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Abstract: Computational biomechanics via finite element analysis (FEA) has long promised a means
of assessing patient-specific abdominal aortic aneurysm (AAA) rupture risk with greater efficacy than
current clinically used size-based criteria. The pursuit stems from the notion that AAA rupture occurs
when wall stress exceeds wall strength. Quantification of peak (maximum) wall stress (PWS) has
been at the cornerstone of this research, with numerous studies having demonstrated that PWS better
differentiates ruptured AAAs from non-ruptured AAAs. In contrast to wall stress models, which have
become progressively more sophisticated, there has been relatively little progress in estimating
patient-specific wall strength. This is because wall strength cannot be inferred non-invasively,
and measurements from excised patient tissues show a large spectrum of wall strength values. In this
review, we highlight studies that investigated the relationship between biomechanics and AAA
rupture risk. We conclude that combining wall stress and wall strength approximations should
provide better estimations of AAA rupture risk. However, before personalized biomechanical AAA
risk assessment can become a reality, better methods for estimating patient-specific wall properties or
surrogate markers of aortic wall degradation are needed. Artificial intelligence methods can be key in
stratifying patients, leading to personalized AAA risk assessment.

Keywords: abdominal aneurysm; aortic aneurysm; aorta biomechanics; risk assessment; rupture
potential index; aortic wall stress

1. Introduction

Abdominal aortic aneurysm (AAA) is a potentially life-threatening condition, characterized as
a pathological expansion of the abdominal aorta, wherein the maximal transverse diameter exceeds
30 mm [1-3]. Aneurysm rupture, by definition, occurs when aortic wall stress exceeds aortic wall
strength [4,5], which is the stress/tension at which the wall can no longer withstand the forces applied
to it (e.g., due to blood pressure). Rupture represents the main concern associated with AAA, as AAA
rupture carries an overall mortality rate of approximately 80-85% [6,7]. Indeed, recent studies
(using data ranging from 1995 to 2013) report a one-year mortality rate of hospitalized patients with
a ruptured AAA to be about 40% [8,9]. Nevertheless, it is estimated that between 50 and 66% of
patients do not make it to the hospital alive [10,11], making the overall mortality rate for ruptured AAA
between 70-80%, even in modern times. Because most patients with AAAs are largely asymptomatic
prior to rupture, effective means for screening and evaluation are paramount for proper AAA detection
and treatment. Nowadays, ultrasound is the preferred imaging modality for both AAA diagnosis and
monitoring AAA progression, although computer tomography (CT) and magnetic resonance imaging
(MRI) are also employed [10].

Surgical criteria for elective AAA repair should carefully weigh the risk of rupture versus the risk
of repair. Surgery has an in-hospital mortality rate of approximately 3-5% for open repair and 1-2%
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for endovascular repair (EVAR) [12,13], thus, EVAR (which is also less invasive) has been the preferred
repair procedure. Four recent clinical trials in Europe and the US (EVAR-1, DREAM, OVER, ACE),
in which patients undergoing AAA elective repair were randomized for open repair or EVAR,
have indeed shown the early survival advantage of EVAR [14]. However, this early advantage
was lost after three years post intervention, mainly due to complications such as secondary rupture
and re-intervention in the EVAR group [14,15]. After 12 years follow-up, survival rates dropped to
about 40% for both groups, with rates of re-intervention that continued to be higher for EVAR [16].
While early (30 day) in-hospital mortality rates are about 3.4% for elective repair (open surgery and
EVAR combined) and 33% for repair after rupture, there is no survival benefit or increased mortality of
emergency versus elective repair after 30 days [17]. Clinical studies have long ago determined that the
risk of repair is exceeded by the risk of rupture when either: (1) AAA maximal transverse diameter
is greater than 55 mm for men or 50 mm for women; or (2) annual AAA growth rate is greater than
10 mm/year [18-21]. These criteria have not changed in over 20 years. Unfortunately, some patients
with AAAs that do not meet these criteria may still rupture. The five-year cumulative rate of rupture
of aneurysms smaller than 5 cm is 1-7% [10], with annual rupture risk for AAAs between 40 and
55 mm in diameter approximately 1% [22]. Autopsy studies, however, have suggested this rate may be
even higher [23-26]. However, recent studies have shown no advantage for early AAA repair [27,28].
Moreover, large AAAs may not all be equally prone to rupture, with a five-year cumulative rate of
rupture of 25-40% [10]; patients whose AAA would not naturally rupture over the course of their
lifetime may be put at unnecessary risk if their AAA were to be repaired. In light of these observations,
the pathophysiology and biomechanics associated with AAA rupture are much more complicated
than aneurysm diameter alone.

Aortic wall stress and aortic wall strength each play an important role in the biomechanics of
AAA rupture. As a consequence, much work has been devoted to explore biomechanical relationships
among stress, strength, and rupture risk. In particular, many studies have focused on quantifying
peak wall stress (PWS), typically defined as the maximum stress occurring under systolic blood
pressure (SBP) within the aortic wall. Finite element analysis (FEA) provides a means for calculating
PWS on a patient-specific basis, utilizing clinical data already acquired as part of routine AAA
evaluation: computed tomography (CT) scans and SBP. Moreover, studies have also focused on
quantifying wall strength. The end goal of these efforts has been to utilize biomechanical-derived
quantities as patient-specific clinical predictors of AAA rupture risk more effectively than current
diameter-based criteria.

In this review, we highlight the main studies that have utilized biomechanical analysis and
computations to assess the risk of patients with AAA. While the literature on AAA biomechanics is
extensive, with numerous studies addressing several different aspects of AAA with varying degrees of
complexity, many studies consider only one or a few patients. In this review, we focus on studies that
included more than 10 patients, grouped by outcome (e.g., ruptured AAAs vs. non-ruptured AAAs).
Specifically, we describe the application and development of computational modeling techniques,
with particular emphasis on the outcomes and limitations of these studies. Lastly, we present our
suggestions for the future course of studies investigating the relationship between biomechanics and
AAA rupture. Before we get to the main point of this review, we preface our discussion with a brief
background on AAA structure and introduce important information regarding common FEA modeling
approaches employed in AAA research.

2. Biomechanics of Abdominal Aortic Aneurysm (AAA)

The abdominal aorta is the main arterial vessel supplying the lower extremities and abdominal
viscera (see Figure 1). The aorta bifurcates into the right and left common iliac arteries just above
the pelvis. While the abdominal aorta is typically about 20 mm in diameter, an aneurysm occurs
when aortic diameter exceeds 30 mm. Virtually all FEA studies on AAAs focused on aneurysms that
occur within the infrarenal segment of the abdominal aorta, beginning just below the renal arteries.
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Most infrarenal AAAs have an intraluminal thrombus (ILT) in between the wall and the lumen that
affects AAA biomechanics, together with the biological structure of the AAA wall and blood flow in
the lumen.

(a)

Figure 1. Abdominal aortic aneurysm (AAA). (a) Three-dimensional rendering of the aorta, with an

AAA, and the vertebra, rib cage, and hip bones for reference. (b) Annotated transverse CT scan
section illustrating the AAA lumen, intraluminal thrombus (ILT), and aortic wall with calcification.
Note: from this CT image, aortic wall thickness cannot be determined.

2.1. Aortic Wall

The normal aortic wall consists of three distinct layers: (1) tunica intima; (2) tunica media; (3) tunica
externa (adventitia). The tunica intima is the innermost layer of the aortic wall, composed of a thin
endothelial cell layer, a sub-endothelial layer, and connective tissue. The tunica media, the thickest
portion of the aortic wall, resides in the middle. It is made of several alternating layers of elastic
tissue (i.e., lamellae) and smooth muscle cells, which spiral around the vessel. Finally, the tunica
externa is the outermost layer of the aortic wall, composed mainly of collagen and elastic fibers
(not lamellae). Under physiological conditions, the tunica media and tunica externa are primarily
responsible for bearing the hemodynamic load, the forces exerted by blood flow. The tunica media
primarily provides distensibility, maintaining blood pressure, while the tunica externa provides a
physical limit to expansion.

The anatomy of an AAA is markedly different than the normal abdominal aorta. AAA walls are
frequently associated with degradation of the wall microstructure including the elastic lamellae, paucity
of smooth muscle cells, and loss of the three distinct aortic layers [29,30], and thus, abnormal tissue
properties [5]. Another common finding in pathological AAA wall tissue is the presence of localized
calcified regions [31]. Calcifications, which typically occur within the tunica media, also change wall
tissue material properties [32]. Not surprisingly, the presence of calcification has been shown to alter
the distribution of AAA wall stress. However, reports conflict as to whether these alterations manifests
as an increase [33,34] or decrease [35] in PWS and risk of rupture. The effects of aortic wall calcification
are, however, relatively unexplored from a biomechanical perspective.

2.2. Intraluminal Thrombus (ILT)

The ILT is essentially a blood clot, predominantly composed of fibrin and blood cells, that is
present in most AAAs [36]. ILT forms due to the characteristics of blood flow within an aortic
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expansion, including flow recirculation and sometimes tissue tearing. Approximately 75% of AAAs
contain an ILT [37], although the distribution of ILT within an AAA can vary widely. Once an ILT
has formed, it disrupts the normal mass transport between blood and the aortic wall. The ILT also
harbors inflammatory cells and proteases that may degrade the tissue extracellular matrix, leading to
decreased wall strength. ILT has, thus, been implicated in wall weakening (a reduction in wall strength)
via localized hypoxia and inflammation [38,39]. Furthermore, disruption of normal hemodynamic
wall shear stress stimuli on the wall endothelial cells, which are no longer in direct contact with the
flow of blood, leads to loss of function and further wall weakening [40,41]. Mechanically, however,
ILT provides an additional layer between the blood and the aortic wall that presumably diminishes
wall stress [42—-46]. The balance between wall stress and wall strength due to ILT formation might be
an important—yet relatively unexplored—factor in AAA rupture.

2.3. Lumen

The aortic lumen is where blood flows. Lumen size depends on the aneurysm wall and ILT
geometry. Hemodynamic forces within the lumen, particularly blood pressure, generate stress
on the AAA wall, which, in tandem with aortic wall strength, may ultimately result in rupture.
Other hemodynamic forces such as wall shear stress (WSS) have been shown to add little to rupture
risk prediction [47]. Nevertheless, the geometry of the lumen plays an important role in the generation
of wall stress, and thus, on AAA rupture.

3. Computational Modeling Techniques

Before delving into the details of AAA studies and their findings, let us take the time to briefly
introduce some of the key concepts used in biomechanical analysis of aortic walls. We will then describe
some of the methods and models employed for wall stress quantification, and their assumptions and
implications. Finally, we will address models of aortic wall strength.

