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ABSTRACT

An abdominal aortic aneurysm (AAA) is an abnormal enlargement of the aorta which
is related to weakness of the vessel wall (associated with degradation of connective
tissue), and if left untreated will lead to rupture and cause death in 78% to 94% of
cases. Approximately 7,000 deaths each year in the United Kingdom are caused by
AAA rupture.

AAA repair requires surgical intervention but the surgery itself has a mortality rate of
about 5% in patients with stable AAA. The decision to undertake the surgery is made
depending on the aortic maximum diameter of >5 cm. However, it is observed that
rupture sometimes occurs in aneurysms with smaller diameter, thereby creating the
need for better criteria for surgical intervention. Therefore, (biomechanical) indicators
of AAA rupture were introduced as a superior criterion to the maximum diameter for
predicting the risk AAA rupture. Several studies that have been conducted on
abdominal aortic aneurysms have suggested that peak wall stress may be a more
reliable predictor of the risk of AAA rupture.

This thesis is a continuation of a previous study undertaken at the University of Hull
which investigated a number of biomechanical factors that affect the AAA wall stress
magnitude and distribution. Novel results were gained which may help in the
understanding of AAA growth and rupture events. For the first time, it is proposed
that aspect ratio has an effect on the stress magnitude, location and distribution of the
outer wall of AAA. These findings were used to introduce an empirical relationship
between the aneurysm aspect ratio and maximum wall stress. This empirical
relationship could be used as an additional clinical indicator to predict the location

and magnitude of maximum wall stress where a rupture may develop.

Analysis of the porosity of the thrombus was introduced for the first time in this work
using the simulation of mass transport of blood flow in an AAA, showing novel

results for the possible role of blood flow on the site of growth and rupture for AAA.



Furthermore, the results of this research may also explain the conflicting views on

aneurysm shape and the role of the thrombus as previously reported in the literature.

The work carried out in this research used simplified AAA geometries to allow the
isolation of specific aneurysm parameters. Clearly, the next stage would include the
application of the ideas and results developed here to more complex patient-specific

geometries.
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Chapter 1

Introduction

An abdominal aortic aneurysm (AAA) is a cardiovascular health disease that occurs
when the aorta becomes weak and develops into a balloon-like structure and usually
occurs below the renal bifurcation (Sanfelippo, 2003). The aneurysm diameter can be
up to four times the normal aortic diameter and can enlarge at a rate of 0.2 - 1.0
cm/year until it suddenly ruptures if left untreated (Wolf and Bernstein, 1994). The
estimated prevalence for AAAs in older males is in the order of 3% to 5% (Crawford
et al., 2003) and the mortality rate for ruptured AAA is between 78% and 94% (Hall
et al., 2003). AAA is the 13th leading cause of adult mortality and the 3rd leading
cause of sudden death in men older than 65 years of age (Cowan et al., 2006). The
British Heart Foundation recently reported that Aortic aneurysms cause around 7,000
deaths in the United Kingdom every year (British Heart Foundation Media News,
2011).

AAAs occur in the infrarenal segment of the aorta between the renal arteries and the
iliac bifurcation, as shown in Figure 1-1. Men are affected more than women by a
ratio of 4:1 and the prevalence of the disease has not decreased even with highly
advanced medical surgeries and technology, while the mortality and morbidity

caused by AAA are still increasing (Karkos et al., 2000).

One of the major problems with AAAs is that they are often asymptomatic until
rupture, which is why AAA is called the "silent killer". When an AAA is small,
periodic observation to monitor the aneurysm is the only available treatment. But
when it becomes larger and at risk of rupture, surgical treatment is required which by

itself has a mortality rate of between 2% and 5% (Hollier et al., 1992).



Aorta

Left Kidney
Right Kidney
Left Renal Artery
Right Renal Artery
: *Abdominal Aortic Aneurysm
Bladder Iliac Bifurcation

Figure 1-1: Abdominal aortic aneurysm. (Adapted from www.jeffersonhospital.org/Tests-and-

Treatments/abdominal-aortic-aneurysm-repair.aspx)

Because of the high cost and risk of the surgical treatment it may be a more serious
threat to life than a stable AAA. Therefore, watchful management is the first choice
for any new patient with elective surgery should only be chosen when rupture risk is
high (Katz et al., 1992).

Currently, the decision of when to operate is made depending on the diameter of the
AAA. It is recommended that the operation be performed when the diameter of the
AAA exceeds 5 cm. The surgery is also recommended for aneurysms that are less
than 5 cm diameter with average growth rates of more than 0.5 cm/year. However, it
is difficult to decide when the risk is sufficiently high due to the lack of reliable
rupture risk indicators. The reason for this lack of indicators is the natural history and
development of individual AAAs. They can either be stable, expanding slowly, or
they can expand rapidly. An accurate identifier of patients with a high risk AAA
would therefore reduce medical costs and save lives.

Rupture to the AAA is the worst possible outcome and causes death in more than
80% of the cases (Thomas and Stewart, 1988). The rupture is a biomechanical event
that occurs when the mechanical stresses applied on the inner wall of the aorta
exceeds the failure strength of the wall (Heller et al., 2000; Lombardi et al., 2004;

Speelman et al., 2007). Out of these two factors (wall strength and wall stresses), it is
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only possible to assess the wall stresses using different approaches but there is a lack

of a non-invasive method to measure wall strength.

The current assessment of AAA risk of rupture is still largely based on a maximum
diameter criterion (when the maximum transverse diameter of AAA exceeds 5 cm)
which is a simple indicator. In medical practice, it is observed that AAAs with
diameters less than 4 cm are found to rupture. But the abdominal aorta diameter does
not vary with body size, which does not explain the rupture of smaller aneurysms
(Alcorn et al., 1996; Fillinger et al., 2003; Peppelenbosch et al., 2004).

In the current literature there are a number of studies and experiments reporting that
wall stress may be a better indicator of the development of the disease and that the
stress is greatly influenced not only by the diameter of the AAA wall but also by
blood pressure, the AAA shape, aneurysm wall local curvature, aneurysm wall

thickness and presence of thrombus inside AAA.

A significant amount of research has been carried out investigating the biomechanics
of AAA using a range of computational models. Over the past few decades the state-
of-the-art in AAA simulation has evolved from simple analytical models involving
cylindrical geometry to fully coupled fluid-solid interaction simulations using patient
specific geometries and anisotropic finite strain constitutive relations for AAA
tissues. However, a number of factors which may have an effect on AAA risk of
rupture were not discussed, while other factors were neglected for the purpose of
simplicity. In this current work, some of these factors will be investigated as detailed

below.

While the relationship between the length of the aneurysm and the diameter of the
normal aorta (aneurysm aspect ratio) seems to have an effect on wall stress
distribution, no studies in the literature have assessed this relationship. This current
work is therefore the first to study this relationship, whereby an investigation is
carried out on how the aspect ratio of the aneurysm could change magnitude and the

location of maximum wall stress to aid in AAA diagnosis.



Additionally, a common assumption among previous numerical simulations which
modelled the thrombus inside the AAA is that the thrombus has been given solid
material properties, while in reality the thrombus is a porous permeable material.
This work suggests that modelling the thrombus as porous media can provide

additional information on the biomechanical environment within the AAA.

Two recent studies have modelled the thrombus as a porous medium
(Ayyalasomayajula et al., 2010; Polzer and Bursa, 2010) and have provided further
insight into the impact of thrombus porosity on AAA biomechanics. However, both
these studies neglect the actual dynamics of blood flow in the aneurysm sac and its
transfer into the thrombus. This current work is the first to implement mass transport
of the blood into porous thrombus to investigate how blood flows from the blood
lumen through the thrombus, providing additional information and possible

mechanisms for AAA growth and improvements in AAA diagnosis.

The role of the thrombus in AAA has been investigated in a number of studies, but
there is a conflict between the conclusions reported by researchers and further
investigation is required. This work contributed to this field of study because it uses
non-complex geometries to examine a variety of factors, providing a clear

understanding about the possible role of the factors examined.

This work also provides additional information about the role of the aneurysm shape

on its pathology.

1.1 Organisation of the thesis

This thesis begins with an introductory Chapter on the abdominal aortic aneurysm
with some statistics of its prevalence, growth rate and mortality in general (especially
in the United Kingdom), followed by a summary description of the clinical problem
and how it is assessed in clinics and a discussion on the limitation of this assessment
method. The study then briefly demonstrates the indicators researchers have used to
provide a better method of assessment and how this work can contribute to the current
body of knowledge. Chapter one also includes an overview of the organisation of this
thesis.



Chapter two includes a literature review of AAA, beginning with a discussion on the
anatomy of the aorta and its wall structure, followed by a review of the abdominal
aortic aneurysm, including a chart showing the pathogenesis of an abdominal aortic
aneurysm. A brief description is also included of the treatment of AAAs and a

discussion of the rupture mechanism.

Chapter two includes a detailed description of the biomechanics of the AAA to
understand how wall stresses are developed. This description includes an illustrated
study on blood flow patterns inside the aneurysm using steady and pulsatile flow. The
flow-induced stresses and pressure are discussed in terms of their effect on the rupture
mechanism. The aneurysm shape is then discussed to understand its effect on the wall
stresses.

Chapter two also details the role of the intraluminal thrombus, which exists in most
AAAs, by examining its structure then examining how intraluminal thrombus affects
wall strength and how it alters oxygen diffusion in the aneurysm.

