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Abstract

An abdominal aortic aneurysm (AAA) is a focal dilation of the
abdominal aorta that is at least 1.5 times its normal diameter. AAA
rupture causes around 1.3% of deaths in developed countries among
men aged 65-85. In clinical practice, uncertainty still remains about
the correct time to operate, but the criterion of maximum diameter is
commonly accepted as a rupture prediction factor. The general
consensus 1s that patients with AAA diameters bigger than 5 cm
warrant elective repair if they are reasonable operative candidates.
However, the failure rate of this criterion is high, ranging from 10% to
25% of cases: 13% of aneurysms with a maximum diameter under 50
mm ruptured, while 60% of aneurysms with diameters over 50 mm
remained intact. Several numerical studies have attempted to find
new parameters that can help physicians estimate AAA rupture risk.
In contrast, few experimental studies have been carried out due to the
cost and time-consuming nature of manufacturing patient-specific
AAA replicas.

This thesis comprises both numerical and experimental studies. The
numerical approach investigates new geometric parameters that
influence AAA wall stress distribution, while the experimental
approach studies new methodologies for manufacturing AAA replicas.

Vil



In the numerical studies, 30 patient-specific AAA geometries were
analyzed, and it was found that the local curvature significantly
affects the wall stress distribution, which in turn affects the risk of
AAA rupture. The results suggest that considering this parameter in
future AAA rupture estimations can assist in clinical decision-making.

In terms of the experimental studies, a new methodology for
manufacturing more realistic AAA phantoms was developed via
vacuum casting technique. This new methodology considers the
regionally varying wall thickness and the anisotropic behavior of the
AAA. Additionally, the multi-material additive manufacturing
technology has been used to fabricate idealized AAA phantoms with
anisotropic properties. The results of uniaxial and biaxial tests verify
the suitability of both methodologies in manufacturing AAA replicas
with properties similar to AAA tissue.

Finally, an experimental study was run on the fabricated AAA
phantoms and the AAA wall stress distribution was verified. This
study was carried out at the University of Texas at San Antonio
(UTSA) in collaboration with Dr. Ender Finol.
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Laburpena

Sabelako aorta aneurisma, AAA (ingelesez ‘abdominal aortic
aneurysm’ esan nahi duena) sabelako aortaren zabalkuntza da,
gutxienez, 1.5 aldiz bere ohiko diametroa. Herrialde garatuetan
AAAren hausturak 65 eta 85 urte bitarteko gizonezkoen %1.3 heriotza
eragiten du. Oraindik praktikan, ebakuntza egiteko noiz den momento
egokia zalantza handiak daude. Hala ere, normalean, hausturako
iragarpenaren faktore gisa gehienezko diametroaren irizpidea onartu
da; orokorrean, AAAren diametroa 5 cm baino handiagoa daukaten
pazientei AAA kompontzea gomendatzen zaie baldin eta horretarako
gai badira. Dena den, hutsegiteen portzentajea nabarmena da (%10
eta %25 ingurukoa): 50 mm baino diametro txikiagoko aneurismaren
%13 hautsi egin ziren eta 50 mm baino diametro handiagoko
aneurismaren %60 bere horretan jarraitu zuten. Zenbakizko ikerketa
batzuk, haustura arriskuaren estimaziorako lagungarri izan
daitezkeen parametroen aurkikuntzan oinarritu dira. Hala ere, ez
daude hainbat ikerketa esperimental. Arrazoia da gaixoen AAA
erreplikak fabrikatzeko denbora asko behar dela eta garestia dela.
Tesi honek esperimental eta zenbakizko ikerketak barne hartzen ditu.
Alde batetik, parametro geometriko berriak eta bere esfortzuengan
eragina ikertu da. Beste aldetik, metodo berriak AAA erreplikak
fabrikatzeko ikertzen dira.
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Zenbakizko ikerketei dagokienez, 30 gaixoen AAA geometriak
analizatu ondoren, kurbadura lokala ikertzea garrantzitsua dela
ondoriuztatu da. Kurbadura lokalak esfortzu-banaketari, eta ondorioz
AAAren haustura arriskuari erasaten dio. Emaitzen arabera,
parametro hau kontuan hartuta AAAren haustura estimatzeko
lagungarria izan daiteke etorkizunean.

Atal esperimentalari dagokionez, metodologia berria garatu da AAA
erreplikak errealistagoak fabrikatzeko; hutsean injekzio teknika
erabili da. Metodologia honek lodiera aldagarri eta anisotropia
kontuan hartzen ditu. Gainera, aditiboa-fabrikazio teknologia (multi-
materiala) erabili da eta ideal AAA erreplikak anisotropiko
portaerarekin fabrikatzen dira. Uniaxial eta biaxial entseguen
emaitzak kontuan hartuta, bi metodologiekin AAA erreplikak AAA
ehun propietate antzekoak fabrika daitezkela esan daiteke.

Azkenean, fabrikatzen diren AAA  erreplikekin ikerketa
esperimentala bat egin da eta AAAren paretan esfortzu-banaketa
egiaztatu da. Azken ikerketa hau Texasko Unibertsitatean, San
Antonion (UTSA) burutu da Dr. Ender Finol lankidetzari esker.



Resumen

El aneurisma de aorta abdominal (AAA) es una dilatacién focalizada
de la aorta abdominal de al menos 1.5 veces su diametro habitual. La
rotura de AAA causa alrededor de 1.3% de muertes en paises
desarrollados en hombres con una edad comprendida entre 65 y 85
anos. En la practica todavia existe incertidumbre con respecto al
momento correcto de llevar a cabo la operacién, sin embargo, el criterio
de diametro maximo es aceptado habitualmente como el factor de
prediccidon de rotura; generalmente a aquellos pacientes cuyo diametro
del AAA supera los 5 cm se les recomienda reparar el AAA siempre y
cuando estén en condiciones para ello. No obstante, el porcentaje de
fallo de este criterio es considerable y falla en torno al 10% y 25% de
los casos: 13% de los aneurismas con didmetros inferiores a 50 mm
rompieron, mientras que el 60% de aneurismas con diametros
superiores a 50 mm permanecieron intactos. Varios estudios
numéricos han intentado encontrar nuevos parametros que puedan
ayudar a los médicos a la hora de estimar el riesgo de rotura del AAA.
Por el contrario, se han realizado pocos estudios experimentales debido
al alto coste y tiempo que lleva la fabricacion de réplicas de AAAs de
pacientes.

Esta tesis abarca tanto el estudio numérico como el experimental. Por
un lado se ha estudiado la influencia de nuevos parametros
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geométricos en la distribucion de esfuerzos en la pared del AAA. Por
otro lado se han investigado nuevas metodologias para la fabricacién
de réplicas de AAA.

Con lo referido a los estudios numéricos, después de analizar 30
geometrias de AAAs de pacientes, se ha descubierto que la curvatura
local afecta de forma considerable a la distribucién de esfuerzos en la
pared, y consecuentemente al riesgo de rotura del AAA. Los resultados
sugieren que considerar este parametro en un futuro para estimar la
rotura de AAA puede ayudar a las decisiones clinicas.

Con respecto al apartado experimental, se ha definido una nueva
metodologia para fabricar réplicas de AAA mas realistas mediante la
técnica de inyeccién al vacio. Esta metodologia nueva tiene en cuenta
el espesor variable de la pared y el comportamiento anisétropo del
AAA. Asimismo, la tecnologia de fabricacién aditiva multi-material se
ha utilizado para fabricar réplicas de AAA ideales con propiedades
anisotropas. Los resultados de los ensayos uniaxiales y biaxiales
certifican la idoneidad de las dos metodologias para la fabricacién de
réplicas de AAA con propiedades similares a las del tejido del AAA.

Por ultimo, se ha realizado un estudio experimental con las réplicas de
AAA fabricadas y se ha verificado la distribucién de esfuerzos en la
pared del AAA. Este tultimo estudio se llevd a cabo en la Universidad
de Texas en San Antonio (UTSA) gracias a la colaboracién con el Dr.
Ender Finol.
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Chapter 1I:

Introduction

1.1 Motivation

The term aneurysm, derived from the Greek “aneurusma” (widening),
can be defined as a permanent and irreversible localized dilatation of
a vessel. Nearly all aneurysms are present in the aorta, which is the
main artery that runs from the heart through the chest and abdomen,
and depending on the region the aneurysm is located in, they are
classified as thoracic aortic aneurysm (TAA), abdominal aortic
aneurysm (AAA) or thoracoabdominal aortic aneurysms (TAAA)
(Figure 1-1).
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Figure 1-1 Aorta artery regions: thoracic aorta (TA) and abdominal aorta
(AA) [1].

An AAA is defined by the Society for Vascular Surgery as a permanent
focal dilatation of the abdominal aorta to 1.5 times its normal diameter
(15-24 mm depending on age, sex and body weight) [2,3] (Figure 1-2).
It is diagnosed especially in elderly people: in the USA, the prevalence
of AAAs for patients between the ages of 75-84 1s 12.5% in men and
5.2% in women [4]; while in Europe, between 4% and 8% of men aged
65-80 have AAA [5].
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Kidney
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Figure 1-2 Infrarenal abdominal aortic aneurysm [6].

Each blood vessel of the circulatory system has a three-layer structure
[7] that provides the elastic recoil required in a closed circulatory
system [8]: the intima, made of a single layer of endothelial cells lining
the lumen; the media, consisting of concentric layers rich in elastin
and collagen fibers, smooth muscle cells (SMC) and non-fibrous
matrix, and the adventitia, made of a loose collagen-rich tissue
containing fibroblasts (Figure 1-3). Within this structure, the elastin
and collagen are the elements responsible for providing aortic wall
strength: elastin contributes dominantly at low strains, while collagen
fibers become gradually engaged at higher strain ranges.



Chapter 1: Introduction

Intima N
Endothelium \ / Adventitia

Aortic lumen

Figure 1-3 Layers of the artery [9].

The development of AAAs is associated with a significant loss of
elastin, which is adversely affected by natural issues (aging and
gender) or pathologic process (smoking, hypertension, etc.).
Macrophages and lymphocytes present in the aneurysmal wall secrete
a cascade of cytokines that results in activation of many proteases.
Specific proteases defined as matrix metalloproteinases (MMPs)
degrade elastin and collagen fibers [10-12]. To combat these proteases,
the aortic wall contains tissue inhibitors of matrix metalloproteinases
(TIMPs). An increase of TIMPs in the aneurysmal wall [13] has been
found during aneurysm development; however, the
proteases/antiproteases balance favors proteolysis (breakdown of
proteins) [14]. Elastin degradation, together with the decrease in
elastin synthesis due to SMC apoptosis, results in a decrease in elastin
concentration.

Due to the absence of a competent medial-layer (considering the
decrease in elastin concentration), the adventitia tissue, which
predominantly contains collagen, may provide some mechanical
resistance to the aorta by increasing the collagen concentration. Before
rupture, an increase in MMP activity causes the collagen degradation
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to exceed collagen production, which finally results in focal wall
weakening and rupture. The whole process is summarized in Figure
1-4.

Inﬂamj\}mation SMC apoptosis
Increase in MMP
(elastasEl) activity

Elastine degradation Decrease in elastin synthesis

\

Decrease in elastin

'Systol'ic and concentration
diastolic blood Promote
pressures expansion
Smoking Dilation/Wall stretch/

Increase in
hemodynamic stress

Growth Initiation
m < |

Compensatory increase in
collagen synthesis

Increase in collagen

concentration
Inhibitions of i
MMP activity bl
(TIMPs) p

Increase in MMP (collagenase)
activity
Decreased collagen synthesis

Rupture

Collagen degradation
exceeds collagen producion

Focal wall weakening
Failure of collagen

RUPTURE

Figure 1-4 Succession of biological events related to AAA rupture.
Reproduced in modified form from [15].

As explained above, everything indicates that the particular strength
properties of the media, as a result of elastin degradation and
excessive collagen deposition [16-18], are extremely important to
understanding the biomechanical behavior of AAA tissues.

AAA is risky once rupture occurs, since the mortality rate is high: in
the United States, AAA rupture accounts for over 10,000 deaths each
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year [19], and it is estimated that when rupture occurs one third of
patients die before reaching a hospital [20]. In order to avoid AAA
rupture, two strategies are currently available to physicians for
excluding blood flow from the aneurysm sac and eliminating pressure
from the aneurysm wall: open repair or endovascular repair.

Open repair requires an abdominal incision in the sac of the AAA in
order to place a synthetic graft that replaces that section of the artery.
The whole process is illustrated in the top row of Figure 1-5.

Open repair

EVAR

Figure 1-5 AAA intervention process: open repair (top) [21] and EVAR
(bottom) [22].

Endovascular repair, or EVAR, is a less invasive approach that is
currently performed in more than 75% of patients undergoing surgical
intervention. It involves the intraluminal introduction of an endograft
(composed of fabric and metal stents) through the iliac arteries by
means of catheters and guidewires until the endograft is positioned

6
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correctly, anchoring it in the normal aorta above the aneurysm and in
the iliac arteries below the aneurysm. The whole process is illustrated
in the bottom row of Figure 1-5.

These two strategies improve patients’ survival rates but additional
interventions may be required [23,24]. A brief comparison between
open repair and EVAR is shown in Table 1-1.

Table 1-1: Open repair and EVAR comparison.

Open Repair EVAR

Survival rate after 1 year [24] 89% 96%
Survival rate after 3 years [24] 82% 92%
Reinterventions [23] 10% 20-30%

Although these two approaches help improve a patient’s life, there are
risks associated with surgery. In order to minimize these risks,
physicians only operate on AAAs that are close to the rupture point
and on patients who are expected to have a long-term benefit from
elective aneurysm repair.

In order to evaluate the risk of aneurysm rupture, the diameter of the
aneurysm is a universally recognized factor: as the diameter increases,
so does the risk of rupture [25]. The general consensus is that patients
with AAA diameters ranging 5-5.5 cm warrant elective repair if such
patients are also reasonable operative candidates. For patients with
AAA diameters greater than 6 cm, they should be considered for
undergoing surgical repair, even if they have an elevated cardiac risk.
However, this parameter, despite being the most extended predictor,
fails in 10-24% of cases in one of two ways. Either AAAs that had a
diameter smaller than 5.5 ecm ruptured, or AAAs larger than 5.5 cm
never ruptured [26-30].

Aside from this widely extended parameter, other indicators are being
incorporated into decisions regarding whether surgical intervention is
necessary:
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e The rate of growth: Aneurysms that expand by more than 0.5
cm in diameter over a period of 6 months should be considered
for repair regardless of the absolute size [31].

e Serum MMP-9: This is significantly higher in patients with
abdominal aortic aneurysm [32].

e al-antitrypsin (al-AT): The importance of this marker in
abdominal aortic aneurysm has contradictory findings [33,34].

e Patients with abdominal or back pain without other obvious
causes in the presence of an AAA should undergo repair.

In conclusion, AAA rupture carries a high mortality risk and it has to
be avoided via interventions. However, interventions also present
their own risk during and after intervention, and therefore it is critical
to estimate when an AAA is going to rupture. Currently, the diameter
criterion and the aneurysm expansion rate are the most popular
criteria followed by physicians. However, reports show that these two
metrics are not a reliable measure of rupture risk in all cases, since
there is evidence that aneurysms smaller than 55 mm fail and that
some larger aneurysms do not rupture during the lifespan of the
patient. Therefore, a general indication based on diameter
measurements alone may not be sufficient in order to discriminate
whether AAAs are close to rupture. Instead, individually tailored
rupture predictors that take into account the local and global
geometric and mechanical properties of the aneurysm wall are
necessary.

1.2 Main contributions of this thesis

The main objectives of this thesis were to:

e Analyze new geometric parameters that may affect AAA wall
stress distribution and consequently AAA rupture risk.

e Develop new methodologies to manufacture more realistic
patient-specific AAA replicas for further experimentation and
clinical help.

This research project has made the following contributions:
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Highlight a non-studied parameter, the local curvature, which
significantly influences the wall stress distribution in patient-
specific AAA geometries.

Develop a new and affordable methodology for fabricating
patient-specific AAA replicas with regionally varying wall
thickness. The methodology can be used to manufacture AAA
phantoms with isotropic and anisotropic properties.

Apply the multi-material additive manufacturing technology to
the manufacture of idealized AAA replicas with anisotropic
properties.

Experimentally verify the numerically predicted AAA wall
stress distribution.

1.3 Contents and structure of this thesis

The thesis is divided into nine chapters. A brief description of the
remaining chapters is given here:

Chapter 2 aims to place the reader in the context of this thesis
by presenting the main findings related to AAA rupture risk.
The complex mechanical behavior of the AAA tissue 1is
described, as well as some numerical and experimental studies
which are directed at helping physicians estimate rupture risk.
Chapter 3 statistically analyzes the influence of wall curvature
and wall thickness in synthetic AAA geometries, while in
Chapter 4 this study is extended to patient-specific AAA
geometries.

A methodology for manufacturing patient-specific AAA
phantoms with regionally varying wall thickness and isotropic
properties is described in Chapter 5. Then, in Chapter 6, this
methodology is modified in order to enable the manufacture of
AAA phantoms with a defined anisotropic.

The multi-material additive manufacturing technology is used
in Chapter 7 to manufacture idealized AAA replicas with
anisotropic behavior.

Chapter 8 describes an experimental methodology for verifying
AAA wall stress distribution. Additionally, the geometric
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parameters studied in Chapter 3 and Chapter 4 are analyzed
once again.

Finally, in Chapter 9, the main conclusions reached by the
research carried out and described in this thesis are
summarized, and some future lines of research are suggested.



Chapter 2:
State of the art

2.1 Introduction

This chapter collects the most relevant studies related to the AAA
rupture. The state of the art is divided into five main subjects. In the
first part the basic background regarding elasticity and continuum
mechanics is provided. In the second part the mechanical properties of
the AAA tissue are described. The third and fourth part summarize
the main contribution of numerical and experimental studies,
respectively. And finally, the fifth part describes the main
biomechanical factors that influence the AAA wall stress distribution.

2.2 Elasticity and continuum mechanics

This section aims to provide some theoretical background regarding
mechanical properties of materials that will later be used as reference
to represent and characterize the mechanical properties of AAAs.

11
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2.2.1 Elasticity

Elasticity is the main mechanical property for solids. When an elastic

material is deformed due to an external force, it experiences internal
forces that oppose the deformation and restore it to its original state if

the external force is no longer applied. This effect is called elasticity.

The elastic modulus measures the resistance of an object or substance
to be deformed elastically (i.e. non-permanently) when a force is

applied to it. Depending on the type of loading (shown in Figure 2-1),

different elastic modulus are defined.

Az F |P P

‘LTJ
1

Py - .

Figure 2-1 Longitudinal deformation (left), simple shear deformation
(middle) and uniform compression (right).
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Young’s modulus, E, describes the elastic properties of a solid
undergoing uniaxial tension or compression (left of Figure 2-1). It
is defined as stress, o, divided by strain, e, as Equation 2-1.

E=o0/¢ (2-1)

where tensile stress is the normal force per area o = F/A and
tensile strain is the fractional increase in length ¢ = AL/L.

Shear modulus, G, is a measure of the ability of a material to resist
tangential deformation (middle of Figure 2-1). Elasticity in shear
1s defined as the ratio of shear stress, t, and the corresponding
shear strain, y (Equation 2-2).

G=1/y (2-2)

being shear stress the tangential force per area T = F/A and shear
strain y = Ax/H.
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e Bulk modulus, K, measures the substance’s resistance to uniform
compression (right of Figure 2-1). It is associated with volume
changes experienced by a material under the action of forces acting
perpendicularly to its surfaces. The bulk modulus is defined by
Equation 2-3.

K = -V Ap/AV (2-3)

where V is the volume and Ap and AV are pressure and volume
changes respectively.

The stress-strain relationship of materials can be differentiated into
linear elastic materials (Hookean elastic solids) or non-linear elastic
solids. A Hookean elastic solid is an ideal solid that obeys Hooke’s law,
which states that the stress tensor is linearly proportional to the strain
tensor. In contrast, in non-linear elastic solids the stress-strain
relationship is not linear. To model non-linear elastic solids,
hyperelasticity is commonly used and the stress-strain relationship is
derived from a strain energy density function (SEF).

2.2.2 Continuum mechanics

Continuum mechanics’ approach establishes the constitutive
equations necessary to model the mechanical behavior of a solid.

Being a solid in a reference configuration presented in Figure 2-2 the
position of a particle in the body is defined by the vector X =
(X1,X5,X3)T in the reference configuration and vector x = (xq,x,, x3)7
in the current configuration, called the material and spatial
coordinates, respectively. The description in terms of the material
variables is called the material (or Lagrangian) description, and the
one in terms of the spatial variables is called the spatial (or Eulerian)
description.

13
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Reference configuration Current configuration

u(X+dX) utk\m_)

-

uX)

X1, X1

Figure 2-2 Reference and current configuration of a solid.

Let’s suppose two points initially close, A and B, separated by dX. The
final position of these points can be written as:

e Pointa:x=X+ulXt)
e Pointb:x+dx=X+dX+uX+dX,t)

The deformation in non-linear continuum mechanics is measured by
the deformation gradient (Equation 2-4).

F = 0x/0X (2-4)

J = det(F) is the Jacobian determinant, a measure of volume change.
Materials which keep the volume constant throughout a motion
(incompressible materials) are characterized by the incompressibility
constraint, /] = det(F) = 1.

Strain tensors

Different finite deformation tensors are defined in continuum
mechanics:

e Green-Lagrange finite strain tensor:

1 1 ]
E = E(Vu+ vul + vuvu) = E(FTF - (2-5)

14
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¢ Right Cauchy-Green deformation tensor:

C=F"F (2-6)
e Left Cauchy-Green deformation tensor:

B =FFT 2-7)

Strain energy function

The strain energy function (SEF), W, describes how the material stores
the deformation energy. Most constitutive laws specify the strain
energy density per unit reference volume to avoid introducing the
mass density, p,. The SEF is independent of translations and rotations
of the body; it is only dependent on the deformation gradient F via the
three invariants (I7, I, Is) of the Right Cauchy-Green deformation
tensor, C. The three strain invariants of C are:

I =tr(C) 2-9)
I = %(tr(C)2 — tr(€?)) (2-9)
Iy = det(C) =] (2-10)

Noteworthy is that the invariants of the Left Cauchy-Green
deformation tensor are the same.

Stress tensors

Different stress tensors are defined in continuum mechanics and the
most notables are described below.

e Cauchy (true) stress tensor, o, relates the forces in the current
(deformed) configuration to areas in the current configurations. It
1s defined by Athanasiou and Natoli [35] as:

ow ;
o= 2]‘1F%FT @-11)

Using the chain rule,

15
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ow _ awal, + aw al, 4 oW ol (2-12)
ac  9dl, aC ' 0l, aC  dl; aC

one can reach Equation 2-13:

aw ow, . (GW 6W) B— a—WBZ> (2-13)

=2 -1( I, —
o=\ I+ thag al,

e First Piola-Kirchhoff stress tensor, P, also called the Lagrangian
stress tensor, relates forces in the current configuration with areas
in the initial configuration. It can be obtained from

_OW(F) (2-14)
~ OF

and is related with the Cauchy stress tensor as follows
P=JoFT (2-15)

e Second Piola-Kirchhoff stress tensor, S, relates forces in the initial
configuration to areas in the initial configurations and is defined
as

5 aw(C) (2-16)

$=2—5¢

and can be written as

ow ow (2-17)
=2 I I——C+1,—C!
[(611 th 612) al, T al;

The Second Piola-Kirchhoff stress tensor is related with the First
Piola-Kirchhoff and the Cauchy stress tensors as follows

S=Flp (2-18)

S=JF 'oFT (2-19)

2.3 Mechanical behavior of AAA

The mechanical properties of an engineering material (ex. steel) are
derived by capturing the relationship between forces and constraints
on the entity in experimental tests: specimens of the solid entity are
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subjected to controlled loads while measuring the resulting motion
(load-controlled tests) or vice versa (motion-controlled tests).

The mechanical properties of biological tissues, including AAAs, can
be calculated by means of in vivo or ex vivo experiments depending if
that tissue is still on the living body or not. Ex vivo testing is an
approach easier than in vivo testing and the experimental outcomes
can be used to better characterize the mechanical properties of the
AAA tissue. However, it must be pointed out that specimens are
isolated from their physiological environment inducing unknown
changes to their behavior.

This section introduces the different approaches followed to acquire
the mechanical behavior of the tissue.

2.3.1 In vivo studies

Noninvasive techniques such as ultrasound and computed tomography
have long been used in the detection and treatment of AAAs. Measures
of the motion of the wall under pulsatile blood pressure provide a first
look at its in vivo behavior. These measures usually capture the
relationship between the pressure pulse and resulting change in size.
The challenge with this approach is in the ability to accurately
determine the true force and the displacement distribution in the
biological entity, which is not devoid of errors.

In 1992 Lanne et al. [36] used a phase-locked ultrasound tracking
system to derive the size of the AAA in vivo. They quantified in vivo
distensibility of the AAA wall using the pressure-strain elastic
modulus (E,) and what they termed, the stiffness parameter (8) based

on the following equations:

E, = Dy(Ps — Py)/(Ds — Dg) (2-20)

B = Dgln(P;/Py)/(Ds — Dg) (2-21)

where D is diameter, P is pressure and the subscripts, s and d refer to
systolic and diastolic time points. They found that E, was higher on
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average and more widely dispersed in aneurysmal abdominal aorta
compared to the nonaneurysmal aorta group. Similar to these results,
Mac Sweeney et al. [37] reported an increase in the pressure-strain
elastic modulus in patients with AAA using M-mode ultrasonography.

Later on, Sonesson et al [38] measured the artery stiffness (8) of 121
individuals using an ultrasonic echo-tracking system. They reported
an increase in stiffness for patients with AAA compared with data
reported for healthy subjects. Later work by this group showed that
ultrasonographically measured stiffness was not significantly
different between ruptured AAA and electively repaired AAA [39].

In 1996 Vorp et al. [40] performed ultrasound imaging of nine AAA
subjects to study the wall distensibility, which they quantified using
compliance defined as,

C= (Amax - Amin)/[Amax(Pmax - Pmin)] (2'22)

where A is cross sectional area measured from ultrasound image, P is
blood pressure, with subscripts, max and min referring to the
maximum and minimum values. They found that the compliance of
the AAA wall is decreased as compared with that of the luminal-
thrombus, suggesting the incompressibility of this tissue (ILT).

Wilson et al. concluded that large aneurysms tended to be less
compliant, or stiffer [41]. This group later investigated serum markers
in AAA and concluded that increased elastolysis is associated with
decreased AAA wall stiffness [42].

Long et al. [43] employed tissue Dopler imaging (an ultrasonographic
modality which allows wall motion measurements along an arterial
segment) of 56 AAA patients. In contrast to previous results, they did
not find a significance correlation between AAA size and E, and 3, but

they reported that compliance, C, correlated positively to AAA size.

More recently, Ganten et al. [44] investigated also the relation
between aneurysm size and compliance (they called it distensibility).
In this case they used time-resolved electrocardiogram (ECG) gated

18



Influence of the local curvature on AAA and phantoms’ manufacturing methodologies

CT imaging data from 67 patients and found that the compliance of
AAA did not differ between small (D<5 cm) and large (D>5 cm) lesions.

These are some of the studies that represent the evolution of reports
on the topic of in vivo AAA distensibility and are summarized in Table
2-1.

Table 2-1: Findings of in vivo studies

Noninvasive Measured . .
Author . Findings
technique parameters
E, 1s higher in
Phase-locked p & i .
Lanne, 1992 ultrasound E, and aneurysmatic aortas
. compared to healthy
tracking system
aortas.
E, increases with age
MacSweeney, M-mode E di t'
1992 ultrasonography P anc i aneurysmatic
aortas
Sonesson, Ultrasonic echo- s B 1is higher in
1997 tracking system anerysmatic aortas
Wilson, 1999 Diamf)vé echo- E, and Large aneurysrr.ls tend
tracking system to be less compliant
C is significantly
Tissue Dopple correlated with
Long, 2005 [ 1SSUC HOPPIEE g Band C ,
1maging aneurysm size, but E,
and B are not
C does not differ
Ganten, 2008  ECG-gated CT C between large and

small lesions

The advantage of in vivo analysis is that the AAA structure is being
studied undisturbed (i.e., it is not isolated from its surrounding
environment and undergoes deformation in its natural physiological
environment) and provides valuable information on the in vivo motion
of the AAA. However, the physical meaning are unclear, for instance,
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the physical distinction between E, and [ pose difficulties in
explaining findings where one is different between two groups but not
the other [41]. In addition, a continuum-based constitutive model
required when using finite element analysis cannot be derived from
these studies. In order to solve this drawback, Trabelsi et al. [45] have
recently published a new work in which they identified the patient-
specific material properties of AAA tissue using in vivo gated CT. They
proposed an inverse method to identify the patient-specific material
properties of the AAA using volume variations of the dynamics CT
scans. Briefly, this method consists in minimizing the difference
between the model predictions and the CT measurements of the
aneurysm volume change between the systolic and diastolic pressure.
To minimize this difference, the material properties are varied in each
simulation.