3.1. Basic Biomechanics Concepts and Aortic Wall Stress Quantification

Physically, mechanical stresses are forces (per unit surface) in a “body” or tissue. Because forces
can act in all spatial directions, stress is mathematically expressed by a tensor (which in 3D can be
represented as a 3 X 3 matrix, containing all nine spatially varying components of the stress tensor).
The use of tensors allows us to properly extract information about forces applied to a specific plane or
surface in the tissue. Following basic mechanical principles, when computing stresses, an equilibrium
of forces (in all directions) is imposed. If we think of the aorta as a perfectly cylindrical blood vessel
(an initial assumption), then the stresses exerted on the aorta by the internal blood pressure (P) have
to be counteracted by the aorta tissue stresses (see Figure 2) so that forces are in equilibrium. In the
circumferential direction, equilibrium of forces implies:

2PR:2f opdr 1
R

where R is the cylinder internal (lumen) radius, R, is the cylinder external (aortic tissue) radius,
and og is the circumferential stress. Please note that if we assume that the aortic wall is thin and the
circumferential stress across the wall thickness is constant, Equation (1) leads to the Laplace equation,
which is frequently used to estimate wall stresses in cardiovascular applications,

PD
09 = o3 ()
where D is the vessel diameter (D = 2R) and & is the wall thickness (h = R, — R). While a simplification,
Equation (2) leads to the notion that the (circumferential) wall stress increases with internal blood

pressure, vessel diameter, and reduced wall thickness.



Bioengineering 2020, 7, 79 50f 19

ILT

(a) (b)

Figure 2. Sketch of stresses acting on a perfectly cylindrical blood vessel. (a) Cylindrical vessel wall
(gray) subjected to an internal blood pressure (P). If we cut the cylinder in half as shown in the right
sketch, then equilibrium of forces requires that the pressure is equilibrated to the circumferential wall
stress (0p), as seen in Equation (1). (b) Cylindrical vessel wall (gray) with intraluminal thrombus
(ILT, depicted in blue). The pressure force is equilibrated by both circumferential wall stresses in the
wall (o) and the ILT (o 1), thus lowering the wall stress.

The presence of an ILT, which grows on the inner aortic wall surface (the wall-lumen interface),
changes the lumen geometry (see Figures 1 and 2). In addition, if the ILT can carry some of the stress,
then the total stress on the aortic wall decreases. Unlike cases with no ILT, blood pressure is applied to
the thrombus and only indirectly to the aortic wall, and thus, the reduction in lumen radius/diameter
also leads to a reduction in aortic wall stress.

The aorta, however, is not a perfect cylinder. Aortic wall stress, therefore, depends on the exact
geometry of the AAA wall and thrombus. This includes the wall and thrombus thickness, and possible
variations in thickness along the AAA. Stresses in all directions, for example, the circumferential
and longitudinal directions, also need to be considered. To compute the maximum stress, the von
Mises or principal stress, a local measure of maximum stress (which varies spatially over the AAA
tissue), is frequently used. However, because aortic and AAA tissue is anisotropic, with stresses
depending on the orientation of collagen fibers and the tissue microstructure, the direction of stress is
also important to determine tissue tear. Aortic tissue can withstand higher stresses in the direction of
collagen fibers than in a direction perpendicular to these fibers. Aortic wall tissue will tear if the wall
stress is too high, and the tissue cannot withstand the forces that are trying to pull it apart. Consider
the case of circumferential stresses depicted in Figure 2 and assume that collagen fibers are oriented in
a circumferential direction. Circumferential stresses are pulling on the tissue to withstand the blood
pressure, but if the blood pressure is too high, or the tissue too weak, the tissue will tear, leading to
bleeding if the tear propagates through the wall thickness. Aortic rupture, thus, depends on both
the wall stresses, which depend on the vessel geometry, microstructure, and internal blood pressure;
and how strong the tissue is, which is quantified by wall strength, ¢*. The tissue will tear and the aortic
wall will rupture if the wall stress exceeds the wall strength [5,48,49]. Thus, to estimate risks of rupture
for a particular patient, we need to know or estimate both the AAA wall stresses and wall strength.

3.2. Quantifying Aortic Wall Stress

To account for the intricate geometry of the aortic aneurysm in computations of wall stress, FEA is
typically employed. Initially, FEA studies were limited and assumed idealized AAA geometries [50-53].
Those initial studies, however, showed the effect of AAA geometry and tissue properties on wall
stresses, guiding later studies. With advances in medical imaging and imaging analysis techniques over
the past 20 years, generating three-dimensional (3D) image-based AAA geometries for FEA analysis
from CT scans or MRI images of the AAA became feasible. Because CT scans are routine in AAA
evaluation, studies involving FEA of image-based (patient-specific) AAA geometries do not subject
patients to additional invasive procedures. Studies can be done retrospectively, allowing selection of
patients based on outcomes or specific characteristics, as well as enabling larger cohorts to be analyzed.
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Over time, the complexity of subject-specific biomechanical models of AAAs has increased.
Pioneer studies in the field modeled the aortic wall using 2D shell elements (i.e., surface meshes)
neglecting the effects of the ILT [54-58] and assuming constant wall stress through the wall thickness
(like the Laplace model). These studies, however, were the first to establish the utility of employing
biomechanics in the assessment of AAA rupture risk. Later studies recognized the importance of
the ILT in AAA biomechanics, first merely as an additional layer that reduced wall stress, but then,
with the recognition that ILT could also influence wall strength. Because of the more complex geometry,
FEA models that included ILT employ 3D elements rather than 2D shell elements [4,59]. Most studies
still assume that the aortic wall is of uniform thickness, an assumption that has been refuted by many
anatomic cadaveric studies [60]. This approximation comes from limitations in the resolution of CT
scans (usually around 0.5-1 mm per pixel), from which the aortic wall thickness (0.5-2 mm) cannot
typically be resolved. Despite these challenges, recent studies have begun to include variations in
AAA wall thickness, as well as the effect of calcifications in the aortic wall [61].

The stress experienced by the aortic wall is governed almost exclusively by hemodynamic
conditions, in particular, blood pressure. Due to the pulsatility of blood pressure, wall stress within an
AAA varies periodically with the cardiac cycle. However, because AAA rupture occurs when wall
stress exceeds wall strength, rupture is most likely to occur at the time of highest load (i.e., systolic blood
pressure, SBP) and at the point where wall stress is highest (the peak wall stress, PWS) and/or the wall
is weaker (i.e., low wall strength). Thus, virtually all studies that have investigated AAA biomechanics
employ static (steady-state) simulations, with most applying SBP at the luminal interface of the AAA
as a (normal traction) boundary condition. For the remaining boundary conditions, the proximal and
distal ends of the AAA wall, which are typically defined immediately distal to the renal bifurcation
(proximal end) and either immediately proximal or immediately distal to the aortic bifurcation (distal
end), are fixed in space to simulate tethering to the remainder of the cardiovascular system.

3.2.1. Classical Model

To compute AAA wall stress, the material properties of the AAA wall and ILT need to be specified.
Material properties relate the stress to the tissue deformation (e.g., tissue stretch) by means of a
mathematical function. These properties can be linear or nonlinear. In the linear case, stresses are
related to deformations, or strain, by a simple equation:

o=Ee¢ 3)

where o is the stress tensor, ¢ is the strain tensor (which contains information on how the tissue
has deformed with respect to a stress free geometry or configuration), and E is a stiffness matrix
(which specifies how stiff or distensible the tissue is). Except when deformed minimally, tissues usually
have a nonlinear stress—strain (or stress—stretch) relationship and the equations that capture tissue
material properties are generally more involved than Equation (3).

Several studies have been conducted to determine the material properties of the AAA wall and ILT
using tissues from patients undergoing elective repair and/or from cadavers [48,62-66]. In particular,
Raghavan et al., 2001 [62] developed a hyperelastic, isotropic material model of the AAA wall tissue,
which is commonly employed in AAA biomechanical modeling efforts. The constitutive relations
corresponding to this hyperelastic nonlinear AAA tissue material model are described by:

o=-pl+2[a+2p(I;-3)]B )

where o is the Cauchy stress tensor, p is the hydrostatic pressure, I the identity tensor, B is the
left Cauchy—Green tensor, and I; is the first invariant of B (I; = tr (B)). The model parameters
(=174 + 1.5 N/em?; p = 188.1 + 37.2 N/cm?) were determined from uniaxial tensile test data obtained
from 69 human AAA specimens [62]. For ILT, the most common constitutive relation assumed
is that of Wang et al., 2001 [64], which follows the same form as Equation (4), but has different
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parameters (o = 2.6 N/cm?; B = 2.6 N/em?), and was derived from uniaxial data measurements from
50 ILT specimens. It is worth mentioning that measurements showed large variations in wall and ILT
properties among patients and even in different locations for the same patient.

More recent studies showed that both the wall and ILT present anisotropies [36,48,65,67]
(not accounted for in Equation (4)). Anisotropies are due to the tissue microstructure and in particular,
the orientation of collagen fibers [68]. However, without excising the AAA tissues (which is not feasible
in clinical practice before surgical repair), the distribution of AAA material properties in an actual patient
are not known and cannot be inferred with current noninvasive techniques. Further, patient-to-patient
variability is large [48,67]. Given this limitation, studies have typically modeled the wall and ILT as
uniform and isotropic materials, using Equation (4), with the constants specified above. Nevertheless,
recent studies have started to account for AAA tissue anisotropies, e.g., references [59,66,69].

Another factor to consider in AAA modeling is the so-called initial stress of the aneurysm. Material
model equations are written with respect to an unstressed (stress free) configuration. Because patient
CT scans are acquired in vivo, the images depict a strained (deformed) AAA geometry resulting from
the applied internal blood pressure. In fact, during the cardiac cycle, the elasticity of the wall allows
for expansion and contraction of the AAA. This can best be appreciated with ultrasound imaging.
For CT scans, due to the time it takes for image acquisition, the obtained image is actually an average
of the geometry over the cardiac cycle. Consequently, the 3D reconstructed AAA geometry based
on these images is in equilibrium with blood pressure (mean arterial blood pressure) and is under
stress conditions. The unstressed geometry/configuration is not known. This is frequently neglected,
and many models assume the 3D CT scan geometry corresponds to an unstressed and unloaded
configuration. However, neglecting this initial stress in FEA simulations can change the computed
magnitude of wall stress by 21-42% [70,71].