Chapter three discusses in detail the methodology used to perform the simulations
undertaken in this thesis. Chapter three begins with a discussion of the finite element
analysis technique followed by a detailed description of the models used for this
method. The study of the convergence for this method is then described to confirm
that the results obtained were taken at acceptable approximations prior to a validation
study of the simulation. A brief background on the strategy of computational fluid
dynamics techniques is then demonstrated with details of the models used for flow

studies followed by convergence and validation studies.

Chapter four, using finite element analysis (FEA) and computational fluid dynamics
(CFD), investigates the effects of basic aneurysm geometry to understand how
aneurysm shape can affect wall stresses and blood flow patterns. An intensive study
of the aneurysm aspect ratio is then taken using three shapes with three different

diameters for each shape.



Chapter five outlines the intensive investigation of the role of thrombus presence,
thickness, structure, material properties and porosity on wall stresses and its possible

relationship to growth using FEA and CFD.

Chapter six includes a discussion on the effect of aneurysm shapes on wall stress and
blood flow. The chapter then outlines some novel findings of the aneurysm aspect
ratio relationship with maximum wall stress followed by a discussion of the effect of
the inclusion of thrombus with different thicknesses and material properties. A
discussion is then given on the effect of thrombus porosity on wall stresses followed
by a description on how the flow of blood within the porous thrombus can contribute

more information to understand the reasons of the rupture risk.

Chapter seven concludes the results of this work and discusses possible areas of future

work to be continued.

1.2 Research aims

The aims of the research may be summarised as follows:

- To prove that maximum diameter is not the best predictor of rupture.

- To understand how blood behaves inside the aneurysm and how this may
affect the risk of rupture of AAA.

- To investigate and understand the effect of aneurysm shape especially the
aspect ratio of the aneurysm on wall stresses.

- To investigate and understand the effect of thrombus presence on wall
stresses.

- To investigate the effect of thrombus porosity on aneurysm wall stresses and

on the blood flow within the aneurysm.



Chapter 2
Review of the anatomy and biomechanics and

Abdominal Aortic Aneurysm

2.1 Clinical Anatomy

AAA is a localised abnormal dilatation of the abdominal aorta. The normal aorta is 19
to 22 mm in diameter, while aneurysms as large as 7 cm in diameter have been
recorded (Imray, 2006).

When the aorta enters the abdomen it is then called the abdominal aorta. The
abdominal aorta supplies five main vascular branches from its beginning until its end
by the two iliac arteries (Gray, 1918). The abdominal aorta branches in addition to
the two iliac arteries including celiac trunk, superior mesenteric artery, and two renal

arteries (Gray, 1918), as shown in Figure 2-1.

The renal arteries start approximately 1 cm inferior to the superior mesenteric artery
and 90% of the AAA starts inferior to the renal arteries and continues until it reaches
the iliac arteries (Finol and Amon, 2001). Abdominal aorta geometry varies from one

individual to another, and depends on sex and age (Lee et al., 1982).
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Figure 2-1: (a)Tthe anatomy of the abdominal aorta (from http://familydoctor.co.uk/aortic01). (b)
Normal aorta, iliac bifurcation (arrow) and right (R) and left (L) iliac (Crawford et al., 2003).

2.2 Structure of the Aortic wall
The aorta wall consists of three layers (Fung, 1993), as shown in Figure 2-2.

Tunica adventitia: this is the strong and elastic external covering of the aorta.
It is composed of connective tissue as well as collagen and elastic fibres

which give the aorta strength and elasticity.


http://familydoctor.co.uk/aortic01
http://biology.about.com/library/organs/heart/bltunica1.htm
http://www.mesomorphosis.com/exclusive/volk/connective01.htm

- Tunica media: this is the middle layer of the aortic wall and is composed of

smooth muscle and elastic fibres.

- Tunica intima: this is the inner layer of the aorta and is composed of spongy
connective tissue that secretes a layer of elastic collagen and endothelium that
consists of flat and smooth epithelial cells. This layer is in direct contact with
the blood and responds to changes in the blood pressure by altering the vessel

diameter.

Dysfunction of these tissues is an important factor of the pathology of the aorta, as
described in the following sections.

Tunica intima

A

( Fibrocollagenous \
tissue

Endothelium . )
Internal elastic Tunica media

Tunica adventitia

Figure 2-2: The structure of the aorta, (adapted from

http://fau.pearlashes.com/anatomy/Chapter32/Chapte32.htm)

2.3 AAA Pathophysiology

AAA is a pathologic, irreversible dilatation of a segment of the aorta, caused by a
congenital or acquired weakness. The difference between a healthy and diseased
aorta is the difference in the wall structure. A large decrease in aortic elastin, an
increase in collagen production and degradation, inflammatory changes and
imbalances in the structure of the wall can occur in the diseased wall. Family history

and genetic factors play a role on the pathophysiological process of the disease,


http://biology.about.com/gi/dynamic/offsite.htm?site=http://www.vetmed.wsu.edu/VAn308/smooth.htm
http://biology.about.com/gi/dynamic/offsite.htm?site=http://www.med.virginia.edu/medicine/basic%2Dsci/biomed/ley/endothelium.htm

especially in disorders such as Marfan disease* (Crawford et al., 2003; Wang et al.,
2001).

Normally, arterial blood pressure and flow velocity cause high stresses on the aortic
wall which, with the help of other factors, can cause changes to the wall. From a
mechanical point of view, how the development of AAA occurs is not yet fully
understood. However, it is known that many factors together play a role in the
formation of AAA (Alcorn et al., 1996; Bonert et al., 2003; Buchanan et al., 2003;
Cheng et al., 2003a; Wang et al., 2001; Fleischmann et al., 2001).

The process of AAA development includes an initial weakening of the wall in
combination with other factors that are already known to be stress generators. Figure
2-3 shows the pathogenesis of AAA (Crawford et al., 2003). Aneurysms are believed
to be caused by the degradation of elastin in the aortic wall causing the vessel to lose
its elasticity and recruit the non elastic collagen fibres. Failure of collagen will then
lead to dilatation of the aorta (Crawford et al., 2003).

The most commonly known factors in the pathophysiological process include:
atherosclerosis, hypertension, breakdown of elastin and collagen, inflammation, male
sex, chronic obstructive pulmonary disease, tobacco smoking, age, poor diet, genetic
factors and family history (Crawford et al. , 2003; Wang et al. , 2001; Wang et al.,
2002).

When the aorta is weaker it becomes more prone to expand due to blood pressure and
a larger aneurysm is likely to have higher stresses due to the fundamental principles

as explained in the law of Laplace:

_bpD
T 21

o (Eq 2.1)

For this equation, it has been observed that the hoop stress o increases when diameter
D increases if the pressure p and wall thickness T are constants, which may explain

why large aneurysms grow at faster rates (Wang et al., 2002; Elger et al., 1996).

! The Marfan syndrome is a connective tissue disorder whereby tendons, ligaments, blood vessel walls,
cartilage, heart valves and many other structures are not as stiff as they should be.
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Medical literature explains that the anatomic and physiologic properties of the aorta
change with age. The aorta becomes thicker, stiffer, and less distensible. Arterial
elastin fibres degrade and the collagen fibres increase, which may lead to a loss of
load-bearing capacity and cause vessel dilation. The decrease of aortic dispensability
is faster and occurs at an earlier age in men, which explains why more men suffer
from AAA than women (Cheng et al., 2003a). African-Americans and persons with
diabetes have lower prevalence of AAA (Cheng et al., 2003b). People suffering from
other diseases or problems may become more prone to develop AAA. For example
"post-traumatic” above-knee amputees are 5 times more likely to develop AAA 40
years after the injury than normal individuals, while spinal cord injury patients seem
to be twice as likely to experience AAA formation approximately 20 years following
their injury. This is explained by the significant haemodynamic changes which occur
in people having these kinds of diseases (Ernst, 1993). Haemodynamics and its role is

discussed in further detail later in this thesis.

11



Environment-archeroscierosis
Smoking inflammation

Collagen
remodelling

Elastase activity increase
versus inhibihition decrease

’

Elastin destruction

!

Failure of elastin

v

A 4

Increase load on collagen

b

Alteration in vessel
geometry

Failure of collagen

v

Aneurismal dilatation

/7 N\

Genetic Factors

Hypertension

Ageing

v

Rupture

Figure 2-3: Chart showing the pathogenesis of an abdominal aortic aneurysm (adapted from Crawford

et al., 2003)

2.4 Matrix metalloproteinases and AAA

Matrix metalloproteinases (MMPs) are an ever-expanding family of endopeptidases

with proteolytic activity towards one or more components of the extracellular matrix.
Of the 25 MMPs identified in vertebrates, 23 are found in humans (Birkedal et al.,

1993; Visse and Nagase, 2003).

The activity of MMPs is regulated at three levels (Visse and Nagase, 2003):

1. Transcriptional regulation.
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2. Pro-enzyme activation.
3. Inhibition of proteolytic activity by endogenous inhibitors of matrix

metalloproteinases (TIMPS).

Endothelial cells (ECs), vascular smooth muscle cells (VSMCs) and adventitial
fibroblasts and all other vascular cells secrete MMPs in their normal activities.
Macrophages and lymphocytes can be additional sources of MMPs. MMPs are
responsible for normal tissue remodelling but have various other important roles in
many biological processes such as embryogenesis, wound healing and angiogenesis
as well as in diseases such as atheroma, arthritis, cancer and tissue ulceration. In
normal conditions, MMP activities are controlled by their inhibitors TIMP, but an
imbalance between MMPs and their inhibitors TIMPs, may lead to matrix

degradation (Liapis and Kadoglou, 2004).