2.3.1.1 In vivo wall strength estimation

A small number of studies have analyzed in vivo the patient-specific
wall strength due to methodological reasons. A very relevant
assessment and often used in numerical studies, is the estimation of
the AAA wall strength distribution described by Vande Geest et al.
[46]. They identified in this study that gender, local thrombus
thickness, local AAA diameter and AAA family history have
statistically significant influence on AAA wall strength and were
employed in a statistical model for patient-specific wall strength
distribution. There were two methods for measuring the local ILT
thickness and local diameter for a given AAA wall specimen. In the
first method a wedge of ILT with AAA wall attached was cut and
removed from the intact aneurysm and measurements were done
(bench top), while the second method uses CT for measurements. The
model was defined as follows

STRENGTH = By + B1ILT + B,AGE + B3SIZE + B,NORD

+ BsHIST + BeSMK + B,SEX + BgMETHOD + & 2-23)

where By, Bi,..., Bg are regression coefficients. STRENGTH is the
predicted strength of a point on the AAA wall in N/cm2, ILT is local
attached ILT thickness in cm, AGE is patient’s age in years, SIZE is
the maximum cross-sectional diameter of the AAA in cm, NORD is the
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local diameter normalized to the diameter of nonaneurysmal aorta
estimated from the patient’s age and sex [47], HIST is a family history
(1/2=with, -1/2=without), SMK 1is patient’s smoking status
(1/2=smoker, -1/2=non-smoker), SEX is patient’s gender (1/2=male, -
1/2=female), METHOD is the method used for local wvariable
measurement (1/2=CT, -1/2=bench top) and ¢ is the residual, i.e. the
difference between the model predicted wall strength and the
measured local wall strength.

More recently, Kontopodis et al. [48] suggested that the AAA wall
strength could be estimated using modern image techniques as ECG-
gated CT scans. The hypothesis is based on previous studies [49,50]
which found that AAA wall strength is significantly correlated with
tissue properties. Therefore, obtaining the tissue elasticity via ECG-
gated CT scan would be useful to estimate the AAA wall strength
distribution. However, this technique has not been applied yet.

2.3.2 Ex vivo studies: uniaxial tests

Uniaxial extension testing is the simplest and most common of ex vivo
elastic property testing methods. Commonly, a rectangular planar
sample is subjected to extension along its length at a constant
displacement rate in a tensile machine while the force is recorded
during extension (Figure 2-3). Typically, these tests are conducted
until failure of the specimen. Prior to tensile tests, the specimens are
preconditioned for 10 cycles to avoid Mullins effect [51]. From the
resulting force-extension data, some elastic properties may be
inferred.
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Figure 2-3 AAA tissue uniaxial testing: specimen (left) and uniaxial test
(right) [52].

He and Roach [53] obtained rectangular specimen strips during
surgical resection of eight AAA patients and subjected them to
uniaxial extension tests. The recorded force-extension data was
converted to Cauchy stress-strain data assuming incompressibility.

They showed that the stress-strain behavior of AAA tissue was non-
linear and they fit their data to the exponential functional form

o = aeb (2-24)

where ¢ is Cauchy stress, € is strain and a and b are material
parameters. They found that both the composition and mechanical
properties of AAAs are different from those of nonaneurysmal aortas.
The aneurysms were stiffer, with an increase in volume fraction of
collagen and a decrease in volume fraction of elastin.

Later Raghavan et al. [54] uniaxially tested 78 AAA specimen strips
harvested from 69 patients. The specimen strips were cut along the
circumferential and longitudinal direction in this study and tested
separately. The data was fit to

e=[K+A/(B+o0)lo (2-25)
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where K, A and B are material parameters. This model is thought to
transition through three phases:

e Phase 1: an initial low-strain phase where load is borne only by
elastin fibers, resulting in a linear stress-strain curve whose slope
maybe thought of the stiffness of elastin in the tissue.

e Phase 2: at medium strains, some collagen fibers start to
straighten out and contribute to load bearing. As a result, the slope
of the stress-strain curve starts to increase gradually.

e Phase 3: all collagen fibers contribute to load bearing.

Then, this group used the stress-strain data to fit it to a more robust
finite strain constitutive model and estimated its material parameters
[65]. The strain energy function (SEF) accounts for a hyperelastic and
1sotropic material behavior and was defined as

W =a(ly —3) + Bz —3) (2-26)

where a and 8 are the material parameters and I is the first invariant
of the left Cauchy-Green tensor B. This constitutive model and the
mean parameter values have been extensively used for the aneurysm
wall in the computational stress analyses of individual AAA [56-61].

More recently, in 2012, Marini et al. [62] obtained experimental data
by uniaxial tensile tests of 8 freshly harvested AAA wall samples. They
slightly modified the SEF defined by Raghavan and Vorp [55]
accounting also for the slightly compressibility of the tissue, i.e. they
added a volumetric contribution to the isochoric part of the SEF
proposed by Raghavan and Vorp. In order to account for the slight
compressibility of the material in the isochoric part, instead of using

the right Cauchy-Green strain tensor C, they used a modified right
. -2
Cauchy-Green strain tensor (€ =J3C) when calculating the first

invariant. For the volumetric part of the SEF, a model by Ogden was
utilized [63]:

k .
V() =2 oing +171 = 1) (2-27)
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where k is the bulk modulus and 71 is an additional parameter. Note
that for incompressible materials J is equal to 1 and the volumetric
part of the SEF would disappear.

Later on, in 2013 Reeps et al. [64] harvested 163 AAA wall specimens
from 50 patients and tested them using uniaxial tensile tests. They
utilized the same model as Raghavan and Vorp but dividing a by 6.
Their findings indicated a more distinct nonlinear elastic behavior for
AAA wall than previously reported. They also found a correlation
between thickness and a and g stiffness.

All the data from these studies is summarized in Table 2-2.

Although the biomechanical response of normal and pathologic human
abdominal aortic tissue to uniaxial loading condition is useful in many
ways, several drawbacks must be mentioned:

e Thein vivo tissue is loaded in multiple directions, and therefore
uniaxial loading may be insufficient for characterizing its
multi-axial mechanical response.

e Additionally, uniaxial extension testing is not well suited for
studying AAA wall tissue anisotropy. For investigating the
apparent anisotropy, biaxial testing is a more appropriate
alternative.

2.3.2.1 Ex vivo wall strength estimation

Researchers have easily assessed AAA wall strength performing ex
vivo experimental testing on excised normal and pathological aortic
tissue, specifically carrying out uniaxial tests of harvested specimens
until failure. Some of the most remarkable findings are cited below.

In 1996, Raghavan et al. [54] noted in the failure properties large
differences between normal and aneurysmal tissue in the longitudinal
direction, being the ultimate strength for aneurysmal tissue
significantly lower (0,=0.86MPa) than normal tissue (0u=2.01MPa).
Later on, D1 Martino et al. [49] found that the tensile strength of the
ruptured tissue (0u=0.54MPa) was significantly lower than that for the
electively repaired tissue (0u=0.82MPa). They also found that wall
strength was negatively correlated with the wall thickness and
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positively correlated with the tissue maximum tangential modulus
(maximum slope of the stress-strain curve). The latter findings were
corroborated in the study by Iliopoulos et al. [50], in which they also
reported lower longitudinal tensile strength with aneurysm
enlargement. Unlike the earlier study by Di Martino, Raghavan et al.
[65] and Xiong et al. [66] did not find a significant difference of failure
stress between ruptured (0.=0.95 MPa) and non-ruptured groups
(0u=0.98 MPa).

Summarizing, the AAA wall strength is significantly lower than
normal aortic tissue wall strength. However, this difference between
ruptured and non-ruptured groups is still not clear. Noteworthy is that
the wall strength distribution along the AAA is not homogeneous and
there has been reported values of failure stress ranging from 0.34 MPa
up to 2.35 MPa [52].

2.3.3 Ex vivo studies: biaxial tests

Biaxial testing is essential for detecting anisotropy and accurately
determine the material coefficients for nonlinear constitutive models
where multiple test protocols, spanning the entire range of
physiological stresses, are carried out.

The preparation of specimens are similar to the uniaxial tests, but in
this case square specimens are commonly cut for testing. The square
samples are mounted in a biaxial test system as shown in Figure 2-4.
Each specimen is submerged in isotonic saline and stretched in the
circumferential and longitudinal directions. The samples are tested
using a series of circumferential to longitudinal displacement (or
nominal stress) ratios, i.e., Ae:Ar=1:1, 0.75:1, 1:0.75, 0.5:1, 1:0.5. Prior
to tensile tests the specimens are preconditioned for 10 cycles. From
the resulting force-extension data, the stress-strain data for each
direction and test is derived.
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Figure 2-4 Biaxial test system [67].

There are not many studies that have investigated the biaxial
properties of the AAA tissue. Vande Geest et al. [68] reported that the
AAA was anisotropic. They observed a reduction in AAA extensibility
and an increase in AAA stiffness in the circumferential direction
compared to the nonaneurysmal abdominal aorta (AA). They fitted the
experimental data to the model developed by Choi and Vito [69] for
canine pericardium

W = bo(e(l/z)blEgg + e(W/2)b2Ef | obsEeeELL — 3) (2-28)

where by, by, b, and b; are material parameters; and Egg and E;; the
Green strain in the circumferential and longitudinal direction
respectively. They also calculated the anisotropic factor

Al = /b, /b, (2-29)

and indicated a larger degree of anisotropy for AAA tissue compared
to AA tissue.

Similar results were observed by Tong et al. [70]. They biaxially tested
43 AAA samples of thrombus-covered wall and they fit their
experimental data to a model developed for arterial walls [71,72]

k
¥ =ul - 3)k—l<exp{kz[(1 —p)(I, =32+ pU, — D2} -1)  (2-30)
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where u and k; are stress-like parameters with dimension (kPa), and
p € [0,1] and k, are dimensionless. I; is the first invariant (described
above) and I, can be written as

I, = 2%cos?@ + A2sin¢ (2-31)

where 1y and A, are the principal stretches in the circumferential and
longitudinal directions; and ¢ i1s a geometrical parameter that
represents the angle between some fiber reinforcement and the
circumferential direction. They also found in this study that when the
thrombus gets older, there is an increase in the wall anisotropy and
wall is much weaker.

Recently, O’Leary et al. [73] found as previous studies, that the AAA
tissue is anisotropic with a greater tendency to stiffen in the
circumferential direction. In this study 34 specimens were biaxially
tested and the biomechanical response was represented with the
anisotropic hyperelastic constitutive model used by Vande Geest et al.
[68]. Material coefficients derived from this study were comparable to
the ones derived in Vande Geest work, but lower.

A summary of these studies is represented in Table 2-2.
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2.3.4 Other factors influencing wall mechanical
properties

2.3.4.1 Incompressibility

A material which can undergo changes of volume is said to be
compressible. However, there are numerous materials that can
sustain finite strains without noticeable volume changes
(incompressible materials). In these types of material only isochoric
(volume preserving) motions are possible. Materials which keep the
volume constant throughout a motion are characterized by the
incompressibility constraint, | = det(F) = 1. Soft tissues and rubber
are good examples of incompressible or nearly incompressible
materials.

Carew et al. [74] proved that under physiological strains, the walls of
blood vessels behave as an incompressible material. In the literature,
1t 1s commonly assumed that under mechanical loads, the walls of
abdominal aortic aneurysms are almost incompressible [49,75].
Moreover, Kobielarz et al. [76] demonstrated recently the
incompressibility of the AAA tissue. Even so, there exist models that
consider a possible compressibility of the tissue as the one developed
by Marini, defined previously.

2.3.4.2 Intraluminal thrombus (ILT)

Intraluminal thrombus (ILT) is defined as a clot of blood formed within
the lumen of a blood vessel remaining attached to its place of origin.
The ILT is found in most AAAs of clinically-relevant size [77] and an
appropriate model for the ILT is also necessary to accurate estimate
the wall stress distribution in AAAs. The ILT, as the AAA wall, is also
composed of three layers: luminal, media and abluminal (Figure 2-5).
The mechanical properties of these layers have been studied in the
literature.

In 1998 Di Martino et al. [78] uniaxially tested 21 AAA thrombus
specimens (from the luminar layer). They found a linear stress-strain
relationship for all the thrombus specimens with an average Young’s
modulus equal to 0.131 MPa. Later on, in 2001 Wang et al. [79]
uniaxially tested 50 specimens in both, longitudinal and
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circumferential directions (from the luminal and medial layers). Their
results suggested that ILT is inhomogeneous and possibly isotropic.
Vande Geest et al. [80] corroborated these findings investigating the
multi-axial biomechanical behavior of the ILT luminal layer of 9
specimens. They concluded that the use of an isotropic SEF (Equation
2-26) for ILT is appropriate. In contrast, Tong et al. [70] found that
while the medial and the abluminal layers are isotropic materials, the
luminal layers of the ILT exhibit anisotropic stress responses. The
anisotropic model defined previously in Equation 2-30 was able to fit
the three individual layers of ILT very well. More recently, O’Leary et
al. [81] biaxially tested the three layers of the ILT from 19 patients. In
this study they reported that all ILT have isotropic and
inhomogeneous properties, finding consistent with Wang and Vande
Geest studies. Also compressive studies have been carried out in the
three layers of the ILT reporting inhomogeneous between layers, with
significant higher compressive stiffness for the abluminal layer [82].

A _ Medial/Abluminal | B

Luminal Medial

- g

Luminal

14 mm

14 mm

Medial Medial/Abluminal

Figure 2-5 ILT tissue preparation for biaxial testing [81].

Unusual for soft biological tissues, ILT exhibited an almost stress-
strain linear relation and isotropic properties. Although studies have
revealed the inhomogeneity of the tissue, in most FE models, the ILT
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has been assumed isotropic and homogeneous [83—86]. Some of the ILT
studies in the literature are summarized in Table 2-3.

Table 2-3: ILT tests studies.

Authors Test Layers studied Findings
Di Martino, .. . Linear stress-strain
Uniaxial Luminal layers . .
1998 relationship
Wang, 2001 Uniaxial Lun?inal and Inhon?ogene(?us and
medial layers 1sotropic
Vande Geest, .. . .
an 23 0 6865 Biaxial Luminal layer Isotropic
Luminal, medial Anisotrolpy in luminal
.. . ayer.
Tong, 2011 B 1 d abl 1 . .
one raxia anc abuimma Medial and abluminal
layers . .
layers isotropic.
Mild non-linearity
Luminal, medial stress-strain
O’Leary, 2014 Biaxial and abluminal relationship.
layers Inhomogeneous and
1sotropic.
. ) Inhomogeneous with
Luminal, medial hich .
. . igher compressive
Ashton, 2009 Compressive and abluminal & DTessty

layers

stiffness in abluminal
layer

The ILT also affects the AAA wall, which is thinner and shows more
frequent signs of inflammation, apoptosis of smooth muscle cells
(SMC) and degraded extracellular matrix when it is covered by a thick
ILT. This may perturb the structural integrity and stability of the
However, the role of ILT in AAA rupture is still
controversial, and it is still not clear if an ILT increases or decreases
AAA rupture risk.

vessel wall [87].
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2.3.4.3 Calcifications

A small commentary should be dedicated to calcifications.
Calcification is the process in which calcium builds up in body tissue
where there normally is not any calcium. It is commonly found within
the aneurysm wall in most AAAs of a clinically relevant size [88]. The
calcified deposits primarily occur within the intima and intima-media
interface, but can also occur within the ILT.

Determining the material properties of individual AAA calcified
deposits is difficult owing to their small size, but it is generally
assumed to behave as an isotropic material with higher stiffness than
the surrounding arterial wall [84,89,90]. It is also believed that small
calcification weakens the wall [91]; nonetheless, its role in numerical
analyses is still under debate.

2.3.5 Conclusions

Mechanical properties of AAA tissue have been extensively studied in
vivo and ex vivo. Mechanical tests have demonstrated that arterial
tissue exhibits highly nonlinear, anisotropic and hyperelastic
properties and it is commonly assumed to be incompressible. The main
constitutive models used in numerical simulations are the isotropic
model derived by Raghavan (Equation 2-26) and the anisotropic
models from Vande Geest (Equation 2-28) and Tong (Equation 2-30).
However, it is not possible yet to accurately derive the mechanical
properties from in vivo studies.

The role of the ILT and calcifications has been studied too, as they
have an important effect on the material properties of the tissue. It
has been demonstrated that the AAA wall covered by ILT is stiffer and
weaker due to the degradation of extracellular matrix; and it is
believed that calcifications weaken the wall.

With respect to the AAA wall strength, several uniaxial tests have
been carried out until rupture. It has been found that the strength is
nonhomogeneous along the AAA wall and the ultimate stress values
often range from 0.34 MPa up to 2.35 MPa. To estimate the AAA wall
strength in vivo it is also commonly used the model described by Vande
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Geest (Equation 2-23) which takes into account the gender, local
thrombus thickness, local AAA diameter and AAA family history.

2.4 Numerical approach to predict AAA
rupture

As commented in Chapter 1, the current clinical standard used to
quantify AAA rupture threat is to measure the maximum diameter
and, if possible the growth rate of the aneurysm. However, there is
growing concern over the use of these parameters in all AAA cases and
extensive biomechanical analyses have been carried out in the
literature to develop more robust rupture parameters than size alone.

The use of computational techniques such as the finite element method
(FEM) have allowed estimating the wall stresses in these complex 3D
AAA structures in order to predict AAA rupture. For a detailed
introduction and background into the FEM the reader can be referred
to Zienkiewicz el al. [92]. Briefly, the basic approach of the FEM is to
divide a complex geometrical structure (AAA) into smaller pieces or
elements. These elements are connected by nodes. The entire network
of elements and nodes is called a mesh (Figure 2-6). Wall stress is
determined by predicting displacement of the nodes which are
influenced by material properties of the aneurysm wall (i.e. stiff or
elastic) and preset boundary conditions (i.e. blood pressure).

Figure 2-6 Scanned AAA geometry (left), meshed AAA (middle), and AAA
stress distribution (right).

For the wall stress calculation three main components are required:
the in vivo 3D aneurysm model to create the mesh, the material model
describing the mechanical properties of the aneurysm wall and the
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boundary conditions. The geometry of the AAA model is acquired by
using medical scanners, while the material properties of the AAA have
been discussed in the previous section. The standard boundary
conditions used throughout the literature when analyzing AAAs using
the FEM are 1) applying a static internal pressure of 120 mmHg to the
luminal surface and 2) constraining rigidly the proximal and distal
regions to represent the tethering to the remainder of the aorta.

Once calculated the stress values on each element of the mesh, an AAA
rupture parameter, such as, Peak Wall Stress (PWS) and Finite
Element Analysis Rupture Index (FEARI) could be calculated.

2.4.1 Peak Wall Stress

One of the first reports to couple FE analyses together with patient-
specific AAA 3D reconstructions was performed by Raghavan et al.
[93] where six AAA cases and one healthy control were examined. They
found that the PWS among AAA patients was considerably higher
than in the nonaneurysmal aorta. Later on, Fillinger et al. [57,59]
furthered this work and investigated whether PWS may be superior to
diameter in assessing rupture risk of patient-specific AAAs. They first
found that PWS was significantly higher for ruptured AAAs than for
electively repaired AAAs, even when matched for maximal diameter
[59]. In the following study [57], they observed that PWS seems
superior to diameter in differentiating patients who later required
emergent repair. Specifically, they found differences of 38% (p<0.0001)
in PWS between elective repair and emergent repair, while differences
in diameter were 3% (p=0.5). Noteworthy is that in this study a large
cohort was analyzed: 39 patients who underwent elective repair and
22 patients who required emergent repair. Venkatasubramaniam et
al. [56] concluded similar results in a smaller study group (n=27) with
mean PWS values equal to 550 kPa and 770 kPa for elective and
emergent repair AAAs, respectively. The same conclusions were
reported by Truijers et al. [94] in a cohort of 30 small AAAs (diameter
< 55 mm).

Additionally, in some of these studies [57,95] they observed that the
area of PWS correlated with rupture site. As an example, recently
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Doyle et al. [96] studied a case where the exact rupture point was
clearly wvisible on the CT images and it coincided with predicted
elevated stress region. However, these findings were challenged by
Georgakarakos et al. [95] who found that the location of PWS may not
necessarily coincide with the site of rupture. It was reasoned that the
wall strength is important to be considered as well. Wall strength is
known to vary significantly from region to region, and therefore
regions with high wall stress may be safe due to the strength at that
location.

2.4.2 RPI, FEARI and PWRI

Next logical step toward rupture risk assessment is to evaluate stress
against strength. It is known that AAA rupture occurs when the locally
acting wall stress exceeds the locally acting wall strength. Therefore,
the AAA tissue strength must play an equal role to AAA wall stress in
determining failure. To this end Vande Geest et al. [97] proposed the
Rupture Potential Index (RPI) as a metric to quantify AAA rupture
risk. The RPI is defined as the ratio of local wall stress to local wall
strength, where wall stress distribution was derived from FEM and
strength distribution was obtained, as previously described, using a
mathematical model (Equation 2-23) developed by Vande Geest et al.
[46]. However, in this research where they studied 8 ruptured and 5
nonruptured AAAs, they did not find statistical difference in RPI
values between groups. The same index, but called Peak Wall Rupture
Index (PWRI) was more recently used by Gasser et al. [60]. In this
study PWRI correlated positively with maximum diameter, and a
positive rather than negative correlation with ILT volume was
observed, indicating the absence of a protective effect of the ILT on
rupture risk. They found that when including the ILT and
nonhomogeneous wall thickness in the simulations, the PWRI was
significantly higher in ruptured than in diameter-matched
nonruptured aneurysms. Similar findings indicating RPI values
notably higher for ruptured AAAs were found by Maier et al [98].

Doyle et al. [99] developed a similar parameter called FEARI (Finite
Element Analysis Rupture Index) to assess the rupture threat. FEARI
measures the ratio of wall stress to experimental wall strength, with
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values larger than 1 indicating failure. The wall strength values were
obtained from previous research on experimental testing of AAA wall
specimens [52,54,75]. With all the experimental data from these
studies, they divided the AAA in 8 sections and denoted the strength
for each section from the experimental data. Then the FEARI
approach was used with 42 electively repaired AAAs and 10 ruptured
AAAs [100]. FEARI was found to be significantly higher in ruptured
AAAs (1.03+£0.43 compared to 0.66+0.3 of electively repaired AAAs), as
well as diameter and PWS.

2.4.3 SP

Kleinstreuer and Li [101] proposed a patient-specific severity
parameter (SP) to estimate the risk of AAA rupture and provide a
threshold value when surgical intervention becomes necessary. The
SP depends on eight biomechanical factors, to be obtained via patient’s
pressure and AAA-geometry measurements. It takes into account size,
shape, expansion rate, amount of ILT, patient’s diastolic pressure,
PWS and stiffness change. The authors calculated the SP for three
different AAA, and found the highest value for the one AAA that
ruptured and found lower values for the other two AAA that were
electively repaired. In this work the PWS was calculated via an
equation adapted from the Law of Laplace (Equation 2-32) that would
likely not work with complexly shaped AAAs.

(1 — 0,68(1)e0'0123(0-85psy5+19-5dAAA,max)

PWS = 0.006 [063 0,125 (2-32)

where a i1s the area ratio of AAA sac to ILT, f the asymmetry
parameter, ¢ is the wall thickness, d4g4 mqy 1S the maximum transverse
diameter and ps,, 1s the systolic blood pressure. Later, Vilalta et al.
[102] modified this concept for only considering the main geometric
parameters of the aneurysm which can be easily determined by CT or
MRI: peak diameter, nondeformed aorta diameter, aneurysm length,
anterior and posterior lengths; and the AAA wall thickness. They
called the parameter Rupture Index (RI) instead of SP. The basic idea
of the method was to correlate the main simple geometric parameters
of the aneurysm in order to obtain the morphologic biomechanical
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determinants. In their next study [103] they analyzed a set of AAAs
and calculated the RI values for each of them. A very interesting point
from this study is that the RI values of 95.4% of a group of patients
who underwent emergency surgery due to rupture, indicated the high
risk of AAA rupture. However, as the maximum diameter of those
AAAs were inferior to the threshold value for surgical treatment, they
were not repaired until rupture.

Summarizing, in the literature several parameters have been
analyzed in order to better predict the AAA rupture risk. The main
biomechanical parameters have been presented and the studies have
demonstrated that PWS and indexes relating stress-strength have a
significant effect on the AAA rupture risk. These studies are
illustrated in Table 2-4. Apart from these biomechanical parameters,
other researchers have studied the influence on the AAA rupture of
some geometric factors (diameter, tortuosity, axisymmetry). For
example, Tang et al. [13] revealed that implementing the bulge
location and mean averaged area in a predictive model modestly
1improved the accuracy of detecting aneurysm rupture.
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2.4.4 Conclusions

Numerical studies are an alternative tool to predict the AAA rupture.
Instead of utilizing the criterion of maximum diameter alone,
researchers are suggesting that other parameters could be taken into
account when deciding whether to operate or not. The main
biomechanical factors studied in the literature which are significant in
the AAA rupture are the peak wall stress (PWS) and the rupture
potential index (RPI). Also, the influence of different parameters on
the wall stress distribution has been extensively studied remarking
geometric factors, such as asymmetry and wall thickness, and FEA
modeling strategies.

2.5 Experimental approach to predict AAA
rupture

Numerical studies can be an important step forward to predict the
AAA rupture. However, before clinical implementation, they must be
validated. In this subsection, the evolution of the AAA phantoms
manufacturing is described and the most important experimental
studies related with the AAA phantoms rupture are commented.

2.5.1 AAA phantoms manufacturing

The most common used technologies for manufacturing AAA
phantoms are the casting/injection technique and Additive
Manufacturing technology.

Regarding casting, many researchers have used the casting technique
to manufacture major and minor arteries [104—106] (left of Figure 2-9).
Briefly, they used CT scans of patients to transform them to realistic
3D models. After segmentation, the geometry is imported to a CAD
software and split into two halves, creating a two-piece mould set.
Each patient-specific mould design consists of two sets of moulds. The
first mould is designed to produce the casting wax model of the AAA
(representing the lumen and called here Tumen mould’), and the
second set to produce the outer silicone model (‘outer wall mould’).
Once the mould sets have been designed, the files are exported to a
CAM software in order to generate the toolpath commands used to
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control the milling machine. Then machining is performed by a
computer numerical control (CNC) milling machine. When both
moulds are machined the wax is casted in the inner mould to make the
lumen in wax. Then, the wax model is placed in the outer mould and
silicon rubber is injected. After the curing process of the silicone, the
wax 1s melted and the silicone AAA model extracted. The material
commonly used in the injection is the silicone rubber which has an
isotropic hyperelastic behavior. The whole process is illustrated in
Figure 2-7.

‘ CT Scann Images ]

Segmentation

[ AAA Geometry ]

CAM and
machining
v v
' g Y
Lumen | Outer Wall
Mould - = Mould
\ - \
I 7
Wax
injection

Wax Model Silicone injection
and wax melting

Figure 2-7 Casting technique process.

‘ AAA Phantom
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Following this technique, O’Brien et al. [106] observed the wall
thickness error of the phantoms ranged from 20% to 58%, while Doyle
et al. [105] achieved an average error equal to 9.21%. Later on, Corbett
et al. [107] modified the methodology to make possible the inclusion of
ILT in the AAA phantom. This technique is commonly used for AAA
phantoms manufacturing, however a drawback of this methodology is
that some complex AAA geometries strongly difficult the machining
process.

The second technology used for manufacturing AAA is Additive
Manufacturing (AM), also known as 3D printing. [108-110] (right of
Figure 2-9). AM is an advanced production process that can fabricate
physical objects directly from 3D computer-aided design models. This
technology enables the fabrication of anatomical models within a short
time without tooling. During the process, layers of materials are added
until the whole physical object is finished. The process is illustrated in
Figure 2-8. In the last decade the technology has greatly improved and
currently complex geometries can be printed with a different range of
materials. Recently Cloonan et al. [111] showed the potential of 3D
printing manufacturing phantoms with flexible materials and recent
advances in bioprinting present further possibilities for phantoms
[112,113]. The disadvantages of this technology are the high cost -
around 100§ for each AAA copy depending on the material and
printing technology used-, the printed artery has anisotropy due to the
printing process and removing the support material without damaging
the flexible AAA phantom can be a challenge.

3D printing
' ) rocess ( )
CT Scann Images ’ E » | AAA Phantom ’
Segmentation Support material
removal
p \ P\
AAA Geometry (.stl) %— Final AAA
: g Phantom

\

Figure 2-8 AM process.
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Casting technique Additive Manufacturing

Figure 2-9 AAA replicas manufactured via casting technique (left) [114] and
rapid prototyping (right) [115].