Realizing these difficulties, some models first transform the CT scan geometry into an unstressed
configuration [70] or compute the initial stresses [71]. Then, they use this configuration or initial stress
as a starting point in the computation of wall stresses, imposing a blood pressure that deforms the AAA
to the CT scanned geometry and then, quantifying wall stresses from the deformed (CT scan) geometry.
Theoretically, this approach should be more precise at computing wall stresses. However, it faces
several difficulties: 1. Because material properties are nonlinear (that is, the tissue behaves differently
depending on how much it is stretched/deformed), it becomes mathematically and computationally
difficult to find the unstressed initial configuration; 2. Residual stresses, which are stresses due
to unknown longitudinal and circumferential stretch of the arterial tissues, are frequently ignored,
even though they can be important contributors to arterial and AAA wall stress. Incorporating residual
stress distributions makes the problem of finding the initial unstressed configuration even more
intractable. Because of these difficulties, many of the studies, especially those that used relatively large
number of patients (n > 10), neglected to account for these effects.

3.2.2. Equilibrium Model

Rather than performing intractable computations, we can use basic equilibrium concepts in
mechanics to estimate AAA wall stresses. One such example of how equilibrium conditions can be
used to our advantage is the Laplace equation (Equation (2)). To compute circumferential wall stress
using the Laplace equation, we have assumed that the walls were thin (so that stress is approximately
constant throughout the wall). Note, however, that we did not have to make any assumptions about
deformations or the initial configuration, nor even the material properties of the wall tissues. We simply
used the mechanical principle of equilibrium of forces. Zelaya et al. [72] realized that this concept
could also be used in the computation of AAA wall stresses, even when the walls are not thin and an
ILT is present. They then used the AAA CT scan geometry to compute the wall stresses in equilibrium
with the internal blood pressure.

If we were to use FEA to compute wall stresses, tissue material properties would need to be
specified, and computations would result in tissue deformations. These deformations, however,
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can be tiny (negligible). To preserve the CT scan geometry, we can use a very stiff yet linear material
model (Equation (3)) for the tissue, while imposing the patient blood pressure onto the intraluminal
surface. This accomplishes the computation of the equilibrium wall stress under the applied blood
pressure with negligible tissue deformations, thus, preserving the CT scan geometry [72]. To validate
this approach, a series of in silico comparisons against ‘ground truth’ cases (in which the AAA
tissues were assumed to be nonlinear and even having residual stresses, but starting from known
unstressed configurations) were performed. Results showed that wall stresses computed using this
new straightforward approach were remarkably accurate [72]. This simple concept was later adopted
by other groups [73,74]. Thus, simple linear models can be used to accurately estimate AAA wall
stresses under equilibrium conditions (under internal blood pressure loads) using CT scan geometries.
Importantly, using a straightforward linear model, we can accurately estimate wall stresses without
requiring any knowledge about the material properties of the AAA wall.

3.3. Models of Aortic Wall Strength

Because wall strength can vary, not only among patients, but also within an individual AAA [38,49],
properly estimating wall strength is crucial in predicting patient-specific AAA rupture risk. Aortic wall
strength is affected by many factors including sex, ILT distribution, family history, and genetics [49].
Typically, wall strength estimations are based on a single study that associated patient clinical factors
with tensile strength testing of surgically collected AAA specimens [49]. The study included 60 uniaxial
test samples obtained from 29 AAA patients and established the following relationship for aortic wall
strength (%),

o* =719 -379 ( VILT - 0.81) —156 (NORD —2.46) — 213 HIST + 193 SEX (5)

where ¢* is in units of kPa, ILT is the ILT thickness in units of cm, NORD is a dimensionless parameter
for local normalized diameter, HIST is a dimensionless binary variable (1/2 for positive family history,
—1/2 for negative family history), and SEX is a dimensionless binary variable (1/2 for males, —1/2 for
females) [49]. This empirical relationship has been the basis for many patient-specific biomechanical
studies that approximate aortic wall strength [4,42,74-76].

4. Studies and Limitations

We will focus here on reviewing the results and conclusions from relatively large (n > 10) AAA
patient studies that used biomechanical analysis. Most of these studies, at least initially, used the
nonlinear, albeit isotropic, material properties described by Equation (4), and later studies incorporated
estimations of the aortic wall strength using Equation (5). Over time, biomechanical models became
more involved, and included the intraluminal thrombus (initially neglected), residual and initial
wall stresses, as well as the effects of calcifications. More recently, computational models have also
incorporated tissue anisotropies. Nevertheless, biomechanical models have not been broadly adopted
in clinical care of patients with AAAs. We will explore the limitations that preclude current clinical
implementation of biomechanical models of AAA.

4.1. Initial Studies

The first two relatively large patient studies to investigate the relationship between biomechanics
and AAA rupture were conducted by Fillinger et al. [54,55], and soon, other studies followed [56-58].
In these studies, the outer contour of patient-specific AAA geometries was extracted from patient CT
scans and modeled using shell elements in FEA, assuming constant wall thickness, and the material
properties described by Equation (4). Patient-specific systolic blood pressure (SBP) was applied as
the internal AAA blood pressure load. Results from these initial studies showed that peak wall stress
(PWS), the maximum principal wall stress in the model, correlated with AAA rupture better than AAA
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maximal transverse diameter (see Table 1). These studies were the first to establish PWS as a predictor
of AAA rupture risk.

Table 1. Initial pioneering biomechanical studies on AAA. These studies have all used patient-specific
AAA geometries extracted from CT scans, and modeled the AAA using shell elements in FEA.
They further assumed constant wall thickness, the material properties described by Equation (4),
and did not include an intraluminal thrombus (ILT).

Study AAA Patients (n) Findings
Fillinger 2002 48 (30 electively repaired; 8 symptomatic; PWS cgrrelates yvllth AAA rupture;
10 ruptured AAAs) patient-specific SBP needed
a1 . 103 (42 f)bserved AAAS w1th9ut Location of PWS correlated with
Fillinger 2003 intervention; 39 electively repaired; location of rupture
8 symptomatic; 14 ruptured AAAs) P
Venkatasubramaniam 2004 27 (12 ruptured) PWS mversgly related to wall
thickness
Truiiers 2007 30 (10 asymptomatic; 10 symptomatic; PWS correlated with AAA rupture;
) 10 ruptured AAAs) patient-specific SBP needed
Hene 2008 70 (40 electively repaired; 30 acutely PWS significantly higher for
eng repaired AAAs) patients undergoing acute repair

PWS—Peak wall stress; SBP—systolic blood pressure.

Each of these initial studies further contributed diverse aspects to the biomechanical analysis. In the
first study by Fillinger et al. [54], PWS was calculated for a total of 48 patients (30 electively repaired
AAAs, 8 symptomatic AAAs, and 10 ruptured AAAs). Results showed that the ruptured/symptomatic
AAA groups exhibited significantly higher PWS compared to the electively repaired AAA group.
These results were later confirmed by Heng et al. [58], using a total of 70 patients (40 electively repaired
AAAs and 30 acutely repaired AAAs): PWS was significantly higher for AAAs undergoing acute
repairs compared to those undergoing elective repairs. The study by Fillinger et al. also highlighted the
importance of using patient-specific SBP in calculating PWS: using a normalized SBP (e.g., 120 mmHg)
reduced the significance of findings [54]. A later study by Truijers et al. [57], which included a total of
30 patients (10 asymptomatic AAAs, 10 symptomatic AAAs, and 10 ruptured AAAs) and focused on
patients with small AAAs (with maximal diameters < 55 mm), confirmed findings that PWS is a better
predictor of AAA rupture when SBP is used as the load. This observation has clinical implications,
as hypertension is regarded as a risk factor associated with AAA rupture [77], and patients with
ruptured/symptomatic AAAs tend to have higher SBP than patients with non-ruptured AAAs [55-57].

A second study by Fillinger et al. [55] further investigated the relationship between PWS and
AAA rupture. In this retrospective study, PWS was calculated using geometries extracted from initial
presenting CT scans; and patient outcomes over the following year were assessed from the medical
record. The study included 103 patients (42 observed AAAs without intervention, 39 electively repaired
AAAs, 8 symptomatic AAAs, and 14 ruptured AAAs). Results from this study showed that PWS was
a more sensitive criterion than maximal diameter for distinguishing between patients who became
symptomatic/ruptured and those who were asymptomatic and underwent elective repair, significantly
differentiating the two size-matched groups. Moreover, for the ruptured AAA group, the location of
PWS correlated with the location of AAA rupture. Together, study results began to establish PWS as a
superior predictor of AAA rupture compared to maximal diameter alone.

A later study by Venkatasubramaniam et al. [56], which included a total of 27 patients (15 non-
ruptured AAAs and 12 ruptured AAAs), corroborated that the location of PWS correlated with the
location of AAA rupture. Furthermore, by performing a subset of simulations that parametrically
adjusted AAA wall thickness, this study also showed that under the same conditions, PWS was
inversely related to aortic wall thickness. While this is not surprising (see e.g., Equation (2)), the study
brought attention to the biomechanical importance of wall thickness. Unfortunately, estimation of
AAA wall thickness continues to be limited by the accuracy of CT scans, which frequently cannot
resolve the AAA tissue wall thickness and its variations in space.
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Despite exciting results, these initial studies share an important limitation: the FEA model failed
to account for the biomechanical effects of the ILT, and wall strength was not considered. Although
there was a degree of uncertainty in the literature at the time regarding the importance of ILT in
AAA biomechanics [50,62,78-81], subsequent studies showed that the ILT can significantly affect the
distribution of wall stress and lead to reductions in PWS [42—46]. By neglecting the effects of ILT on
wall stress, PWS in these studies was highly influenced by AAA geometry, including diameter, and SBP.
Furthermore, the models did not consider possible changes in wall strength, effectively assuming
common wall strength among patients that would justify PWS measurements as predictive of rupture.
The results from these five studies should, therefore, be interpreted with a clear acknowledgement and
understanding of their limitations.

4.2. Studies Accounting for the Intraluminal Thrombus

Following several studies that emphasized the possible effects of ILT on AAA tissues, patient
studies started to incorporate the effects of ILT on wall stress. To this end, and because the distribution
of ILT varies along the circumference and longitudinal length of the AAA (e.g., see Figure 1), 3D FEA
models were used (i.e., 3D elements rather than 2D shell elements). These elements, further, can assess
changes in wall stress through the AAA wall and ILT.