Increased levels of MMP expression and activity have been found in the aortic wall
of AAA leading to matrix degradation (Wassef et al., 2001). In normal conditions,
MMPs play an important role in the remodelling process of the aortic wall by
degrading extracellular matrix proteins such as elastin and collagen, both of which
are needed to maintain structural integrity and favourable mechanical properties
(Ailawadi et al., 2003).

It is speculated that MMP production within the aneurysm wall may be released into
the systemic circulation and then could be used to diagnose AAA severity or rupture
risk. In addition, plasma MMPs could be used to evaluate the effectiveness of AAA

surgeries (Liapis and Kadoglou, 2004).

The blood flow may have a role in concentrating the MMPs in specific sites of the
AAA wall or its adjacent thrombus and hence increase the chance of pathogenesis of

AAA as discussed later in this thesis.

2.5 Treatment

One of the major problems with AAAs is that they are often asymptomatic until
rupture, which is why AAA is called the "silent killer". However, some symptoms of
AAA can develop such as pain in the abdomen, back or chest area. AAAs can be felt

13



as a pulsating or throbbing mass in the abdomen (Ernst, 1993; Lermusiaux et al.,
2001).

When an aneurysm does rupture, the symptoms include:
e Sudden severe back or abdominal pain.
e Loss of colour from the face.
e Thirst and dryness of the mouth or skin.
e Nausea and vomiting.

e Shaking, dizziness, fainting, sweating, and rapid heartbeat.

When an AAA is small, periodic observation to monitor the aneurysm is the only
available treatment. However, when the AAA becomes larger and at risk of rupture,
surgical treatment is required which in itself is risky as it has a mortality rate of
between 2% and 5% (Hollier et al., 1992).

Two procedural options are available: open surgical repair and endovascular repair.
Open surgical repair is the most common treatment for large, non-ruptured
aneurysms. In this operation the surgeon cuts the aorta and places a synthetic graft
inside the aneurysm connecting the two ends of the healthy aorta by sutures, as
shown in Figure 2-4. Endovascular repair is less invasive as the surgeon places an
endovascular graft inside the aneurysm making the graft a new lumen for the blood,
as shown in Figure 2-5. The graft is delivered via a catheter. Endovascular repair
requires more accurate morphological information and detailed measurements than

open repair (Engellau et al., 2003).

Endovascular repair is associated with a high frequency (17-26%) of endoleakage®
with the possibility of recurrence and/or rupture during the 18 month follow-up
period (Sangiorgi et al., 2001). Observing endoleakage involves significant effort
which greatly increases the cost of endovascular repair treatment (Sangiorgi et al.,
2001; Bargellini et al., 2005; Bieth, 2001).

? Endoleaks are defined as a persistent blood flow leaking into the aneurysm sac and outside the graft
lumen; they represent the most frequent complication after endovascular aneurysm repair (Engellau et
al., 2003).
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Because of the high cost and risk of the operation, the operation may be a more
serious threat to life than a stable AAA. Therefore, watchful management is the first
choice for any new patient with elective surgery and should only be chosen when
rupture risk is high (Katz et al., 1992).

Currently, the decision of when to operate is made depending on the diameter of the
AAA. It is recommended that the operation is performed when the diameter exceeds
5 cm. The surgery is also recommended for aneurysms that are less than 5 cm
diameter with average growth rates of more than 0.5 cm/year. Approximately 20% of
aneurysms expand faster than 0.4 mm/year, while the remaining 80% expand at
slower rates (Brady et al., 2004; Breeuwer et al., 2004). However, it was observed in
clinics that AAA with diameters of less than 4 cm were found to rupture (Fillinger et
al., 2003; Peppelenbosch et al., 2004). It is difficult to determine when the risk of
rupture is sufficiently high due to the lack of reliable rupture risk indicators. The
reason for this lack of indicators is the natural history and development of individual
AAAs. They can either be stable, expanding slowly or they can expand rapidly. An
accurate identifier of patients with high risk AAA would therefore reduce medical

costs and save lives.

_ Abdominal aortic
aneurysm

Graft being
sewn into
place

Figure 2-4: Open surgical repair showing the synthetic graft inside the aneurysm connecting the two
ends of the healthy aorta by suture.

(from http://www.vascularweb.org/vascularhealth/Pages/Surgical AneurysmRepair.aspx).
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Figure 2-5: Endovascular repair showing the endovascular graft inside the aneurysm making the graft

a new lumen for the blood (From http://www.metrohealth.org/body.cfm?id=1448).

2.6 AAA rupture

Rupture to the AAA is the worst possible outcome and causes death in more than
80% of the cases (Thomas and Stewart, 1988). Mortality rates for ruptured AAA are
still high even with the current advances in medical surgeries and technologies. The
rupture is a biomechanical event that occurs when the mechanical stresses applied on
the inner wall of the aorta exceed the failure strength of the wall (Lombardi et al.,
2004; Heller et al., 2000; Speelman et al., 2007).

The current indicator of high rupture risk (when the maximum transverse diameter of
AAA exceeds 5 cm) is a simple indicator. Other more complex indicators include
aneurysm shape, wall thickness, flow dynamics and vessel mechanical properties.
However, ostensibly these are too complex for use because they can differ between

aneurysms of the same diameter (Finol and Amon, 2001).

As mentioned earlier, it has been observed that AAAs with diameters of less than 4
cm can rupture. However, the abdominal aorta diameter does not vary with body size,
which does not explain the rupture of a smaller aneurysm (Alcorn et al., 1996;
Fillinger et al., 2003; Peppelenbosch et al., 2004).
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Biomechanical analysis of blood dynamics could be used in addition to maximum
transverse diameter as an indicator for rupture risk of the aneurysm. In particular, the
fluid stress on the internal wall of the aneurysm may be an indicator of when a

particular aneurysm will rupture (Wang et al., 2001; Fillinger et al., 2002).

2.7 Biomechanics of the AAA

Blood flow dynamics, known as “haemodynamics,” create forces applied on the
internal wall of the aneurysm which can lead to rupture. Haemodynamic forces are
generated by the flow of blood through the aorta. Therefore, the study of
haemodynamics of the AAA is a very important factor for understanding the
characterization of the biomechanical environment of aneurysms (Taylor et al.,
1998).

2.7.1 Flow patterns
Flow patterns within the AAA can strongly influence the magnitude and distribution
of all components of the (flow-induced) forces on the aneurysm wall (Walsh et al.,
2003; Finol and Amon, 2003). Several experimental and numerical studies have
examined the flow patterns inside the AAA using steady and pulsatile flows (Yu et
al., 1999; Yu, 2000).

Yu et al. (1999) studied the haemodynamics of models of the AAA using particle
image velocimetry. Their study of the steady flow in an AAA model shows the
upstream flow on the tube before the aneurysm consisting of two parts: a large core
across the tube and a secondary thin boundary layer attached to the wall, as shown in
Figure 2-6. When the flow enters the aneurysm it consists of a stream surrounded by
recirculation vortices. These vortices are a result of the adverse pressure gradient
caused by the increase in cross-sectional area at the bulge. The velocity inside these
vortices is relatively slow. The vortices are closer to the downstream side of the
aneurysm (Yu et al.,, 1999). Interestingly, the size of the aneurysm did not
significantly alter the flow patterns. These findings are similar to those of Budwig et
al. (1993).

17



In the same study, Yu et al. (1999) repeated the experiments, this time using pulsatile
flow and found that boundary layer thickness in the tube before the aneurysm
decreases as the flow rate increases. After the peak of the flow rate, the boundary
layer thickness slightly increases. When the flow reaches a minimum it is still
attached to the wall (Yu et al., 1999).

When the flow enters the aneurysm and immediately in the proximal end of the
aneurysm, a small recirculation vortex develops at the beginning of the cycle, which
then moves to the distal end of the aneurysm after the peak flow rate of the systolic
cycle, as shown in Figure 2-6. Compared to the steady state condition, the pulsatile
flow pattern did not change significantly, except that the recirculating vortex grew
slightly stronger as the flow continued to accelerate towards the point of peak flow
rate. Again, the size of the bulge did not alter the flow features, although the strength
of the vortex was greater if the size of the bulge was larger (by about 20% at every
point over a cycle) and the location of the centre of the vortex was not constant as it
was in steady flow. As a result, the regions of high shear stresses and low shear
stresses in pulsatile flow were not stable and wall shear stress fluctuation could

occur.

Yu et al. (1999) did not find any vortex formation in their small AAA model with
low flow rate condition. It is speculated that vortex formation inside the aneurysm
sac helps the thrombus to form in those regions. In addition, vortexes at the exit of
the bulge cause high-pressure regions to become potentially prone to rupture. They
then hypothesized that the vortex formation during the diastole may be responsible
for “tearing the wall tissue” leading to thrombus formation (Yu, 2000; Yu et al.
1999).
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Figure 2-6: Velocity vector plots under steady flow condition (Yu, 2000).
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Figure 2-7: Velocity vector plots under pulsatile flow condition, a) at the beginning of the systolic
cycle, b) after the peak of flow rate (Yu, 2000).

2.7.2 Wall shear stresses

Wall shear stresses (WSS) are the tangential forces on the surface of the aneurysm,
along the axis of flow. A numerical study of a realistic AAA undertaken by
Papaharilaou et al. (2007) for pulsatile flow found that most of the AAA wall surface
was under a very low wall shear stress during the cardiac cycle. Only the proximal

and distal necks of the AAA bulge were under a high WSS, as shown in Figure 2-8.