Apart from the mentioned techniques, in studies where the AAA wall
compliance is not transcendent, different techniques can be used. For
instance, Stamatopoulos et al. [116] used a 3D printer for creating an
AAA replica and then submerged it in a liquid silicone elastomer
material. When the silicone was cured, the 3D printed material was
removed using tap water to obtain a silicone mould with a hole inside
representing the AAA geometry.

2.5.2 Experimental studies with AAA phantoms

Due to the complexity of manufacturing AAA phantoms, few
experimental studies have been carried out in the literature. The
principal experimental studies are focused on the prediction of AAA
rupture location, the deformation of the AAA wall, the flow behavior
along the AAA and pre-clinical testing of endovascular grafts.

Doyle et al. [114] manufactured 4 patient-specific geometries following
the casting technique [105] in order to examine whether high stress
regions predict the rupture location. They inflated the phantoms until
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they burst finding that experimental rupture locations agreed with
regions of both peak and high wall stress from Finite Element
analyses.

AAA phantoms were also used to measure wall strains under pressure.
However, in contrast to engineering parts where strain gauges are
placed on the surface of the object, this approach would not be suitable
for the AAAs, as attaching them on the surface of the artery is a
difficult task due to its complex geometry. Therefore non-contact
testing techniques are desired and visual approaches, photoelastic
method and stereoscopic technique, have been used in the literature.

Photoelastic fringe analysis is a widely used method for visualizing
experimentally the overall surface stress and strain in a structure
during static or dynamic loading [117]. The method is based on the
property of birefringence. Briefly, a polarized light passes through a
photoelastic material and splits into two beams along the principal
strain directions with a retardation between them. The primary
variables required when measuring strain are the fringe order (N) and
the fringe value (f) where f is a combination of the wavelength of the
light (A = 575 nm), the thickness of the material (f) and the optical
coefficient of the material (K). The formula to calculate f is shown in
Equation 2-33 and the difference in principal strains in Equation 2-34.

f =21/(2tK) (2-33)
&x — & = Nf (2-34)

The fringe order is the result of measurements and it is proportional
to the difference between the principal strains. The fringes are
ordinarily color continuous bands which will be dependent on the
retardation value. The complete color sequence is given in Figure 2-10
including, for each color, the relative retardation and the numerical
fringe order.
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TABLE 1 — ISOCHROMATIC FRINGE CHARACTERISTICS
Approximate | ringe
Relative Order
Color Retardation
nm |inx10%| N
Black 0 0.0 0.0
Pale Yellow 345 14.0 0.60
Dull Red 520 20.0 0.80
Red/Blue Transition 575 22.7 1.00
Blue-Green 700 28.0 1.22
Yellow a00 32.0 1.39
Rose Red 1050 42.0 1.82
Red/Green Transition | 1150 45.4 2.00
Green 1350 53.0 2.35
Yellow 1440 57.0 2.50
Red 1520 60.0 2.65
Red/Green Transition | 1730 68.0 3.00
- Green 1800 71.0 | 310

Figure 2-10 Isochromatic fringe characteristics [118].

This technique was applied by Morris et al. [119] to measure
experimentally the stress patterns in idealized AAA phantoms
(manufactured by the casting technique). However, in this work
normal incidence (of the light) was not considered on the curved
surfaces on the model which resulted in reduced accuracies. This issue
was resolved by Callanan et al. [120] who used the same technique for
idealized AAA models, but with normal incidence. The differences in
principle strain between numerical studies and experiments were low,
ranging from 0.03 to 10.01%. More recently Doyle et al. [121] applied
this technique to patient-specific AAA geometries with uniform wall
thickness and measured the fringe order in 6 locations; the results
showed acceptable errors. An example of this technique is shown in
Figure 2-11.
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—
i
e
=
FEA Wall Stress Photoelastic Wall Stress

Figure 2-11 FEA and photoelastic AAA wall stress [122].

This methodology only works for perfectly linear elastic photoelastic
models and it is not devoid of drawbacks that can affect accuracy. In
order to obtain accurate fringe orders that represent the actual strain
variation, the normal incidence to the surface is vital. Due to the
complex geometries of patient-specific AAAs (irregular structures with
several inflection points and changes in curvature on the surface), it
would be hard to accurately measure the strain distribution along the
whole aneurysm. It has also limitations when trying to visualize low
strain regions as the isochromatic fringe orders obtained from the
photoelasticity model become less clear. Additionally, the fringe order
measurement may vary slightly depending on the user.

The stereoscopic technique is an alternative to photoelasticity that
makes possible to measure locations and displacements in three
dimensions by utilizing imaging from different perspectives as a basis
for the triangulation of 3D positions. The stereoscopic technique has
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been utilized inflating arteries in mice by Sutton et al. [123]. They used
a microscope system and measured successfully the full 3D
displacement and surface strain fields via digital image correlation
(DIC). Although DIC is a good technique, it must be noted that DIC
typically relies on statistical correlation instead of an exact match of
markers and is very dependent on the pattern. To avoid these issues,
and as an alternative to DIC, point tracking was used by Meyer et al,
[104]. Dots were drawn manually in idealized AAA shapes and
recorded by two grayscale cameras in each inflation test for
subsequent analysis. The problem with this technique is that to locally
measure the strains accurately, the density of markers would have to
be very high, complicating the work.

Both methods, DIC and point tracking (Figure 2-12), are valid to
measure the wall strain of the outer surface without contact and
therefore, avoiding external interactions. However, the problem with
using the stereoscopic technique (with both methods) is that in many
patient-specific AAA geometries it would not work due to tortuosity;
that is, several regions of the artery could not be visible to both
cameras.

Point Tracking Digital Image Correlation

Figure 2-12 Stereoscopic techniques: point tracking [104] (left) and DIC [123]
(right).

DIC has been also applied to characterize tissue in bulge inflation tests
[45,124,125] (Figure 2-13).
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Figure 2-13 Bulge inflation test [125].

AAA phantoms were also used for flow behavior studies. Indeed, the
complex hemodynamics observed in the human aorta play important
roles in the regulation of vascular homeostasis and therefore has been
extensively studied in the literature. Different researchers have
experimentally analyzed the hemodynamics of the AAAs in order to
study the hemodynamic change after stent-graft implantation [126],
the influence on the flow of the aorto-iliac bifurcation [116,127] and
the ILT [128]; and to validate numerical simulations [129]. To this end
different methodologies have been used to measure flow velocities as
phase-contrast magnetic resonance imaging (PCMRI) and particle
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image velocimetry (PIV) system. However, these methodologies are
limited to bi-dimensional observation planes. Laser Doppler
velocimetry can achieve high spatial and temporal resolution but it is
a point measurement technique and it is time consuming to fully
resolve the 3D velocity field in a large domain such as the human
aortic phantom. Recently, Gallo et al. [130] demonstrated that 3D
particle tracking velocimetry (PTV) is very suitable for studying
complex unsteady flows as in aorta and for validating computational
models of aortic hemodynamics.

Finally, phantoms are employed to evaluate new stent-graft design.
With the continuous development of new stent grafts and implantation
techniques, it has now become technically feasible to treat AAAs with
challenging anatomy using EVAR. It is essential to evaluate new stent
designs before in vivo testing and in vitro experimentations are very
useful to improve the stent-graft design. AAA replicas can help
improving surgical planning or training by practicing in the laboratory
before the surgery in the operating room. They also could help to
understand the limitation of endovascular approaches in those
challenging AAA anatomies. For instance, 3D replicas of AAA with
complex neck morphology has been tested as an aide to decision
making and device delivery [108,131] and also to test whether
catheters and stents could be tested in such models [132].

2.5.3 Conclusions

During the last decade a considerable progress has been carried out by
numerous researchers with respect to the manufacturing process of
AAA phantoms. Nowadays, manufacturing AAA phantoms with
1sotropic hyperelastic mechanical properties and uniform wall
thickness is possible, and even including the ILT to obtain more
realistic replicas.

These patient-specific AAA replicas have been proved to be very useful
for several applications. However due to the cost and time consuming
for the manufacturing process, few experimental studies have been
carried out. Creating replicas with a more realistic behavior and
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reducing fabrication costs will have a positive impact on various
clinical applications such as:

e The validation of numerical studies, medical image-based models
and inverse characterization methods.

e In-vitro experiments (as an alternative to computational modeling)
for studying overall aneurysm mechanics during blood flow
dynamics or for predicting its risk of rupture.

e Pre-clinical testing of endovascular grafts where more realistic in
vitro models are needed.

e Experimental assessment of new or existing designs of catheter
devices in terms of trackability forces, rigidity of catheter guides
and deployment of stent grafts.

e Benchtop testing of endovascular grafts for the detection of
endoleaks type III.

2.6 Biomechanical factors influencing the
AAA wall stress distribution

It has been demonstrated that the wall stress distribution along the
AAA has an important effect on its rupture. In this subsection the
effect on the AAA wall stress of different features will be discussed.

2.6.1 Geometry

The mechanics of the AAA wall and the resulting distribution of wall
stress are influenced by the individual shape of the aneurysmal aorta.
Hence, parameters like asymmetry, wall thickness, and tortuosity
should be considered.

Vorp et al. [133] generated 3D computer models of AAA varying the
asymmetry with the maximum diameter held constant. The factor of
asymmetry B measures the ratio of the maximum posterior radius (rp)
to the maximum anterior radius (ra) (Figure 2-14), with B=1 indicating
axisymmetric model. Five models were constructed varying B and were
analyzed with FEA. The results indicated that the asymmetry has a
substantial influence on the distribution of wall stress within the
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aneurysm, with higher stress values when the asymmetry increases (8
decreases).

_ Fan % I
Anicror Postenor
wall wall
midsection

8 =180"

Figure 2-14 Representative 3D virtual AAA model (top) and midesectional
cross section (bottom) [133].

A similar study with similar findings was carried out by Rodriguez et
al. [134]. They also modeled 3D AAA models with different degrees of
asymmetry and their results indicated that for AAAs with the same
diameter and relative length, the PWS increases significantly as the
aneurysm becomes more asymmetric.

The individual nonuniformity of the wall thickness is another factor of
significant importance in the AAA rupture risk prediction. The
pathological state of the abdominal aorta results in an overall thicker
and weaker wall [49], however, Raghavan et al. [52] observed that
AAA rupture occurs at thin regions of the wall, and this is due to local
wall mechanics. Previously, in 1993 Mower et al. [135] had
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demonstrated that wall thickness is a major parameter influencing
wall stress distribution compared to aneurysm maximum diameter
alone. More recently, Raut et al. [136] demonstrated (in 28 patient-
specific AAA models) that the use of any uniform wall thickness model
compared to a patient-specific regionally varying wall thickness
results in significantly different biomechanical parameters. Therefore
when estimating peak biomechanical parameters, such as stress, it is
recommended to use the patient-specific regionally varying wall
thickness.

Tortuosity is another geometric parameter that has been
demonstrated to be important in the AAA wall mechanics. Tortuosity
1s expressed as the fractional increase in length of a tortuous vessel in
relation to a imaginary straight line (Figure 2-15).

Tortuosity=L/y — 1

Figure 2-15 Tortuosity definition.

In 2004 Fillinger et al. [137] suggested that ruptured AAAs had less
tortuous anatomy than unruptured. However, more recently
Georgarakos et al. [138] observed in 19 patients that the degree of
centerline tortuosity correlated significantly and positively with the
PWS. Therefore it is still not clear how tortuosity affects AAA rupture.

The mean centerline curvature is another geometrical factor whose
influence on the AAA wall stress has been studied by Giannoglou et
al. [139]. This group studied 39 patients and surprisingly they did not
find a correlation of maximum diameter with PWS. However, their
results revealed that the mean centerline curvature of the AAA was a

53



Chapter 2: State of the art

significant predictor of PWS. Related also with the curvature, it was
observed that the maximum stress is located at the inflection point
where the aneurysm curvature changes from concave to convex [57].
Moreover it was observed that the location of maximum stress at the
posterior wall seems to coincide with peaks in the magnitude of the
gaussian curvature [140].

2.6.2 Material Model

An accurate and reliable stress analysis of AAA apart from an accurate
3D description of the aneurysm, it requires an appropriate constitutive
law for the material.

Most of the earlier studies on AAA have relied on isotropic models
[66,57,60,89,93,94,100] assuming incompressible behavior for the
arterial wall. However, the anisotropy found in the AAA tissue
[60,68,73,141] is an important property that was not considered in
these projects. Considering the anisotropy in FEA models, commonly
derives in higher PWS in comparison with isotropic wall models
[86,142,143].

2.6.3 Influence of initial AAA configuration

Most computational AAA geometries used for FEA are commonly
generated from multiple CT images acquired at one instant (gated) or
multiple instants within the cardiac cycle, and therefore these
geometries do not correspond to the geometry in the unloaded state.
Applying a physiological pressure to the pre-deformed geometry may
have a significant effect on the wall stress distribution and therefore
it must be taken into account. To this end several studies have
proposed algorithms to derive the zero stress configuration [144—146].
Ideally, the physiological pressure conditions should be applied to the
unloaded geometry or zero pressure geometry to get physiological
stress results.

The effect of considering the initial configuration on the FEA has
contradictory results in the literature. While Lu et al. [144] concluded
that conventional approach over-predicts the stress, de Putter et al.
[147] and Speelman et al. [148] concluded that not accounting for the
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zero pressure configuration may lead to an underestimation of the
maximum PWS. Gee et al. [149] also found that not considering the
initial stress overestimates the displacements and yields to unrealistic
large deformations.

2.6.4 Residual stress

Residual stresses are also characteristic of vascular tissues. They can
be estimated globally by using the opening angle of an artery [150] or
numerically predicted [151]. The effect on the arterial wall is that the
inner part of the wall is compressed, whereas the outer part is
tensioned. This stress distribution under internal pressure load causes
the resultant stress distribution to be roughly homogeneous across the
arterial wall, thus neglecting it in the load-free configuration typically
leads to significant stress gradients across the wall thickness. The
peak stress values are similar, however, if residual stresses are taken
into account, the maximal circumferential stress does not appear near
the lumen but instead in the media and subjected to higher stresses
[150,152].

Loaded Unloaded Unloaded configuration
configuration configuration without residual stress

Figure 2-16 Initial configuration of an AAA slice: scanned geometry (left),
zero pressure geometry (middle) and residual stress free (right).

2.6.5 Intraluminal thrombus

A common feature in most AAAs is the presence of ILT. From a
biomechanics perspective, the relation of the ILT development with
the aneurysm rupture is still not clearly understood.

First, it is thought that ILT varies the strength of the tissue. Some
studies have suggested that in the AAA wall covered by ILT there is a
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degradation of the extracellular matrix due to the hypoxia, making the
wall weaker [153]. Also, the AAA wall covered by a thick ILT is thinner
and has an increased number of inflammatory cells and smooth muscle
cell apoptosis [87].

Apart from these consequences the ILT itself influences mechanical
stress of the underlying vessel wall. Various studies have
demonstrated that the ILT reduces the wall stress distribution and
PWS [84,154,155]. In contrast, other researchers have concluded that
the ILT may not reduce wall stress, as it does not reduce both the mean
and the pulse pressure near the aneurysmal wall [156,157]. In a more
recent study, Polzer et al. [158] found that ILT fissures increase the
stress in the underlying wall, whereas other regions remain
unaffected.

2.6.6 Calcifications

Most of AAAs exhibit localized calcifications in the media, which have
been taken into consideration recently for simulations of AAA
biomechanics. However, there are still conflicting reports on whether
the presence of calcification increases [159] or decreases [89] wall
stress.

2.6.7 Effect of blood flow

Most of the researches analyzing the AAA wall stress distribution have
been carried out by applying a uniform pressure on the inner surface
of the aneurysm sac, 1.e. a computational solid stress - static analysis
(CSSs). However, it should be mentioned that this approach does not
account for the hemodynamics of the blood flow through the aneurysm
and the compliant nature of the AAA wall. To consider the time
varying pressure load instead of the steady state load, other
researchers followed the computational solid stress, but with a
transient analysis (CSSt). Yet, in these cases the pressure load is
spatially uniform, while the physiologic intraluminal pressure is
spatially nonuniform. Furthermore, this approach disregards the
effect of hemodynamics and interaction between the pulsatile blood
flow and the compliant arterial wall. To this end, some researchers
have carried out fully coupled fluid-structure interaction (FSIf)
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analysis in order to study the aneurysmatic fluid-mechanics by
accounting both for the instantaneous fluid forces acting on the wall
and the effects of the wall motion on the fluid dynamic field.

Although the isolated static structural stress analysis approach
captures the gross features of the stress distribution, the results
derived from CSSs or CSSt techniques compared to FSIf approach,
underestimate the PWS on average by 20%-30% for AAAs with
variable wall thickness and 10% for uniform wall thickness AAAs
[160-162]. The main drawback of the FSIf approach is the high
computational cost and therefore a partially coupled FSI (FSI/) was
followed by other researchers [163,164]. Scotti and Finol [160]
compared a partially coupled FSI (FSI/) with FSIf analysis finding
differences up to 6.5% in wall stress.

2.7 Conclusions

This chapter summarizes the most important knowledge areas to get
the main objective of this research project. Several conclusions can be
drawn:

e The AAA diameter is the main parameter used in clinical
practice to decide whether a patient should be operated or
not. However, diameter criterion is not precise for all the
cases, and numerical studies have proved that wall stress
has a big impact on the AAA rupture. As the wall stress
depends primarily on the patient-specific AAA geometry,
various geometrical parameters have been analyzed in the
literature, but still there are parameters to be studied that
can improve the accuracy of the AAA rupture estimation.

¢ Due to the time consuming and high cost of manufacturing
AAA phantoms, few experimental studies have been carried
out in the literature. With the current methodologies
proposed for manufacturing AAA replicas, it is possible to
create AAA phantoms with uniform wall thickness,
isotropic wall properties and inclusion of ILT. However, it
has been demonstrated the importance of variable wall
thickness and anisotropy on the AAA wall stress
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distribution, and therefore more realistic AAA replicas
would be of interest for experimental studies.

The AAA wall stress distribution has been proved to have
an impact on the AAA rupture. Due to difficulties of
physical experiments, FEA is employed to calculate the
AAA wall stress distribution. Although FEA represents an
important step, numerical studies must be validated before
clinical implementation. Despite the importance of these
experimental studies, there is no study that verifies the
stress distribution along the entire AAA wall.



Chapter 3

Influence of local
curvature on synthetic
AAA geometries

3.1 Introduction

Although the maximum diameter criterion is still the most important
factor when predicting risk of rupture of AAAs, other parameters
should be considered from a purely biomechanical point of view.

Aneurysm rupture occurs when the local stress in the arterial wall
exceeds the maximum local strength of the tissue, indicating that the
relationship between localized tissue strength and stress should be
considered for rupture risk assessment. Although wall stress in AAA
walls have been linked to a high risk of aneurysm rupture, yet
computing AAA wall stress is still an uncommon clinical practice.
Several studies [56,57] have demonstrated that Peak Wall Stress
(PWS), predicted by a Finite Element Analysis (FEA), is significantly

59



Chapter 3: Influence of local curvature on synthetic AAA geometries

higher in symptomatic/ruptured AAAs than in unruptured AAAs.
Recently, Doyle et al. [96] showed how the rupture location of a
patient-specific AAA can be predicted from high wall stress regions.
However, rupture points do not always coincide with the PWS regions
[95] because wall stress alone is not sufficient to predict rupture risk
and, therefore, regional estimations of wall strength and the
parameters that rule the stress distribution such as, maximum
diameter, wall thickness, tortuosity and asymmetry, are also
necessary [46].

In this chapter the local mean curvature (LMC), in addition to local
wall thickness (LWT) is computed from synthetic AAA geometries and
the relationship of these metrics with AAA wall stress is assessed.
Such assessment can be envisioned as the equivalent of providing
geometric surrogates of wall stress, which could be used in future
efforts for the development of a computational tool for AAA rupture
risk assessment based on individual metrics of AAA geometry. Two
studies have been carried out. In the first study (section 3.3) the
maximum diameter and uniform wall thickness of the AAA geometries
are set to constant, while in the second study (section 3.4) the analysis
1s made varying these two geometry metrics. First, in section 3.2 the
principal curvatures are briefly described.

3.2 Principal curvatures

Consider a surface S defined by the function z = f(x,y) and a point P
on the surface S (Figure 3-1). Assume that N is the normal vector to
the surface S that passes through the point P; and v a unit vector
tangential to the surface S that passes through the point P. Let ¢ be
the parameterized curve given by slicing S through the plane spanned
by v and N (plane 7).
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Figure 3-1 Curvature of surface S for a specific point P.

Being ¢ a plane curve, ¢ has a signed curvature k at point P with
respect to the unit normal N. The curvature k is the inverse of the
radius of the osculating circle to curve ¢ at point P. The curvature k
depends on the direction of the tangential vector v. When the
directional vector v changes, so does the the curvature k at point P.
The principal curvatures of the surface at P (k: and kz) are the largest
and smallest possible values of curvature at point P. Positive values
for the principal curvatures indicate convex regions, whereas negative
values indicate concave regions.

More rigorously, the curve ¢ can be defined as:
c(t) = (1L, vat, f (v1t, v2t)) (3-1)

and the curvature k is defined by Equation 3-2
¢"(s)|s=0 = kN(P) (3-2)

where s =s(t) represents arc length with s(0) =0 (i.e., s(t) =
fotlc’(t)ldt). It can be demonstrated that ¢’ (s)|s=, can be replaced with

c" (t)|t=o without loss of generality. Finally using Equation 3-2 it can
be obtained Equation 3-3

k = fex(0,0)vF + 2£,,,(0,0)v1v; + £, (0,0)v5 (3-3)

where f,,, etc. are the partial derivatives of f. Equation 3-3 can be
defined in the matrix form with the Hessian matrix as
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k=[vs V2]

fxx(OJO) fxy(o’o)] [vl] (3-4)

fxy (0,0) fyy (0,0) [ Lv2

From linear algebra, the largest and smallest values of curvature
(principal curvatures) are the eigenvalues (4, and A,) of the Hessian
matrix. Since the Hessian matrix is symmetric, the eigenvalues are
real and the eigenvectos are orthogonal.

3.3 First study

In this study, seven different AAA geometries with uniform wall
thickness and the same maximum diameter are analyzed. First, the
synthetic AAA geometries are modelled and simulated with FEA.
Subsequently, results are statistically analyzed.

3.3.1 AAA geometry definition and geometry
quantification

In this section in order to analyze whether the curvature has a high
impact on the AAA wall stress, seven different geometries that
replicate an aneurysm in the abdominal aorta are designed with PTC
Creo 3.0 (PTC Corporate Headquarters, Needham, USA). They are
1llustrated in Figure 3-2. Obviously, none of the geometries are equal
to a patient-specific AAA geometry, however, the curvature values can
be found in regions of patient-specific AAAs. In all the cases, the
maximum diameter is set to 40 mm, while the thickness is 1.5 mm
throughout the whole aneurysm. The length of the aneurysm is

different for each geometry in order to obtain different curvatures
along the AAA.
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il

Figure 3-2 Seven different synthetic AAA geometries generated in PTC Creo.

#7

To calculate the geometric indexes, the geometries are exported in the
form of stereolitography (.stl) files. An open-source code written in
MATLAB (MathWorks, Natick, USA) is used to determine the
principal curvatures (k; and k2) [165]. The local mean curvature (LMC)
is derived from the principal curvatures as indicated in Equation 3-5.

LMC = (ky + k) /2 (3-5)

3.3.2 Finite Element Analysis

The geometries are imported to Abaqus (Dassault Systems, Vélizy-
Villacoublay, France) and meshed with tetrahedral elements. For each
geometry, a mesh independence study is performed so as to select the
correct element size in order to balance computer simulation time and
result accuracy. The AAA wall is assumed to be hyperelastic,
incompressible and defined by an isotropic constitutive material
proposed previously by Raghavan and Vorp [55], where the strain
energy density function is defined by Equation 3-6

W =a(l —3)+ B —3)? (3-6)
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where I;is the first invariant of the left Cauchy-Green tensor and «a
and B are the material coefficients. The material coefficients were
quantified from uniaxial tensile experiments with 69 human AAA
specimens (@ = 174 kPa and 8 = 1,881 kPa) [55] and are assumed to
be the same for all models. These geometric (thickness) and material
parameters (@ and B) are fixed for all cases in order to keep them from
influencing the results.

The proximal and distal ends of the abdominal aorta are considered to
be fixed in order to replicate anatomical tethering of the aorta, while
the loading condition is established by applying the uniform pressures
of 80 and 140 mmHg to the inner wall of the virtual artery. The Von
Mises, circumferential and axial stresses are obtained as the primary
outcomes from the FEA simulations (Figure 3-3). All simulations are
run on a computer with an Intel Xeon 2.67 GHz processor, with 6 GB
RAM, and running Windows 7 64-bit.

\
A

0O N
/\Clrcumferentlal \

\ \
Radial \ \

Figure 3-3 Stress directions (axial and circumferential) for each element.

The LMC distribution and stress distribution of the specimens are
illustrated in the Appendix A. As an example, the distributions in
geometry #4 are illustrated in Figure 3-4.
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Figure 3-4 Mean Curvature and stress distribution of the a) outer and b)
inner wall of geometry #4.
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3.3.3 Statistical Analysis

A correlation analysis is carried out using the statistical software
Minitab v17 (Minitab Inc., Pennsylvania, USA). For each AAA
geometry, two correlation studies are run: the first only considers the
outer wall and the second only considers the inner wall. In both studies
a Pearson’s correlation coefficient and a p-value with a 95% confidence
level are obtained. For each study, a sample of 200 random points
placed on the corresponding sac surface (outer or inner) of the
aneurysm is selected. This number of points is selected as increasing
this number does not change the Pearson’s correlation values. The
LMC values for these points are calculated in MATLAB, while the
corresponding stress values are derived from FEA simulations with
Abaqus.

The Pearson’s correlation r value and the p-value for each geometry
are shown in Table 3-1, while graphic results for some of the
geometries are illustrated in Figure 3-5.
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Table 3-1: Pearson’s correlation and p-values of the LMC with wall stresses
for the synthetic AAAs.

Correlation coefficients for wall stresses at the outer wall surface

AAA Von Mises Circumferential Axial
No Pearson’sr p-value Pearson’sr p-value Pearson’sr p-value
1 0.423 <0.001 0.283 <0.001 0.821 <0.001
2 -0.995 <0.001 -0.994 <0.001 -0.981 <0.001
3 -0.955 <0.001 -0.950 <0.001 -0.928 <0.001
4 -0.932 <0.001 -0.926 <0.001 -0.981 <0.001
5 -0.854 <0.001 -0.804 <0.001 -0.919 <0.001
6 -0.749 <0.001 -0.737 <0.001 -0.928 <0.001
7 -0.964 <0.001 -0.937 <0.001 -0.751 <0.001
Correlation coefficients for wall stresses at the inner wall surface
AAA Von Mises Circumferential Axial
No Pearson’sr p-value Pearson’sr p-value Pearson’sr p-value
1 -0.058 0.412 -0.452 <0.001 0.725 <0.001
2 0.048 0.501 -0.919 <0.001 0.992 <0.001
3 -0.744 <0.001 -0.818 <0.001 0.709 <0.001
4 -0.426 <0.001 -0.587 <0.001 0.921 <0.001
5 -0.439 <0.001 -0.243 <0.001 0.884 <0.001
6 0.043 0.553 -0.257 <0.001 0.885 <0.001
7 -0.593 <0.001 -0.701 <0.001 0.686 <0.001
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Figure 3-5 Graphic results of the correlation analysis between the
circumferential-axial stress and the MC for geometries #2 and #7.

According to those results, in the outer wall the circumferential and
the axial stress distributions are negatively correlated with the LMC
(r=-0.727 and r=-0.702, respectively). Consequently, the Von Mises
stress distribution is negatively correlated with the LMC (r=-0.718).

68



Influence of the local curvature on AAA and phantoms’ manufacturing methodologies

However, in the inner wall the negative correlation between the LMC
and the circumferential stress is lower (r=-0.570) and the axial stress
distribution is positively correlated with the LMC (r=0.881). Therefore
it cannot be stated that the Von Mises stress is negatively correlated
with the LMC as a general rule.

An exception must be pointed out for geometry #1, where the
correlations are not congruent with the results obtained with the other
six geometries. In this geometry the variation in the LMC along the
aneurysm sac is very small (<0.005 mm, while in other geometries is
around 0.1 mm), and therefore other geometrical parameters may
have more influence on the stress distribution than the LMC. Apart
from this exception, the LMC seems to play an important role in the
stress distribution, and therefore it may be taken into account together
with the diameter.

