
	Materials and Methods
	Clinical Case
	Segmentation, Reconstruction, and Smoothing
	Meshing
	Local Material Axes
	Material Model
	Intraluminal Thrombus
	Aortic Wall 

	Finite Element Analysis

	Results
	Mesh Independence Study
	Finite Element Analysis Results
	HGO Model
	Mooney–Rivlin Model


	Discussion
	Limitations
	Conclusions
	References