These findings were similar to those of Peattie et al. (2004) who established in an
experimental study of 7 AAA models that WSS seemed to be constant in the
upstream tube and suddenly decreased in the bulge, then increased again at the distal
end of the bulge where sharp velocity gradients occur, which leads to a sharp increase
in shear stresses at the distal bulge end with values of 1.5 to 2 times those at the

proximal end.
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Peattie et al. (2004) reported in an experimental flow study that the increase in large
distal wall shears is dependent on flow spreading into the bulge the maximum shear
stress may therefore be expected to be affected by the bulge diameter. In their study,
the maximum systolic shear stress (19 dynes/cm?) was at the distal bulge end of
AAAs with a diameter of 4 cm. With aneurysms of 5 cm diameter, the maximum
systolic shear stress was found to be 12 dynes/cm? which is higher than the
maximum systolic shear stress recorded for aneurysms of 3, 5.5 and 6 cm diameter.
Hence, Peattie et al. (2004) proposed that these ‘medium’ sized AAAS are more
prone to maximal shear stress than the very small or very large sized AAAS, as

shown in Figure 2-9.

Figure 2-8: Wall shear stresses normalized to the inlet straight pipe (Papaharilaou et al., 2007).
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Figure 2-9: Dependence of the maximum systolic wall shear stress on aneurysm diameter (reproduced
from Peattie et al., 2004).

However, in earlier experimental investigations, Peattie et al. (1996) showed that the
flow in AAAs may become unstable and show random velocity fluctuations even
under steady flow conditions. Furthermore, when instability occurs, peak immediate
shear stresses at the wall may reach 20 times their mean value. Thus, turbulent flow
may significantly increase wall shear stresses at the aneurysm distal end. From this it
could be concluded that the relationship between size and rupture in AAAs may be
due to higher wall stresses caused by more frequent and severe unstable flow in the
larger aneurysms (Peattie et al., 1996). WSS depends very much on AAA geometry

(bulge shape and diameter) and AAA geometry varies from patient to patient.

2.7.3 Wall stresses and pressure distribution

Several attempts to derive a reliable AAA rupture risk indicator have been based on
the assessment of the arterial wall stress distribution. In a number of studies,
maximum wall stress has been speculated to be a better predictor of rupture than
diameter (Raghavan et al., 2000; Fillinger et al., 2003; Venkatasubramaniam et al.,
2004).

Using finite element analysis (FEA), Raghavan et al. (2000) carried out a wall stress
study using non-linear hyperelastic wall material properties on aneurismal and normal
aorta and found that wall stress was higher in the aneurismal aorta compared to the

normal aorta. They also found that stresses on the aneurismal wall were distributed in
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a complex way with large regional variations compared to those of the normal aorta,

which was lower and more uniformly distributed, as shown in Figure 2-10.
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Figure 2-10: Wall stress distributions for two AAA (top) and one non-aneurismal aorta (bottom). Two
images are shown for each aorta. The left image is the posterior surface, while the right image is the
anterior surface. The maximum diameter of the AAA at the top left is 5.5 cm, while that at the top right
is 6.4 cm (Raghavan et al., 2000; Vorp, 2007).

Fillinger et al. (2003) used Clinical Computed Tomography (CT) scan images used to
create patient specific finite element models in order to investigate whether these
models can predict AAA rupture. Computed Tomography (CT) scans from 103
aneurysms were analyzed for patients with AAA when observation was planned for 6
months. Three-dimensional computer modelling and finite element analysis
(nonlinear hyperelastic model depicting aneurysm wall behaviour) were used and
blood pressure was taken during observation. Fillinger et al. (2003) found that finite
element analysis of AAA wall stress is a better predictor of higher stresses regions
than the diameter of the AAA for patients with high risk of rupture who later required

emergent repair.
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Fillinger et al. (2003) have reported that the distribution of diameter measurements as
shown in Figure 2-11 demonstrates that 90% of AAAs in the study had a diameter
larger than the lowest recorded diameter for AAAs that consequently ruptured or
became symptomatic, which was (4.4 cm) in maximum diameter. In the ruptured or
symptomatic group, 5 of 22 AAAs were 5 cm or less in maximum diameter. The
results gained from maximum wall stress was showed better prediction for ruptured or
symptomatic aneurysms as shown in Figure 2-11. The box plot for maximum wall
stress demonstrates that 75% of AAAs in this study had stress lower than the lowest

recorded stress for AAAs that consequently ruptured or became symptomatic.

Venkatasubramanium et al. (2004) used finite element analysis to study twenty seven
AAA patients divided into ruptured and non-ruptured groups. In their study, 3D
geometries of AAA were derived from CT scans of 27 patients (12 ruptured and 15
non-ruptured). AAA geometry, systolic blood pressure and material properties
derived from the literature, were utilised to calculate the wall stress for individual
AAA:s. They reported that peak wall stress was notably higher in the ruptured AAA
(mean 1.02 MPa) than the non-ruptured AAA (mean 0.62 MPa). In patients with an
identifiable location of rupture on a CT scan, FEA was able to predict the area of peak

wall stress that correlated with the rupture site as shown in Figure 2-12.
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Figure 2-11: (A) Box plot. Rectangles, 25th to 75th percentile of data; horizontal bar within rectangles,
median of data; short horizontal bars outside rectangles, 10th and 90th percentiles of the data; solid
circles, any value below the 10th or above the 90th percentile. (B) Box plot for AAA diameter
demonstrates that 90% of AAAs under observation have diameter larger than the lowest recorded
diameter for an AAA that subsequently ruptured or became symptomatic, which was 4.4 cm in
maximum diameter. (C) Box plot for peak AAA wall stress demonstrates that 75% of AAAs under

observation have stress lower than the lowest recorded stress for an AAA that subsequently ruptured or

became symptomatic.
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0.77 MPa

Figure 2-12: (Lift) Point of rupture in CT (Right) correlated with area of high stress in FEA model.

Sight of rupture and area of high stress are indicated by arrows (Venkatasubramanium et al., 2004).

2.7.4 AAA shape
The AAA geometry may play a role in rupture. Asymmetry and geometry
irregularities appear to have an important role in rupture; some attention should be

therefore be given to the overall shape of the aneurysm (Breeuwer et al., 2004).

Elger et al. (1996) and Vorp et al. (1998) proposed that the stresses acting on the
AAA wall are highly affected by the aneurysm shape (e.g., curvature, tortuosity and
asymmetry) of the specific AAA. Hence, AAAs with the same diameters could have
largely different stress distributions, which clearly means that the maximum diameter
criterion and the Law of Laplace cannot effectively describe the risk of rupture of an

aneurysm on a patient-specific basis (Vorp, 2007).

AAAs can assume a variety of different shapes. They can resemble a balloon with one
side of the wall expanded, a fusiform gradual dilation of the complete circumference
of the artery, or a cylindrical form. However, when the aneurysm is more than 4.5 cm
diameter, it is difficult to keep its fusiform or axisymmetric shape as it becomes

irregular and asymmetric. The obvious reason for this is that the AAA does not
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develop in an empty peripheral space. All other surrounding organs may play a role in
the deformation of the AAA. Also, there is no documented evidence to suggest that
the shape of the aneurysm is related to any cardiovascular disease or other
background (Lee et al., 1982; Elger et al., 1996).

The regions of high curvature within the wall may be directly linked to high stresses
acting on the wall. Sacks et al. (1999) found that the formation of focal regions of
high curvature is associated with AAA tortuosity which can lead to high stresses on
the wall with AAA tortuosity leading to an increase or decrease in the spatial
distribution and focal area of surface curvatures. They show that more curvature and a
more complex AAA geometry may increase focal areas compared to smoother areas,
as shown in Figure 2-13. They proposed that the degree of tortuosity of the AAA may

play a more important role in rupture than its diameter (Sacks et al., 1999).

Focal Areas

*K is curvature parameter as
its sign indicates the general

shape of the surface.

Specifically, K>0 indicates
an elliptical surface, K=0 a
cylindrical surface and K<0

is a hyperbolic.

Figure 2-13: AAA Tortuosity, a) unmodified AAA geometry, and b) after the removal of tortuosity.
Adapted from (Sacks et al., 1999).
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2.8 Role of intraluminal thrombus

An intraluminal thrombus (ILT) is found in most ruptured AAA's. This section will
discuss the specific role played by ILT in AAA and how the presence of an ILT can
change the biomechanics of the AAA. It is important to understand ILT in detail
because of its possible role in changing the magnitude and distribution of stresses on
the aortic wall and dynamics of the blood flow. Fluid mechanics are the main cause
of ILT formation as discussed earlier in this chapter (Di Martino et al., 2001; Bernad
et al., 2009).

2.8.1 ILT structure

ILT is a fibrin structure composed of blood cells, platelets, blood proteins and
cellular debris. It can be divided into three layers: luminal, medial and abluminal, as
shown in Figure 2-14. The first layer, luminal, has direct contact with the blood
stream and has the most influence and has a blood-like colour. The second layer,
medial is white and is stiffer than the first layer. The third layer, abluminal is attached
to the wall and is dark brown in colour (Wang et al., 2001).