3.4 Second study

In the first study, the synthetic AAA geometries were modeled with
uniform wall thickness and the same maximum diameter. However, it
1s known that both, wall thickness and maximum diameter, are
related with wall stress. Therefore, in this second study the influence
of these parameters are also analyzed together with the LMC in order
to evaluate whether LMC is significant when the other 2 factors are
contributing to the AAA wall stress.

3.4.1 AAA geometry definition and geometry
quantification

Four synthetic AAA geometries with three different maximum
diameters (MD) each (30, 50 and 70 mm), for a total of twelve
specimens, are designed in PTC Creo. It must be noted that when the
maximum diameter is increased the length of the aneurysm is also
increased. The geometries are designed with variable wall thickness.
Variable thickness is set following studies by other researchers [162]
in which thickness is inversely proportional to the local diameter,
following Equation 3-7:
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LWT(@)=Td/® (3-7)

where T and d are the undilated thickness (equal to 2 mm) and
diameter (equal to 20 mm), @ is the diameter value for each cross
section, and LWT(®) is the corresponding thickness for each cross
section. In Figure 3-6 one quarter of some of the geometries are
represented with the wall thickness distribution.

#1 #2 #3 #

Thickness (mm)
2.00
1.85
1.70
1.55
1.40
1.25
1.10
0.95
0.80
0.65
0.50

Figure 3-6 Geometries #1 (MD=30 mm), #2 (MD=50 mm), #3 (MD=50 mm) and
#4 (MD=70 mm) with the respective wall thickness distribution.

As the geometries are axisymmetric, the local diameter (D) for each
point is calculated using its corresponding coordinates. With the data
of the cross sectional diameter, the LWT for each point can be
calculated directly with Equation 3-7.

3.4.2 Finite Element Analysis

The geometries are imported again to Abaqus and the same process as
in the first study is followed. The same material model and boundary
conditions as in the first study are set. The primary outcomes from
FEA are also Von Mises, circumferential and axial stress. As an
example, the wall stress distribution of some of these geometries is
illustrated in Figure 3-7.
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Figure 3-7 Von Mises stress distribution for geometries #1, #2, #3 and #4.

3.4.3 Statistical Analysis

A correlation analysis is carried out with Minitab v17. Again, for each
AAA geometry, two correlation studies are run: the first only considers
the outer wall and the second only considers the inner wall. In both
studies a Pearson’s correlation coefficient and a p-value with a 95%
confidence level are obtained. For each study, a sample of 500 random
points placed on the corresponding sac surface (outer or inner) of the
aneurysm is selected. This number of points is selected as increasing
this number does not change the Pearson’s correlation values. The
LMC values for these points are calculated in MATLAB, while the
corresponding stress values are derived from FEA simulations with
Abaqus. The LD and LWT are calculated directly with the points’
coordinates.

For each geometry, the Pearson’s correlation (and p-values) of the
geometric indexes and the Von Mises, circumferential and axial
stresses are shown in Table 3-2, Table 3-3 and Table 3-4.
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As in the first study, on the outer wall surface, LMC appears to be
negatively correlated with Von Mises wall stress (in both
circumferential and axial direction) except for geometry #1 (as
discussed in the previous section, probably due to the small LMC
variation along the AAA). The average Pearson’s correlation values on
the outer wall of the LMC with Von Mises, circumferential and axial
stress are -0.383, -0.399 and -0.392 respectively.

On the inner wall there are two cases (geometry #2 with MD equal to
50 and 70 mm) in which the LMC has not statistical significance. For
the rest of the geometries the LMC appears to be again negatively
correlated with Von Mises wall stress, but with lower Pearson’s
correlation values (r=-0.077). Similar to the firs study, LMC appears
to be negatively correlated with circumferential stress (r=-0.209) and
positively correlated with axial stress (r=0.759).

The results of the LD and LWT do not have physical sense, i.e. LD
appears to be negatively correlated with wall stress and LWT
positively correlated with wall stress. This issue can be due that in the
range of study of each AAA, the variation of LD and LWT is not
significant and therefore LMC (which in these geometries is negatively
correlated with LWT and positively correlated with LD) has a higher
effect on wall stress. Figure 3-8 illustrates graphically the correlations
between the Von Mises stress and the LMC for the outer and inner

wall of geometries #2 MD30, #3 MD50 and #4 MD70.
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Figure 3-8 Graphic results of the correlation analysis between the Von Mises
stress and the MC for geometries #2 MD30, #3 MD50 and #4 MD70.

It can be appreciated in Figure 3-8 that while in the outer wall the
correlation between the Von Mises stress and LMC is clearly negative,
in the inner wall this is not so clear.
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Table 3-2: Pearson’s correlation (p-values) of the geometry parameters with
Von Mises stress.

Correlation coefficients for Von Mises stresses at the outer surface

AAA LMC LD LWT
No Pearson’sr p-value Pearson’sr p-value Pearson’sr p-value
MD=30 mm
1 0.856 <0.001 0.983 <0.001 -0.992 <0.001
2 -0.942 <0.001 -0.782 <0.001 0.745 <0.001
3 -0.795 <0.001 -0.715 <0.001 0.715 <0.001
4 -0.838 <0.001 -0.930 <0.001 0.933 <0.001
MD=50mm
1 0.705 <0.001 0.930 <0.001 -0.979 <0.001
2 -0.616 <0.001 0.092 0.039 -0.146 0.001
3 -0.700 <0.001 -0.242 <0.001 0.199 <0.001
4 -0.814 <0.001 -0.247 <0.001 0.180 <0.001
MD=70mm
1 0.493 <0.001 0.927 <0.001 -0.990 <0.001
2 -0.624 <0.001 0.224 <0.001 -0.292 <0.001
3 -0.679 <0.001 0.240 <0.001 -0.275 <0.001
4 -0.647 <0.001 0.176 <0.001 -0.208 <0.001
Correlation coefficients for Von Mises stresses at the inner surface
AAA LMC LD LWT
No Pearson’sr p-value Pearson’sr  p-value Pearson’sr p-value
MD=30 mm
1 0.753 <0.001 0.991 <0.001 -0.997 <0.001
2 -0.273 <0.001 -0.417 <0.001 0.426 <0.001
3 -0.120 <0.001 -0.492 <0.001 0.505 <0.001
4 -0.576 <0.001 -0.854 <0.001 0.865 <0.001
MD=50mm
1 0.669 <0.001 0.958 <0.001 -0.992 <0.001
2 -0.071 0.112 0.256 <0.001 -0.257 <0.001
3 -0.160 <0.001 0.050 0.268 -0.088 0.049
4 -0.730 <0.001 -0.110 0.014 0.053 0.243
MD=70mm
1 0.199 <0.001 0.955 <0.001 -0.996 <0.001
2 0.007 0.884 0.384 <0.001 -0.386 <0.001
3 -0.258 <0.001 0.432 <0.001 -0.444 <0.001
4 -0.278 <0.001 0.326 <0.001 -0.344 <0.001
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Table 3-3: Pearson’s correlation (p-values) of the geometry parameters with
circumferential stress.

Correlation coefficients for circumferential stresses at the outer surface

AAA LMC LD LWT
No Pearson’sr p-value Pearson’sr p-value Pearson’sr p-value
MD=30 mm
1 0.851 <0.001 0.980 <0.001 -0.991 <0.001
2 -0.938 <0.001 -0.779 <0.001 0.743 <0.001
3 -0.816 <0.001 -0.715 <0.001 0.716 <0.001
4 -0.842 <0.001 -0.930 <0.001 0.933 <0.001
MD=50mm
1 0.606 <0.001 0.873 <0.001 -0.943 <0.001
2 -0.590 <0.001 0.054 0.228 -0.107 0.017
3 -0.689 <0.001 -0.250 <0.001 0.207 <0.001
4 -0.804 <0.001 -0.249 <0.001 0.183 <0.001
MD=70mm
1 0.297 <0.001 0.815 <0.001 -0.932 <0.001
2 -0.625 <0.001 0.141 0.002 -0.213 <0.001
3 -0.638 <0.001 0.213 <0.001 -0.244 <0.001
4 -0.604 <0.001 0.161 <0.001 -0.189 <0.001
Correlation coefficients for circumferential stresses at the inner surface
AAA LMC LD LWT
No Pearson’sr p-value Pearson’sr  p-value Pearson’sr  p-value
MD=30 mm
1 0.730 <0.001 0.986 <0.001 -0.994 <0.001
2 -0.546 <0.001 -0.602 <0.001 0.596 <0.001
3 -0.224 <0.001 -0.477 <0.001 0.487 <0.001
4 -0.558 <0.001 -0.866 <0.001 0.871 <0.001
MD=50mm
1 0.447 <0.001 0.849 <0.001 -0.923 <0.001
2 -0.380 <0.001 0.109 0.015 -0.137 0.002
3 -0.372 <0.001 -0.033 0.462 -0.011 0.801
4 -0.746 <0.001 -0.137 0.002 0.073 0.105
MD=70mm
1 0.081 0.072 0.793 <0.001 -0.915 <0.001
2 -0.193 <0.001 0.173 <0.001 -0.219 <0.001
3 -0.449 <0.001 0.321 <0.001 -0.337 <0.001
4 -0.296 <0.001 0.269 <0.001 -0.286 <0.001
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Table 3-4: Pearson’s correlation (p-values) of the geometry parameters with

axial stress.

Correlation coefficients for axial stresses at the outer surface

AAA LMC LD LWT
No Pearson’'sr p-value Pearson’sr  p-value Pearson’sr p-value
MD=30 mm
1 0.893 <0.001 0.995 <0.001 -0.999 <0.001
2 -0.846 <0.001 -0.571 <0.001 0.523 <0.001
3 -0.913 <0.001 -0.670 <0.001 0.673 <0.001
4 -0.930 <0.001 -0.797 <0.001 0.809 <0.001
MD=50mm
1 0.857 <0.001 0.993 <0.001 -0.998 <0.001
2 -0.695 <0.001 0.365 0.039 -0.432 0.001
3 -0.933 <0.001 -0.239 <0.001 0.211 <0.001
4 -0.942 <0.001 -0.223 <0.001 0.163 <0.001
MD=70mm
1 0.673 <0.001 0.933 <0.001 -0.988 <0.001
2 -0.302 <0.001 0.766 <0.001 -0.836 <0.001
3 -0.730 <0.001 0.441 <0.001 -0.473 <0.001
4 -0.851 <0.001 0.223 <0.001 -0.268 <0.001
Correlation coefficients for axial stresses at the inner surface
AAA LMC LD LWT
No Pearson’sr p-value Pearson’sr  p-value Pearson’sr  p-value
MD=30 mm
1 0.860 <0.001 0.996 <0.001 -0.989 <0.001
2 0.964 <0.001 0.848 <0.001 -0.817 <0.001
3 0.864 <0.001 0.796 <0.001 -0.784 <0.001
4 0.913 <0.001 0.901 <0.001 -0.897 <0.001
MD=50mm
1 0.860 <0.001 0.999 <0.001 -0.979 <0.001
2 0.826 0.112 0.746 <0.001 -0.699 <0.001
3 0.868 <0.001 0.653 <0.001 -0.614 <0.001
4 0.941 <0.001 0.641 <0.001 -0.581 <0.001
MD=70mm
1 0.247 <0.001 0.998 <0.001 -0.966 <0.001
2 0.416 <0.001 0.896 <0.001 -0.851 <0.001
3 0.762 <0.001 0.751 <0.001 -0.701 <0.001
4 0.581 <0.001 0.635 <0.001 -0.595 <0.001
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To further evaluate whether these geometric indices can be used as
predictors of wall stress, the 500 nodes of each geometry are placed in
two groups (one for each wall surface) and a linear regression analysis
1s carried out for both surfaces. The MD of each AAA geometry is added
to the analysis. The response variable is expressed using Equation 3-
8,

Y=Fo+ ) fik (3-8)

where Y represents the predicted response (wall stress); X; denotes the
independent parameters (MD [mm], LD [mm], LMC [mm] and LWT
[mm]); B, is the intercept term, which is constant; and f; are the
coefficients of each parameter that quantify their linear effect. The
potential correlative relationships of the five geometric indices with
wall stress are statistically analyzed at a confidence level of 95%.

For the linear regression analysis based on grouping all AAA inner
and outer wall surface nodes (6,000 nodes each surface), Table 3-5
describes the model coefficients along with the coefficients of
determination (R2?) of the predictive model for each wall surface. The
regression analysis yields that the four geometric indexes are
statistically significant (p < 0.001) in the inner wall (the linear
regression function indicates that AAA wall stress has a significant
relationship with the four geometric indices); surprisingly, in the outer
wall, LWT does not appear to be statistically significant. The model’s
coefficients of determination for the outer and inner wall surfaces are
0.690 and 0.605, respectively, indicating that 69.0% and 60.5% of the
variation in the local wall stress can be explained by the statistical
model. Two additional regression analyses are carried out considering
only LMC and MD as independent predictive parameters. The
predictability of the new models using only LMC is 14.2% and 5.0% for
the outer and inner wall surfaces, respectively, while using only MD
1s, likewise, 52.3% and 50.8%. Combining both LMC and MD as
predictive parameters, the predictability increases to 63.2% and 53.0%
respectively, for the outer and inner wall surfaces.
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Table 3-5: Coefficients (standard errors in parentheses) of the predictive
models and their coefficient of determination for the linear regression
analysis expressed by Equation 3-8 taking into account all four geometric
indices.

AAA Wall Coefficients of the independent parameters

R2
Surface Bo Bup Bip Bruc Biwr
Outer -292.0 6.5 9.5 -1480.4 - 0.690
Inner -696.9 6.9 15.0 -703.9 231.8 0.605

3.5 Conclusions

It can be inferred from the results of these studies that the LMC has a
relevant effect on the stress distribution. As mentioned, from a
mechanical point of view, the AAA rupture occurs when the local stress
in the artery wall exceeds the maximum strength of the tissue, thus
greater stress values along the wall would increase the risk of rupture.
Before adopting this statement for all the cases, a larger number of
geometries should be analyzed. Nevertheless, these studies are a first
step toward suggesting that adding the LMC to the diameter criterion
would help physicians make decisions about whether or not to
recommend surgery. It is important to note that this parameter, which
may have a significant influence on AAA rupture, could be derived
from CT scans.

In both studies some simplifications were made: 1) the thrombus and
calcifications, present in 75% of AAAs [166,167] have not been
considered; 2) although the AAA tissue presents anisotropic behavior
[68,70,73], the isotropic model derived by Raghavan and Vorp [55] was
implemented; and 3) the studied geometries are not patient-specific,
and thickness was kept constant in the first study in order to keep it
from having an influence. Despite these simplifications and the low
number of geometries that were analyzed, the results suggest that the
LMC may play a relevant role in AAA rupture risk, and in some cases
it may even have more influence than diameter alone. To illuminate
this point, a representative simple example with two different
geometries is analyzed.

Geometries #8 and #9 are designed with PTC Creo 3.0 (Figure 3-9(a)),
with a maximum diameter equal to 70 mm and 40 mm, and variable
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thickness (Equation 3-7). Considering only the diameter, it could be
said that the risk of rupture seems to be higher in geometry #8.
However, as Figure 3-9(b) shows, the stress distribution in the second
geometry has higher stress values under the same blood pressure (140
mmHg). The peak stress value for the first case is 746.64 kPa, whereas
for the second case is 1407.32 kPa. Hence, considering that both
geometries have the same tissue strength throughout the entire AAA,
the rupture risk would be higher in geometry #9. The latter geometry
1s also analyzed in Minitab v17 and the outcomes are consistent with
previous results showing a significant correlation between LMC and
stress.

a) #8 #9

b)

Outer Wall Inner Wall Outer Wall Inner Wall

Von Mises
Stress (kPa)

I 1407.3
1200.0

900.0

l 600.0

I 300.0
0.0

Figure 3-9 (a) Geometries #8 and #9 with variable wall thickness, and (b)
stress distribution at 140 mmHg,
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These studies are just a first step in the process of including another
geometric parameter (LMC) in decisions regarding whether an AAA
should be treated. It has been confirmed that there is a significant
correlation between LMC and stress in the synthetic AAA geometries,
meaning that the LMC may indeed be considered. However more work
1s still necessary in order to confirm whether these conclusions remain
valid when moving to patient-specific geometries. In the next chapter,
the LMC will be studied in patient-specific geometries.
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Chapter 4

Influence of the local
curvature on patient-
specific AAA geometries

4.1 Introduction

In Chapter 3, the significant influence of the curvature on the AAA
wall stress distribution has been demonstrated. However, this
dependence has been only studied in synthetic AAA geometries and it
should be verified in patient-specific geometries. To this end, in this
chapter 30 AAA patient-specific geometries with different maximum
diameters are analyzed.

In this chapter the local mean curvature (LMC) and local Gaussian
curvature (LGC), in addition to local wall thickness (LWT) and local
cross-sectional diameter (LD) are computed and the relationship of
these metrics with AAA wall stress is analyzed. Such assessment can
be envisioned as the equivalent of providing geometric surrogates of
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wall stress, which could be used in future efforts for the development
of a computational tool for AAA rupture risk assessment based on
individual metrics of AAA geometry. In section 4.2 the finite element
analysis to calculate wall stress is exposed, while in section 4.3 the
geometry metrics quantification process is exposed. Finally, in section
4.4 the statistical results are illustrated.

4.2 Finite Element Analysis

Thanks to a collaboration of the University with Dr. Ender Finol,
Associate Professor at the University of Texas at San Antonio (UTSA)
and Head of the Vascular Biomechanics and Biofluids Laboratory, a
set of 30 patient-specific AAA geometries was provided. Briefly, the
thirty AAA patient computed tomography angiography (CTA) datasets
were acquired retrospectively from existing medical records at
Allegheny General Hospital (AGH; Pittsburgh, PA), following
approval of the appropriate protocol by the Institutional Review
Boards at AGH and UTSA. The CTA images corresponded to the last
radiological follow up available prior to a recommendation for
interventional treatment. These standard of care images consisted of

3.0 mm slices with an average pixel size of 0.69 mm. The maximum
diameter of these AAAs ranged from 30 to 80 mm.

Figure 4-1 Computed tomography angiography scanner (left) [168] and a
patient CTA image (right) [169].

Using in-house segmentation and meshing software (AAAVASC,
University of Texas at San Antonio [170,171]), the 30 AAA FEA models
were generated using quadratic hexahedral elements following the
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method and mesh sensitivity analysis described by Raut et al. [172].
One of the important features of this mesh methodology is the ability
to model regionally varying wall thickness (Figure 4-2). All this
process was carried out by Dr. Finol’s group.

Figure 4-2 AAA hexahedral mesh considering nonuniform wall thickness
[172].

The AAA is assumed again to be hyperelastic, incompressible and
defined by an isotropic constitutive material proposed previously by
Raghavan and Vorp [55] (Equation 3-6) with the same material
coefficients (a = 174 kPa and g = 1,881 kPa).

The FEA simulations are performed with the solver ADINA (Adina
R&D Inc., Watertown, MA) with an intraluminal loading pressure of
120 mmHg applied in 24 time steps at 5 mmHg intervals. The
proximal and distal ends of the abdominal aorta are considered to be
fixed in order to replicate anatomical tethering of the aorta. The FE
meshes range in size from 90,000 to 200,000 elements, and
computational times are in the 4-12 hour range using a Windows
workstation with 24 cores and 98 GB of RAM. The first principal stress
is the primary outcome of the FEA simulations and used as
representative of the AAA wall stress. The Figure 4-3 illustrates the
spatial distribution of wall stress obtained as the outcome of FEA
simulations completed on three AAAs from the study group. The wall
stress distribution of the rest of the geometries is illustrated in the
Appendix B.
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Figure 4-3 Spatial distributions of wall stress computed on the outer wall
surface of three exemplary AAA geometries.

4.3 Geometry quantification

To calculate the geometric indices, the pressurized FE meshes are
exported in the form of stereolithography (.stl) files. As in Chapter 3,
an open-source script written in MATLAB is used to determine the
principal curvatures (k; and k2) [165]. The LMC is calculated as shown
in Equation 3-5, while the LGC is derived from the principal
curvatures according to Equation 4-1. The Figure 4-4 illustrates the
spatial distribution of the LMC.

LGC = kyk, (4-1)

To calculate the LD for each node of the AAAs, the centerlines are
extracted for each AAA using the Vascular Modeling Tool Kit (VMTK)
[173], which extracts a centerline as the trace of the maximum
inscribed spheres of the vessel surface [174] (Figure 4-5). In this work,
the LD is estimated as the diameter of the inscribed spheres and an
example for 3 patient-specific geometries is shown in the top frame of
Figure 4-6.
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Mean
Curvature (mmr!)

0.15
0.12

B 0.06

0.00

Figure 4-4 Spatial distributions of mean curvature computed on the outer
wall surface of three exemplary AAA geometries.

Maximum Inscribed

Figure 4-5 Extracted centerline for an exemplary AAA geometry via VMTK.

The last geometric parameter to be calculated for each node is the wall
thickness. The LWT is calculated using an in-house script written in
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MATLAB. Briefly, the code calculates first the normal for each node of
the AAA geometry; then, it finds the triangle of the opposite wall
surface where the calculated vector normal crosses; and finally the
distance between the node and the cross point is the thickness
corresponding to that node. This code is validated in 10 random points
with thickness data obtained from MAGICS v19.01 (Materialise,
Leuven, Belgium) for the same AAA geometries. The bottom frame of
Figure 4-6 illustrates the spatial distribution of LWT.

AR
ARQ.

Figure 4-6 Spatial distributions of diameter and local wall thickness (LWT)
computed on the outer wall surface of three exemplary AAA geometries.
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4.4 Statistical analysis

4.4.1 Individual study

First, a correlation analysis for individual AAAs is carried out. The
potential correlations of the geometric indexes (LMC, LGC, LD, and
LWT) with wall stress are studied for all AAAs. To this end, a
correlation analysis is carried out using the statistical software
MINITAB, considering first all the nodes (from the .stl files) that make
up the outer wall surface of the AAA sac and then all the nodes from
the inner wall surface. Each surface is comprised of approximately
22,000 nodes. In both studies a Pearson’s correlation coefficient and a
p-value with a 95% confidence level are obtained.

The Pearson’s correlation (and p-values) of the geometric indices and
wall stresses are shown for each AAA in Table 4-1 for the outer wall
and in Table 4-2 for the inner wall surfaces. On the outer wall surface,
LMC, LGC and LWT appear to be negatively correlated with wall
stress while LD is positively correlated with wall stress: the average
Pearson’s correlation coefficients for LMC, LGC, LWT and LD are
-0.779, —-0.417, -0.234, and 0.192, respectively.

Figure 4-7(a) to Figure 4-7(d) illustrate these correlations for all outer
wall surface nodes of AAA #9. On the inner wall surface, while LMC
and LD are positively correlated with wall stress for all the geometries
(the average Pearson’s correlations are 0.475 and 0.141, respectively),
LWT is negatively correlated with wall stress for all the geometries
(the average Pearson’s correlation is —0.179) and LGC is positively
correlated with wall stress for all but two of the geometries (the
average Pearson’s correlation for the 28 AAAs where LGC 1is
significant is 0.147). Figure 4-8(a) to Figure 4-8(d) illustrate these
correlations for all inner wall surface nodes of AAA #3.
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Figure 4-7 Graphical representation of the correlation analyses of wall stress
with (a) LMC, (b) LGC, (c) LWT, and (d) LD for the outer wall surface nodes
of AAA#9. The Pearson’s r correlation coefficients were —0.817,-0.437,-0.236,
and 0.191, respectively.
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Figure 4-8 Graphical representation of the correlation analyses of wall stress
with (a) LMC, (b) LGC, (c) LWT, and (d) LD for the inner wall surface nodes
of AAA #3. The Pearson’s r correlation coefficients were 0.483, 0.182, —0.239,
and 0.188, respectively.
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As an example to visualize these results, Figure 4-9 illustrates the wall
stress, LMC and LWT distribution in two regions of the outer surface
of the geometry #19.

In region #1, five zones are selected. Zones ‘a’ and ‘b’ have a peak stress
that corresponds to negative values of LMC and low thickness,
whereas zone ‘c’, which has low stress values, matches with high
positive curvature and a thick wall. Zones ‘d’ and ‘¢’ have similar
thicknesses, but different mean curvatures. While the zone ‘d’ has
positive curvature, the zone ‘€’ has negative curvature yielding to a
higher wall stress.

In region #2, two zones with similar MC are selected. In this case, the
wall in zone " is thinner than in zone ‘g, yielding higher wall stresses
in zone ‘f’. These observations, which are repeated for other regions of
the AAA phantoms, are consistent with the results derived from the
statistical analyses.
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Figure 4-9 Stress, mean curvature and wall thickness distributions for the

geometry #19. Regions #1 and #2 enclose seven representative zones (a-g)
that explain the statistical results.

4.4.2 Regression analysis for all AAAs

To further evaluate whether these geometric indexes can be used as
predictors of wall stress, all the nodes that make up the 30 AAA
geometries (approximately 660,000 each for the inner and outer wall
surfaces) are placed in two groups (one for each wall surface) and a
linear regression analysis i1s carried out for both surfaces. The
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maximum diameter (MD) of each AAA is added to the analysis. The
response variable is expressed using Equation 3-8. In this case the
independent parameters are MD [mm], LD [mm], LMC [mm-], LGC
[mm2] and LWT [mm]. The potential correlative relationships of the
five geometric indices with wall stress are statistically analyzed at a
confidence level of 95%.

The regression analysis yields that the five geometric indices are
statistically significant (p < 0.001); the linear regression function
indicates that AAA wall stress has a significant relationship with the
five geometric indices. Table 4-3 describes the model coefficients along
with the coefficients of determination (R?) of the predictive model for
each wall surface. The model’s coefficients of determination for the
outer and inner wall surfaces are 0.712 and 0.516, respectively,
indicating that 71.2% and 51.6% of the variation in the local wall
stress can be explained by the statistical model.

Table 4-3: Coefficients (standard errors in parentheses) of the predictive
models and their coefficient of determination for the linear regression
analysis expressed by Equation 3-8 taking into account all five geometric
indices.

AAA Coefficients of the independent parameters
Wall R2
Surface .BO ﬁMD BLD .BLMC ﬁLGC ﬁLWT
-194.8 1.7 2.2 -2233.0 4903.3 197.7
Outer (.0)  (0.01) (001) (257 (21.30) (337 0712
Inner 32.7 3.3 2.2 1536.4 -6059.8 -34.6 0516

(5.12) (0.01) (0.01) (3.04)  (24.00)  (3.40)

In order to observe the effect of adding the LMC to predict the wall
stress, two additional regression analyses are carried out considering
only LMC and MD as independent predictive parameters. The
predictability of the new models using only LMC is 47.7% and 12.0%
for the outer and inner wall surfaces, respectively, while using only
MD is, likewise, 23.5% and 27.7%. Combining both LMC and MD as
predictive parameters, the predictability increases to 64.9% and
44.7%, respectively, for the outer and inner wall surfaces.
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4.5 Conclusions

This chapter assesses the statistical significance of the relationships
of five geometric indexes (LD, MD, LMC, LGC, and LWT) with AAA
wall stress using a collection of thirty patient-specific aneurysms
reconstructed from CTA images collected retrospectively. Wall stress
was estimated using quasi-static FEA simulations at peak systole
while the aforementioned geometry metrics were computed using
algorithms applied to FE meshes representative of the native AAAs.
Statistical analyses were based on correlations of the geometric indices
and wall stress for the individual AAA inner and outer wall surfaces,
as well as regression analyses inclusive of all AAA wall surfaces.

For the analysis of individual AAAs, it was found that LMC exhibited
the highest average correlation coefficient with wall stress compared
to the other geometry metrics. Moreover, LWT had a negative
correlation with wall stress for both inner and outer wall surfaces,
which has an intuitive physical meaning in classical structural
mechanics. A remarkable finding was that LD had the lowest average
correlation coefficient with wall stress compared to LMC, LGC and
LWT. This indicates that local wall thickness and surfaces curvatures
(mean and Gaussian) correlate better with wall stress than the local
aneurysm diameter alone. The predictability of the regression models
for the wall stress estimated at the outer and inner wall surfaces as a
function of all the indices was 71.2% and 51.6%, respectively. The
present work highlights the importance of computing LMC (a
geometric indicator that has been studied scarcely despite its strong
statistical correlation with AAA wall mechanics) with the other four
geometric indices as predictive of AAA wall stress. These statistical
correlations are similar in nature to other predictive correlations
based on tortuosity, asymmetry and wall thickness [175].