Initial patient studies (n > 10 patients) incorporating ILT in FEA models were performed by Vande
Geest et al. [4,59]. These studies used Equation (4) to model the properties of the ILT [64]. The first
of those studies, published in 2006 [4], included a total of 13 patients (5 non-ruptured AAAs and
8 ruptured AAAs). Unlike previous studies, they utilized a hyperelastic anisotropic material model
with preferred stiffening in the circumferential direction to describe the AAA wall [63]. The second
study, published two years later in 2008 [59], included a total of 35 patients (21 electivity repaired
AAAs, 5 non-ruptured AAAs, and 9 ruptured AAAs). This later study further compared the efficacy
of the hyperelastic anisotropic AAA wall model [48], to that of the widely used isotropic model used
previously and highlighted in Equation (4) [62]. Results demonstrated that within the electively
repaired AAA group, the anisotropic model produced significantly higher PWS compared to the
isotropic model, both with and without ILT, and further showed that simulations including ILT resulted
in significantly lower PWS than those that neglected the ILT [59].

Interestingly, despite improved model assumptions, these two studies, which incorporated the
ILT and utilized more realistic wall material models, also showed non-significant increases in PWS
in ruptured AAAs [4,59]. The results contradict the conclusions of the initial five relatively large
(n > 10) patient studies [54-58] highlighted above, all of which showed significant increases in PWS,
albeit excluding ILT from their models. This contradiction could be explained by a smaller number of
patients sampled by Vande Geest et al. [4,59], or the actual incorporation of ILT in their models that
resulted in lower PWS. The studies, nevertheless, demonstrated the biomechanical importance of ILT
in reducing wall stress and therefore, PWS.

Because in the studies by Vande Geest et al. PWS was no longer a good predictor of AAA rupture,
wall strength, which was neglected before in the stratification of patients, started to be included
in models [4]. To compute wall strength, the strength statistical model developed previously [49],
Equation (5), was used. Results showed a significant decrease in wall strength in the ruptured AAA
group. The decreased wall strength of ruptured AAA specimens compared to non-ruptured AAA
specimens was further demonstrated by the same group in a clinical study [82].

Regardless, when PWS and wall strength were combined as a rupture potential index (RPI),
defined as the ratio between PWS and wall strength, differences between the ruptured and non-ruptured
AAA groups did not reach statistical significance. However, the p-value associated with RPI was
lower than for comparisons of PWS and diameter alone, suggesting that RPI may be a better predictor
of risk. The authors, thus, suggested that RPI will likely reach statistical significance between
ruptured/non-ruptured groups, effectively stratifying patients, if the number of patients in their study
were to be increased. Wall strength, a component missing from previous studies, in combination
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with wall stress through RPI, thus, emerged as an important factor in rupture risk prediction [4].
Subsequent studies followed this idea, moving away from the assumption that AAA rupture is dictated
predominantly by PWS, and instead, assuming both wall stress and wall strength are involved [42,75,76].

4.3. Refined Models of AAA and RPI

Subsequent patient studies, which generally incorporated the ILT, showed a divergence in results.
These studies continued to expand on many of the developed models and techniques, including
the refinement of PWS-derived indexes such as the RPI, incorporation of patient-specific AAA wall
thickness, and inclusion of AAA wall calcification. However, while some studies showed a significant
increase in PWS or RPI in the ruptured and symptomatic AAA groups compared to non-ruptured
groups, some studies did not find such increase.

Studies by Gasser et al. [42], considering diameter matching (n = 35; 18 ruptured) and diameter-
pressure matching groups (n = 42; 18 ruptured), compared different modeling approaches. Instead
of using patient-specific SBP, however, they used mean arterial pressure (MAP) in their models,
and simulated models in which AAA wall thickness was dependent on MAP and/or ILT thickness.
Most interestingly, in their study, the models including ILT showed significant increases in PWS and
RPI (which they called instead peak wall rupture risk, PWRR), whereas the models that excluded
ILT did not show a significance increase in PWS, contradicting previous studies. Overall, however,
this study highlights the critical role that modeling assumptions can play in calculating PWS and RPI,
and thus, on using these models on actually predicting patient risks.

The same year (2010), a study conducted by Maier et al. [75] included a total of 53 patients
(with 14 ruptured AAAs). Unlike previous studies, this study incorporated the effects of the initial stress
state on the AAA. Results showed that PWS was significantly greater for the ruptured/symptomatic
AAA group compared to the non-ruptured AAA group; RPI, however, displayed a more pronounced
increase on a size-matched comparison. The study, therefore, highlighted the potential of RPI over PWS
in predicting rupture risk for AAAs. These results and the advantage of RPI over PWS in stratifying
patient risks were confirmed in a later study performed by Erhart et al. [76], which included a total of
60 patients (15 ruptured AAAs). In a later study, Shang et al. [61] (n = 26, but only symptomatic and
asymptomatic groups were considered) captured patient-specific aortic wall thicknesses directly from
CT scans using sophisticated image processing techniques [83,84]. Moreover, their FEA model also
included areas of AAA wall calcification, employing a calcific material model developed in a previous
study [35]. Results from this study showed that PWS was significantly higher for the symptomatic AAA
group compared to the asymptomatic AAA group, but only when using patient-specific wall thickness.

As studies continued to become more involved, including different wall material properties,
the effects of ILT, wall thickness variations, different blood pressure loads, and wall calcification, results
from FEA have also became more contradictory and not quite reproducible among groups. One common
problem among studies is that many of them used images from ruptured AAAs, which may not
properly reflect the pre-rupture status needed for meaningful quantifications. While some studies
continue to embrace the notion that PWS could be used as a superior predictor of AAA rupture
risk, RPI (and PWRR) have emerged as better risk predictors. The fundamental idea of considering
both wall stress and wall strength as criteria for AAA rupture makes sense from a biomechanics
perspective. However, while wall stress calculation seem to have become more accurate, patient-specific
wall strength estimations remain elusive, given that tissue and ILT material properties, and wall
thicknesses, vary widely from patient to patient and spatially within the same patient [5]. More refined
computational models and experimental systems to investigate the effects of blood flow and flow
pulsatility (not just blood pressure), and even vascular growth and remodeling have also been
implemented [85]. Geometrical changes have been investigated [86] as well as geometry-derived
indexes, including tortuosity and surface curvature [87-90]. However, biomechanical indexes of rupture
continue to be elusive and rupture mechanisms are not yet fully understood. Model assumptions
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could therefore play a large role on conclusions made, with wrong conclusions potentially generated
on a patient-specific basis following incorrect assumptions based on grouped data.

Indeed, studies are starting to question the importance of biomechanical analysis in AAA.
A recent study [91] (which included 175 asymptomatic, 11 symptomatic, and 45 ruptured aneurysms),
found that after diameter matching, there were no significant differences among groups in PWS
or RPI. More recently, a retrospective study was conducted on 13 patients with ruptured AAAs,
who were imaged before and after rupture [92]. The AAA software employed computed the rupture
risk equivalent diameter (RRED), an index based on biomechanical quantifications (PWS and RP],
see [93]). The study found that RRED was actually smaller than the actual AAA diameter (suggesting
a lower risk of rupture) in more than half of the pre-ruptured AAA cases. The study concluded that
biomechanical indices are not yet ready to stratify patients for AAA rupture risk and thus, are not
ready for clinical practice. More research is needed to address important gaps in our understanding of
AAA biomechanics and how they affect rupture before effective clinical translation is possible.

AAA is characterized by degradation of the aortic wall tissue (or remodeling), including loss
and fragmentation of elastin, fibrillin fragmentation, increased collagen content accompanied with
decreased alignment of collagen fibers, and loss of smooth muscle cells [1,5,66,94]. This degradation
affects the mechanical properties of the AAA wall, including its strength, and it varies significantly from
patient to patient as well as within an AAA [5]. Because there is no current clinical test to non-invasively
assess microscopic tissue composition, AAA wall properties continue to be elusive [95]. Attempts
have, therefore, been made to correlate AAA wall properties, including wall strength, to non-invasive
measurements such as metabolic activity (assessed by positron emission tomography scans, PET/CT) or
blood biomarkers of tissue degradation activity, e.g., [94,96]. More data, however, are needed to further
validate results and achieve a more reliable assessment of AAA wall properties including strength.

Advanced computational biomechanical models that incorporate the microstructure of the AAA
wall are emerging. The large variability of tissue mechanical properties in AAA patients is due
to changes in the AAA tissue microstructure that occur due to degradation [68]. By looking at
the relationship among microstructure and mechanical properties, different stages of AAA tissue
remodeling progression could be identified, including a substantial isotropic stiffening of AAA walls [66].
Biomechanical models can nowadays incorporate information on tissue microstructure, most notable
on collagen fiber orientation, and thus, reproduce the behavior of the AAA wall in silico [66,68].
AAA wall tissue remodeling certainly influences the strength of the AAA, contributing to rupture risk.
The relationship between tissue strength and microstructure, however, needs to be fully investigated.
Furthermore, growth and remodeling (G&R) biomechanical models are also emerging [97,98]. In the
context of AAA, G&R models aim at predicting both the geometrical grow of the aneurysm as well as
the accompanying tissue remodeling, with the dual goal of better understanding the progression of
AAA and assessing patient risks. Advances in imaging modalities that can non-invasively identify
tissue microstructure, adipocyte concentration, inflammation, and other details of the AAA wall,
to assess degradation, together with advanced biomechanical models [99], are promising to help in
future assessments of patient-specific rupture risks.

4.4. Beyond Biomechanical Models

Since biomechanical rupture indices are elusive, studies are starting to unravel situations
that increase the risk of AAA rupture. While some patient underlying conditions and history
(sex, smoking status, hypertension, genetic predisposition) are known to disproportionately affect
patients, other conditions affecting rupture continue to emerge [100]. For example, Crawford et al. [100]
demonstrated that reductions in aortic outflow from iliac occlusive disease are associated with increased
peak wall stress and rupture of AAAs at smaller sizes. These studies are supported by historical
data that demonstrated higher AAA rupture rate in patients with surgical ligation of the iliac arteries,
which was done in combination axillo-bifemoral bypass as an experimental treatment for AAA, as well
as in patients with reduced aortic outflow due to previous lower extremity amputations [101,102].
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Moreover, Haller et al. [103] found that increased ILT burden is associate with an increased risk of
rupture in small AAAs (<6 cm). Presumably, while the ILT decreases PWS, it also degrades the wall,
reducing its wall strength. This finding opens the possibility of using ILT burden as a surrogate marker
of rupture risk. Other surrogate markers are likely to emerge to complement biomechanical data,
but are currently in preliminary stages.