The mechanical properties of ILT are isotropic since it can be observed from
scanning electron microscopy (SEM) images that there is no clear privileged
direction in the material texture and it has the same mechanical behaviour and
material properties longitudinally and circumferentially. However, it is
inhomogeneous because the abluminal mechanical behaviour and properties are more
structurally stable compared to those of the luminal and medial (Wang et al., 2001).
Ashton et al., (2009) reported that the abluminal layer (Young's modulus = 19.3 kPa)
is stiffer than the medial (Young's modulus = 2.49 kPa) and luminal (Young's

modulus = 1.54 kPa) layers.
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Figure 2-14: Cross-sectional cut of ILT specimen with abluminal (A), medial (M), luminal (L) layers

and scanning electron microscopy (SEM) images of ILT (Ashton et al., 2009)

2.8.2 Role of ILT on wall mechanical strength

ILT is a factor that could change the stresses applied on the internal wall of the
aneurysm. However, it is not yet clear whether the ILT causes more stresses on the
internal wall and hence increases the risk factor of rupture, or whether it could be
considered a supporter of the wall against stresses (Speelman, 2007). The role of ILT
in AAA rupture is controversial. Some studies suggest that ILT increases the risk of
rupture as it weakens the wall while other studies suggest that the presence of ILT
may work as a cushion to the wall and decrease the risk of rupture. However, some
other studies suggest that there is no relation between the presence of ILT and the
rupture of AAA (Wang et al., 2002).

Wall mechanical strength can be decreased in the presence of an aneurysm, but the
mechanism of this decrease is not yet clear. Vorp et al. (2001) found that the wall
adjacent to a thick layer of ILT is weaker than others with a thin ILT, as shown in
Figure 2-15. From clinical statistics, ILT is greater in thickness in ruptured

aneurysms than in non-ruptured aneurysms.

In a finite element study, Wang et al. (2002) showed that ILT reduces peak wall
stress and changes wall stress distribution. The effect of thrombus on the wall stress
was investigated with models derived from CT scan images of real aneurysms. Finite
element models of four AAA patients whose aneurysms consisted of intraluminal
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thrombus were analysed both with and without the presence of thrombus. All the
models showed a significant decrease in the wall stress in the presence of thrombus
and also the stress distribution was found to be altered in all the models with
intraluminal thrombus when compared to the same model without intraluminal
thrombus, as shown in Figure 2-16 and Table 2-1. The degree of significance

however can differ from one individual to another.

These results and analyses conflict because, as mentioned above, there are two
factors which control the mechanism of rupture, the stress in the wall and the strength
of the wall. An AAA will rupture only when the stresses applied on the aneurysmal
wall exceed the strength of the wall. The inputs and outputs of these two factors are
interrelated and cannot be separated. While ILT can reduce the peak stresses on the
aneurysmal wall, it can also affect the strength of the wall. Also, the precise role of
ILT in AAA haemodynamics remains unclear (Dalman, 2003). The balance between

the above two factors is discussed in detail in this research.
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Figure 2-15: Association of wall strength with ILT thickness (Vorp et al., 2001).

These results and analyses conflict because, as mentioned above, there are two
factors which control the mechanism of rupture, the stress in the wall and the strength
of the wall. An AAA will rupture only when the stresses applied on the aneurysmal
wall exceed the strength of the wall. The inputs and outputs of these two factors are
interrelated and cannot be separated. While ILT can reduce the peak stresses on the

aneurysmal wall, it can also affect the strength of the wall. Also, the precise role of
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ILT in AAA haemodynamics remains unclear (Dalman, 2003). The balance between

the above two factors is discussed in detail in this research.

Patient  |Peak Stress without ILT| Peak Stress with ILT |Decrease of Peak Stress
(N/cm2) (N/cm2)
1 36 34 6%
2 30 19 36%
3 40 37 6%
4 44 28 38%

Table 2-1: Peak wall stress for each patient with and without ILT. Adapted from (Wang et al., 2002).
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Figure 2-16: Comparison of 3D wall stress distribution between AAA models with and without ILT.

Individual colour scales (right) indicate von Mises stress for each AAA. Both posterior and anterior

views are shown for each case (Wang et al., 2002).
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2.8.3 Role of ILT on oxygen diffusion

Vorp et al. (1996a, 1996b, 2001) indicated that the presence of ILT alters the normal
pattern of oxygen supply to the AAA wall. ILT may isolate oxygen diffusion
between the blood stream and the internal layers of the wall which could lead to
hypoxic cell dysfunction in the AAA wall, subsequently weakening the wall and
increasing the risk of rupture. This weakening of the wall might be caused by the
combination of a number of factors (Wang et al., 1999; Vorp et al., 2001). When the
oxygen supply is affected, inflammatory regions develop which can lead to an
increase in the local proteolytic activities of the wall, typically weakening the wall. In
vivo studies report an increase of inflammation on the aortic wall on thick ILT
compared to thin ILT (Vorp et al., 2001). Figures 2-17 and 2-18 show how thick ILT
can significantly decrease oxygen in the wall (Vorp et al., 2001; Sun et al., 2009).

Percentage of Oxygen concentration compared to blood lumen
80%

60%

40%1

20%

0% 4

Thick ILT Thin or no ILT

Figure 2-17: Comparison of in vivo Oxygen measurements for AAA wall adjacent to thick ILT versus
AAA wall adjacent to thin or no ILT. Adapted from (Vorp et al., 2001).
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Anterior (a) and posterior (b) views of normalised oxygen concentration distribution at the lumen—

thrombus interface in the abdominal aortic aneurysm model.
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Anterior (a) and posterior (b) views of normalized oxygen concentration distribution at the thrombus—

wall interface in the abdominal aortic aneurysm model.

Figure 2-18: Comparison between oxygen concentrations at two locations; (top) lumen—thrombus
interface, (bottom) thrombus—wall interface (Sun et al., 2009).
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2.9 Summary

From a discussion on AAA pathology and treatment, it was found that the current
method of AAA assessment in clinics which use the diameter of the aneurysm to
determine when to operate is unstable indicator and there is therefore a real need to

find a better method for assessment of AAA at a high risk of rupture.

Because the rupture occurs when the stresses applied on the internal wall exceed the
wall strength and because there is no non-invasive method to measure the wall

strength, the best option for researchers is to study the stresses on the AAA wall.

Several attempts to derive a reliable AAA rupture risk indicator have been based on
the assessment of the arterial wall stress distribution. In a number of studies,
maximum wall stress has been speculated to be a better predictor of rupture than AAA
diameter but maximum stress on the wall is affected by a number of factors. This
work will investigate the relationship among wall stresses, aneurysm shape and
aneurysm aspect ratio. It will also investigate the effect of ILT presence, thickness
and material properties. The porosity of ILT will also be investigated to examine its
effect on wall stresses and to examine its effect on blood flow inside the ILT and

possible role of hemodynamic in AAA pathology.
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Chapter 3
Methodology

The methodology used to perform the simulations and analysis to gain results is
discussed and explained in this chapter. Two main techniques have been used to apply
blood pressure and to simulate blood flows. The two methods are finite element
analysis (FEA) and computational fluid dynamics (CFD).

In this chapter, a brief background of each technique will be presented, as well as an
outline on the methods used to apply the technique followed by a convergence study
for each method to confirm that the results were achieved to a sufficient degree of

accuracy. The initial validation of each method is then undertaken

3.1 Structural solids analysis with finite element analyses

The FE method was developed and has been widely used and improved since the
1950’s. In order to apply the FEA method to investigate the stress distribution in an
aneurysm for example, the AAA geometry is divided into a finite number of
subdivisions called elements, which are connected together at nodes which together
produce the FEA mesh (Figure 3-1). The material properties and the governing
relationships are considered over these elements and are expressed in terms of
unknown values at the nodes. An assembly process duly considering the results of the
loading and constraints is shown in a set of equations. The solution of these equations
gives the approximate behaviour of the complete AAA geometry (Logan, 2006).

Once the individual elemental equations are combined to define the behaviour of the

entire AAA geometry, the overall system of equations takes the following form:
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Figure 3-1: Typical finite element mesh showing elements and nodes.

After applying the boundary conditions (i.e. anatomical constraints, internal blood
pressure), the system of equations is solved and the whole process is normally carried

out in commercial or open source software.

In order to obtain the most accuracy for the AAA results using the FEA method, it is
necessary to provide an accurate representation of the AAA geometry with optimum
FEA element type as well as a definition of the correct material properties that can
model in-vivo properties. In FEA models, the size and number of elements used to
represent the geometry need to be carefully chosen. As the number of elements
increases, the number of equations to be solved in the system increases, which usually
leads to more accurate results, although simultaneously increasing the solution time
and cost. For AAA stress analysis, thin shell elements are the most suitable type of
element, as they are capable of modelling both bending and membrane effects (Fagan,
1992).
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3.1.1 Models

Twelve fusiform axisymmetric three-dimensional aneurysms with constant inlet
diameter, d = 2.0 cm, variable maximum aneurysm diameter, D = 4 - 7.0 cm, total
length of the model TL=30 cm and variable aspect ratio (L/d) were considered as
shown in Figure 3-2. Details of each model and the wall curvatures of each aneurysm
were derived from the equations shown in Table 3-1. The shapes were taken from
Elger et al., (1996). The ANSYSS finite element package (Version 12) was used for all
the FEA studies reported in this thesis. Details of the mathematical equations for

meridional curves of the models can be seen in Table 3-2.

ANSYS shell elements (type: Shell63) are found to be suitable for modelling
problems such as pressure vessels due to their ability to include both membrane and
stretching effects (Fagan, 1992). All aortic walls in this research were considered to
have linear elastic behaviour and thin wall thickness, making these shell elements

suitable due to their reliability (widely used and validated element) and efficiency.