Noteworthy is that the accuracy of the AAA surface curvatures is
likely to be sensitive to the clinical image segmentation protocol. While
this work does not specifically quantify such sensitivity, it is important
to consider that thresholding-based segmentation methods and
subsequent smoothing of the vessel luminal and wall surfaces can
result in unrealistic surface curvatures. In addition, local variations in
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the mean curvature of blood vessels with complex surfaces, e.g. with
sharp changes in concavity and convexity, may not be accurately
detected (and, subsequently, segmented) by standard of care 3.0 mm
CTA slices. While this represents a limitation of the present work,
future improvements in clinical imaging technology and segmentation
algorithms are expected to mitigate such shortcomings. Some
simplifications were made in the present study, which could limit the
findings of the work to other AAA population groups: 1) although AAA
tissue exhibits anisotropic behavior [73], the isotropic nonlinear model
postulated by Raghavan and Vorp [55] was implemented in the FEA
models; 2) thrombus and calcifications are usually present in 75% of
AAAs [77,176], but were not included in the FEA models; 3) the initial
stresses due to the diastolic pressure acting on the AAA wall during
clinical imaging were not considered; and 4) the residual stresses and
prestretch conditions [177] were also not modeled.

Despite these limitations, the segmentation and mesh generation
algorithms used in this work have been previously validated [170,171]
and it is believed the geometric indices are accurately representative
of the native, individual AAAs. To this end, LMC was found to be the
most statistically significant index for predictability of wall stress,
which appears to indicate that LMC should be taken into account to
estimate AAA rupture risk. Nevertheless, it is important to quantify
additional geometric characteristics that can significantly predict AAA
wall stress. It is unlikely that any one of the herein proposed geometric
indices alone would be a reliable surrogate for rupture risk. However,
by including all the significant geometry metrics and evaluating them
in a larger patient cohort, a more accurate predictive model could be
derived yielding a rupture risk prediction based on geometric
surrogates of wall stress.
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Chapter 5

Manufacturing of AAA
replicas with isotropic
behavior

5.1 Introduction

Several projects have indicated through extensive use of numerical
simulations via FEA that the diameter rupture criterion needs to be
complemented with AAA wall stress [96,98,178-180], and therefore
factors such as geometry and biomechanics must be also considered
[181-185]. Nonetheless, these virtual results must be experimentally
validated against either data obtained from in-vitro experiments with
AAA arteries or against experiments with synthetic-made AAA
replicas.

Several studies have been carried out to artificially create phantoms
by combining images from medical scanners in order to acquire the
geometry with existing manufacturing processes as Additive
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Manufacturing (AM) and injection molding in order to obtain the
physical replica. The most common technique is the one described by
Doyle et al. [186] and used by others [187,188]. This technique,
explained in the state of the art, provides isotropic AAA replicas with
uniform wall thickness. The materials used in this method are
silicones (whose behavior has been studied [189]) with a hyperelastic
behavior similar to the AAA behavior. One drawback of this
methodology is that for performing the two aluminum molds
machining is needed, with the corresponding time and production
costs.

The purpose of this chapter is to describe a new modeling and
manufacturing process for patient-specific artery replicas with
nonuniform wall thickness, with a focus on developing physiologically
realistic AAA phantoms. In the section 5.2 the methodology for
manufacturing the AAA is described and in section 5.3 the material
characterization is exposed.

5.2 Synthetic AAA manufacturing
methodology

The vacuum casting technique 1is chosen as the preferred
manufacturing method to build an arterial replica. The process
involves pouring liquid polyurethane (PUR) resins under vacuum into
a silicon mold that contains a hollow cavity with the desired shape.
The mold is previously obtained by taking as a reference a master
model printed with an AM technology. The steps for creating the
artery replica are illustrated in Figure 5-1.

The patient-specific AAA geometry (provided by Dr. Ender Finol) is
obtained from CT images as explained in section 4.2. Once the .stl file
of the AAA geometry is obtained, it is manipulated using MAGICS to
prepare a virtual model for AM. With MAGICS, the artery is cut along
several partition lines, while assuring the correct positioning of each
part relative to the other parts with the use of connector pins, to
facilitate the vacuum casting process (Figure 5-2).
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PHYSICAL ARTERY REPLICA
CAD artery

OBJET

?’D Outer mold
printer
Vacuum casting .
Physical artery in AM PUR resins Physical artery
replica

Y

Figure 5-1 Flow chart describing the artery replication process.

Figure 5-2 Partition lines for the artery with their proper connector pins.

The prepared AAA geometry is printed using the AM printer OBJET
EDEN 330 (Stratasys Ltd., Minneapolis, MN, USA), which is based on
the PolydJet technology featuring print resolutions of 42-, 84- and 16-
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microns in the X, Y and Z-axis, respectively (Figure 5-3). The printing
material for the artery is the general purpose Fullcure 720.

Figure 5-3 Printed AM artery.

Once printed and the support material removed, the outer and the
inner mold are built by using the AM artery as the master mold. For
the outer mold (see Figure 5-4), the printed artery, with its proximal
and distal boundary openings blocked with Plasticine®, is rigidly fit
inside a methacrylate frame. A viscous mix of silicone and a catalyst
(SLM VTX 950, SLM Solutions GmbH, Liibeck, Germany) at a 10:1
ratio is poured inside the frame until the frame is completely filled and
the artery entirely covered. The frame is then placed inside an oven at
45°C to cure for 24 hours. Once cured, the mold is cut open and the
artery is removed leaving the mold cavity, which accurately replicates
the outer surface of the artery. Two ports are made in the mold to
enable the subsequent steps of wax and resin injections, one in the
proximal region for the wax injection and the second one close to the
artery’s maximum diameter for the resin injection.
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Figure 5-4 Process for the outer mold: AM artery within the mold (top-left)
filling the frame with silicon (top-right), opening the silicon mold (bottom-
left), and the final outer mold (bottom-right).

The inner mold (Figure 5-5) is made of WA-70 wax (SLM) with a
melting point between 68°C and 70°C. To build this wax mold, the AM
artery is placed into the silicone mold and both are pre-heated at 40°C
for 24 hours. The wax is in a liquid state after being melted in an oven
at 70°C and it is poured through the silicon mold’s upper port. Once
poured, the silicone mold containing the additive manufactured artery
and the liquid wax inside it is placed inside the oven at 40°C to slowly
solidify the wax. Once in a solid state, the silicone mold is opened and
the wax is removed from the interior of the AM artery.
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Figure 5-5 Process for the inner mold: silicone mold with the AM artery (top-
left), filling the mold with liquid wax (top-right), opening the AM artery to
remove the wax mold (bottom-left), and the final inner mold (bottom-right).

With the outer and inner molds created, a casting process is followed
using the MCP 4/01 vacuum casting machine (SLM Solutions GmbH,
Liibeck, Germany). The raw material used to replicate the artery is a
PUR resin commercialized by SLM. It is a transparent rubber with
high resistance to UV light.

The first step of the casting process is to place the silicone (outer) mold
with the wax (inner) mold together with the two components (A and
B) of the PUR in the vacuum chamber (see Figure 5-6). The resin is
degassed, mixed and poured into the mold. When the mold is filled, the
vacuum is released and the mold is placed in an oven at 45°C to cure
the resin. After 24 hours of curing, the oven temperature is increased
to 85°C to melt the inner wax. At the end of the melting process
(approximately 3 hours), the silicone mold is opened and the rubber-
like artery removed.
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Figure 5-6 Vacuum casting process for the artery: silicone mold with the wax
mold inside (top-left), mold and PUR resins ready for casting inside the MCP
4/01 vacuum casting machine (top-right), wax melting (bottom-left), and
opening the mold to remove the artery (bottom-right).

The entire process, illustrated in Figure 5-1, can be completed in less
than 4 days. The approximate cost of fabricating an artery replica (i.e.,
the AAA phantom) with this protocol, not including the cost of
machine-hours and man-hours, is 135€ that is the sum of 80€ for the
3D printing, 40€ for the silicone material and 15€ for the PUR resins.
In Figure 5-7 some AAA phantoms achieved with this methodology are
shown.
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Figure 5-7 AAA phantoms.

Finally, the phantom is inspected to quantify its geometric accuracy.
Towards this end, 30 rectangular samples randomly distributed from
the artery replica are cut with a scalpel and from each sample ten
thicknesses are randomly measured by using a digital caliper with a
resolution of 10 microns. Simultaneously, twelve thicknesses from
each of the corresponding samples of the virtual aorta model are
computationally measured. Samples are shown in Figure 5-8.

Figure 5-8 Rectangular samples to measure wall thickness of the real (left)
and virtual (right) artery.

These measurements are statistically analyzed by calculating the
mean and standard deviation for each sample and a comparison
between the real and virtual aorta model is made. The mean and
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standard deviation for each physical and virtual sample are calculated
using the ten real and twelve virtual measurements respectively.

Two different geometries are analyzed. The average and standard
deviations of the wall thicknesses for the first geometry are shown in
Table 5-1 while the statistical data for the second artery is shown in
Table 5-2. Percentage differences refer to the difference between the
wall thickness of the physical replica (phantom) and the virtual model.
According to these results, the physical artery has thicker walls with
the average difference for all the samples at 11.14% for the first
geometry and 30.65% for the second geometry.
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Table 5-1: Thicknesses of the physical and virtual arteries. Geometry #1.

Artery replica #1

Virtual Real Daff.

Sample Avg. (mm) Std. (mm) Avg.(mm) Std. (imm) (%)
1 1.842 0.45 1.956 0.23 6.18
2 1.724 0.26 1.912 0.23 10.90
3 1.617 0.12 1.948 0.19 20.50
4 1.577 0.08 1.899 0.22 20.40
5 1.628 0.09 2.017 0.24 23.90
6 1.712 0.27 1.948 0.35 13.80
7 1.5631 0.04 1.546 0.32 1.01
8 1.561 0.07 1.571 0.22 0.65
9 1.546 0.08 1.644 0.25 6.36
10 1.591 0.09 1.645 0.28 3.42
11 1.752 0.21 1.750 0.28 -0.09
12 1.658 0.18 1.699 0.31 2.47
13 1.624 0.14 1.648 0.25 1.51
14 1.583 0.10 1.618 0.21 2.22
15 1.5630 0.05 1.641 0.4 7.27
16 1.565 0.06 1.685 0.37 7.67
17 1.644 0.14 1.797 0.36 9.31
18 1.893 0.38 1.914 0.26 1.14
19 1.949 0.53 2.038 0.29 4.57
20 1.703 0.21 2.209 0.35 29.68
21 1.575 0.08 2.299 0.21 45.93
22 1.602 0.10 2.113 0.16 31.95
23 1.599 0.12 2.127 0.28 33.03
24 1.964 0.58 2.296 0.37 16.88
25 1.550 0.06 1.550 0.40 0.03
26 1.535 0.06 1.538 0.25 0.21
27 1.662 0.21 1.681 0.28 1.16
28 1.644 0.18 1.654 0.21 0.60
29 1.597 0.10 1.877 0.39 17.52
30 1.5636 0.05 1.752 0.27 14.07
Average difference (%) 11.14
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Table 5-2: Thicknesses of the physical and virtual arteries. Geometry #2.

Artery replica #2

Virtual Real Diff.

Sample Avg.(mm) Std.(mm) Avg.(mm) Std. (mm) (%)
1 1.502 0.05 1.356 0.18 -9.72
2 1.665 0.22 1.734 0.21 4.13
3 1.293 0.41 1.745 0.15 34.93
4 1.547 0.08 2.021 0.28 30.66
5 1.585 0.11 2.500 0.24 57.71
6 1.545 0.04 2.057 0.28 33.18
7 1.602 0.17 1.668 0.27 4.12
8 1.656 0.17 1.775 0.26 7.22
9 1.661 0.12 1.884 0.26 13.41
10 1.661 0.11 1.798 0.21 8.28
11 1.603 0.13 1.726 0.14 7.67
12 1.526 0.06 2.157 0.38 41.34
13 1.531 0.04 1.985 0.36 29.68
14 1.603 0.17 1.667 0.17 3.97
15 1.620 0.14 1.672 0.23 3.22
16 1.603 0.15 1.885 0.30 17.56
17 1.578 0.08 1.838 0.14 16.45
18 1.556 0.06 1.657 0.17 6.50
19 1.767 0.41 2.631 0.26 48.90
20 1.5631 0.04 2.510 0.11 63.98
21 1.583 0.11 2.372 0.26 49.89
22 1.574 0.06 2.220 0.28 41.00
23 1.670 0.18 2.374 0.22 42.16
24 1.810 0.19 2.125 0.09 17.39
25 1.777 0.21 2.866 0.26 61.31
26 1.786 0.22 3.143 0.22 75.97
27 1.752 0.17 3.075 0.27 75.56
28 1.728 0.16 2.791 0.35 61.52
29 1.689 0.12 2.561 0.30 51.63
30 1.864 0.25 2.234 0.23 19.88
Average difference (%) 30.65

This thickness difference between virtual and physical arteries is
acceptable and in the range of other works. The next step is to
characterize the behavior of the PUR resins.
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5.3 Material characterization

With the manufacturing protocol defined, the next step is to measure
the mechanical properties of phantom material candidates to yield
stress-strain curves that can be compared to the known healthy and
aneurysmal abdominal aorta properties [54]. To this end, various
rubber-like materials are created using the commercially available
SLM bi-component PUR SLM 7140, 7160 and 7190 (A and B) as the
base material. The A and B components were mixed in various ratios
to obtain a range of diverse resins. With this range of materials,
several tensile specimens are created and tested to obtain stress-strain
curves that are as physiologically realistic as possible. The tensile test
specimens are designed in accordance with ASTM D412 Type B. All
specimens are pre-conditioned at 20°C (x 1°C) and 40% (+ 5%) relative
humidity prior to testing. The tensile tests are performed on the
specimens to generate force-extension data using an INSTRON MINI
44 (Instrom Worldwide, Norwood, MA) tensile test machine Figure
5-9.

profiox ¥

Figure 5-9 Tensile test specimens (left) and tensile test machine (right).

Each sample is subjected to a cross-head speed of 3.4 mm/min until
failure with pre-conditioning of 10 cycles to 7.5% of the gauge length
to avoid the Mullins effect [51]. The load-displacement outputs from
the tensile test machine were normalized to stress-strain data. The
strain 1s defined in Equation 5-1
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Al
£=— (5-1)
lo
where Al is the change in length of the specimen at any time and [,
was its original length. The true stress (Cauchy) is used assuming that
the testing materials are incompressible and that the volume do not
change during the tests:

F
=— 5-2
0= (5-2)
. _ Aply
Ty + Al (5-3)

where F is the force required and A* the area at any instant.

The polyurethane resins tested in this research exhibit almost linear
stress-strain curves. For each material, six specimens are tested, and
the Young’s modulus is derived. In Table 5-3 the average Young’s
modulus for each material together with the standard deviation is
displayed and in Figure 5-10 the stress-strain curves for one specimen
of each material are illustrated. As it can be appreciated, the noise is
more perceptible for softer materials (materials 6 and 7) as the
uniaxial tensile machine is not perfectly suitable for so soft materials.

Table 5-3: Average Young modulus (R2) of tested PUR resins and standard
deviation; and strength.

Mixing Young’s Standard

Mat;rlal xl:aIlelli ratio modulus (R?2) deviation St(lif;ag)t h
A:B [kPa] [kPa]

1 7190 100:90 13955.50(0.96) 966.98 12094
2 7190 100:85 6925.50(0.99) 808.60 9665
3 7190 100:75 3411.83(0.97) 759.13 5509
4 7160 100:69 2863.73(0.95) 101.02 2780
5 7160 100:60 1668.67(0.91) 155.24 1946
6 7140 100:45 1108.28(0.90) 57.09 1521
7 7140 100:38 554.61(0.67) 96.88 986
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Figure 5-10 Stress-strain curves of the tested specimens.
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The results are exported to stress-strain graphs and compared with
artery behavior. In addition, another sample of the specimen is
printed, with the 3D printer using the rubber-like material Fullcure
980 Tango Black Plus, and is tested. As explained in the state of the
art, large human arteries, as most soft tissues, present a non-linear
mechanical behavior characterized by a stress-strain curve with
convexity toward the horizontal axis; small increases in stress result
in large stretches (toe region) and are followed by a quasi linear
behavior (at moderate strains) as illustrated in Figure 5-11. As
commented, the PUR resins tested in this research exhibit almost
linear stress-strain curves. While it is not possible to replicate the
entire hyperelastic soft tissue behavior, it was obtained a reasonably
analogous behavior of the resins in the toe region of both the normal
and the aneurysmal abdominal aorta [54]. Some of the stress strain
curves resulting from the uniaxial tensile testing are shown in Figure
5-11. The response of a typical healthy abdominal aorta and an AAA
obtained by Raghavan et al. [54] under zero-stress conditions and at
room temperature are superimposed in this chart for comparison
purposes.
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Figure 5-11 Stress-strain curves for PUR resins and 3D printing vs. ex-vivo
experiments for normal and AAA arteries from Raghavan and Vorp [54].

With the available resins and the proper mixing ratio, it is possible to
achieve a good correlation with the population-averaged healthy aorta
and AAA tissues. To better compare the artery behavior with the PUR
resins, the root mean square (RMS) error of the stress and the stiffness
1s analyzed. In the case of the healthy aortic tissue, the toe region (0-
0.2 strain) is approximated with the M7140 resin (RA100 RB38) with
a RMS error for the stress and the stiffness (slope of stress-strain
curves:E = g/¢) of 42.86 kPa and 0.660 MPa respectively, based on 200
data points. Similarly, the response of the AAA tissue is also
reasonably approximated with the M7160 resin (RA100 RB69), but
only up to a 0.15 strain. The RMS error for the stress of this correlation
1s 42.75 kPa while the RMS error for the stiffness is 1.28 MPa based
on 150 data points.

However, noteworthy is that the Raghavan and Vorp curves were
obtained under a zero-stress condition, while in vivo tissue is exposed
to a stressed configuration. Some studies [18-20] have analyzed the
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stressed configuration obtaining mean values between 130 kPa and
180 kPa depending on the case of study. If 50 kPa is considered as the
mean value of the state of stress in-vivo, the present methodology is
still appropriate since the AAA tissue can be represented by the linear
region of the stress-strain curve and a good approximation could be
obtained for any patient-specific artery by modifying the PUR mixing
ratio. In the Table 5-4 the RMS errors of the PUR resins for this case
are shown.

Table 5-4: RMS errors of the tested PUR resins.

PUR Mixing Stress RMS error Stiffness RMS error
resin ratio A:B [kPa] with AA/AAA [MPa] with AA/AAA

7140 100:38 536.20/345.21 4.41/4.47
7140 100:45 454.01/297.37 3.89/3.93
7160 100:60 371.27/249.01 3.38/3.39
7160 100:69 198.95/146.47 2.37/2.28
7190 100:75 126.82/100.21 1.97/1.81
7190 100:85 433.21/210.45 2.67/2.27
7190 100:90 1484.70/818.89 9.37/9.11

For this particular patient, the 7190 (RA100RB75) resin is the resin
which better approximates the AA and AAA tissue with a RMS error
for stiffness of 1.97 MPa and 1.81 MPa respectively and a RMS error
for stress of 126.82 kPa and 100.21 kPa respectively. These values are
the lowest ones for the tested PUR resins for both stress and stiffness
RMS and for both AA and AAA arteries. Considering that the range of
values of the stiffness for each point varies from 2.18 MPa to 7.39 MPa
in these points, the RMS error is acceptable. With different
components and mixing ratios different results can be achieved, and
errors can be reduced.

In summary, although the stress-strain dependency is not linear in an
in-vivo loading condition, for small strain ranges a linear stress-strain
relationship is a reasonably good approximation. This methodology
allows us to match that linearity with a synthetic material.
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5.4 Conclusions

This chapter presents the development and application of a novel
methodology for building AAA replicas with patient-specific,
regionally varying, nonuniform wall thickness and isotropic material
properties at small strains. The AAA phantoms will have a positive
1mpact on various clinical applications such as:

e The validation of numerical studies, medical image-based
models and inverse characterization methods.

e In vitro experiments (as an alternative to computational
modeling) for studying overall aneurysm mechanics coupled
with blood flow dynamics or for predicting rupture risk.

e Pre-clinical testing of endovascular grafts.

¢ Benchtop testing o of endovascular grafts for the detection of
type III endoleaks.

e Experimental assessment of new or existing designs of
cathether devices in terms of trackability forces, rigidity of
catheter guides and deployment of stent grafts.

e Use in hospital simulation centers for honing professionals’
skills and refining advanced techniques.

The applied method is fast, relatively inexpensive, and can be easily
reproduced for other applications. Liquid polyurethane resins have
shown to be appropriate materials to characterize the mechanical
behavior of healthy arteries and aneurysmal aortas, in both in-vitro
(with no pre-stretch) and in-vivo conditions (with pre-stretch).

The thickness differences obtained from the comparison of the virtual
and physical arteries are due to two main sources. On the one hand,
the process for measuring the wall thickness in the physical artery was
the most suitable to the model and is one that was followed similarly
by Doyle and colleagues [186]. The methodology is not devoid of
measuring errors. Depending on the user’s skill, the material of the
phantom could be more or less compressed when measuring the
thickness. This limitation was evaluated with the help of 5 volunteers
who were asked 10 times to measure the thickness of a rectangular
sample of the 7140 material with a uniform thickness of 2.5 mm. The
fifth volunteer was the author who measured the thickness values of
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the artery in this paper. The ANOVA analysis was performed and
showed that there is no statistically significant differences between
the mean values for the thickness (p value=0.586) meaning that the
person who measured the thickness is not critical. With this in mind,
our results showed that the error of the author measuring with the
caliper is 1.64%. It seems reasonable for the authors to expect the same
error when measuring the artery thickness.

On the other hand, it seems that the greater wall thickness of the
phantom was due to the expansion of the silicone and the contraction
of the wax. Wax contraction was mitigated by pre-heating the silicone
mold and the RP artery inside it to 45°C. The expansion of the silicone
was difficult to minimize because each time the mold was used it
exhibited some expansion. In vacuum casting, the silicone mold is
normally discarded after 15-20 trials because of geometrical and
dimensional tolerance differences. The phantom that was measured
was obtained at the 3rd trial, such that the molds had undergone the
casting process few times and thus had reasonable accuracy, as Table
5-1 and Table 5-2 illustrate.

The cost of manufacturing the artery replicas is relatively low when
one considers that the main investment is the 3D printer, around
20,000€ for a 3D printer which uses the rigid material Fullcure 720.
However, once the artery is printed and the silicone mold is made, the
cost of a new replica is only 15€. Nevertheless, a limitation of the
methodology is that after approximately 5-10 casting processes, a new
silicone mold should be created to avoid possible dimensional
Inaccuracies in the resulting artery replica. Yet, in this worst case
scenario in which it would be necessary to build both the artery with
PUR resins and a new silicone mold in every casting, the cost would
only increase to 55€. If AM technology is used to manufacture AAAs
with flexible material, as recently done by Cloonan et al. [115], the
investment for 3D printer increases up to 40,000€ (Objet30 Prime).

Regarding the rubber-like material available of the 3D printing, the
response of the Fullcure 980 seems to be in range to AAA and AA
arteries, and in addition, it presents a better dimensional accuracy in
the artery with respect to the methodology presented in this paper.
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However, the artery made of Fullcure 980 has four main
disadvantages which were solved in this research with the PUR
approach. First, its stiffness is fixed, that is, the user cannot control it
and, in consequence, cannot mimic the response of different patients
with different AAA properties. With the methodology explained in this
study the stiffness can be modified to any artery by changing the
mixing ratio of the PUR resins. Secondly, due to the printing process
the AM artery has anisotropy in the three directions of impression
which cannot be controlled. Thirdly it is the price. For more than one
AAA model, the AM process is considerably more expensive (70€ each
copy), because the artery needs to be printed every time, while the
artery from the PUR approach is just 15€. The last issue is that when
using Poly-jet technology for 3-D printing, one requires applying water
pressure to remove the support material. Removing all the support
material for complicated geometries, as AAAs, is a difficult task, and
furthermore, geometries could be damaged due to the water jet. In the
future, a new soluble ‘support material’, that Stratasys is developing
and that avoids the water jetting, could be used.

Additionally, it must be pointed out that the presented methodology to
get realistic AAA replicas was focused on arteries with isotropic
mechanical properties. Having control of the wall thickness and the
stress-strain curve is a new step forward to achieve the exact artery
fidelity and the next step could be addressing the anisotropic behavior
of the real arteries.

The temperature deserves a final comment. The current tests and
methodology was carried out at room temperature close to 20°C and
the future experimental tests should be performed at that
temperature. Beyond that temperature, for instance if the phantom
needs to be analyzed at body temperature (37°C), the presented
methodology to build the physical replica is also valid, but the tensile
tests should be repeated at 37°C, in order to take into account the new
softer behavior of the PUR resins and, in the end, to select the proper
PUR resin.
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Chapter 6:

Manufacturing of AAA
replicas with anisotropic
behavior

6.1 Introduction

In the previous chapter, a methodology for manufacturing isotropic
AAA phantoms with nonuniform wall thickness was developed and
applied. However, various studies [50,68,70,73] have tested the AAA
tissues biaxially, revealing an increase of the mechanical anisotropy
in the tissue due to degradation of the AAA, with preferential
stiffening in the circumferential direction. The consideration of the
anisotropy parameter plays an important role in the results of
numerical simulations and this parameter must be taken into account
for further works [86,142,143,190-192]. Within the context of physical
replicas, this consideration points to a step forward in the
manufacturing of phantoms with arterial anisotropic behavior.
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The purpose of this chapter is to describe and apply a new methodology
for manufacturing physiologically realistic AAA replicas that display
anisotropic behavior. This is the first time that a methodology is
reported for developing arterial replicas with nonuniform wall
thickness and defined anisotropy. The process is based on the previous
chapter; addressing the anisotropic behavior by manufacturing the
arteries with a set of ring-shaped PUR fibers placed inside the artery
walls. First, in section 6.2 the composite material is characterized; and
then, in section 6.3 the process of manufacturing the AAA phantoms
with anisotropic behavior is explained.

6.2 Material characterization

In Chapter 5, the materials were uniaxially tested (Table 5-3). In this
chapter, to characterize an anisotropic composite, biaxial testing is
carried out. First, the procedure to manufacture the composite
specimens is explained and then the biaxial tests are displayed.

6.2.1 Composite specimens preparation

To achieve the anisotropic behavior in the specimens, a series of fibers
are embedded in the matrix forming a composite (Figure 6-1).

Matrix

L1

Fp

—=

Fibers ﬂ Fy

Figure 6-1 Matrix component with embedded fibers.

Equations 6-1 and 6-2, that can be easily derived from composite
material theory [193], describe the approximate behavior of a
composite.
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Ep=0—=f) En+f-E (6-1)

Ep - Ef

=GP 5+ En

(6-2)

where Ep and Ey are the Young’s modulus of the composite material
in the direction parallel and normal to the fibers; E;, and Ef are the
elastic modulus of the matrix and the fibers respectively, and f is the
volume fraction of fibers in the composite 1.e. fiber volume/total volume
ratio. Therefore, it can be appreciated that increasing the fiber
proportion (from f=0 to f=0.5) will lead to an increase in the ratio
Ep/Ey and an increase of the Young’s modulus in both directions
(assuming Ef>E,,).

Usually, composite specimens for biaxial testing have a square or cross
shape geometry. When biaxially testing in vivo samples, square
shapes are more commonly used [68,70,73]. Therefore, in this work the
composite specimens are squares of 25 x 25 mm and 3 mm in thickness.
Different composites are fabricated altering the proportion of fibers,
the matrix elastic modulus and the fiber elastic modulus.

The procedure to obtain the square specimens with the fibers in the
inside is as follows. Once defined the proportion of fibers, the fibers are
modeled using CREO 2.0 and are printed with the OBJET EDEN 330
printer. The AM fibers are used as a reference to create the mold of
silicone. Finally, pouring the PUR resins into the mold in the vacuum
machine and after curing, the fibers are obtained with the desired fiber

elastic modulus. This process is illustrated in Figure 6-2.

Figure 6-2 Fiber manufacturing process: AM fibers (left), silicone mold
(center) and final PUR resins fibers (right).
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Once the fibers are fabricated, a similar procedure is followed to obtain
the silicone mold that defines the external shape of the specimen (top-
left image of Figure 6-3). Then the fibers are attached to the mold
(bottom-left image of Figure 6-3), the PUR resin selected for the matrix
is poured to fill the mold, and when cured the silicone mold is opened

and the squared anisotropic specimen removed (bottom-right image of
Figure 6-3).

Figure 6-3 Anisotropic specimen manufacturing process: mold (top-left),
fibers (top-right), fibers placed in the mold before vacuum casting (bottom-
left), and final composite specimen with the markers (bottom-right).

Five different composites are fabricated with the properties showed
in Table 6-1.

124



Influence of the local curvature on AAA and phantoms’ manufacturing methodologies

Table 6-1: Specimens tested biaxially.