One promising approach is the use of fibrillin degradation fragments in peripheral blood [94].
Fibrillin is a structural component of the aortic extracellular matrix that is closely associated with
elastic lamellae. A defect in the Fibrillin-1 gene is also the underlying mutation in Marfan’s syndrome,
which is associated with increased prevalence of aortic aneurysms. The underlying assumption is that
degradation of fibrillin-1 will result in various fibrillin-1 fragments that can be detected in peripheral
blood samples, with more elevated fibrillin-1 fragment levels correlating with advanced degradation
of the aortic wall and decreased wall strength. Initial studies are promising in showing that fibrillin
fragments are detectable in peripheral blood samples of patients with aortic aneurysms and dissections.
However, this work is in the preliminary stages and studies to determine appropriate circulating values
for patients without aortic aneurysms, as well as longitudinal variation in fibrillin fragment levels in
patients with aortic aneurysms, are ongoing.

In addition to surrogate markers of aortic wall strength in peripheral blood, advanced imaging
modalities, such as PET/CT scans, may improve predictions of rupture risk by providing information
regarding the biological activity of cells within the aortic wall and degree of inflammation within
the AAA. Some studies have suggested an association between increased activity on PET/CT scans,
AAA growth, and increased PWS [104,105]. However, incorporation of PET/CT scan into rupture
calculations is still of unknown utility, with a recent systematic review calling into question the potential
improvement in rupture risk prediction offered by PET/CT scans [106].

5. Looking Forward

Current biomechanical models of AAA face uncertainties in quantifications of risk indexes that
preclude their use in clinical practice. This is because patient tissue properties, in particular wall
strength, cannot be properly inferred with current technologies and can only be vaguely estimated.
Tissue strength varies significantly within the AAA and from patient to patient, making the RPI,
even if PWS is accurately quantified, a crude estimate of risk. Further, changes in AAA wall thickness,
which influence PWS, are difficult to extract from many clinical CT scans, which minimize exposure at
the expense of accuracy [107]. Not surprisingly, studies are concluding that current biomechanical
models are not yet ready to stratify patients. Thus, even though maximal transverse diameter is an
inaccurate predictor of rupture risk, it continues to be used in clinical practice due to simplicity and
because it may not be much less accurate than other methods.

We need better solutions for risk stratification of AAA patients. The key to stratification is
likely a combination of biomechanical (wall stress, tissue microstructure) and biochemical surrogate
markers (e.g., blood markers, metabolic activity, gene expression) [96,108], together with other risk
variables (e.g., sex, smoking habits, underlying conditions). Artificial intelligence (Al) is revolutionizing
healthcare. We envision that the use of Al will also revolutionize AAA management and risk prediction;
seee.g., [109] for a review of current studies. By accessing large cohorts of patients (combining databases
from hospitals and centers), it is possible to use artificial intelligence methods, such as machine learning
and deep learning algorithms, to start unravelling associations among rupture risk, risks associated
with repair (mortality but also complications such as endoleaks), and other patient variables (including
biomechanical indices). Because AAA rupture is a biomechanical event, the work performed to unravel
biomechanical factors of AAA rupture remains essential. However, biomechanics alone may not be the
next predictor of AAA risk, as once promised, given all clinical uncertainties and limitations. Instead,
we envision biomechanics as a key component of more sophisticated patient-specific models that
incorporate diverse information.



Bioengineering 2020, 7, 79 14 of 19

Author Contributions: Writing—original and draft preparation, S.J.H.; writing—review and editing, A.F.A. and
S.R. All authors have read and agreed to the published version of the manuscript.

Funding: This research received no external funding.

Conflicts of Interest: Stephen Haller and Amir Azarbal have no conflict of interests. Sandra Rugonyi is president
and founder of CirSym, Inc.

References

1.

10.

11.

12.

13.

14.

15.

16.

Lim, J.; Wolff, J.; Rodd, C.; Cooper, D.; Earnshaw, J.J. Outcome in Men with a Screen-detected Abdominal
Aortic Aneurysm Who are not Fit for Intervention. Eur. |. Vasc. Endovasc. Surg. 2015, 50, 732-736. [CrossRef]
[PubMed]

Johnston, K.W.; Rutherford, R.B.; Tilson, M.D.; Shah, D.M.; Hollier, L.; Stanley, ].C. Suggested standards for
reporting on arterial aneurysms. Subcommittee on Reporting Standards for Arterial Aneurysms, Ad Hoc
Committee on Reporting Standards, Society for Vascular Surgery and North American Chapter, International
Society for Cardiovascular Surgery. J. Vasc. Surg. 1991, 13, 452-458.

Liddington, M.L; Heather, B.P. The relationship between aortic diameter and body habitus. Eur. J. Vasc. Surg.
1992, 6, 89-92. [CrossRef]

Geest, ].P.V,; Di Martino, E.S.; Bohra, A.; Makaroun, M.S.; Vorp, D.A. A Biomechanics-Based Rupture Potential
Index for Abdominal Aortic Aneurysm Risk Assessment: Demonstrative Application. Ann. N. Y. Acad. Sci.
2006, 1085, 11-21. [CrossRef] [PubMed]

Sherifova, S.; Holzapfel, G.A. Biomechanics of aortic wall failure with a focus on dissection and aneurysm:
A review. Acta Biomater. 2019, 99, 1-17. [CrossRef]

Budd, J.S.; Finch, D.; Carter, P. A study of the mortality from ruptured abdominal aortic aneurysms in a
district community. Eur. ]. Vasc. Surg. 1989, 3, 351-354. [CrossRef]

Semments, ]J.B.; Lawrence-Brown, M.; Norman, PE.; Codde, J.; Holman, C.D.]J. The Quality of Surgical Care
Project: Benchmark Standards of Open Resection for Abdominal Aortic Aneurysm in Western Australia.
ANZ ]. Surg. 1998, 68, 404-410. [CrossRef]

Schermerhorn, M.; Bensley, R.P.; Giles, K.A.; Hurks, R.; O'malley, A.].; Cotterill, P.; Chaikof, E.; Landon, B.E.
Changes in abdominal aortic aneurysm rupture and short-term mortality, 1995-2008: A retrospective
observational study. Ann. Surg. 2012, 256, 651-658. [CrossRef]

Sweeting, M.].; Ulug, P.; Powell, ].T.; Desgranges, P.; Balm, R.; Ruptured Aneurysm Trialists. Ruptured
Aneurysm Trials: The Importance of Longer-term Outcomes and Meta-analysis for 1-year Mortality. Eur. J.
Vasc. Endovasc. Surg. 2015, 50, 297-302. [CrossRef]

Aggarwal, S.; Qamar, A.; Sharma, V.; Sharma, A. Abdominal aortic aneurysm: A comprehensive review.
Exp. Clin. Cardiol. 2011, 16, 11-15.

Gwon, J.-G.; Kwon, T.-W.; Cho, Y.-P; Han, Y.J.; Noh, M.S. Analysis of in hospital mortality and long-term
survival excluding in hospital mortality after open surgical repair of ruptured abdominal aortic aneurysm.
Ann. Surg. Treat. Res. 2016, 91, 303-308. [CrossRef] [PubMed]

United Kingdom, E.T.I. Endovascular versus open repair of abdominal aortic aneurysm. N. Engl. J. Med.
2010, 362, 1863-1871.

Huber, T.S.; Wang, J.G.; Derrow, A.E.; Dame, D.A.; Ozaki, C.; Zelenock, G.B.; Flynn, T.C.; Seeger, ]. M.
Experience in the United States with intact abdominal aortic aneurysm repair. J. Vasc. Surg. 2001, 33, 304-311.
[CrossRef]

Powell, ].T.; Sweeting, M.].; Ulug, P.; Blankensteijn, ].D.; Lederle, FA.; Becquemin, J.; Greenhalgh, R.M.
Meta-analysis of individual-patient data from EVAR-1, DREAM, OVER and ACE trials comparing outcomes
of endovascular or open repair for abdominal aortic aneurysm over 5 years. BJS 2017, 104, 166-178. [CrossRef]
[PubMed]

De Bruin, J.L.; Baas, A.E; Buth, J.; Prinssen, M.; Verhoeven, E.L.; Cuypers, PW.; van Sambeek, M.R.; Balm, R.;
Grobbee, D.E.; Blankensteijn, J.D. Long-Term Outcome of Open or Endovascular Repair of Abdominal Aortic
Aneurysm. N. Engl. |. Med. 2010, 362, 1881-1889. [CrossRef]

Van Schaik, T.G.; Yeung, K.K,; Verhagen, H.J.; De Bruin, J.L.; Van Sambeek, M.R. H.M.; Balm, R.; Zeebregts, C.].;
Van Herwaarden, J.A.; Blankensteijn, ].D.; Bak, A ; et al. Long-term survival and secondary procedures after
open or endovascular repair of abdominal aortic aneurysms. J. Vasc. Surg. 2017, 66, 1379-1389. [CrossRef]


http://dx.doi.org/10.1016/j.ejvs.2015.07.035
http://www.ncbi.nlm.nih.gov/pubmed/26371412
http://dx.doi.org/10.1016/S0950-821X(05)80101-X
http://dx.doi.org/10.1196/annals.1383.046
http://www.ncbi.nlm.nih.gov/pubmed/17182918
http://dx.doi.org/10.1016/j.actbio.2019.08.017
http://dx.doi.org/10.1016/S0950-821X(89)80073-8
http://dx.doi.org/10.1111/j.1445-2197.1998.tb04787.x
http://dx.doi.org/10.1097/SLA.0b013e31826b4f91
http://dx.doi.org/10.1016/j.ejvs.2015.04.015
http://dx.doi.org/10.4174/astr.2016.91.6.303
http://www.ncbi.nlm.nih.gov/pubmed/27904852
http://dx.doi.org/10.1067/mva.2001.112703
http://dx.doi.org/10.1002/bjs.10430
http://www.ncbi.nlm.nih.gov/pubmed/28160528
http://dx.doi.org/10.1056/NEJMoa0909499
http://dx.doi.org/10.1016/j.jvs.2017.05.122

Bioengineering 2020, 7, 79 15 of 19

17.

18.

19.

20.

21.
22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

Gongalves, EB.; Ultee, K.H.; Hoeks, S.E.; Stolker, R.J.; Verhagen, H.J. Life expectancy and causes of death
after repair of intact and ruptured abdominal aortic aneurysms. J. Vasc. Surg. 2016, 63, 610-616. [CrossRef]
Reed, W.W. Learning from the last ultrasound. A population-based study of patients with abdominal aortic
aneurysm. Arch. Intern. Med. 1997, 157, 2064-2068. [CrossRef]

Merali, ES.; Anand, S.S. Immediate repair compared with surveillance of small abdominal aortic aneurysms.
N. Engl. ]. Med. 2002, 346, 1437-1444.