For the thrombus within the AAA, solid elements were used to capture the in depth
stress distribution developed in the bulk parts of the thrombus. In models that have
thrombus; the wall was modelled using the solid-shell element, “Solsh190”. This
element is known to suit thin and moderately thick walled structures and can be used
to model a non-constant wall thickness if necessary while preserving the flexibility

offered by the shell elements.

\_/

TL= 30cm

Figure 3-2: Basic aneurysm geometry where inlet diameter, d = 2.0 cm, maximum aneurysm diameter,
D, and aspect ratio (L/d), total model length TL=30 cm.
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Model D | Aspect | Wall curvature Thrombus Type and number of
Name (cm) | ratio thickness elements
(mm)
SO 5 4 Open-sphere Zero 10,600 Shell elements
SE1 5 4 Exponential Zero 10,877Shell elements
SC1 5 4 Cosine Zero 11,274Shell elements
Exponential
SP1 5 4 Parabola- Zero 12,040 Shell elements
Exponential
SE4 4 34,5 Exponential Zero 9,678 Shell elements
(AB,C)
SC4 4 34,5 Cosine Zero 9,878 Shell elements
(A,B,C) Exponential
SP4 4 34,5 Parabola- Zero 10,892 Shell elements
(A,B,C) Exponential
SE5 5 34,5 Exponential Zero 10,877Shell elements
(A,B,C)
SC5 5 34,5 Cosine Zero 11,274Shell elements
(A,B,C) Exponential
SP5 5 34,5 Parabola- Zero 12,040 Shell elements
(A,B,C) Exponential
SE7 7 34,5 Exponential Zero 12,664Shell elements
(A,B,C)
SC7 7 34,5 Cosine Zero 13,112Shell elements
(AB,C) Exponential
SP7 7 34,5 Parabola- Zero 14,244 Shell elements
(A,B,C) Exponential
SENLT 5 4 Exponential Zero 10,017 Solid-shell
elements
SLT2.5 5 4 Exponential 2.5mm 26,490 Solid-shell and
Solid elements
SLT5 5 4 Exponential 5mm 32,190 Solid-shell and
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Solid elements

SLT7 5 4 Exponential 7mm 35,324 Solid-shell and
Solid elements

SLT15 5 4 Exponential 15 mm 69,373 Solid-shell and
Solid elements

SLTV 5 4 Exponential 3-5mm 39,081 Solid-shell and
Variable Solid elements

Table 3-1: Details of all 37 models used for the FEA calculations in this thesis

Model

Wall curvature equation

Open-sphere

y(x) = JD? =x* :if[x| < [D? —d? otherwise y(x)=d

Exponential y(x) = (D — d) e lwxaic2 4 ¢
C1:0.667, C2:4
i X D—d
Cosine y(x) =e @ [alez [g (cos <ﬂ> + 1.0)] + d
Exponential 2 c3d
C1=0.025, C,=5.44, C3=5
- x x2
Exponential d

C;=1.38x10-10, C,=17.3, C3=0.94

Table 3-2: Mathematical equations for meridional curves of the models. Taken from Elger et al. (1996)

3.1.1.1 Creation of models

The models were created using two approaches: manual mesh generation and using
the solid modelling capabilities of ANSYS.

For AAA idealized models (homogeneous fusiform), modelling using a two-

dimensional axisymmetric model could be sufficient to gain the desired FEA results;

however, in this study the complete model was used for ease of visualization and low

modelling cost due to the non-complex nature of the geometry. Furthermore, these

models will be used later for blood flow and the assumptions of axisymmetric
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modelling of blood flow in idealised geometries could not be validated (Jamison et
al., 2009).

Approach one (manual mesh generation)
Four nodes were created and one element of the four nodes was then created using the

following steps:

1. Create two-dimensional curves of nodes (points) as shown in Figure 3-3.

Figure 3-3: XY view of the points showing the curvature of the aneurysm

2. Rotate and copy the original line of nodes about the z-axis by 10 degrees, as

shown in Figure 3-4.

Figure 3-4: Three-dimensional top view of the two lines of points

3. Create one element from each of the 4 nodes, as shown in Figure 3-5.

Figure 3-5: Three dimensional top view of one element along the curve

4. Rotate and copy the node and element patterns 36 times to create the full 360

degree geometry, as shown in Figure 3-6.
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Figure 3-6: Three-dimensional top view of model showing 36 elements of each X position of

the aneurysm.

Approach two (solid modelling capabilities)

In this approach, the aneurysm geometry was created using the ANSYS CAD package
(ANSYS Design Modeller) and then divided (meshed) into the elements using the
following steps:

1. Create the XY curve using points details, as shown in Figure 3-7.

Figure 3-7: XY view showing the curvature of the aneurysm.

2. Rotate the line about the x-axis to create the model surface, as shown in Figure
3-8.

Figure 3-8: Surface model result from revolving the line.
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3. Divide the surface into elements, as shown in Figure 3-9.
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Figure 3-9: Model is divided into elements (meshed) and elements are given a thickness.

3.1.1.2 Thrombus creation

The second approach was used to create a thrombus inside the aneurysm. The model
was then filled with the thrombus and, depending on the thrombus thickness needed
blood lumen was then created inside and subtracted from the CAD. Figure 3-10 shows
a longitudinal (X axis) section of the model. Bonded contact was used to connect the
wall geometry with the thrombus and the details of this type of contact are shown in
Table 3-3.

Characteristic name | Value used
Type Bonded
Behaviour symmetric
Algorithm pure penalty

Table 3-3: Wall to thrombus contact characteristics.
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Figure 3-10: Thrombus was created by filling the hollow between the wall and lumen with solid

material.

3.1.2 Boundary conditions

An AAA wall thickness of 1 to 1.5 mm has been used in many previous studies (\Vorp
et al., 1998; Scotti et al., 2005; Raghavan et al., 2006; Leung et al., 2006) while a
thickness of 2.0 mm has been used in other studies (Sacks et al., 1999;
Venkatasubramaniam et al., 2004). In this project, walls were assumed to have a
uniform thickness of between 1.0 — 2.0 mm for all models (to allow comparison with
previous work). The wall materials were modelled as linearly elastic isotropic
(Poisson’s ratio, ) = 0.45, Young's Modulus = 2.7 MPa). These material properties
have been used in many previous works (Di Martino et al., 2001; Scotti et al., 2005).
A homogeneous pressure between 120 to 145 mmHg (Outten et al., 2003; Kelly and
O’Rourke, 2009) was applied to the internal surface of the models as shown in Figure
3-11. This value represents the peak systolic pressure of a ‘normal’ patient and a
homogeneous pressure of between 120 and 145 allow comparison with previous

work.
The thrombus inside the aneurysm was modelled as an incompressible, isotropic,

homogeneous, linear elastic material with a Young’s modulus E = 0.11 MPa and a
Poisson’s ratio p = 0.45. These values of E and 1 represent population mean values
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obtained from uniaxial loading tests performed on ILT specimens harvested during
AAA surgery by Di Martino et al. (1998).

wall thickness 1.0—2.0 mm

\

LF’ressureAppl]ed 120 — 145 mmHg J/

Figure 3-11: Basic aneurysm geometry showing the boundary conditions applied in this project.

Constraints

‘1 Constraints

Three directional (XYZ), fixed points were applied at the ends of the models to
represent the anatomical constraints, fixing the AAA in the abdominal region. The
stress value is represented as VVon Mises stress, which is a method used to combine
the stresses in three-dimensions to calculate the failure criteria. Von Mises stress is
widely used in the assessment of AAA stresses for most FEA studies to calculate the
failure of the AAA wall. Hoop and longitudinal stresses were also used to study the
aneurysm shape effects and to validate the results of this work by comparing them
with previously published results. Hoop stresses were used to investigate in more

depth the causes of the aspect ratio effect discussed in Chapter 4.

3.1.3 Convergence studies

In FEA modelling, a higher number of elements (and therefore a finer mesh) usually
results in a more accurate solution. However, the computation time increases as the
mesh becomes finer. Researchers and engineers tend to use a reasonable number of
elements which balance the accuracy of results and time needed to complete analysis.
For this purpose, a convergence study of sufficient number of elements was
undertaken for each model to confirm the stability of the results, particularly in

maximum stress and maximum displacement.

Model SE1 was used to demonstrate the convergence study in this section with the
number of elements varying from 1,176 to 28,560 as seen in Figure 3-12.

43



R
T~
I N
™
i—. D
| \
]
o
[ 5 [ ¥ S
[ = D EIEEEL
, A
H\'r"“-k
il -
1L
T
T
N -
| S e s B G
g = T - : .
ll sl lEEISEIEEEREEIE IR
-~ R OEE NERENEEEE
R ‘-‘:.-‘:.:
1 1T "n.,“
I O D
T L
| i -
T H.
, N a2
.ij, 3% :
1 T
| Cedpt et
15 Be
1] i1l U
LT
O T
l JLHLH
i |
1111 | 1
1

Figure 3-12: Element density increases from 1,176 to 28,560 elements (only top half of model shown

to allow zooming).
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3.1.3.1 Maximum stress
Table 3-4 and the Figure 3-13 show the relationship between the number of elements

and the maximum stress value and location for the model.

Number of Maximum Maximum stress location
elements stress Value
(MPa)
1,176 0.2900 Proximal and distal ends of
aneurysm

3,120 0.2849 Proximal and distal ends of
aneurysm

7,021 0.2829 Proximal and distal ends of
aneurysm

10,877 0.2825 Proximal and distal ends of
aneurysm

28,560 0.2824 Proximal and distal ends of
aneurysm

Table 3-4: Relationship between the number of elements and the maximum stress value and location in

the model.