# Matrix Material Fiber Material Proportion
Specimen of fibers

1 6 3 0.25

2 7 4 0.30

3 7 4 0.15

4 7 5 0.15

5 7 6 0.15

6.2.2 Biaxial testing procedure and constitutive
modelling

Tests on each specimen are conducted using a custom-made planar
biaxial testing system. The device, illustrated in Figure 6-4, is
fabricated with aluminum profiles forming a quadrangular frame.
Each sample is loaded with the help of sixteen hooks (four at each side)
that are connected to sixteen containers able to hold weights via
plastic wires that run over sixteen pulleys of 20 mm in diameter. The
load at each point is controlled by gradually placing controlled weights
into the containers. Four loading scenarios (240 grams, 480 grams, 720
grams and 960 grams) are considered. The stress data is derived from
the force, as done in other studies. In this biaxial machine, sand
particles are used as weights. Prior to load the specimen, the amount
of necessary sand is calculated using a centigram-precision scale. That
means that the load error would be very small.

Figure 6-4 Complete biaxial testing system (left) and stereovision system
(right).
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The strain measurement 1is calculated through the binocular
stereovision technique [194]. Four small markers forming a 5 mm x 5
mm square are placed in the center of the testing specimen for optical
tracking (Figure 6-5). This technique allows the markers’ 3D

coordinates to be computed by triangulation from a pair of images
(Figure 6-6). To this end, a pair of Logitech QuickCam E3500 webcams
(resolution ~0.03 mm/pixel) are mounted at the top of the device.

Figure 6-5 Tested specimen with the four markers.

Before running the biaxial tensile tests, the cameras are calibrated in
order to ensure accuracy. An open-source code in MATLAB language
is used to define the intrinsic and extrinsic parameters of the cameras
[195]. With these known parameters and the relative position of one
camera with respect to the other, the 3D coordinates of the marker
points can be obtained and then, the strain can be calculated.
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Figure 6-6 Binocular stereovision.

After the calibration process, in order to inspect the accuracy of the
stereovision system, the same template used for the calibration is
recorded in six different positions. For each position, eight
measurements are taken in different directions. The known distances
are compared to the ones calculated via stereovision and the errors are
calculated as a percentage:

e(%) = |Dg — Dy |/Dg (6-3)

where e is the error, Dy is the real distance between the selected points
and D, is the distance measured by the stereovision system. The
average error (SD) of the stereovision system is equal to 0.58% (0.37%),
1.e. a maximum error of 48 pm for 5 mm lengths (distance between
markers).

The inter-operator variability when measuring the strain is found non
critical after statistically perform an ANOVA analysis with three
volunteers aside from the author. Results show that there are no
statistically significant differences between the measured strains (p
value=0.950).

The thickness of the specimens is measured several times with a
digital caliper prior to testing, and the average thickness is used in
subsequent stress calculations. The specimen is tested using a stress-
controlled protocol, where the first Piola-Kirchoff stresses (i.e. the
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engineering stresses) serve as a measure. The non-zero components of
the first Piola-Kirchoff stress tensor P have the form:

Pog = fo/TXy, Py = f./TXq (6-4)

where fg and f; denote the forces in each direction, T is the thickness
in the unloaded configuration, and X, and X, are the dimensions
between the hooks along the circumferential and longitudinal
directions of the square specimen , i.e. 20 mm.

Each biaxial specimen is tested in the following order: Pgg: P, =1:1,
0.75:1, 1:0.75, 0.5:1, 1:0.5, 1:1, keeping the ratio Pyy: P;; constant for
each protocol. For instance, the loading protocol 1:0.75 means that the
specimen is charged with 240 grams, 480 grams, 720 grams and 960
grams in the circumferential direction, and with 180 grams, 360
grams, 540 grams and 720 grams in the longitudinal direction. The
last equibiaxial tension protocol (i.e., Pgg: Py =1:1) is performed to
confirm that no structural damage occurs in the specimen as a result
of the mechanical testing. Each specimen is preconditioned through
six loading and unloading cycles, and the seventh cycle is used for the
subsequent analysis.

From the recorded marker positions, the deformation gradient tensor
F is calculated at each measured value of imposed load [196]. The
Green strain tensor E is calculated as denoted in Equation 6-5. The
shear components of the deformation gradient tensor F are found to
be negligible, so the in-plane Green strain tensor components are
determined with Equation 6-6.

E= %(FTF ~-1) (6-5)
Eoo = (15 —1), Ey=>@A2-1) (6-6)

with A9 and 4, denoting the stretches in both directions.

To model the mechanical response of the tested materials, a strain
energy function W (Equation 6-7) developed by Choi and Vito [197] for
the canine pericardium and used by Vande Geest et al. [68] for both
aneurysmal and non-aneurysmal abdominal aortic tissue is used:
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W = bo(eu/z)blEg6 + e (1/2)b2Ef, + ebsEeoELL — 3) (6-7)
where by, by, b, and b; are the material coefficients to be determined.

From Equation 6-7 the in-plane second Piola-Kirchoff stresses
(Equations 6-9 and 6-10) can be determined applying Equation 6-8.

aw

S= 7 (6-8)
Sgo = bo(blEgge(l/z)blEég + b3ELL€b3E99ELL) (6-9)
S,, = by(byE, eV/?P2EiL 4 b E,,ebsEosELL) (6-10)

The data from the five biaxial protocols (Pyg: P, =1:1, 0.75:1, 1:0.75,
0.5:1, 1:0.5) for each specimen are fit to this model using the
Generalized Reduced Gradient method and the material coefficients
are derived for individual samples. In order to derive a single
constitutive model, data from each protocol is averaged to obtain a
single dataset of the composite.

Additionally, the anisotropy parameter [68,197]:

Al = /b, /b, (6-11)

1s calculated in order to compare the PUR resins behavior with AAA
tissue data.

6.2.3 Biaxial testing results

After the tensile tests, the representative S-E plots are obtained for
each specimen (Figure 6-7). Then, the specimens are modeled
calculating the material coefficients (b, b;, b, and b3) of Equation 6-7.
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Once the material coefficients are calculated for each specimen, the

composite behavior is compared to the AAA tissue behavior (using
Vande Geest’s data [68]). To this end, three parameters are selected:
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the anisotropic index parameter Al, the peak Green strain ratio
(ErLmax/Eoomax) and the strain energy at an equibiaxial nominal

stress of 60 kPa (Wy,). The comparison of these parameters are shown
in Table 6-2.

Table 6-2: Al, Green strain ratio and W comparison between Vande Geest’s
data and composite specimen.

Specimen Al ELL,max/EBG,max Weo
Vande Geest 1.13 1.61 1.25
#1 1.54 3.81 0.91

#2 1.32 2.87 1.64

#3 1.30 2.50 1.72

#4 1.09 1.43 1.29

#5 1.11 1.25 2.29

Considering the results of the biaxial tests, the specimen #4 is selected
as a candidate to mimic the AAA tissue behavior. Therefore six new
specimens (named V1 to V6) with the same properties, f=0.15,
En=0.54 MPa (Material 7) and Ef=1.64 MPa (Material 5), are

fabricated and biaxially tested.

For all tested specimens, the results from the first and last equibiaxial
protocol coincide and thus suggest that no structural damage of the
tissue occurs as a result of testing. The circumferential and
longitudinal experimental results for these specimens are shown in
Table 6-3 and Table 6-4 respectively.
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The model for each specimen is derived and the experimental data of
the six specimens is averaged. The material coefficients together with
the three parameters used for comparison, are shown in Table 6-5.

Table 6-5: Model parameters for average and individual specimen,
Anisotropy factor (Al), peak Green strain ratio and W values.

Specimen bo(kPa) b bs bs Al /E;;::z (13;6;) R2
V1 2787.43 048 035 024 118 1.76 191 098
V2 2482.89 0.83 0.50 034 1.29 262 148 092
V3 127827 1.96 1.10 0.74 1.33 206  1.31  0.97
V4 3205.90 0.51 047 027 1.04 1.25 141 0.98
V5 2590.61 0.45 0.36 021 1.2 154 213 097
V6 3784.70 0.51 042 025 1.09 1.43 129  0.97

Composite  oo16o5 045 033 021 117 177 158 098

Average

Also the S-E plot of the composite average (experimental data and
material model) is displayed in Figure 6-8.
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Figure 6-8 S-E plots of the composite average with the corresponding
material model for the circumferential (left) and longitudinal (right)
direction.

Prior to manufacture the AAA phantom, the influence of the fiber
diameter is analyzed. To this end, two specimens are manufactured

with the same composite parameters but a different number of fibers
(Figure 6-9).

137



Chapter 6: Manufacturing of AAA replicas with anisotropic behavior

[
» % s .
» .
" - -
by = 4 . LY ) T ,':’;' T E".« ‘I
'.—_ -~ e & = - ey
T e (R % e ——

Figure 6-9 Composite specimens with three (left) and two (right) embedded
fibers.

Both specimens are biaxially tested and the models, illustrated in
Figure 6-10, are derived from the experimental data. As it can be
appreciated in Table 6-6, the results are similar, indicating that fiber
diameter i1s not as critical as the other composite parameters.
Therefore, the anisotropy would be mainly defined by the fiber
proportion and increasing the number of fibers (reducing the fiber
diameter) would make the anisotropy more local.

Table 6-6: AI, Green strain ratio and W comparison for composite specimens
with two and three fibers.

# fibers specimen Al Erima/Egomax  Weo (kPa)
2 1.33 1.96 1.32
3 1.24 1.89 1.28
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Figure 6-10 Comparison of material model for specimens with two and three
fibers for the different loading protocols.
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6.3 Synthetic AAA manufacturing
methodology

Once the desired properties of the composite are selected, i.e. fiber
proportion, and matrix and fiber components, the process for creating
anisotropic AAA phantoms is carried out.

First, the dimensions of the fibers need to be calculated. Due to the
nonuniformity of the AAA wall thickness, the fiber dimensions should
be variable in order to achieve the desired f along the whole AAA
phantom. To this end the following process (Figure 6-11) is followed:

e The AAA geometry is divided into 10 mm slices using MAGICS
v16.02 (Materialise, Leuven, Belgium).

e Each slice is divided into eight parts. For each part, the average
thickness is measured.

e Finally, the appropriate fiber dimensions for each slice is
designed by considering the selected value of f.

140



Influence of the local curvature on AAA and phantoms’ manufacturing methodologies

Figure 6-11 Process for designing the fibers: AAA geometry divided into 10
mm slices (top-left), slices divided into eight parts (top-right), thickness
measurement (bottom-left) and fiber design (bottom-right).

Then, to manufacture the anisotropic AAA phantom, the procedure is
similar to the one explained in Chapter 5, but with some intermediate
steps to embed the fibers. The inclusion of the fibers precedes the
vacuum casting with PUR resin. Each fiber is attached to the external
surface of the wax mold by gluing its two ends with cyanoacrylate glue,
1.e. Superglue 3 (Loctite, Diisseldorf, Germany). Each fiber is fixed
along the circumferential direction, as illustrated in Figure 6-12. Next,
the wax mold with its fibers is placed inside the silicone mold. The
process continues with the casting, the subsequent curing process
inside an oven at 45°C, and the wax melting process at 85°C to finally
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obtain the anisotropic AAA replica. The entire process can be

completed in less than 3 days.

Figure 6-12 PUR fibers attached to the wax inner mold (left) and as a part of
the final anisotropic AAA physical replica (right).

The AAA phantom is created with the same properties of the tested
specimen #4. To analyze whether the behavior of the AAA phantom is
similar to the composite, two square specimens (P1 and P2) are cut for
subsequent biaxial analysis. Prior to tensile tests, the sample
thickness is averaged by measuring it ten times with a digital caliper.
The same protocol, as defined previously, is followed for the biaxial
analysis. The experimental results and material model of these two
specimens are illustrated in Figure 6-13 together with the average
composite behavior.
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Figure 6-13 S-E plots of the composite average (top) and phantom specimen
experimental data with the corresponding material model for the
circumferential (left) and longitudinal (right) direction.

The material parameters of the phantom specimens are shown in
Table 6-7. The results derived from the AAA phantom specimens are
similar and the differences in Al, E;; max/Ego max and Weo between the
composite specimens and AAA phantom specimens are not
statistically significant, with p-values equal to 0.871, 0.764 and 0.053,
respectively.
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Table 6-7: Model parameters for average and phantom specimens,
Anisotropy factor (Al), peak Green strain ratio and W values.

ELLmax W60
i kP Al R?
Specimen bo(kPa) b: b2 bs JEgomex (kPa)
Composite o 1605 045 033 021 117 177 158 098
Average
P1 2696.18 045 035 0.19 1.14 181 215 0.96
) 3906.77 0.33 021 0.12 124 198 229  0.96

6.4 Conclusions

This chapter describes a methodology for manufacturing patient-
specific replicas of arteries with regionally varying wall thickness and
anisotropic behavior. By varying the composite parameters (f, E,, and
Ef), different mechanical properties and grades of anisotropy can be
achieved. Once the desired composite parameters are defined, the AAA
phantom can be fabricated with similar mechanical properties, always
considering a small deviation.

Two simplifications were made in this study. The first one is the
omission of the thrombus and calcifications, present in 75% of AAAs
[167,198], as they are beyond the scope of this study. However, the
inclusion of the thrombus in idealized AAA replicas was studied by
Corbett et al. [189] and could be implemented in this methodology in
an analogous way. The second simplification is that AAA tissue
behavior was mimicked as quasi linear, while several studies
[64,68,70,73,199] have revealed the nonlinear behavior of AAA tissue.
However, the stress-strain curves reported in those studies were
obtained under a zero-stress condition, and such conditions neglect the
fact that in-vivo tissue is exposed to a stressed configuration [148,149].
The residual strain [151] when tissue is excised was not contemplated
either. Thus taking these factors into consideration, a realistic AAA
replica should mimic the second region of the curve, which explains
why the material properties of the manufactured phantoms were
contrasted with that region. Furthermore, small strain ranges in a
hyperelastic material can be considered linear since the physiological
strain ranges due to the pulsatile hemodynamics are small; thus
mimicking the anisotropic range linearly is a first good approach. In
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order to compare the grade of anisotropy in the AAA tissue [68] and
the selected composite , two parameters were selected: Al and the
mean peak Green strain ratio (Er;max/E¢emax)- As a measure of
overall stiffness, the strain energy at an equibiaxial nominal stress of
60 kPa (Wsy) was also compared. As mentioned above, in-vivo, the
realistic material properties correspond to the linear region of the
stress-strain curves (Figure 6-14) (this study has considered that it
was above 10 kPa).
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Figure 6-14 Average AAA model derived by Vande Geest et al. [68].

Hence, in order to estimate Wy, from Vande Geest’s data, Equation 6-
12 is used.

Weo = Wyo — Wio) — Zize L[S p=10(Eip;=70 — Eip;=10)] (6-12)

As can be observed in Table 6-8, the differences between the AAA
samples and the data from the curves obtained in this study are small.
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Table 6-8: AI, Green strain ratio and W compared against Vande Geest’s data,
composite specimens and AAA phantom specimens.

Al ELL,max/EBB,max W60
Vande Geest 1.13+0.27 1.61+1.08 1.25+0.47
(n=26)
Composite 1.19+0.07 1.77+0.50 1.58+0.35
(n=6)
AAA Phantoms ) o9, o9 1.89+0.12 2.22+0.09
(n=2)
Composite vs.
3.54 9.94 26.40
Van de Geest (%)
Composite vs. 171 6.78 40.51

Phantom (%)

Comparing the tested composite with Vande Geest’s data, the derived
differences are relatively low (Table 6-8) and acceptable, with a
maximum difference equal to 26.40% in the Wj, parameter. The
differences in the factors measuring the grade of anisotropy are lower
than 10%.

As the manufactured AAA phantom has the patient-specific geometry
and nonuniform wall thickness, it is not surprising that the difference
between the composite and the AAA replica specimens exists because
the experiments were not carried out under the same conditions. That
1s, while the composite specimens were completely planar and had a
uniform thickness, the AAA phantom specimens were not perfectly
planar due to curvature, and the thickness varied due to the patient-
specific AAA geometry. Both factors influenced the experimental
results. Another influential factor is the thickness error of the
phantom due to the manufacture process (average dimensional
mismatch of 180 microns, Chapter 5), which changes the proportion of
the fibers and thus the mechanical properties. These issues are
responsible of differences between AAA phantom specimens and
composite specimens. The factor Wy, is different between them
(p=0.053) with an average difference equal to 40.51%. Al index and
Green strain ratio do not differ significantly between the phantom and
composite specimens (p=0.871 and p=0.764), with differences lower
than 7%.
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It must be pointed out that the fibers employed in this study do not
want to imitate the wavy and dispersed distribution of collagen fibers
and neither its thickness (0.8-2.4 um); that cannot be achieved even
with a 3D printer. The purpose of including the fibers is to provide the
AAA phantom with anisotropic behavior at a macro scale, which was
verified with the experiments.

Finally, Additive Manufacturing is a promising alternative
technology, and the considerable evolution over the last decade now
makes multi-material 3D printing possible. The development of the
multi-material technology may allow anisotropic AAA phantoms to be
printed and this issue will be studied in Chapter 7. However, as
commented in Chapter 5, this technology still has some drawbacks as
the initial investment (around 120,000€ for multi-material 3D
printers) and the issue with removing the support material.
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Chapter 7:

Anisotropic AAA replicas
via Additive
Manufacturing

7.1 Introduction

In the last two chapters, an affordable methodology has been
developed to manufacture isotropic and anisotropic AAA phantoms via
vacuum casting technique. The purpose of this chapter is to use the
multi-material additive manufacturing (also known as 3D printing)
strategy for manufacturing idealized AAA replicas with anisotropic
behavior. The 3D printer used in this study is the Objet260 Connex 2
(Stratasys Ltd., Minneapolis, MN, USA) based on the Poly-Jet
technology.

In section 7.2, the characterization process of the anisotropic
specimens is explained, while the process of design and manufacturing
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of the AAA phantom with anisotropic behavior is described in section
7.3.

7.2 Material characterization

In his section, the available flexible materials of the 3D printer are
uniaxially tested. Then, following a similar procedure as in the
previous chapter, different anisotropic composite specimens are
manufactured and biaxially tested.

7.2.1 Uniaxial tensile tests

As in Chapter 5, tensile test specimens are designed in accordance
with ASTM D412 Type B. The dog-bone specimens are designed in
CREO 3.0 and printed with the Objet 260 Connex 2 with the available
flexible materials. The flexible material TangoPlus (codename
Fullcure 930) is mixed in different proportions with the rigid material
Vero Clear (codename Fullcure 810) to obtain seven different flexible
materials (Table 7-1). For each material, two specimens are
manufactured.

Table 7-1: Materials selected for manufacturing the specimens.

Material# 3D Printer Material
1 Tango Plus FLLX930
FLX9940-DM
FLX9950-DM
FLX9960-DM
FLX9970-DM
FLX9985-DM
FLX9995-DM

< O O~ W N

All specimens are pre-conditioned at 20°C (+ 1°C) and 40% (= 5%)
relative humidity prior to testing. Tensile tests are performed on the
specimens to generate force-extension data using the INSTRON MINI
44 tensile test machine. Each specimen is subjected to a cross-head
speed of 3.4 mm/min until failure with pre-conditioning for 10 cycles
to 7.5% of the gauge length. The load-displacement outputs from the
tensile test machine are normalized to stress-strain data.
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The stress-strain curves for one of the specimens of each material is
shown in Figure 7-1. Several points should be commented. Firstly, all
the materials present a quasi linear behavior, with the exception of
the material FLLX9995, that present two different slopes, one until 0.1
strains and the second one beyond that point. The second point to
mention is the noise recorded when testing: the softer is the material,
the higher the noise.

Mechanical properties for each material are reported in Table 7-2:

e The mean stiffness and the standard deviation is calculated by
averaging the slope of the two linear trend lines that fit
experimental data of the two specimens. The worst R? value
among all specimens is 0.88 (FLLX9995) since it does not have a
linear behavior.

e The strength for each material is calculated averaging the
individual strength values from the experimental curves of the
two specimens.
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Figure 7-1 Stress-strain curves of the available flexible materials.
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Table 7-2: Average Young modulus of tested digital materials and standard
deviation; and strength.

Young’s modulus (kPa)

Material # Mean (R?) STD Strength (kPa)
1 566.70 (0.98) 1.98 561
2 875.95 (0.99) 2.47 735
3 1275.00 (0.99) 23.33 1010
4 1908.20 (0.99) 22.06 1335
5 2961.25 (0.99) 78.56 2033
6 4482.05 (0.99) 68.24 2464
7 9328.35 (0.88) 383.32 4635

7.2.2 Biaxial tensile tests

Once the available flexible materials for the 3D printer are uniaxially
tested, the anisotropic composite specimens can be considered. The
composite specimens have a quadrangular shape of 25 x 25 mm with
2 mm in thickness. Various fibers are embedded in the inside of each
specimen (Figure 7-2).

Figure 7-2 Composite specimen featuring three fibers.

In this study, two different composites (C1 and C2) are fabricated
varying the proportion of fibers f, the matrix material and the fiber
material. The properties of each composite are displayed in Table 7-3.
These properties will define the mechanical behavior of the composite.
For each composite, two specimens (a and b) are manufactured and
tested; and their results compared against the response of AAA human
tissue published by Vande Geest [68].
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Table 7-3: Composite properties: fiber proportion f, matrix material and fiber
material.

Composite # Matrix Material Fiber Material f
1 2 4 0.15
2 3 4 0.15

Biaxial tests on each specimen are conducted in a similar way than the
explained in Chapter 6; and the strain energy function W developed by
Choi and Vito (Equation 6-7) is used for modelling the response of the
tested composites. The representative S-E plots of the experimental
data and the corresponding material model, are illustrated in Figure
7-3 for each tested specimen.

The material parameters for the composite specimens and the
respective coefficient of determination (R?) are reported in Table 7-4.
In addition, as done in Chapter 6, three additional parameters are
added in this table: the anisotropic factor Al (Equation 6-11), the ratio
between the maximum Green strain in the longitudinal and
circumferential directions (Ej; max/Eg9max); and as a measure of
overall stiffness, the strain energy at an equibiaxial nominal stress of
60 kPa (Wg).

Table 7-4: Model parameters for individual composite specimens fits to
Equations (6-7)-(6-10), Anisotropy factor (4I), peak Green strain ratio and W
values.

Specimen bo(kPa)  bi b2 bs Al /EEL;’:.x (gf;) R?
Cl-a 4685.50 0.40 0.24 0.15 1.31 2.31 1.67 0.98
C1-b 5988.11 0.25 0.18 0.11 1.17 1.68 1.76  0.98
C2-a 7718.04 0.27 022 0.0 1.12 1.38 129  0.95
C2-b 8977.08 0.24 0.19 0.11 1.12 1.44 1.22 0.95
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Figure 7-3 S-E plots of the four tested specimens with the experimental data
points and material model.

Considering the results of the biaxial tests and comparing them with
the AAA tissue behavior from Vande Geest data, as done in the
previous chapter, the selected composite to represent the AAA tissue
1s the composite 2, 1.e. f=0.15, Em=1.275 MPa and Ef=1.908 MPa.

With the composite properties defined, the idealized AAA phantom can
be designed and manufactured.
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7.3 Idealized AAA phantom manufacturing

As a first step, an idealized AAA phantom is manufactured to check
whether the anisotropic behavior is equivalent to the composite
specimen when the properties of the composite (f, Em and Ef) are
maintained.

To this end, an idealized AAA geometry with a maximum diameter
equal to 50 mm, aneurysm length equal to 90 mm and wall thickness
equal to 2 mm (as done in previous studies [106,200]) is designed in
CREO 3.0. With the fiber volume fraction defined (f=0.15), the section
of the fiber is calculated. The section of the fiber, which depends on the
number of fibers, is constant along the AAA due to the uniform wall
thickness of the AAA. The design of the idealized AAA is illustrated in
the top image of Figure 7-4. Once the printing process is over, the
support material is removed with pressurized water. The resultant
printed AAA is shown in the bottom row of Figure 7-4.

Figure 7-4 Virtual AAA (top), printed AAA (middle) and printed AAA with a
flashlight to see the fibers (bottom).
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In order to compare the AAA properties with the composite properties,

two square specimens are cut from the phantom for subsequent biaxial
analysis (Figure 7-5).

Figure 7-5 AAA phantom specimens.

Both specimens are biaxially tested following the same procedure
explained in section 6.1.2. The representative S-E plots of the AAA
phantom specimens are displayed in Figure 7-6 and the material
coefficients are reported in Table 7-5.

Table 7-5: Model parameters for phantom specimens fits to Equations (6-7)-
(6-10), Anisotropy factor (AI), peak Green strain ratio and W values.

Erimax Weo
i kP Al R2
Specimen bo(kPa) b: b2 bs JEgomas (Pa)
P1 8262.29 0.23 0.18 0.10 1.13 1.50 1.37 0.96
P2 7991.49 0.22 0.18 0.09 1.10 1.35 1.48 0.96
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Figure 7-6 S-E plots of the phantom specimens with the corresponding
material model for the circumferential (left) and longitudinal (right)
direction.

Finally, the experimental results are compared with the data of
human AAA tissue from Vande Geest’s study. As done in Chapter 6,
when comparing the overall stiffness (Wy,), the second region of the
Vande Geest curves (above 10 kPa) is considered. The differences
between the selected composite (C2) and the human AAA tissue, as
well as the differences between the composite specimens and the
phantom specimens are reported in Table 7-6.

Table 7-6: Al, peak Green strain ratio and W compared against Vande Geest’s
data, composite specimens and AAA phantom specimens.

Al ELL,max/EBG,max W60
Vande Geest 1.13+0.27 1.61+1.08 1.25+0.47
(n=26)
C it
omposite 1.11£0.01 1.41+0.04 1.26+0.05
(n=2)
AAA Ph
antoms 4 10.0.01 1.43+0.11 1.4320.08
(n=2)
Composite vs.
2.21 12.42 4
Van de Geest (%) 040
C ite vs.
omposite vs 0.91 1.05 11.93

Phantom (%)
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The differences of the tested composite and Vande Geest’s data are
relatively low with a maximum difference equal to 12.42% in the peak
Green strain ratio parameter. There also exists an acceptable
difference between the tested composite and AAA phantom specimens
(maximum difference of 11.93% in Wy, parameter). One of the reasons
of the latter difference could be that while the composite specimens are
completely planar, the AAA phantom specimens have a curvature (it
can be appreciated in Figure 7-5) that may have an influence on the
experimental tests.

7.4 Conclusions

This chapter presents the potential of multi-material additive
manufacturing technologies to manufacture AAA phantoms with
anisotropic behavior. It should be noted, that as in the previous
chapter, the fibers employed in this study are not intended to imitate
the wave and dispersed distribution of collagen fibers nor their
thickness. The actual purpose of including the fibers is to provide the
AAA phantom with anisotropic behavior at a macro scale, which has
been verified by the experimental tests. It must be said that due to the
printing process (layer by layer) the AM artery has anisotropy in the
three directions of impression which cannot be controlled.
Nonetheless, in this study this kind of anisotropy has not been
detected (it may be negligible).

In this work, only two composite materials have been tested. One of
them resembles very well the second region of the actual AAA tissue
(Table 7-6). Nonetheless, by varying the composite parameters (f, Em
and Ef) different composites with different mechanical properties can
be obtained. For instance, for mimicking the first region of the stress-
strain curves, the material 1 could be selected as the matrix material.
It also should be noted that, in this study, only two specimens are
tested for each composite. In order to be more confident with the
results and to have a more accurate average response of the
composites, more specimens should be tested for each composite.

As a first step, this methodology has been applied to manufacture
phantoms with idealized AAA geometries. The following steps will be
to apply the methodology to patient-specific AAA geometries with

159



Chapter 7: Anisotropic AAA replicas via Additive Manufacturing

uniform wall thickness; and then to apply it to patient-specific AAA
geometries with nonuniform wall thickness. For these two steps, the
design process would be more laborious since the trajectory of the
fibers would not be simple circumferences, and in the latter case, the
section of the fiber would vary along the AAA wall depending on the
local wall thickness.

Additionally, implementing the inclusion of intraluminal thrombus in
the AAA phantoms would be an easy task, once the geometry of the
thrombus is got in .stl format. The only step to follow is to select for
the thrombus a material distinct to the AAA wall’s. However, the
problem is that currently the material with lowest stiffness is material
#1 (E=0.567 MPa), while the thrombus stiffness has been
demonstrated to be much lower, in ranges close to 0.060 MPa [201].
Nevertheless, in the future, printing materials with stiffness in that
range could be developed.

The main disadvantages of additive manufactured phantoms are the
ones commented in preceding chapters. First, the high initial
investment for acquiring a multi-material 3D printer (around
120,000€) added to the high cost of flexible materials (around 275€/kg).
For instance, the cost of the printed AAA phantom in this study is
67.03€ considering only the material costs. Another drawback
concerns the support material; removing it from complicated
geometries can be a difficult task, but as commented in Chapter 5,
Stratasys is developing a new soluble support material, which will
avoid the water jetting.
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Chapter 8:

Experimental verification
of AAA wall stress
distribution

8.1 Introduction

In the last three chapters different methodologies for manufacturing
AAA phantoms with isotropic and anisotropic behavior have been
explained. One of the applications where the AAA phantoms have been
used among researchers was to predict the AAA rupture site. Doyle et
al. [114] confirmed that the actual rupture site of a patient’s artery
matched the region of peak wall stress predicted by simulations.