United Kingdom Small Aneurysm Trial Participants. Long-term outcomes of immediate repair compared
with surveillance of small abdominal aortic aneurysms. N. Engl. |. Med. 2002, 346, 1445-1452. [CrossRef]
Norman, P.; Powell, ].T. Abdominal Aortic Aneurysm. Circulation 2007, 115, 2865-2869. [CrossRef] [PubMed]
Mortality results for randomised controlled trial of early elective surgery or ultrasonographic surveillance
for small abdominal aortic aneurysms. Lancet 1998, 352, 1649-1655. [CrossRef]

Darling, R.C.; Messina, C.R.; Brewster, D.C.; Ottinger, L.W. Autopsy study of unoperated abdominal aortic
aneurysms. The case for early resection. Circulation 1977, 56, 161-164.

Cronenwett, J.L.; Murphy, T.E; Zelenock, G.B.; Whitehouse, WM.; Lindenauer, S.M.; Graham, L.M.; E
Quint, L.; Silver, T.M.; Stanley, ].C. Actuarial analysis of variables associated with rupture of small abdominal
aortic aneurysms. Surgery 1985, 98, 472-483.

Nicholls, S5.C.; Gardner, ].B.; Meissner, M.H.; Johansen, K.H. Rupture in small abdominal aortic aneurysms.
J. Vasc. Surg. 1998, 28, 884-888. [CrossRef]

Brown, L.C.; Powell, ].T. Risk Factors for Aneurysm Rupture in Patients Kept Under Ultrasound Surveillance.
Ann. Surg. 1999, 230, 289. [CrossRef]

Filardo, G.; Powell, ].T.; Martinez, M.A.-M.; Ballard, D.]. Surgery for small asymptomatic abdominal aortic
aneurysms. Cochrane Database Syst. Rev. 2015, 2015, CD001835. [CrossRef]

Ulug, P. Surgery for small asymptomatic abdominal aortic aneurysms. Cochrane Database Syst. Rev. 2020.
[CrossRef]

White, J.V.,; Haas, K; Phillips, S.; Comerota, A.J. Adventitial elastolysis is a primary event in aneurysm
formation. . Vasc. Surg. 1993, 17, 371-381. [CrossRef]

Steinmetz, E.F,; Buckley, C.; Thompson, R.W. Prospects for the Medical Management of Abdominal Aortic
Aneurysms. Vasc. Endovasc. Surg. 2003, 37, 151-163. [CrossRef] [PubMed]

Lindholt, ].S. Aneurysmal wall calcification predicts natural history of small abdominal aortic aneurysms.
Atherosclerosis 2008, 197, 673-678. [CrossRef] [PubMed]

O’Leary, S.A.; Mulvihill, J.J.; Barrett, H.; Kavanagh, E.; Walsh, M.; McGloughlin, T.; 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] [PubMed]

Li, Z.; U-King-Im, J.; Tang, T.Y.; Soh, E.; See, T.C.; Gillard, J.H. Impact of calcification and intraluminal
thrombus on the computed wall stresses of abdominal aortic aneurysm. J. Vasc. Surg. 2008, 47, 928-935.
[CrossRef] [PubMed]

Speelman, L.; Bohra, A.; Bosboom, EM.H.; Schurink, G.W.H.; Van De Vosse, F.; Makaroun, M.S.; Vorp, D.A.
Effects of Wall Calcifications in Patient-Specific Wall Stress Analyses of Abdominal Aortic Aneurysms.
J. Biomech. Eng. 2006, 129, 105-109. [CrossRef]

Maier, A.; Gee, M.W.; Reeps, C.; Eckstein, H.-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]
[PubMed]

Tong, ].; Holzapfel, G.A. Structure, Mechanics, and Histology of Intraluminal Thrombi in Abdominal Aortic
Aneurysms. Ann. Biomed. Eng. 2015, 43, 1488-1501. [CrossRef]

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

Vorp, D.A ; Lee, P.C.; Wang, D.H.; 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]

Sun, N.; Leung, J.; Wood, N.B.; Hughes, A.; A Thom, S.; Cheshire, N.J.; Xu, X.Y. Computational analysis of
oxygen transport in a patient-specific model of abdominal aortic aneurysm with intraluminal thrombus.
Br. J. Radiol. 2009, 82, S18-S23. [CrossRef]


http://dx.doi.org/10.1016/j.jvs.2015.09.030
http://dx.doi.org/10.1001/archinte.1997.00440390050007
http://dx.doi.org/10.1056/NEJMoa013527
http://dx.doi.org/10.1161/CIRCULATIONAHA.106.671859
http://www.ncbi.nlm.nih.gov/pubmed/17548742
http://dx.doi.org/10.1016/S0140-6736(98)10137-X
http://dx.doi.org/10.1016/S0741-5214(98)70065-5
http://dx.doi.org/10.1097/00000658-199909000-00002
http://dx.doi.org/10.1002/14651858.CD001835.pub4
http://dx.doi.org/10.1002/14651858.CD001835.pub5
http://dx.doi.org/10.1016/0741-5214(93)90422-I
http://dx.doi.org/10.1177/153857440303700301
http://www.ncbi.nlm.nih.gov/pubmed/12799723
http://dx.doi.org/10.1016/j.atherosclerosis.2007.03.012
http://www.ncbi.nlm.nih.gov/pubmed/17442319
http://dx.doi.org/10.1016/j.jmbbm.2014.11.005
http://www.ncbi.nlm.nih.gov/pubmed/25482218
http://dx.doi.org/10.1016/j.jvs.2008.01.006
http://www.ncbi.nlm.nih.gov/pubmed/18372154
http://dx.doi.org/10.1115/1.2401189
http://dx.doi.org/10.1007/s10237-010-0191-0
http://www.ncbi.nlm.nih.gov/pubmed/20143120
http://dx.doi.org/10.1007/s10439-015-1332-5
http://dx.doi.org/10.7863/jum.1982.1.8.315
http://dx.doi.org/10.1067/mva.2001.114813
http://dx.doi.org/10.1259/bjr/89466318

Bioengineering 2020, 7, 79 16 of 19

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

Boyd, A.J; Kuhn, D.C.S.; Lozowy, RJ.; Kulbisky, G.P. Low Wall Shear Stress Predominates at Sites of
Abdominal Aortic Aneurysm Rupture. |. Vasc. Surg. 2015, 62, 1382. [CrossRef]

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]

Gasser, T.; Auer, M.; Labruto, F.; Swedenborg, J.; Roy, ]. 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]

Speelman, L.; Schurink, G.W.H.; Bosboom, EXM.H.; Buth, J.; Breeuwer, M.; Van De Vosse, F.; Jacobs, M.H.
The mechanical role of thrombus on the growth rate of an abdominal aortic aneurysm. J. Vasc. Surg. 2010, 51,
19-26. [CrossRef] [PubMed]

Bluestein, D.; Dumont, K.; De Beule, M.; Ricotta, J.; Impellizzeri, P.; Verhegghe, B.; Verdonck, P.R. Intraluminal
thrombus and risk of rupture in patient specific abdominal aortic aneurysm—FSI modelling. Comput. Methods
Biomech. Biomed. Eng. 2009, 12, 73-81. [CrossRef]

Di Martino, E.S.; 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] [PubMed]

Wang, D.H.; 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]

Leung, J.; Wright, A.R.; Cheshire, N.; Crane, ].S.; Thom, S.; Hughes, A.; Xu, X.Y. Fluid structure interaction of
patient specific abdominal aortic aneurysms: A comparison with solid stress models. Biomed. Eng. Online
2006, 5, 33. [CrossRef]

Geest, ].P.V.; Sacks, M.S.; Vorp, D.A. The effects of aneurysm on the biaxial mechanical behavior of human
abdominal aorta. J. Biomech. 2006, 39, 1324-1334. [CrossRef]

Geest, J.P.V,; Wang, D.H.J.; Wisniewski, S.R.; Makaroun, M.S.; Vorp, D.A. Towards A Noninvasive
Method for Determination of Patient-Specific Wall Strength Distribution in Abdominal Aortic Aneurysms.
Ann. Biomed. Eng. 2006, 34, 1098-1106. [CrossRef]

Mower, W.R.; Quifiones, W.].; Gambhir, S.S. Effect of intraluminal thrombus on abdominal aortic aneurysm
wall stress. J. Vasc. Surg. 1997, 26, 602—-608. [CrossRef]

Vorp, D.A.; Raghavan, M.; Webster, M.W. Mechanical wall stress in abdominal aortic aneurysm: Influence of
diameter and asymmetry. J. Vasc. Surg. 1998, 27, 632-639. [CrossRef]

Stringfellow, M.M.; Lawrence, P.E,; Stringfellow, R.G. The influence of aorta-aneurysm geometry upon stress
in the aneurysm wall. |. Surg. Res. 1987, 42, 425-433. [CrossRef]

Inzoli, F; Boschetti, F; Zappa, M.; Longo, T.; Fumero, R. Biomechanical factors in abdominal aortic aneurysm
rupture. Eur. J. Vasc. Surg. 1993, 7, 667—674. [CrossRef]

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

Fillinger, M.F,; Marra, S.P.; Raghavan, M.; Kennedy, F.E. Prediction of rupture risk in abdominal aortic
aneurysm during observation: Wall stress versus diameter. J. Vasc. Surg. 2003, 37, 724-732. [CrossRef]
Venkatasubramaniam, A.K.; Fagan, M.].; Mehta, T.; Mylankal, K.J.; Ray, B.; Kuhan, G.; Chetter, 1.C,;
McCollum, P.T. A comparative study of aortic wall stress using finite element analysis for ruptured and
non-ruptured abdominal aortic aneurysms. Eur. ]. Vasc. Endovasc. Surg. 2004, 28, 168-176.