Maximum Stress (MPa)
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Figure 3-13: Graph showing the relationship between the number of elements and the maximum stress.

Convergence was obtained at 10,877 elements.
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3.1.3.2 Displacement
Table 3-5 and Figure 3-14 show the relationship between the number of elements and

the maximum displacement (deformation) value and location for model SE1.

Number of elements | Maximum displacement | Maximum displacement
(mm) location
1,176 1.999 Middle
3,120 1.991 Middle
7,021 1.990 Middle
10,877 1.989 Middle
28,560 1.988 Middle

Table 3-5: Relationship between the number of elements and the maximum displacement value and

location for the model.
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Figure 3-14: Graph showing the relationship between the number of elements and the maximum

displacement in the model.

From the results shown above, it can be seen that for maximum stress and maximum
deformation, the results of the model differ by less than 1% from the mesh of 10,877
elements and 28,560 elements but has the advantage of a large difference in the time
of calculation. Thus, it was considered that results obtained from the model of 10,877
elements are sufficient for calculations in this study. In this study, similar
convergence studies have been conducted to ensure all the results obtained are

sufficient number of elements (converged).
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3.1.4 Validation Study

Previous studies have shown validation of FEA results in terms of quantitative wall
stress correlations using idealized geometries by comparing the FEA to experimental
results (Morris et al., 2004; Callanan et al., 2005). Other studies were validated
qualitatively by correlating rupture locations or maximum stress locations and regions
of higher deformation (Doyle et al., 2010).

In the scope of this project, it was not possible to undertake a detailed experimental
validation of the results. Therefore, validations for the results of the FEA simulations
undertaken in this project, were compared to theoretical calculations of hoop and
longitudinal stresses as well as the maximum stress gradient of Elger et al. (1996),
who provided one of the pioneering analytical studies to understand the effect of
aneurysm shapes on AAA. Validation was achieved on both amplitude of stress-

quantitative and stress gradient location-qualitative results.

Three models (SO, SE1 and SC1) as shown in Table 3-1 were used with the same
boundary conditions as those given in Section 3.1.2. The results were then compared
to Elger et al. (1996).

3.1.4.1 Quantitative analysis
Tables 3-6 and 3-7 illustrate the maximum hoop and longitudinal stresses respectively
in both the FEA and Elger et al.’s (1996) calculations; the values of stresses were

calculated in terms of stress on the normal aorta before the aneurysm begins to form.

Model Maximum hoop | Maximum hoop
stress ratio stress ratio
(Elgen)* (FEA)*

Model SO 2.5 2.6

Model S2 2.7 2.8

Model S3 1.8 1.9

*Stresses values were normalized by stress on normal aorta

models.
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Model Maximum Maximum
longitudinal longitudinal stress
stress (Elger)* (FEA)*

Model SO 1.0 1.05

Model S2 1.2 1.3

Model S3 0.97 1.01

*Stresses values were normalized by stress on normal aorta

Table 3-7: Maximum longitudinal stresses of the FEA and Elger et al.’s (1996) calculations for the
three models.

Results from the hoop and longitudinal stresses of FEA simulation have a maximum
error of less than 5% compared to Elger et al.’s (1996) calculations which are

acceptable in the scope of this project.

3.1.4.2 Qualitative analysis

The stress profile along the AAA wall in the three models was compared using the
two methods; stress variations on each model are shown in Figure 3-15 for hoop
stresses and in Figure 3-16 for longitudinal stresses. The location of maximum stress
is the same in all models. In addition, the profiles of the FEA calculations have
similar maximum and minimum locations for each aneurysm. It should be mentioned
that hoop and longitudinal stresses for Elger et al.’s (1996) shapes were only
investigated for the aneurysm and not for the normal aorta; consequently, a sharp
increment from 1 to 2.5 was noticed on the first model shown in Figure 3-15.
Comparisons of the FEA and Elger et al.’s (1996) shapes will be discussed in more
detail in a discussion on the effect of shape on AAA in Chapter 4.

Overall, the qualitative and quantitative comparisons between Elger et al.’s (1996)
calculations and the FEA results generated in this study suggest that FEA is capable
of predicting the magnitude and location of high risks of rupture for AAA. The FEA
model has the advantage of dealing with more realistic and complex geometries in a

remarkably efficient manner.
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Figure 3-15: Hoop stress variation in the three models compared to the results of Elger et al. (1996).
Values of stresses were normalised based on the stress value of normal aorta before the aneurysm
begins to form.
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Figure 3-16: Longitudinal stress variation in the four models compared to the results of Elger et al.
(1996).

3.2 Computational fluid dynamics
Computational Fluid Dynamics (CFD) is a method of analysis of the systems
involving fluid flow and heat transfer by means of computer based simulations. This

technique is very powerful and has been in wide use in research and industrial
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applications (Versteeg and Malasekera, 1995). CFD methods are concerned with the
solution of equations of motion of the fluid as well as with the interaction of the fluid
with solid bodies (Blazek, 2001). Advancement in the computer industry has
generated significant interest in CFD and this has consequently rendered a dramatic
improvement in the efficiency of the computational techniques. Consequently, CFD is
now the preferred means of testing alternative designs in many branches of

engineering and a powerful tool for researchers (Fletcher, 1990).

The strategy of CFD is to replace the continuous problem domain with a discrete
domain using a grid. In the continuous domain, each variable of the flow is defined at
every single point in the domain. For example, the pressure p in the continuous one-

dimensional domain shown in Figure 5-16 would be given as:
p=p(x),0<x<1 (Eg. 3-1)
In the discrete domain, each flow variable is defined only at the grid points.

Therefore, in the discrete domain shown below, the pressure would be defined only at

the N grid points:

pi=p(xi),i=12...,N (Eq. 3-2)
Continuous Domain Discrete Domain
D<x<1 X = Xy Xy oensXy
: — —_—
=0 x=1 )&1 }(i R'H.R__ KN
Grid point

Figure 3-17: Continuous and discrete domains showing possible values of (x) (Bhaskaran, 2002).

In a CFD solution, one would directly solve the relevant flow variables only at the
grid points. The values at other locations are determined by interpolating the values at
the grid points (Bhaskaran, 2002).
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3.2.1 Model creation

Eight fusiform axisymmetric three-dimensional aneurysms with constant inlet
diameter, d = 2.0 cm, variable maximum aneurysm diameter, D = 3.76 - 7.0 cm, and
constant aspect ratio of 4 were considered. Curvatures of the wall of all aneurysms
were derived from the equations shown in Table 3-2. Details of each model are shown
in Table 3-8.

Models for CFD were created using the second approach as discussed in section
3.1.1.2 with the additional step of filling the internal lumen of the aorta and aneurysm
with solid material in the CAD model which is then meshed to finite volume cells as
seen in Figure 3-18. The length of a normal tube (15 cm) before and after the
aneurysm is modelled to allow the flow to develop to more parabolic shapes before

entering the aneurysm,

Inflation layers, which are widely used in CFD, were added near the wall region to
increase the number of cells and hence the accuracy in these areas as shown in Figure
3-19.

Model D Wall curvature Thrombus Number of Elements
thickness

FO 3.76 | Cosine Exponential | Zero 56782

F1 4 Parabolic Zero 63003

F2 4 Exponential Zero 68513

F3 5 Cosine Exponential | Zero 75894

F4 5 Exponential Zero 83406

F5 7 Cosine Exponential | Zero 129878

F6 7 Exponential Zero 146035

F7 5 Exponential 5mm 150246

Table 3-8: Details of all eight models used for the CFD calculations in this research.
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Figure 3-18: CAD model for flow analysis showing the inside of the tube filled with solid material.

Figure 3-19: Mesh view of internal flow and the outside wall showing the inflation layers near the wall.

3.2.2 Boundary conditions

The ANSYS CFX (Version 12) computational fluid dynamics solution was used for
all the fluid computational studies reported in this thesis. The governing equations for
blood flow are the Navier-Stokes formulations with the assumptions of an
incompressible, homogeneous laminar flow.
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Because the aorta has a diameter greater than 0.5 mm, an assumption of Newtonian
flow is reasonable due to the fact that blood viscosity is relatively constant at the high
rates of shear typically found in the healthy aorta (Scotti and Finol, 2007). Steady
flow with constant velocity at the inlet and blood pressure of 120 to 145 mmHg at the
outlet (see Figure 3-20) was used with blood density, 1121 kg/m3 and blood dynamic
viscosity, 0.0035 Poiseuille (Pa.s) (Yu, 2000):

Pressure Qutlet

g g SN NN -

Figure 3-20: Model with inlet of steady state flow and outlet of constant pressure. (Note the actual

lengths of the inlets and outlets were longer than that shown in the figure but in this figure only region

of interest is shown)

3.2.3 Convergence studies
A convergence study has been undertaken, similarly to the study described earlier in
section 3.1.3; the parameters to be tested here were pressure and velocity. The models

show convergence when the number of elements exceeds 50,000.

Convergence history

Prediction of CFD solutions significantly depends on the numerical convergence of
the coupled partial differential equations (Navier-Stokes equations) on a mesh
structure. A measure of how well the solution is converged can be obtained by
plotting the residuals for each equation at the end of each numerical iteration, for
steady state simulations or at time-step for transient simulations. A reasonably
converged solution requires a maximum residual level no higher than 5.0e™® (ANSYS
CFX help documents).