There are some options in engineering for directly measuring strains
and displacements in a geometric component in order have the strain
distribution and to visualize the weakest point of that geometry in
terms of strength. However, some of these options are difficult to apply
for the AAA phantom:
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162

One possibility is to use strain gauges on the surface of the
artery and, later, obtain the stresses from the strains. However,
this approach has several limitations, beginning with the
difficulty of attaching the gauge to the surface of an artery. In
addition, obtaining the stresses for the inside wall surface
would have been complicated as well, due to space limitations
to place the gauges.

‘Photoelasticity’ is another strategy. This method was used by
Doyle et al. [121] to experimentally measure strain at some
points of the AAA model. However, this methodology has
drawbacks that can affect accuracy. Firstly, the method only
works for perfectly linear elastic photoelastic models. Then, in
order to obtain accurate fringe orders that represent the actual
strain variation, the normal incidence to the surface is vital.
Due to the complex geometries of patient-specific AAAs
(irregular structures with several inflection points and changes
In curvature on the surface), it would be complex to accurately
measure the strain distribution on the entire aneurysm.
Additionally, the fringe order measurement may vary slightly
depending on the user. Similar to the strain gauges strategy,
this method cannot measure the strain on the inner wall.
Another option is to use a stereoscopic technique, which makes
possible to measure locations and displacements in three
dimensions by utilizing imaging from different perspectives as
a basis for the triangulation of 3D positions. The stereoscopic
technique has been utilized with digital image correlation
(DIC), for example, in inflating arteries in mice [123]. However,
DIC typically relies on statistical correlations instead of an
exact match of markers and is dependent on the pattern. Point-
tracking was used by Meyer et al. [104], where dots were drawn
manually in idealized AAA shapes to measure experimentally
strains. The problem with this technique is that to locally
measure the strains accurately, the density of markers would
have to be high. Stereoscopic techniques would be difficult to
apply in many patient-specific AAA geometries that are highly
tortuous; that is, there would be regions of the artery not visible



Influence of the local curvature on AAA and phantoms’ manufacturing methodologies

to both cameras. Again, only the outer wall strain can be
measured.

As these methodologies have considerable limitations, the purpose of
this chapter is to describe and apply a new methodology to numerically
verify the predicted AAA wall stress against its counterpart obtained
from experimental testing. To this end, a mix of experimental and
numerical strategies based on an already validated algorithm [146] is
used. To carry out this methodology, four main steps are followed. The
first one is manufacturing the AAA phantoms via the vacuum casting
technique (section 8.2). The second one will be the scanning of the AAA
phantoms -inflated at various pressures- with the help of a Micro
Computed Tomography (uCT) scanner (section 8.3). In the third one
(section 8.4), the stress distribution in the scanned AAA geometries is
going to be calculated via two different approaches: Finite Element
Analyses with ADINA and a zero pressure algorithm developed by
Riveros et al. [146]. Finally, the numerical AAA stress distribution
from ADINA is compared against the AAA stress distribution from the
algorithm (section 8.5). The whole process is illustrated in Figure 8-1.

Patient AAA CT Scan

Manufacturing of AAA phantoms

Fix AAA phantom in the UCT scanner

AAA phantom scan at zero pressure

AAA phantom sean in the pCT scanner
pressurized at 80, 100 and 120 mmHg

FEA (ADINA) with intraluminal

pressures at 80, 100 and 120 mmHg

1

Zero Pressure algorithm for each pressure

‘Wall stress comparison

Figure 8-1 Flowchart for the verification of wall stresses.
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8.2 AAA phantoms manufacturing

Four AAA isotropic phantoms with variable wall thickness are
fabricated using the methodology explained in Chapter 5. To select the
appropriate polymers and mixing ratios, the AAA stress-strain data
from Raghavan and Vorp [55] is used (Figure 8-2). In that study, the
stress-strain data shows a highly nonlinear behavior, with two
remarkable regions: the soft region (toe of the stress-strain curve) and
a stiffer region (quasi linear). In contrast to Raghavan and Vorp data
[65], where AAA data was obtained under a zero-stress condition, in-
vivo tissue is always exposed to a stressed configuration ranged
between 50 kPa and 200 kPa [148,149]. Considering this pre-stressed
configuration, the initial region of the stress-strain curve (from 0 to 50
kPa) is not considered in this work. Thus, the first material to select
(soft region) would represent the strain region from 0.05 up to 0.10,
while the second material (stiff region) would have to mimic the strain
region from 0.10 up to 0.15.

1000

900 F b

800 -1

Stress (kPa)

0 1 1 1 1 1
0 0.05 0.10 0.15 0.20 0.25 0.30
Strain

Figure 8-2 Stress strain curves for AAA arteries from Raghavan and Vorp
[55].

In order to make the choice of both materials, all polymers uniaxially
tested in Chapter 5 are compared against Raghavan and Vorp data.
The tested materials with the mixing ratio are shown in Table 5.3. To
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this end, the stiffness (slope of stress-strain curves) RMS errors are
calculated based on n=100 data points as indicated in Equation 8-1.
The polymer and mixing ratio with the lowest RMS error is selected
for each of the regions.

n [ - [ )2
RMS = 2\/ i=1(Raghavan Stif fness; — Polymer Stif fness;) (8-1)
n

The material #4 (PUR 7160) is selected for the soft region with an
stiffness RMS error equal to 0.39 MPa, while the material #3 (PUR
7190) is selected to represent the stiff region of the curve with a
stiffness RMS error equal to 0.12 MPa. The Figure 8-3 illustrates the
Raghavan and Vorp AAA stress-strain curve together with the
selected materials.
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900F| —e—Material 4 7160 ]
—w—Material 3 7190
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500r 1

Stress (kPa)

400- .

300r =

200F 1

100 .
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0 0.05 0.10 0.15 0.20 0.25 0.30
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Figure 8-3 Stress strain curves for materials 3 and 4 and ex-vivo experiments
for AAA arteries from Raghavan and Vorp [55].

Although each material is close to a linear elastic behaviour, in this
work they are defined by the hyperelastic and isotropic two-term
Mooney-Rivlin constitutive relation [202] expressed by Equation 8-2

W= —3)+ G, —3) (8-2)
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where W is the strain energy, I; and [, are the first and second
invariants of the right Cauchy-Green deformation tensor C, and C; and
C, are the material constants. The experimental data is fit to this
model (Figure 8-4) and the model coefficients are derived for each
material. The material parameters C; and C, for the 7160 material are
279.17 and 94.43 kPa respectively, while for the 7190 material are
equal to 44.52 and 624.18 kPa respectively. The goodness-of-fit (R2
values) of the mathematical model are 0.9940 and 0.9506 respectively.
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Figure 8-4 Conventional stress-strain diagrams for the 7160 (material #4) and
7190 (material #3) obtained with uniaxial tensile experiments.

Following the procedure explained in Chapter 5, two AAA copies (a
and b) are manufactured for each material (Figure 5-7)

8.3 Scanning

Once the AAA phantoms are manufactured, they are tested with a
SkyScan 1076 pCT scanner (SkyScan Kontich, Belgium) that features
a 3D spatial resolution down to 9 microns (Figure 8-5).
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Figure 8-5 SkyScan 1076 uCT scanner.

The proximal neck of each AAA model is connected to a
sphygmomanometer while the iliac artery ends are blocked with two
plastic caps to avoid any air leakage (Figure 8-6).

Figure 8-6 AAA phantom with the neck prepared to be connected to the
sphygmomanometer (left); and iliac artery ends blocked (right).

Before the scanning process, AAA phantoms are pressurized with the
sphygmomanometer for four hours to detect any air leakage. The
pressure loss is below 1%. When no air leakage is detected, each
phantom is fixed in the scanner (Figure 8-7) and scanned at a pressure
of 0, 80, 100 and 120 mmHg with a resolution of 35 um.
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Figure 8-7 AAA phantom fixed in the uCT scanner.

The output from the scanning process is a collection of DICOM files
representing cross-sections of the phantom geometry (Figure 8-8).
These files are imported to Mimics 11.0 (Materialise, Leuven,
Belgium) for segmentation (Figure 8-9).

Figure 8-8 DICOM files from the scanning process.
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Figure 8-9 Segmentation in Mimics.

After the segmentation process, the files are prepared in 3-Matic
(Materialise, Leuven, Belgium) and finally sixteen .stl files are
obtained, i.e. two copies of each material scanned at four intraluminal
pressures.

8.4 Structural analysis

The .stl files containing the scanned geometries are imported to
ANSYS ICEM v14.0 (ANSYS Inc., Canonsburg, PA) for meshing
purposes. All geometries are meshed using 4-node tetrahedral
elements (Figure 8-10). In order to find the optimal number of
elements, a mesh independence study is carried out with one of the
geometries scanned at zero pressure. Several simulations are run for
different mesh densities by applying a uniform pressure of 120 mmHg
to the inner surface of the model. The mesh refinement is done until
the average stress difference between the two meshes is negligible
(<1%). The mesh independence study indicates the suitability of a
700,000 tetrahedral element mesh for this study, and so forth, the
sixteen .stl files are meshed with approximately 700,000 elements.
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Figure 8-10 Phantom 7160a scanned at 0 mmHg once meshed in ICEM.

After meshing, the Nastran files are imported to ADINA v8.8 (ADINA
R&D Inc., Cambridge, MA) for structural analysis. First the numerical
analysis via FEA is carried out with the AAA geometries scanned at 0
mmHg; and then the zero pressure algorithm is applied to the AAA
geometries scanned at the different intraluminal pressures (80, 100
and 120 mmHg).

8.4.1 Numerical analysis

The Mooney-Rivlin material model (Equation 8-2) is applied to the four
geometries with their corresponding material coefficients. To define
the near incompressibility of the material, the bulk modulus is
calculated for each material using Equation 8-3

E

k=30

(8-3)

where E is the small strain Young’s modulus and v is the Poisson’s
ratio, which is 0.49 for both materials.

The computational analyses are performed by constraining the
proximal and distal ends to represent the tethering of the aorta. These
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are standard boundary conditions used throughout the literature
[84,203,204] when analyzing AAAs using FEA. In this work the
proximal and distal ends are also fixed during the scanning of the AAA
phantoms. The loading condition is established by applying uniform
pressures of 80, 100 and 120 mmHg to the inner surface of the FEA
model. The Von Mises stress is the primary outcome of the FEA
simulations.

8.4.2 Zero pressure algorithm

The stress distribution of the numerical studies should be compared
with the experimental data. However, from the experiments only the
inflated AAA geometry is available. To obtain the stress distribution
in those inflated geometries, a zero pressure iterative algorithm is
used. This algorithm was developed by Riveros et al. [146] for isotropic
and anisotropic behaviors and it has been employed in other studies
[175,205] to derive the zero pressure geometry of patient-specific
AAAs. This algorithm was validated by Chandra et al. [206] using an
1dealized AAA phantom of known constitutive material properties and
subjecting it to different intraluminal pressures.

Briefly, this algorithm utilizes the scanned mesh of the pressurized
phantom to make an initial approximation of the zero-pressure state
by extrapolating the nodal displacements of the outer wall mesh. Then,
this zero-pressure mesh is loaded in ADINA to the corresponding
pressure and the resulting inflated geometry is compared to the initial
scanned mesh. If both meshes are dissimilar, a fixed point iterative
algorithm is implemented to make incremental corrections to the
nodal coordinates and calculate a new zero-pressure mesh. This new
mesh is then inflated and the results compared again with the scanned
mesh. If the error is low relative to a prescribed relative percentage
difference, the iteration stops. Otherwise, the point fixed algorithm is
again implemented and another zero-pressure mesh created. The
process continues until the error is lower than the prescribed threshold
(0.05%). When the iterative process ends, the wall stress distribution
1s taken from the last FEA simulation. A representative schema of this
algorithm is illustrated in Figure 8-11.
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Figure 8-11 Modified flowchart of the zero pressure iterative algorithm to
generate a predicted unloaded geometry of the solid domain (Sug) [206].

This algorithm is applied to the four phantoms scanned at 80, 100 and
120 mmHg to obtain the different unloaded geometries. When
applying the corresponding intraluminal pressure to the unloaded
geometries (§,4), the resultant deformed configuration corresponds to
the scanned geometries (S;;). This way, the stress distribution data is
available for all the scanned AAA phantoms.
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8.5 Wall stress verification

In this subsection the wall stress comparison between the outcomes
from the numerical studies and the outcomes from the zero-pressure
algorithm is made. As an example, Figure 8-12 shows two different
viewpoints of the wall stress distribution for the ‘a’ specimens for both
the numerical and experimental studies at an intraluminal pressure
of 120 mmHg. The wall stress distribution for the ‘b’ specimens is
similar.

7160a 7190a

Numerical  Experimental Numerical Experimental

Stress (kPa)
I 250
‘ ‘ ‘ ' | N
120

. 60

.

Figure 8-12 Numerical and experimental wall stress distributions for the
7160a and 7190a models with an intraluminal pressure of 120 mmHg.

Two comparisons are made between the experimental and numerical
studies.
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The first one analyzes the overall differences regarding the average
stress of the AAAs. To this end, the 99th percentile wall stress of the
mesh elements is taken as an input. The differences are shown in
Table 8-1. As it can be observed, the differences between the numerical
and experimental studies are negligible: an average difference of
0.26% in the 7160 models and 2.04% in the 7190 models. The
maximum difference for the 7160 models is 0.55%, corresponding to
the 7160a-P100 (7160a model at a pressure equal to 100 mmHg)
phantom. For this case, the average stress in the numerical study is
72.60 kPa while for the experimental one it is 72.21 kPa. For the 7190
models, a difference of 2.59% is the maximum and it is found in the
7190b-P120 phantom. In this case, the numerical and experimental
average wall stresses are 94.71 kPa and 97.23 kPa, respectively.

Table 8-1: Differences in 99t* percentile wall stress between numerical and
experimental studies.

Pressure 99th percentile wall stress difference (%)

(mmHg) 7160a 7160b 7190a 7190Db
80 0.14 0.05 2.01 1.61
100 0.55 0.04 1.73 2.12
120 0.53 0.26 2.18 2.59

The second comparison analyzes the differences of the stress at the
Gaussian points of 30 elements located in stress concentration regions
(Figure 8-13): 15 are placed on the outer surface and 15 on the inner
surface.

174



Influence of the local curvature on AAA and phantoms’ manufacturing methodologies

Outer Wall Inner Wall

OO

Figure 8-13 The thirty regions of wall stress concentration on the outer (left)
and inner (right) wall used for the comparison study.

The comparison is made manually, selecting the peak stress elements
for each region. These differences are on average 5.08% and 5.23% in
the 7160 and 7190 models respectively. The maximum error is equal
to 15.15% and it is found in region #29 of phantom 7160a. Part of this
error can be attributed to the manual process to select the element
from each of the stress concentration regions: the element is not
located at the same coordinates as in the physical phantom. This
uncertainty, together with the fact that the elements are found in
regions with high stress gradients introduces uncertainty in the
estimation of the average relative difference. The average error for
each model and pressure is reported in Table 8-2, while in the
Appendix C it can be found the difference for all the points.
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Table 8-2: Average and standard deviation differences in local wall stresses
between numerical and experimental studies.

Average (%) and Standard Deviation (%) for local

Pressure wall stresses
(mmHg) 7160a 7160b 7190a 7190b
Avg. SD  Avg. SD  Avg. SD  Avg. SD
= 80 542 290 6.08 340 551 3.63 514 3.37
i 100 591 3.14 493 3.14 426 3.68 532 3.43
g 120 4.68 3.06 566 399 426 3.14 577 2.72
= 80 506 394 408 328 466 227 533 3.68
i 100 429 263 438 312 6.26 3.74 560 3.58
E 120 544 2.08 508 3.47 468 3.04 591 3.80

8.6 Conclusions

This chapter describes a methodology to experimentally verify the
numerical stress analysis using physical tests with AAA phantoms.
Due to the high spatial resolution of the uCT scanner (35 microns), the
geometry used for the numerical analyses is identical to the one used
for the experimental study. In this work, the manufactured AAA
phantoms have an isotropic and hyperelastic behavior. However, large
human arteries exhibit a more complex biomechanical behavior such
as anisotropy. In addition, most AAAs of clinically relevant size have
an intraluminal thrombus. As it has been demonstrated in Chapter 6
and 7, the anisotropy can be addressed to the physical phantoms
including fibers inside the AAA wall. Also the inclusion of thrombus
has been avoided in this work. However, it is possible to introduce it
in the physical phantoms: via vacuum casting technique following the
steps displayed by Corbett et al. [189]; while wvia additive
manufacturing could be directly implemented. Therefore, in future
studies this methodology could be applied with more realistic AAA
phantoms, as the zero pressure algorithm developed by Riveros et al.
[146] allows considering the anisotropic hyperelastic behavior of the
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aortic wall, its thickness and accounts for the presence of the
intraluminal thrombus.

An additional simplification in this work is related to the stress-free
configuration of the model. The in-vivo AAA was scanned in a loaded
configuration and then the phantoms were manufactured. So, in this
work the loaded geometry was used; however, the unloaded geometry
could have been obtained via different methods [144—146] and used to
manufacture the AAA replicas. Subsequently, the same verification
methodology could be carried out. Finally, due to the manufacturing
process, the AAA phantoms have a variable wall thickness that does
not match exactly the patient-specific wall thickness measured from
the CT images. This shortcoming does not influence the verification
protocol as both numerical and experimental studies were carried out
with the AAA phantom geometry obtained from pCT images and,
therefore, the wall thickness distribution of the numerical and
experimental models i1s identical. It should be noted that
manufacturing the phantoms via additive manufacturing (Chapter 7)
would fix the shortcoming related to the wall thickness error.

As a final comment, the explained methodology in this chapter, apart
from verifying the AAA wall stress distribution, it could be also
appropriate to validate material models. In the last decade, there has
been an evolution in AAA manufacturing processes and a variety of
materials are now available. When utilizing complex materials, these
have to be assessed experimentally to derive a constitutive model. The
present work could be useful to test the validity of these models.
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Chapter 9:

Conclusions and future
work

This chapter presents the main contributions of this thesis project, as
well as suggests future lines of research that could complement this
work.

9.1 Conclusions

This project makes contributions to three topics: the study of new
geometry metrics that can influence AAA wall stress distribution,
research on new methodologies for manufacturing AAA replicas and
the application of an experimental protocol for verifying AAA wall
stress distribution.

The main contributions are:

e We found that the local mean curvature is closely related to
wall stress in 30 patient-specific AAA geometries. This work
underscores the importance of evaluating AAA mean wall
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180

curvature as a potential surrogate for wall stress, which in turn
1s related to AAA rupture risk. The predictability of the models
using only the maximum diameter is 23.5% and 27.7% for the
outer and inner wall surfaces, respectively. By adding the local
mean curvature to the predictive model, the predictability
increases to 64.9% and 44.7%, respectively, for the outer and
inner wall surfaces.

We developed an affordable vacuum casting technique for
manufacturing patient-specific AAA phantoms with regionally
varying wall thickness and isotropic material properties.
Different materials were uniaxially tested and compared with
the AAA tissue. The materials with mechanical properties
similar to the AAA tissue were used to manufacture AAA
phantoms.

We implemented a new methodology that uses vacuum casting
to manufacture patient-specific AAA replicas with non-uniform
wall thickness and an overall anisotropic behavior. A custom-
made planar biaxial testing system was designed and
fabricated in order to biaxially test different composites. All the
composites were compared against the human AAA tissue, and
the one that best mimics a prescribed region of the stress-strain
curves of the human tissue was selected for the manufacture of
anisotropic AAA phantoms. It was verified that the mechanical
properties of the phantom correspond to the chosen composite’s
mechanical behavior.

The multi-material additive manufacturing (AM) strategy was
applied to the manufacture of idealized AAA geometries with
anisotropic properties. Different composites were fabricated
and biaxially tested, and again, the one that best mimics tissue
behavior was selected for the manufacture of the idealized AAA
phantom. It was verified that the mechanical properties of the
phantom correspond to the composite’s mechanical behavior.
This strategy requires a bigger investment, but its geometry is
more accurate and the mechanical properties are less variable.
A new experimental methodology was developed for verifying
AAA wall stress distribution. This procedure was applied to
patient-specific AAA phantoms with isotropic properties. It
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uses a uCT scanner to accurately capture the geometry of the
AAA phantoms in different loading conditions and a validated
zero pressure algorithm to obtain the wall stress distribution
in the scanned geometries. Once the wall stress distribution
was verified, the influence of the curvature and wall thickness
was analyzed confirming the results presented in the
conclusion given at the beginning of this list.

9.2 Future work

Work on the three topics covered in this thesis can be continued over

several possible future research lines.

Concerning the geometric indices influencing wall stress distribution,

these are the proposed future studies:

In the current research, the local mean curvature was analyzed
in 30 patient-specific AAA geometries. This study can be
extended to more AAA geometries in order to be more confident
of the results.

In order to get more realistic results, more complex structural
studies can be carried out in order to confirm the influence of
this geometric parameter. These studies could consider 1) the
anisotropic behavior of the AAA; 2) the inclusion of
intraluminal thrombus (ILT) in the models; 3) the unloaded
configuration of the AAA; and 4) the residual stresses and
prestretch conditions.

A wall stress predictive model that considers the curvature as
well as other parameters that have been demonstrated to have
influence on wall stress, such as wall thickness, asymmetry,
tortuosity, diameter, systolic and diastolic pressure, etc., can be
developed. The accuracy of this model could be evaluated with
different AAA geometries. With the resulting local wall stress
predictive model and a local wall strength predictive model
[36], an index like FEARI (considering the wall stress/wall
strength ratio) can be calculated and whether it correctly
discriminates between ruptured and unruptured AAAs can be
verified.

181



Chapter 9: Conclusions and future work

Relative to the manufacture of realistic AAA replicas, the following

future lines can be considered:

Modifying the vacuum casting strategy in order to manufacture
anisotropic AAA phantoms that include the ILT in order to get
more realistic phantoms. This concern could be addressed
similar to the approach explained by Corbett et al. [72].

The inclusion of electrospun fibers could be of interest, as their
diameter could match the range of collagen fiber diameters.
However, it should be said that implementing them in a
manufacturing process would be a challenging task.

In this work the multi-material AM technology was applied to
fabricate idealized AAA phantoms with anisotropic properties.
Apart from testing other composites, the next step would be to
apply this technology to patient-specific AAA geometries with
regional varying wall thickness.

Including the ILT in the AM technology could be interesting.
However, future flexible materials with stiffness that is similar
to the ILT’s stiffness should be developed for 3D printing.

Finally, with respect to the experimentation with the AAA phantoms:

The described methodology for verifying the wall stress
distribution can be applied to more realistic AAA phantoms, i.e.
considering the anisotropic behavior and the inclusion of ILT
(phantoms with these properties could be manufactured).

Other experiments can be carried out with the AAA phantoms,
for instance, benchtop studies with induced flows. The use of
transparent materials would make it possible to perform
particle image velocimetry (PIV) studies. These experiments
could be useful, for example, for verifying the wall shear stress
of the numerical fluid structure interaction (FSI) studies.

The role of ILT is still very controversial. While ILT is considered to

generate a cushioning effect on the aneurysmal wall stress, it is also
known that the wall behind the ILT is weaker and stiffer.
Experimental studies with AAA phantoms may help to better

understand its effect. Additionally, when manufacturing the
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phantoms via AM technology, a different material—one which is
stiffer—can be designated for the wall behind the ILT.
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Appendix A: Wall stress and
mean curvature
distribution of synthetic

AAAs

This appendix shows the wall stress and mean curvature distribution
of the rest of the synthetic AAAs that have not been illustrated in the
first study of Chapter 3.
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Figure A-1 Mean Curvature and stress distribution of the outer and inner
wall of geometry #1.
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Figure A-2 Mean Curvature and stress distribution of the outer and inner
wall of geometry #2.
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Figure A-3 Mean Curvature and stress distribution of the outer and inner
wall of geometry #3.
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Figure A-4 Mean Curvature and stress distribution of the outer and inner
wall of geometry #5.
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Figure A-5 Mean Curvature and stress distribution of the outer and inner
wall of geometry #6.
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Figure A-6 Mean Curvature and stress distribution of the outer and inner
wall of geometry #7.
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Appendix B: First principal
stress distribution of the 30
patient-specific AAAs

This appendix shows the first principal wall stress distribution of the
30 patient-specific AAA geometries studied in the Chapter 4.
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Figure B-1 First principal stress distribution of patient-specific geometries:

#1 to #4.
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Figure B-2 First principal stress distribution of patient-specific geometries:

#5 to #8.
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Figure B-3 First principal stress distribution of patient-specific geometries:
#9 to #12.
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Figure B-4 First principal stress distribution of patient-specific geometries:
#13 to #16.
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Figure B-5 First principal stress distribution of patient-specific geometries:
#17 to #20.
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Figure B-6 First principal stress distribution of patient-specific geometries:
#21 to #24.
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Figure B-7 First principal stress distribution of patient-specific geometries:
#25 to #28.
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Figure B-8 First principal stress distribution of patient-specific geometries:
#29 and #30.
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Appendix C: Wall stress
comparison between
experimental and
numerical studies

In this appendix the differences between the experimental and
numerical studies of the 30 representative points for the four
geometries at the corresponding pressures are reported.
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Appendix C: Wall stress comparison between experimental and numerical studies

Table C-1: Difference in local wall stresses between numerical and
experimental studies of the 30 representative regions for geometry 7160a
with an intraluminal pressure equal to 80 mmHg.

) Numerical Experimental Difference
# Region
Stress (kPa) Stress (kPa) (%)
1 131.87 131.77 0.07
2 117.86 112.40 4.85
3 116.80 120.52 3.08
4 105.68 94.98 11.26
5 110.08 112.96 2.55
6 114.01 118.13 3.49
7 107.68 100.92 6.70
8 137.27 132.18 3.85
9 149.85 138.13 8.49
10 126.48 119.11 6.19
11 115.87 108.72 6.57
12 126.81 122.15 3.81
13 98.22 104.58 6.07
14 91.25 101.01 9.66
15 109.65 115.02 4.66
16 105.27 104.43 0.79
17 97.52 92.26 5.39
18 127.14 127.86 0.57
19 115.61 125.51 7.89
20 117.07 112.07 4.27
21 147.67 147.99 0.22
22 170.29 162.07 4.82
23 135.45 130.21 3.87
24 134.95 136.72 1.29
25 128.50 133.46 3.71
26 113.20 108.58 4.08
27 105.80 116.17 8.93
28 133.88 123.61 7.67
29 120.46 102.20 15.15
30 110.00 102.21 7.09
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Table C-2: Difference in local wall stresses between numerical and
experimental studies of the 30 representative regions for geometry 7160a
with an intraluminal pressure equal to 100 mmHg.

) Numerical Experimental Difference
# Region
Stress (kPa) Stress (kPa) (%)
1 159.04 156.82 1.42
2 143.93 150.91 4.63
3 140.16 147.36 4.88
4 131.67 127.15 3.56
5 140.48 134.86 4.17
6 148.56 150.97 1.60
7 135.15 127.86 5.70
8 170.99 162.86 4.99
9 194.42 171.49 13.37
10 157.14 146.44 7.31
11 147.07 138.55 6.15
12 153.53 140.06 9.62
13 121.80 111.57 9.17
14 120.17 130.09 7.63
15 137.00 143.45 4.50
16 130.20 122.93 5.58
17 124.54 120.40 3.33
18 155.53 169.10 8.03
19 162.24 160.69 0.96
20 134.05 138.55 3.25
21 181.15 179.90 0.69
22 202.73 204.28 0.76
23 168.79 158.82 5.90
24 164.86 179.05 7.93
25 163.26 171.99 5.08
26 143.76 133.00 7.48
27 146.34 151.14 3.17
28 157.25 153.66 2.28
29 142.84 132.58 7.18
30 130.23 133.94 2.77
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Table C-3: Difference in local wall stresses between numerical and
experimental studies of the 30 representative regions for geometry 7160a
with an intraluminal pressure equal to 120 mmHg.