Truijers, M.; Pol, J.; SchultzeKool, L.; Van Sterkenburg, S.; Fillinger, M.; Blankensteijn, J.D. Wall Stress
Analysis in Small Asymptomatic, Symptomatic and Ruptured Abdominal Aortic Aneurysms. Eur. . Vasc.
Endovasc. Surg. 2007, 33, 401-407. [CrossRef]

Heng, M.S.; Fagan, M ].; Collier, ] W.; Desai, G.; Mccollum, P.T.; Chetter, I. Peak wall stress measurement in
elective and acute abdominal aortic aneurysms. J. Vasc. Surg. 2008, 47, 17-22. [CrossRef]

Geest, J.P.V,; Schmidt, D.E.; Sacks, M.S.; Vorp, D.A. The Effects of Anisotropy on the Stress Analyses of
Patient-Specific Abdominal Aortic Aneurysms. Ann. Biomed. Eng. 2008, 36, 921-932. [CrossRef]
Raghavan, M.L.; Kratzberg, J.; De Tolosa, EM.C.; 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]


http://dx.doi.org/10.1016/j.jvs.2015.08.041
http://dx.doi.org/10.1016/S0741-5214(03)00791-2
http://dx.doi.org/10.1016/j.ejvs.2010.04.003
http://dx.doi.org/10.1016/j.jvs.2009.08.075
http://www.ncbi.nlm.nih.gov/pubmed/19944551
http://dx.doi.org/10.1080/10255840802176396
http://dx.doi.org/10.1114/1.1581880
http://www.ncbi.nlm.nih.gov/pubmed/12971613
http://dx.doi.org/10.1067/mva.2002.126087
http://dx.doi.org/10.1186/1475-925X-5-33
http://dx.doi.org/10.1016/j.jbiomech.2005.03.003
http://dx.doi.org/10.1007/s10439-006-9132-6
http://dx.doi.org/10.1016/S0741-5214(97)70058-2
http://dx.doi.org/10.1016/S0741-5214(98)70227-7
http://dx.doi.org/10.1016/0022-4804(87)90178-8
http://dx.doi.org/10.1016/S0950-821X(05)80714-5
http://dx.doi.org/10.1067/mva.2002.125478
http://dx.doi.org/10.1067/mva.2003.213
http://dx.doi.org/10.1016/j.ejvs.2006.10.009
http://dx.doi.org/10.1016/j.jvs.2007.09.002
http://dx.doi.org/10.1007/s10439-008-9490-3
http://dx.doi.org/10.1016/j.jbiomech.2005.10.021

Bioengineering 2020, 7, 79 17 of 19

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

Shang, E.K.; Nathan, D.P.; Woo, E.Y.; Fairman, R.M.; Wang, G.J.; Gorman, R.C.; Gorman, ].H.; Jackson, B.M.
Local wall thickness in finite element models improves prediction of abdominal aortic aneurysm growth.
J. Vasc. Surg. 2013, 61, 217-223. [CrossRef] [PubMed]

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

Geest, J.P.V,; Sacks, M.S.; Vorp, D.A. Age Dependency of the Biaxial Biomechanical Behavior of Human
Abdominal Aorta. J. Biomech. Eng. 2004, 126, 815-822. [CrossRef]

Wang, D.H.J].; Makaroun, M.; 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]
[PubMed]

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

Niestrawska, J.A.; Regitnig, P; Viertler, C.; Cohnert, T.U.; Babu, A.R.; Holzapfel, G. The role of tissue
remodeling in mechanics and pathogenesis of abdominal aortic aneurysms. Acta Biomater. 2019, 88, 149-161.
[CrossRef]

Pierce, D.M.; Maier, E.; Weisbecker, H.; Viertler, C.; Verbrugghe, P.; Famaey, N.; Fourneau, I.; Herijgers, P.;
Holzapfel, G.A. Human thoracic and abdominal aortic aneurysmal tissues: Damage experiments, statistical
analysis and constitutive modeling. J. Mech. Behav. Biomed. Mater. 2015, 41, 92-107. [CrossRef]
Niestrawska, J.A.; Viertler, C.; Regitnig, P.; Cohnert, T.U.; Sommer, G.; Holzapfel, G.A. Microstructure and
mechanics of healthy and aneurysmatic abdominal aortas: Experimental analysis and modelling. J. R.
Soc. Interface 2016, 13, 20160620. [CrossRef]

Rodriguez, J.F.; Ruiz, C.; Doblaré, M.; Holzapfel, G.A. Mechanical Stresses in Abdominal Aortic Aneurysms:
Influence of Diameter, Asymmetry, and Material Anisotropy. J. Biomech. Eng. 2008, 130, 021023. [CrossRef]
Riveros, F.; Chandra, S.; Finol, E.A.; Gasser, T.C.; Rodriguez, J.F. A Pull-Back Algorithm to Determine the
Unloaded Vascular Geometry in Anisotropic Hyperelastic AAA Passive Mechanics. Ann. Biomed. Eng. 2012,
41, 694-708. [CrossRef]

Speelman, L.; Bosboom, E.M.H.; Schurink, G.W.H.; Buth, J.; Breeuwer, M.; Jacobs, M.].; van de Vosse, F.N.
Initial stress and nonlinear material behavior in patient-specific AAA wall stress analysis. J. Biomech. 2009,
42,1713-1719. [CrossRef]

Zelaya, ].E.; Goenezen, S.; Dargon, P.T.; Azarbal, A.-F,; Rugonyi, S. Improving the Efficiency of Abdominal
Aortic Aneurysm Wall Stress Computations. PLoS ONE 2014, 9, €101353. [CrossRef] [PubMed]

Joldes, G.R.; Miller, K.; Wittek, A.; Doyle, B.]. A simple, effective and clinically applicable method to compute
abdominal aortic aneurysm wall stress. |. Mech. Behav. Biomed. Mater. 2016, 58, 139-148. [CrossRef]
[PubMed]

Joldes, G.R.; Miller, K.; Wittek, A.; Forsythe, R.O.; Newby, D.E.; Doyle, B.J. BioPARR: A software system for
estimating the rupture potential index for abdominal aortic aneurysms. Sci. Rep. 2017, 7, 4641. [CrossRef]
[PubMed]

Maier, A.; Gee, M.W.; Reeps, C.; Pongratz, ].; Eckstein, H.-H.; Wall, W.A. A Comparison of Diameter, Wall Stress,
and Rupture Potential Index for Abdominal Aortic Aneurysm Rupture Risk Prediction. Ann. Biomed. Eng.
2010, 38, 3124-3134. [CrossRef] [PubMed]

Erhart, P.; Hyhlik-Diirr, A.; Geisbiisch, P; Kotelis, D.; Miiller-Eschner, M.; Gasser, T.; Von Tengg-Kobligk, H.;
Bockler, D. Finite Element Analysis in Asymptomatic, Symptomatic, and Ruptured Abdominal Aortic
Aneurysms: In Search of New Rupture Risk Predictors. Eur. J. Vasc. Endovasc. Surg. 2015, 49, 239-245.
[CrossRef]

Jacob, A.D.; Barkley, P.L.; Broadbent, K.C.; Huynh, T.T.T,; Hall, A.D. Abdominal Aortic Aneurysm Screening.
Semin. Roentgenol. 2015, 50, 118-126. [CrossRef]

Schurink, G.W.; Van Baalen, ].M.; Visser, M.].; Van Bockel, ] H. Thrombus within an aortic aneurysm does not
reduce pressure on the aneurysmal wall. J. Vasc. Surg. 2000, 31, 501-506. [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. ]. Vasc. Endovasc. Surg. 1998, 15, 290-299. [CrossRef]


http://dx.doi.org/10.1016/j.jvs.2013.08.032
http://www.ncbi.nlm.nih.gov/pubmed/24095043
http://dx.doi.org/10.1016/S0021-9290(99)00201-8
http://dx.doi.org/10.1115/1.1824121
http://dx.doi.org/10.1115/1.1411971
http://www.ncbi.nlm.nih.gov/pubmed/11783723
http://dx.doi.org/10.1016/j.jbiomech.2006.05.011
http://dx.doi.org/10.1016/j.actbio.2019.01.070
http://dx.doi.org/10.1016/j.jmbbm.2014.10.003
http://dx.doi.org/10.1098/rsif.2016.0620
http://dx.doi.org/10.1115/1.2898830
http://dx.doi.org/10.1007/s10439-012-0712-3
http://dx.doi.org/10.1016/j.jbiomech.2009.04.020
http://dx.doi.org/10.1371/journal.pone.0101353
http://www.ncbi.nlm.nih.gov/pubmed/25007052
http://dx.doi.org/10.1016/j.jmbbm.2015.07.029
http://www.ncbi.nlm.nih.gov/pubmed/26282385
http://dx.doi.org/10.1038/s41598-017-04699-1
http://www.ncbi.nlm.nih.gov/pubmed/28680081
http://dx.doi.org/10.1007/s10439-010-0067-6
http://www.ncbi.nlm.nih.gov/pubmed/20480238
http://dx.doi.org/10.1016/j.ejvs.2014.11.010
http://dx.doi.org/10.1053/j.ro.2014.10.003
http://dx.doi.org/10.1067/mva.2000.103693
http://dx.doi.org/10.1016/S1078-5884(98)80031-2

Bioengineering 2020, 7, 79 18 of 19

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

96.

97.

98.

99.

Wolf, Y.G.; Thomas, W.S.; Brennan, EJ.; Goff, W.G.; Sise, M.].; Bernstein, E.F. Computed tomography scanning
findings associated with rapid expansion of abdominal aortic aneurysms. J. Vasc. Surg. 1994, 20, 529-538.
[CrossRef]

Vorp, D.A.; Wang, D.H.J.; Webster, M.W.; Federspiel, W.J. Effect of intraluminal thrombus thickness and
bulge diameter on the oxygen diffusion in abdominal aortic aneurysm. J. Biomech. Eng. 1998, 120, 579-583.
[CrossRef] [PubMed]

Di Martino, E.S.; Bohra, A.; Geest, ].P.V.; Gupta, N.; Makaroun, M.S.; Vorp, D.A. Biomechanical properties of
ruptured versus electively repaired abdominal aortic aneurysm wall tissue. J. Vasc. Surg. 2006, 43, 570-576.
[CrossRef] [PubMed]

Kroon, D.-J.; Slump, C.H.; Maal, T.J.]. Optimized Anisotropic Rotational Invariant Diffusion Scheme on
Cone-Beam CT. Comput. Vis. 2010, 13, 221-228. [CrossRef]

Chan, T.F; Vese, L. Active contours without edges. IEEE Trans. Image Process. 2001, 10, 266-277. [CrossRef]
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]

Akkoyun, E.; Kwon, S.T.; Acar, A.C.; Lee, W.; Baek, S. Predicting abdominal aortic aneurysm growth using
patient-oriented growth models with two-step Bayesian inference. Comput. Boil. Med. 2020, 117, 103620.
[CrossRef]

De Galarreta, S.R.; Cazon, A.; Antén, R.; Finol, E. The Relationship Between Surface Curvature and Abdominal
Aortic Aneurysm Wall Stress. J. Biomech. Eng. 2017, 139, 081006. [CrossRef]