) Numerical Experimental Difference
# Region

Stress (kPa) Stress (kPa) (%)
1 187.75 193.80 3.12
2 178.62 177.69 0.52
3 168.60 166.62 1.18
4 157.84 168.47 6.31
5 170.02 157.29 8.10
6 181.31 183.17 1.02
7 163.02 157.93 3.23
8 200.74 186.90 7.41
9 225.42 206.26 9.29
10 188.10 175.32 7.29
11 177.16 164.48 7.71
12 195.42 182.71 6.95
13 159.53 156.26 2.09
14 147.07 154.70 4.94
15 162.62 160.90 1.07
16 159.12 153.89 3.29
17 141.89 149.50 5.09
18 184.03 197.82 6.97
19 181.97 186.46 2.41
20 175.97 167.10 5.04
21 189.94 206.70 8.11
22 258.80 238.21 7.96
23 232.91 217.28 6.71
24 212.08 217.64 2.56
25 195.54 206.92 5.50
26 170.80 161.33 5.54
27 179.49 187.32 4.18
28 201.42 182.57 9.36
29 169.25 175.54 3.58
30 170.97 162.02 5.23
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Table C-4: Difference in local wall stresses between numerical and
experimental studies of the 30 representative regions for geometry 7160b
with an intraluminal pressure equal to 80 mmHg.

) Numerical Experimental Difference
# Region
Stress (kPa) Stress (kPa) (%)
1 127.54 129.60 1.60
2 113.68 117.89 3.57
3 114.35 125.42 8.83
4 108.43 117.36 7.61
5 105.68 111.18 4.95
6 108.80 112.02 2.88
7 108.07 101.26 6.73
8 129.43 119.74 8.09
9 138.12 125.08 10.42
10 120.23 109.19 10.12
11 117.44 109.59 7.16
12 107.79 99.55 8.27
13 101.46 105.77 4.07
14 103.25 106.97 3.47
15 108.48 116.95 7.24
16 103.79 108.07 3.96
17 95.79 93.28 2.62
18 125.17 135.41 7.57
19 123.22 127.45 3.32
20 112.70 111.35 1.20
21 140.75 134.11 4.72
22 145.20 142.50 1.86
23 127.27 127.04 0.18
24 137.14 135.95 0.87
25 115.05 128.32 10.35
26 125.82 115.91 7.88
27 126.37 114.52 9.38
28 139.39 135.42 2.85
29 121.87 126.92 3.98
30 118.09 117.52 0.48
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Table C-5: Difference in local wall stresses between numerical and
experimental studies of the 30 representative regions for geometry 7160b
with an intraluminal pressure equal to 100 mmHg.

) Numerical Experimental Difference
# Region
Stress (kPa) Stress (kPa) (%)
1 156.58 158.00 0.90
2 136.72 148.49 7.93
3 141.23 148.68 5.01
4 133.90 128.14 4.49
5 132.36 131.68 0.52
6 135.06 130.41 3.57
7 135.37 129.30 4.69
8 158.50 148.37 6.82
9 172.71 158.11 9.23
10 142.16 131.16 8.39
11 148.67 140.10 6.12
12 136.24 124.76 9.20
13 130.52 123.39 5.78
14 132.95 132.15 0.61
15 139.60 138.73 0.62
16 129.42 123.86 4.30
17 124.93 116.96 6.38
18 162.44 169.36 4.09
19 149.90 149.94 0.03
20 144.49 144.75 0.18
21 172.28 170.99 0.75
22 188.98 180.16 4.66
23 154.65 151.17 2.25
24 169.46 178.96 5.31
25 143.51 160.74 10.72
26 153.58 147.74 3.80
27 142.57 138.16 3.09
28 172.91 155.22 10.23
29 166.56 157.72 5.31
30 154.55 147.48 4.58
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Table C-6: Difference in local wall stresses between numerical and
experimental studies of the 30 representative regions for geometry 7160b
with an intraluminal pressure equal to 120 mmHg.

) Numerical Experimental Difference
# Region
Stress (kPa) Stress (kPa) (%)
1 185.15 201.86 8.28
2 171.54 166.45 3.05
3 167.90 190.01 11.64
4 160.27 168.20 4.71
5 159.26 160.26 0.62
6 165.55 159.55 3.76
7 162.99 154.55 5.46
8 190.78 175.28 8.84
9 206.99 185.85 11.37
10 178.20 162.80 9.46
11 178.19 164.92 8.05
12 165.52 153.63 7.74
13 154.01 154.91 0.58
14 160.06 160.06 0.01
15 166.14 168.42 1.35
16 157.43 152.73 2.98
17 152.26 143.13 6.00
18 182.12 202.05 9.86
19 178.67 193.15 7.50
20 172.55 177.27 2.66
21 209.68 204.51 2.47
22 222.79 219.47 1.49
23 188.12 195.40 3.73
24 206.53 207.50 0.47
25 174.75 195.90 10.80
26 189.19 167.99 11.21
27 174.44 186.32 6.38
28 207.73 196.76 5.28
29 176.60 179.50 1.61
30 179.84 173.07 3.76
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Appendix C: Wall stress comparison between experimental and numerical studies

Table C-7: Difference in local wall stresses between numerical and
experimental studies of the 30 representative regions for geometry 7190a
with an intraluminal pressure equal to 80 mmHg.

) Numerical Experimental Difference
# Region
Stress (kPa) Stress (kPa) (%)
1 151.98 149.79 1.46
2 133.46 143.41 6.94
3 131.49 147.05 10.58
4 117.75 128.66 8.48
5 116.53 112.74 3.36
6 118.78 118.30 0.41
7 112.84 110.94 1.71
8 136.97 126.15 8.58
9 149.21 135.03 10.50
10 153.58 139.61 10.01
11 142.35 133.22 6.85
12 126.11 133.30 5.39
13 132.51 133.22 0.53
14 125.57 130.99 4.14
15 107.74 111.92 3.74
16 127.03 120.77 4.93
17 101.11 109.68 7.81
18 149.96 156.62 4.25
19 154.42 148.53 3.81
20 133.69 139.52 4.18
21 152.18 159.11 4.35
22 168.73 164.00 2.81
23 136.40 142.20 4.07
24 136.10 150.18 9.38
25 139.22 145.52 4.33
26 141.74 132.16 6.76
27 148.30 140.86 5.02
28 163.37 164.26 0.54
29 143.96 153.57 6.25
30 130.52 132.42 1.43
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Table C-8: Difference in local wall stresses between numerical and
experimental studies of the 30 representative regions for geometry 7190a
with an intraluminal pressure equal to 100 mmHg.

) Numerical Experimental Difference
# Region
Stress (kPa) Stress (kPa) (%)
1 187.78 174.82 7.42
2 165.81 160.43 3.35
3 159.86 166.65 4.07
4 144.68 147.48 1.90
5 141.60 138.74 2.06
6 149.54 155.06 3.56
7 147.27 130.11 13.19
8 167.54 163.11 2.71
9 177.88 172.28 3.25
10 190.82 173.18 10.18
11 177.89 165.87 7.25
12 158.56 163.25 2.87
13 157.47 159.25 1.12
14 153.03 152.22 0.53
15 133.54 132.95 0.44
16 155.03 145.60 6.08
17 121.63 127.31 4.46
18 184.86 161.44 12.67
19 183.33 187.16 2.04
20 175.71 164.96 6.12
21 180.35 189.74 4.95
22 205.92 183.01 11.12
23 173.04 173.98 0.54
24 174.30 183.06 4.79
25 180.88 187.38 3.47
26 167.48 154.44 7.79
27 182.40 160.22 12.16
28 195.29 175.99 9.89
29 183.43 173.78 5.26
30 171.68 176.08 2.50
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Table C-9: Difference in local wall stresses between numerical and
experimental studies of the 30 representative regions for geometry 7190a
with an intraluminal pressure equal to 120 mmHg.

) Numerical Experimental Difference
# Region
Stress (kPa) Stress (kPa) (%)
1 217.19 212.70 2.11
2 198.15 204.46 3.09
3 190.85 215.11 11.28
4 174.39 190.08 8.25
5 165.57 170.86 3.09
6 180.84 184.06 1.75
7 175.98 167.37 5.14
8 195.14 194.38 0.39
9 220.11 202.52 8.68
10 221.52 210.52 5.22
11 213.52 201.34 6.05
12 193.08 196.00 1.48
13 179.49 176.29 1.81
14 190.46 194.25 1.96
15 160.67 166.61 3.57
16 183.80 179.14 2.54
17 153.67 154.72 0.68
18 224.07 233.01 3.84
19 213.64 230.26 7.22
20 205.99 202.60 1.64
21 234.71 229.69 2.14
22 243.44 224.21 7.90
23 247.90 224.21 9.56
24 211.48 219.79 3.78
25 220.17 223.20 1.36
26 217.62 195.71 10.07
27 220.05 230.94 4.71
28 2217.65 226.03 0.71
29 205.42 177.71 13.49
30 213.88 212.52 0.64
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Table C-10: Difference in local wall stresses between numerical and
experimental studies of the 30 representative regions for geometry 7190b
with an intraluminal pressure equal to 80 mmHg.

) Numerical Experimental Difference
# Region
Stress (kPa) Stress (kPa) (%)
1 148.78 139.55 6.62
2 141.15 141.70 0.39
3 130.07 131.88 1.38
4 125.38 128.13 2.14
5 115.34 109.98 4.87
6 112.42 112.81 0.34
7 114.66 106.99 7.17
8 102.26 115.54 11.49
9 131.05 121.95 7.46
10 129.60 118.23 9.62
11 123.09 121.26 1.51
12 122.26 114.19 7.07
13 104.47 110.37 5.34
14 112.39 118.86 5.44
15 96.94 103.36 6.21
16 121.41 122.39 0.80
17 105.12 105.47 0.34
18 131.04 134.91 2.87
19 148.67 144.58 2.75
20 129.34 125.95 2.62
21 159.31 153.20 3.84
22 173.48 155.09 10.60
23 154.63 145.60 5.84
24 133.24 145.53 8.44
25 137.32 148.47 7.51
26 123.71 114.83 7.17
27 128.48 122.18 4.90
28 151.96 137.55 9.48
29 112.85 127.84 11.72
30 115.24 116.56 1.14
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Table C-11: Difference in local wall stresses between numerical and
experimental studies of the 30 representative regions for geometry 7190b
with an intraluminal pressure equal to 100 mmHg.

) Numerical Experimental Difference
# Region
Stress (kPa) Stress (kPa) (%)
1 182.83 182.03 0.44
2 176.68 159.54 10.75
3 155.41 165.65 6.18
4 155.17 163.56 5.13
5 132.88 128.00 3.81
6 143.83 145.01 0.81
7 146.68 134.35 9.18
8 136.36 140.39 2.87
9 165.28 151.79 8.88
10 168.78 153.82 9.72
11 160.00 154.91 3.29
12 156.31 148.58 5.20
13 134.90 136.50 1.17
14 142.92 156.46 8.66
15 122.29 127.06 3.76
16 162.46 145.80 10.26
17 132.87 131.57 0.98
18 183.81 181.09 1.48
19 187.29 182.79 2.40
20 158.15 158.46 0.19
21 197.44 192.07 2.72
22 202.75 188.43 7.06
23 177.09 160.91 9.14
24 169.82 189.07 10.18
25 174.25 184.43 5.52
26 154.85 143.95 7.04
27 160.77 153.92 4.26
28 177.27 160.06 9.71
29 174.99 159.06 9.10
30 145.94 140.07 4.02
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Table C-12: Difference in local wall stresses between numerical and
experimental studies of the 30 representative regions for geometry 7190b
with an intraluminal pressure equal to 120 mmHg.

) Numerical Experimental Difference
# Region
Stress (kPa) Stress (kPa) (%)
1 216.22 212.45 1.77
2 209.10 217.71 3.95
3 184.61 195.62 5.63
4 185.41 202.21 8.31
5 169.69 174.09 2.53
6 170.66 180.37 5.39
7 175.40 164.00 6.95
8 171.78 178.33 3.68
9 201.39 182.29 10.48
10 201.88 182.09 10.87
11 192.91 181.40 6.34
12 187.21 176.72 5.94
13 160.63 149.42 7.50
14 176.98 182.42 2.98
15 146.25 152.80 4.29
16 189.07 172.90 8.55
17 159.50 163.92 2.69
18 200.63 199.69 0.47
19 228.84 219.40 4.13
20 193.64 185.01 4.46
21 234.53 2217.28 3.09
22 250.67 2217.43 9.27
23 217.21 209.61 3.50
24 203.14 228.61 11.14
25 211.88 231.71 8.56
26 183.77 166.50 9.40
27 192.47 184.93 3.92
28 220.12 193.03 12.31
29 183.99 183.57 0.23
30 184.90 172.09 6.93
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The goal of this work is to develop a framework for manufacturing
nonuniform wall thickness replicas of abdominal aortic aneur-
ysms (AAAs). The methodology was based on the use of computed
tomography (CT) images for virtual modeling, additive manufac-
turing for the initial physical replica, and a vacuum casting pro-
cess and range of polyurethane resins for the final rubberlike
phantom. The average wall thickness of the resulting AAA phan-
tom was compared with the average thickness of the correspond-
ing patient-specific virtual model, obtaining an average
dimensional mismatch of 180 um (11.14%). The material charac-
terization of the artery was determined from uniaxial tensile tests
as various combinations of polyurethane resins were chosen due
to their similarity with ex vivo AAA mechanical behavior in the

physiological stress configuration. The proposed methodology

geons and patients, since it is based on statistical in vivo data [2]
and numerical patient-specific analysis. An AAA rupture is asso-
ciated with the diameter of the aneurysm, but the use of finite ele-
ment analysis has indicated that an AAA rupture is also highly
related to peak wall stress [3-6]. Patient-specific aneurysm phan-
toms have been created in fabrication laboratories to replicate the
response of the abdominal aorta. These replicas are built by com-
bining medical images and conventional manufacturing techni-
ques such as additive manufacturing (AM) and injection molding
[7-9]. To achieve reliable outcomes from both numerical and
in vitro experiments, materials whose mechanical properties have
a stress-strain curve similar to those of the aneurysm wall should
be used to build the replicas [10]. These curves change spatially
along the aorta and are dependent on the patient’s age, gender,
and the ratio of elastin and collagen; the aneurysmal aorta is stiffer
compared to the healthy aorta [11].

The primary objective of this work is to develop and apply a new
modeling and manufacturing process for patient-specific artery rep-
licas with nonuniform wall thickness, with a focus on developing
physiologically realistic AAA phantoms. This is the first time, to
the authors’ knowledge, that a methodology is reported for manu-
facturing arteries with nonuniform wall thickness distributions.
Artery replicas were manufactured by using computed tomography
(CT) images to generate virtual models, AM to make the initial
physical model, and vacuum casting in combination with commer-
cially available polyurethane resins (PURs) and casting wax, to
build the final phantom. The material characterization was assessed
from uniaxial tensile experiments. These replicas can be useful to
validate deformations obtained with numerical simulations with the
small deformations that occur in a phantom placed in a benchtop
apparatus subject to pulsatile flow and pressure. To this end, the
compliance of the patient-specific replicas will be accurate at small
strain ranges and they will have individual geometric characteris-
tics, including regional variations of wall thickness.

Methods

The vacuum casting technique was chosen as the preferred
manufacturing method to build an arterial replica. The process
involves pouring liquid polyurethane resins (PURs) under vacuum
into a silicon mold that contains a hollow cavity with the desired
shape. The mold was previously obtained by taking as a reference
a master model printed with an AM technology. The steps for
creating the artery replica are illustrated in Fig. 1.

Virtual Abdominal Aorta. The patient-specific AAA geome-
try was obtained following the acquisition of the subject’s

yields AAA phantoms with nonuniform wall thickness using a fast
and low-cost process. These replicas may be used in benchtop
experiments to validate deformations obtained with numerical
simulations using finite element analysis, or to validate optical
methods developed to image ex vivo arterial deformations during
pressure-inflation testing. [DOI: 10.1115/1.4025883]

Keywords: AAA replica, additive manufacturing, vacuum casting,
tensile strength

Introduction

An abdominal aortic aneurysm (AAA) is a permanent focal dil-
atation of the abdominal aorta in the infrarenal segment to 1.5
times its normal diameter [1], causing 1.3% of all deaths among
men aged 65-85 in developed countries. The ability to predict the
rupture of the abdominal aorta is a concern for both vascular sur-
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contrast-enh d CT images from Allegheny General Hospital
(Pittsburgh, PA) following an Institutional Review Board
approved protocol. The medical images were segmented using in-
house image segmentation software (AAAVASC, University of
Texas at San Antonio, San Antonio, TX), which is capable of
identifying the boundaries of the lumen inner and outer wall surfa-
ces [12]. The segmentation algorithms have been extensively
validated [12,13] and used to quantify the geometry of patient-
specific AAA models [14,15], identify classifiers of ruptured/

30 patient-specific PHYSICAL ARTERY REPLICA
CAD artery
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Fig. 1 Flow chart describing the artery replication process

JANUARY 2014, Vol. 136 / 014502-1



Influence of the local curvature on AAA and phantoms’ manufacturing methodologies

Research Papers
A Methodology for Verifying Abdominal Aortic Aneurysm
Wall Stress

Sergio Ruiz de Galarreta, Aitor Cazén, Raul Antén and Ender A. Finol
[+] Author and Article Information

J Biomech Eng 139(1), 011006 (Nov 04, 2016) (9 pages)

Paper No: BIO-16-1245; doi: 10.1115/1.4034710
History: Received June 10, 2016; Revised September 06, 2016

ARTICLE | REFERENCES | FIGURES | TABLES

Abstract

Abstract | Introduction | Methodology | Results | Discussion | Conclusion | Acknowledgements | References

An abdominal aortic aneurysm (AAA) is a permanent focal dilatation of the abdominal aorta of at least 1.5
times its normal diameter. Although the criterion of maximum diameter is still used in clinical practice to
decide on a timely intervention, numerical studies have demonstrated the importance of other geometric
factors. However, the major drawback of numerical studies is that they must be validated experimentally
hefore clinical implementation. This work presents a new methodology to verify wall stress predicted from
the numerical studies against the experimental testing. To this end, four AAA phantoms were manufactured
using vacuum casting. The geometry of each phantom was subject to microcomputed tomography (UCT)
scanning at zero and three other intraluminal pressures: 80, 100, and 120 mm Hg. A zero-pressure
geometry algorithm was used to calculate the wall stress in the phantom, while the numerical wall stress
was calculated with a finite-element analysis (FEA) solver based on the actual zero-pressure geometry
subjected to 80, 100, and 120 mm Hg intraluminal pressure loading. Results demonstrate the moderate
accuracy of this methodology with small relative differences in the average wall stress (1.14%).
Additionally, the contribution of geometric factors to the wall stress distribution was statistically analyzed for
the four phantoms. The results showed a significant correlation between wall thickness and mean
curvature (MC) with wall stress.
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An Abdominal Aortic Aneurysm (AAA) is a permanent focal dilatation of the abdominal aorta at least
1.5 times its normal diameter. The criterion of maximum diameter is still used in dinical practice, al-
though numerical studies have demonstrated the importance of other biomechanical factors. Mumerical
studies, however, must be validated experimentally before they can be clinically implemented. We have
developed a methodology for manufacturing anisotropic AAA replicas with non-uniform wall thickness.

Keywaords: Different composites were fabricated and tested, and one was selected in order to manufacture a phan-
Anisatropy tom with the same properties. The composites and the phantom were characterized by biaxial tensile
AAA phantom tests and a material model was fit to the experimental data. The experimental results were compared
?‘ENE'_ with data from the literature, and similar responses were obtained. The anisotropic AAA replicas with
Stereavision

non-uniform wall thickness can be used in benchtop experiments to validate deformations obtained with
numerical simulations or for pre-intervention testing of endovascular grafts. This is a significant step for-
ward considering the importance of anisotropy in numerical simulations.

© 2016 IPEM. Published by Elsevier Ltd. All rights reserved.

Vacuum casting
Addirive manufacturing

1. Introduction are not critical [18,19], but the consideration of the anisotropy pa-

rameter plays an important role in the results of numerical simu-

An Abdominal Aortic Aneurysm (AAA) is a permanent dilata-
tion of the abdominal aorta, and its rupture remains a significant
cause of death in developed countries among men aged 65-85 [1].
In clinical practice, uncertainty still remains about the correct time
to operate, but the criterion of maximum diameter is commonly
accepted as a rupture prediction factor, meaning that medical doc-
tors recommend surgical interventions when AAA diameters are
greater than 55mm [2]. When studying AAA rupture, numerical
simulations via Finite Element Analysis (FEA) have proved to be
very useful in indicating that this rupture criterion needs to be
complemented with AAA wall stress data [3-5], meaning that fac-
tors such as geometry and biomechanics must also be considered
[6.7].

In vitro experiments with AAA phantoms have been shown
w be very useful in several applications [8-10]. These phantoms
ranged from totally idealized geometries to real AAA geometries
generally with uniform [11,12] but also with non-uniform thick-
ness [13]. However, the anisotropy found in the AAA tissue [14-
17| is an important property that was not considered in these
projects. When using inverse analysis the mechanical properties

* Corresponding author. Fax: +34 943 31 14 42,
E-mail address: ranton@tecnun.es (R. Antdn).

http://dx.doi.org/ 101016/ j.medengphy 2016.09.010
13504533/ 2016 IPEM. Published by Elsevier Ltd. All rights reserved.

lations with a forward approach, and it must be taken into account
for further studies [20-22]. Within the context of physical replicas,
this consideration points to a step forward in the manufacturing of
phantoms with arterial anisotropic behavior.

The purpose of the present work is to describe and apply
a new methodology for manufacturing AAA replicas that display
anisotropic behavior. To the best of the authors’ knowledge, this is
the first time that a methodology is reported for creating arterial
replicas with non-uniform wall thickness and defined anisotropy.

2. Materials and methods
2.1. Uniaxial testing of isotropic specimens

Tensile tests were carried out following ASTM D412 Type B.
Specimens were manufactured via the vacuum casting technique
by using the bi-components PUR SLM 7140, 7160 and 7190 at seven
different mixing ratios.

Tensile tests were performed on the specimens to generate
force-extension data using an INSTRON MINI 44 (Instrom World-
wide, Norwood, MA) tensile test machine. Each specimen was sub-
jected to a cross-head speed of 3.4 mm/min until failure with
pre-conditioning for 10 cycles w 7.5% of the gauge length. The

Please cite this article as: S. Ruiz de Galarreta et al., Anisotropic abdominal aortic aneurysm replicas with biaxial material characteriza-
tion, Medical Engineering and Physics (2016), http://dx.doi.org/10.1016/j.medengphy. 2016.09.010
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INFLUENCE OF THE LOCAL MEAN CURVATURE ON THE ABDOMINAL AORTIC
ANEURYSM STRESS DISTRIBUTION
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An abdominal aortic aneurysm (AAA) is a permanent focal dilatation of the abdominal aorta of at least 1.5 times its normal
diameter. Although the criterion of maximum diameter is still used in clinical practice to decide when to proceed with
surgical intervention, numerical studies have demonstrated the importance of other geometric factors. In this work, the
influence of the local mean curvature on AAA stress distribution has been analyzed in synthetic AAA geometries via finite
element analysis. The results show a significant correlation between this geometric parameter and stress, suggesting that
local mean curvature should also be considered along with the diameter criterion when making decisions about surgery.

Keywords: Finite Element, AAA, mean curvature, stress analysis, simulation

1. Introduction

An abdominal aortic aneurysm (AAA) is a localized dilatation of the abdominal aorta causing around 1.3%
of the deaths in developed countries among men aged 65-85', and when rupture occurs the mortality risk is
high 2. AAA rupture can be prevented either by an open-repair, which involves making a large incision in the
abdomen in order to directly view the aneurysm, or by a minimally-invasive procedure called endovascular
repair.

Currently, the method that medical doctors most often use when deciding whether to operate is based on the
diameter of the patient’s AAA: if the AAA diameter is greater than 55mm, the risk of rupture is considered
to be sufficiently high and surgery is recommended®. However, this criterion’s fails in 10% to 25% of the
cases’.

Independently of the criterion and from a purely mechanical point of view, rupture occurs when the local
stress in the artery wall exceeds the maximum strength of the tissue, indicating that the relationship between
tissue strength and stress distribution is a key element and thus should be analyzed.

The purpose of this study is to determine whether the shape or geometry of AAAs can have a significant
influence on AAA rupture and whether it is another factor that should be considered when making decisions
about surgical intervention. To that end, this study analyzes the correlation between a geometric parameter,
the local mean curvature (MC), and the stresses in seven different AAA geometries by means of running
finite element analyses in Abaqus FEA and Pearson’s statistical method in Minitab.

2. Materials and Methods

Seven different geometries that replicate an aneurysm in the abdominal aorta were designed with PTC Creo
3.0 (PTC Corporate Headquarters, Needham, USA) (Fig. 1). In all the cases, the maximum diameter was set
to 40 mm, while the thickness was 1.5 mm throughout the whole aneurysm.
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The moximum diometer criterion is the mast
important foctor when predicting risk of rupture af
abdominal portic ansurysms (AAA). An elevated wall
stress has also been linked to a kigh risk of aneurysm
rupture, yet is an uncommon clinical practice to
compute AAA wall stress. The purpose of this study s
to assess whether other charocteristics of the Ad4
geometry are statistically correloted with wall stress.
Using in-house  segmentotion  and  meshing
aigerithms, thirty patient-specific AA44A models were
generated far finite element analysis. These models
were subsequently used to estimate wall stress and
moximum diameter, and te evoluate the spatial
distributions af waoll thickness, cross-sectional
digmeter, mean curvature, ond Gaussion curvoture.
Dato anolysis consisted of statistical correlations af
the aforementioned geometry metrics with wall stress
for the thirty AAA inner and outer wall surfoces. In
addition, a linear regression anaiysis was performed
with oll the AAA woll surfoces to quantify the
relationship of the geometric indices with wall stress.
These anaiyses indicoted that while all geometry
metrics have statistically significant correiations with
wall stress, the local mean curvature (LMC) exhibits

Manuscript submitted by Ruiz de Galarrefa ef al
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the highest overage Pearsen’s correlation coefficient
Sfor both inner and outer wall surfoces. The linear
regrassion  analysis  revealed  coefficients  af
determination for the outer and inner wall surfaces af
0.712 and 0.516, respectively, with LMC having the
largest gffect on the linear regression equation with
wall stress. This work underscores the importance af
evoluating AA4 meon wall curvoture as o patential
surrogote for wall stress.

Keywords:  Local meon curvature;  thickness;
regrassion; AAA; geometry.

INTRODUCTION

An Abdeminal Acrtic Aneurysm [AAA) is a localized
dilatation of the abdominal acrta that causes around
1.3% of deaths in developed countries among men
aged 65-85 [1], with a high mertality risk when it
ruptures [2]. A8A rupture can be prevented either by
an open surgical repair, which involves a large incision
in the abdomen to access the diseased abdominal
aorta, or by the minimally invasive, catheter-based,
endovascular aneurysm repair. To evaluate the risk of
aneurysm rupture, the diameter of the aneurysm is a
universally accepted factoer and the general
consensus is that AAAs larger than 50 — 55 mm in
maximum diameter are at a high risk of rupture, for
which repair is recommended [2]. However, the rate
of failure of this criterion ranges from 10% to 25% [3].
In an autopsy study of 473 non-operated aneurysms,
13% of aneurysms with 2 maximum diameter under
50 mm ruptured, while 60% of aneurysms with
diameters over 50 mm remained intact [4]. Hence,
the maximum diameter criterion is not always
sufficient to assess the individual risk of aneurysm
rupture and alternative criteria for this assessment
are warranted.

Several studies [5,6] have demonstrated that Peak
Wall Stress [PWS), predicted by a finite element
analysis  (FE&), is  significantly  higher in
symptomatic/ruptured AAAs than in unrugtured
AAMAs Recently, Doyle et al. [7] showed how the
rupture location of a patient-zpecific AAA can be
predicted from high wall stress regions. However,
noteworthy is that wall stress alene is not sufficient to
predict rupture risk and that regional estimations of
wall strength are also necessary [B]. From a purely
biomechanical point of wiew, aneurysm rupture
occurs when the local stress in the arterial wall
exceeds the maximum local strength of the tissue,
indicating that the relationship between localized
tissue strength and stress should be considered for
rupture risk assessment. To this end, Gasser et al. [9]
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Acronyms and definitions

AM
Al
ILT
LD
LGC
LMC
LWT
MD
PUR
STL

Additive Manufacturing
Anisotropy Index factor
Intraluminal Thrombus
Local Diameter

Local Gaussian Curvature
Local Mean Curvature
Local Wall Thickness
Maximum Diameter
Polyurethane
Stereolitography

List of symbols

B
C
E

Q>R =< Wnr

Left Cauchy-Green deformation tensor
Right Cauchy-Green deformation tensor
Young’s modulus

Matrix elastic modulus

Fiber elastic modulus

Green-Lagrange finite strain tensor
Deformation gradient tensor

fiber volume fraction

Shear modulus

Principal curvatures

First and second invariant of B

First Piola-Kirchhoff stress tensor
Second Piola-Kirchhoff stress tensor
Strain energy density function

Shear strain

Strain

Bulk modulus

Stretch

Cauchy stress
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