Raut, S.S.; Chandra, S.; Shum, J.; Finol, E. The role of geometric and biomechanical factors in abdominal
aortic aneurysm rupture risk assessment. Ann. Biomed. Eng. 2013, 41, 1459-1477. [CrossRef]

Urrutia, J.; Roy, A.; Raut, S.; Antén, R.; Muluk, S.C.; Finol, E.A. Geometric surrogates of abdominal aortic
aneurysm wall mechanics. Med. Eng. Phys. 2018, 59, 43—49. [CrossRef]

Canchi, T; Patnaik, S.S.; Nguyen, H.N.; Ng, E.YK,; Narayanan, S.; Muluk, 5.C.; De Oliveira, V.; Finol, E.A.
A Comparative Study of Biomechanical and Geometrical Attributes of Abdominal Aortic Aneurysms in the
Asian and Caucasian Populations. . Biomech. Eng. 2020, 142. [CrossRef]

Leemans, E.; Willems, T.P,; Slump, C.H.; Van Der Laan, M.].; Zeebregts, C. Additional value of biomechanical
indices based on CTa for rupture risk assessment of abdominal aortic aneurysms. PLoS ONE 2018, 13, 0202672.
[CrossRef] [PubMed]

Jalalzadeh, H.; Leemans, E.L; Indrakusuma, R.; Planken, R.N.; Koelemay, M.].; Zeebregts, C.J;
Marquering, H.A.; van der Laan, M.J.; Balm, R. Estimation of Abdominal Aortic Aneurysm Rupture
Risk with Biomechanical Imaging Markers. J. Vasc. Interv. Radiol. 2019, 30, 987-994. [CrossRef] [PubMed]
Gasser, T.C.; Nchimi, A.; Swedenborg, J.; Roy, J.; Sakalihasan, N.; Bockler, D.; Hyhlik-Diirr, A. A Novel
Strategy to Translate the Biomechanical Rupture Risk of Abdominal Aortic Aneurysms to their Equivalent
Diameter Risk: Method and Retrospective Validation. Eur. ]. Vasc. Endovasc. Surg. 2014, 47, 288-295.
[CrossRef] [PubMed]

Marshall, L.M.; Carlson, E.J.; O’'Malley, J.; Snyder, C.K.; Charbonneau, N.L.; Hayflick, S.]J.; Coselli, J.S.;
Lemaire, S.A.; Sakai, L.Y. Thoracic Aortic Aneurysm Frequency and Dissection Are Associated With Fibrillin-1
Fragment Concentrations in Circulation. Circ. Res. 2013, 113, 1159-1168. [CrossRef]

Pejcic, S.; Hassan, SSM.A.; Rival, D.E; Bisleri, G. Characterizing the mechanical properties of the aortic wall.
Vessel. Plus 2019, 2019, 32. [CrossRef]

Reeps, C.; Maier, A.; Pelisek, J.; Hartl, F.; Grabher-Meier, V.; Wall, W.A.; Essler, M.; Eckstein, H.-H.; Gee, M.W.
Measuring and modeling patient-specific distributions of material properties in abdominal aortic aneurysm
wall. Biomech. Model. Mechanobiol. 2012, 12, 717-733. [CrossRef]

Horvat, N.; Virag, L.; Holzapfel, G.A ; Sori¢, ].; Karsaj, I. A finite element implementation of a growth and
remodeling model for soft biological tissues: Verification and application to abdominal aortic aneurysms.
Comput. Methods Appl. Mech. Eng. 2019, 352, 586—605. [CrossRef]

Grytsan, A.; Watton, P.; Holzapfel, G.A. A Thick-Walled Fluid-Solid-Growth Model of Abdominal Aortic
Aneurysm Evolution: Application to a Patient-Specific Geometry. ]. Biomech. Eng. 2015, 137, 031008.
[CrossRef]

Humphrey, J.; Holzapfel, G. Mechanics, mechanobiology, and modeling of human abdominal aorta and
aneurysms. . Biomech. 2012, 45, 805-814. [CrossRef]


http://dx.doi.org/10.1016/0741-5214(94)90277-1
http://dx.doi.org/10.1115/1.2834747
http://www.ncbi.nlm.nih.gov/pubmed/10412434
http://dx.doi.org/10.1016/j.jvs.2005.10.072
http://www.ncbi.nlm.nih.gov/pubmed/16520175
http://dx.doi.org/10.1007/978-3-642-15711-0_28
http://dx.doi.org/10.1109/83.902291
http://dx.doi.org/10.3389/fbioe.2019.00111
http://dx.doi.org/10.1016/j.compbiomed.2020.103620
http://dx.doi.org/10.1115/1.4036826
http://dx.doi.org/10.1007/s10439-013-0786-6
http://dx.doi.org/10.1016/j.medengphy.2018.06.007
http://dx.doi.org/10.1115/1.4045268
http://dx.doi.org/10.1371/journal.pone.0202672
http://www.ncbi.nlm.nih.gov/pubmed/30133522
http://dx.doi.org/10.1016/j.jvir.2019.01.014
http://www.ncbi.nlm.nih.gov/pubmed/31109852
http://dx.doi.org/10.1016/j.ejvs.2013.12.018
http://www.ncbi.nlm.nih.gov/pubmed/24456739
http://dx.doi.org/10.1161/CIRCRESAHA.113.301498
http://dx.doi.org/10.20517/2574-1209.2019.18
http://dx.doi.org/10.1007/s10237-012-0436-1
http://dx.doi.org/10.1016/j.cma.2019.04.041
http://dx.doi.org/10.1115/1.4029279
http://dx.doi.org/10.1016/j.jbiomech.2011.11.021

Bioengineering 2020, 7, 79 19 of 19

100.

101.

102.

103.

104.

105.

106.

107.

108.

109.

Crawford, J.D.; Chivukula, VK.; Haller, S.; Vatankhah, N.; Bohannan, C.J.; Moneta, G.L.; Rugonyi, S.;
Azarbal, A.F. Aortic outflow occlusion predicts rupture of abdominal aortic aneurysm. J. Vasc. Surg. 2016,
64,1623-1628. [CrossRef]

Schwartz, R.A.; Nichols, W.K,; Silver, D. Is thrombosis of the infrarenal abdominal aortic aneurysm an
acceptable alternative? J. Vasc. Surg. 1986, 3, 448-455. [CrossRef]

Vollmar, J.E; Paes, E.H.; Pauschinger, P.; Gross, P. Aneurysm of the abdominal aorta and leg amputation.
A chance coincidence or a pathogenetic correlation? Dtsch. Med. Wochenschr. 1988, 113, 1795-1800. [CrossRef]
[PubMed]

Haller, S.J.; Crawford, J.D.; Courchaine, KM.; Bohannan, C.J.; Landry, G.J.; Moneta, G.L.; Azarbal, A;
Rugonyi, S. Intraluminal thrombus is associated with early rupture of abdominal aortic aneurysm.
J. Vasc. Surg. 2018, 67, 1051-1058.e1. [CrossRef]

Lee, H,; Paeng, ].C.; Kim, K.H.; Cheon, G.J.; Lee, D.-J.; Chung, J.-K.; Kang, K.W. Correlation of FDG
PET/CT Findings with Long-Term Growth and Clinical Course of Abdominal Aortic Aneurysm. Nucl. Med.
Mol. Imaging 2017, 52, 46-52. [CrossRef] [PubMed]

Maier, A.; Essler, M.; Gee, M.W.,; Eckstein, H.-H.; Wall, W.A_; Reeps, C. Correlation of biomechanics to tissue
reaction in aortic aneurysms assessed by finite elements and [18F]-fluorodeoxyglucose-PET/CT. Int. J. Numer.
Methods Biomed. Eng. 2011, 28, 456—471. [CrossRef] [PubMed]

Jalalzadeh, H.; Indrakusuma, R.; Planken, R.; Legemate, D.A.; Koelemay, M.; Balm, R. Inflammation as a
Predictor of Abdominal Aortic Aneurysm Growth and Rupture: A Systematic Review of Imaging Biomarkers.
Eur. ]. Vasc. Endovasc. Surg. 2016, 52, 333-342. [CrossRef] [PubMed]

Wang, G.; Zhang, Y.; Ye, X.; Mou, X. Machine Learning for Tomographic Imaging; IOP Publishing: Bristol,
UK, 2019.

Erhart, P.; Schiele, S.; Ginsbach, P.; Grond-Ginsbach, C.; Hakimi, M.; Bockler, D.; Lorenzo-Bermejo, J.;
Dihlmann, S. Gene Expression Profiling in Abdominal Aortic Aneurysms After Finite Element Rupture Risk
Assessment. |. Endovasc. Ther. 2017, 24, 861-869. [CrossRef]

Raffort, J.; Adam, C.; Carrier, M.; Ballaith, A.; Coscas, R.; Jean-Baptiste, E.; Hassen-Khodja, R.; Chakfé, N;
Lareyre, F. Artificial intelligence in abdominal aortic aneurysm. J. Vasc. Surg. 2020, 72, 321-333. [CrossRef]

@ © 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
@ article distributed under the terms and conditions of the Creative Commons Attribution

(CC BY) license (http://creativecommons.org/licenses/by/4.0/).


http://dx.doi.org/10.1016/j.jvs.2016.03.454
http://dx.doi.org/10.1016/0741-5214(86)90107-2
http://dx.doi.org/10.1055/s-2008-1067890
http://www.ncbi.nlm.nih.gov/pubmed/3191852
http://dx.doi.org/10.1016/j.jvs.2017.08.069
http://dx.doi.org/10.1007/s13139-017-0482-9
http://www.ncbi.nlm.nih.gov/pubmed/29391912
http://dx.doi.org/10.1002/cnm.1477
http://www.ncbi.nlm.nih.gov/pubmed/25365658
http://dx.doi.org/10.1016/j.ejvs.2016.05.002
http://www.ncbi.nlm.nih.gov/pubmed/27283346
http://dx.doi.org/10.1177/1526602817729165
http://dx.doi.org/10.1016/j.jvs.2019.12.026
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Biomechanics of Abdominal Aortic Aneurysm (AAA) 
	Aortic Wall 
	Intraluminal Thrombus (ILT) 
	Lumen 

	Computational Modeling Techniques 
	Basic Biomechanics Concepts and Aortic Wall Stress Quantification 
	Quantifying Aortic Wall Stress 
	Classical Model 
	Equilibrium Model 

	Models of Aortic Wall Strength 

	Studies and Limitations 
	Initial Studies 
	Studies Accounting for the Intraluminal Thrombus 
	Refined Models of AAA and RPI 
	Beyond Biomechanical Models 

	Looking Forward 
	References