The root mean square (RMS) residual is obtained by squaring all the residuals
throughout the simulation domain, taking the mean, and then taking the square root of
the mean. This should present an idea of a typical magnitude of the residuals.
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Convergence of the numerical solution requires a trade-off between simulation time

and minimum level of RMS value which predicts the solutions with desired accuracy.

Considering the laminar nature of the flow, the RMS value was set to a standard of le’
% for all the flow variables. Figure 3-21 below shows the convergence history of the
numerical solution, which indicates that all the flow variables reached an RMS value
of 1™ and at this point the numerical iterations were stopped. The figure indicates
the convergence history of the variables in the momentum equations (Navier-Stokes
equation) and the Pressure (P-Mass) and velocities in the x-, y-, and z-directions (U-
Mon, V-Mon and W-Mon).

Run conv 002

Momentum and Mass
1.0e+000 —

1.0e-001 —

1.0e-002 —

1.0e-003 —

Variable Value

1.0e-004 —

1.0e-005 —

1.0e-008 —

L s e e e e e e e e B e B e e e e B L B B S S S e

0 5 10 15 20 25 30 35
Accumulated Time Step

= RMS P-Mass RMS U-Mom = RMS V-Mom RMS W-Mom

Figure 3-21: RMS values for the CFD numerical simulations

3.2.4 Validation studies

Previous studies have provided validation of CFD results using quantitative method
by comparing the experimental and numerical results of axial velocity profiles and
qualitative method by comparing velocity vector plots from the CFD simulation with

experimental flow visualization results (Kelly and O’Rourke, 2009). Again, it was not
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possible in the scope of this project to undertake a detailed experimental validation of
the results. Therefore, validations for results of CFD simulations undertaken in this
project were compared to the experimental results of steady flow performed by Peattie
et al. (1996). Validation was achieved for both the velocity amplitude (quantitative)

and flow behaviour (qualitative) results.

Model FO from Table 3-8 was used with the same boundary conditions as above with
an inlet speed of 10 cm/s to match the Peattie et al.’s (1996) study. Results were then
compared to Peattie et al., (1996). The dimensions of the model were sourced from
Peattie et al. (1996) and the shape was derived by digitizing the AAA model shown in
their study.

Quantitative analysis

A quantitative comparison was made between the experimental and numerical results
by comparing the velocity at 9 points at the middle of the aneurysm where X=0 and at
the two ends of the aneurysm where X = 4 and -4 respectively. At each axial position,
3 points with different radial positions were chosen and are shown in Figure 3-22.

Table 3-9 and Figures 3-23, 3-24 and 3-25 present the velocity (in cm/s) for the nine

points in the CFD model compared to the same positions of the experimental model.

X position X=-4 X=0 X=4

Y Position A B C A B C A B C

Exp 5 |106| 5 -1 10 -1 4 106 | 35

CFD 49 103 | 48 | -095| 96 |-095| 4.2 103 | 3.6

Table 3-9: Velocity in X-direction (cm/s) for the nine points in the CFD model compared to the same

positions in the experimental model.
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Figure 3-22: Axial and radial positions where measurements were taken.
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Figure 3-23: Velocity in X-direction (cm/s) for the three points at (X= -4) in the CFD model compared

to the same positions in the experimental model.

57




12

10
8
6 H Exp
4 ECFD
2
0 -

-2

Figure 3-24: Velocity in X-direction (cm/s) for the three points at (X=0) in CFD model compared to

the same positions in the experimental model.
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Figure 3-25: Velocity in X-direction (cm/s) for the three points at (X=4) in CFD model compared to

the same positions in the experimental model.

From the above, it could be concluded that CFD was able to predict the magnitude
and the direction of velocity in all positions. The average error for all points is less

than 5%, which is acceptable for the scope of this study.

Qualitative analysis
A qualitative comparison was undertaken between the experimental and numerical

results by comparing flow behaviour and streamlines.

Peattie et al. (1996) reported a core of smoothly flowing fluid passed through the
centre of the aneurysm surrounded by vortices in the external part of the aneurysm.
These were also found in the CFD model shown in Figure 3-26. Parabolic flow also
noticed at the inlet of the models before the aneurysm began in both CFD and

experimental models.
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Figure 3-26: Velocity streamlines for the CFD flow within the model.

Overall, the qualitative and quantitative comparisons between the Peattie et al. (1996)
calculations and the CFD predictions suggest that CFD is capable of predicting the
magnitude and direction of the velocity within this idealized aneurysm geometry.

3.3 Summary

This chapter presented the theoretical background and the methodology undertaken in
this research, along with extensive details about the geometry, material properties and
the boundary condition used to allow other researchers to redo the work. The
dimensions and the wall curvature were given for each model plus the element type

used and number of elements.
A convergence study was presented for each technique to prove that the analyses were

performed at the sufficient number of elements. A validation for each technique was

undertaken to ensure that the simulations can predict the desired results.

59



Chapter 4

Effects of aneurysm shape and dimensions

4.1 Introduction

As discussed earlier in this thesis, aneurysm wall stress is generally considered to be a
better way to differentiate patients with a high risk of abdominal aortic aneurysms
than using the aneurysm diameter. The earlier AAA numerical studies used either
patient specific AAA shapes or simple symmetric or asymmetric AAA shapes.
Stringfellow et al. (1987) and Mower et al. (1993) used finite element analysis to
calculate the stress distribution in simplified AAA model geometries and they found
that the complexity of the geometry influences the stress distribution and that
applying the law of Laplace (stress is proportional to diameter, see Eq 2.1) to AAA is
not accurate. This finding is in agreement with Elger et al.’s (1996) hypothesis that
the risk of rupture depends on AAA shape. Elger et al. (1996) used an analytical
models and found that the wall stress distribution is mainly influenced by the shape of

AAA with maximum stress correlated to wall curvature.

Hua and Mower (2001) examined some simple geometric characteristics to assess the
risk of rupture on AAA using six FEA models with different shapes and they reported
that simple geometric criteria is unreliable in predicting AAA stresses. However they
found that AAAs having circular cross sections exhibited lowest wall stresses,
whereas stresses increased as the cross sections became more elliptical. It seems that
they have neglected the effect of the aneurysm shape by examining single parameter

but not using the same shape which will not be surprising results.

Thus, geometric characteristics play a vital role in the variation of wall stress values
and location. In the first part of this current study, fusiform axisymmetric three-
dimensional (3D) AAA shapes were created. Simple and non-complex shapes rather
than realistic shapes were used in order to concentrate on only one factor at a time to

determine the effect of the shape in isolation of other factors effects.
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In this chapter, the effect of AAA shapes will be investigated by using different
shapes with the same dimensions to determine how this can affect the magnitude or
distribution of the stresses on the AAA wall. A study of the aspect ratio for AAA will
then be undertaken to conclude its effect on stress magnitude or distribution and to

suggest how this can be useful in the assessment of the AAA.

The purpose of all investigations in this chapter was to study the relationship between
wall stress values and specific geometric parameters; this may lead to further
understanding of the effect of each value and parameter and improve the assessment
of AAA with high risk of rupture.

The stress value is represented as hoop and longitudinal stresses were also used to
study the aneurysm shape effects and to validate the results of this work by comparing
them with previously published results. Hoop stresses were used to investigate in

more depth the causes of the aspect ratio effect discussed in Chapter 4.

4.2 The effect of aneurysm shape

In clinics, AAA is found in a variety of shapes (Elger et al., 1996) which could itself
be an assessment factor of the disease and lead to different assessments of severity.
To understand the basic effects of aneurysm shapes on wall stress, four different
shapes of the same diameter aneurysm were chosen to investigate the effect of shape.

4.2.1 Method

All the available shapes in this work (open sphere, exponential, cosine-exponential
and parabola-exponential) shown in Figure 4-1 were investigated to provide an
understanding of the behaviour of a variety of shapes. Methodology and all boundary
conditions were the same as described earlier in 3.1.2 with a wall thickness of 1 mm
and an internal pressure of 144 mmHg. Further details about the numerical models

were given in Chapter 3.
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Model SO

Model SE1

Model SC1

Model SP1

Figure 4-1 Element plots of the four models clearly showing differences in wall curvature.

4.2.2 Results

The stress values are represented as hoop and longitudinal stresses to examine the
effect of shape on each one independently. Figure 4-2 illustrates the hoop stress
distribution in the walls of the models obtained from static simulations of the peak
systolic pressure. It can be seen that the hoop stress distribution around the aneurysm
differs from one model to another and the maximum stress occurs at the two ends of
the aneurysm in models SO, SE1 and SC1 while for model SP1, the peak stress was

found in the middle of the aneurysm.
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The maximum hoop stress values are 0.46 MPa, 0.50 MPa, 0.47 MPa and 0.36 MPa
for models SO, SE1, SC1 and SP1 respectively as shown in Figure 4-2.

The maximum longitudinal stress values are 0.18 MPa, 0.21 MPa, 0.20 MPa and 0.16
MPa for models SO, SE1, SC1 and SP1 respectively.

Model SO 18 21 24 27 30 33 36 39 42 46 X 102MPa

Model SE1 18 20 23 26 29 32 36 41 46 50 X 102 MPa

Model SC1 18 21 24 27 30 33 36 39 43 47 X 102 MPa

Model SP1 18 20 22 24 26 28 30 32 33 36 X 102 MPa

Figure 4-2: Hoop stress distribution of the four models.
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4.2.3 Discussion

Based on the four aneurysms studied here as shown in Figure 4-2, it appears that
maximum hoop stresses occurs either in the middle or in positions where the
geometry tends to have the maximum variation in the curvature, namely where the
curve changes rapidly at the beginning and the end of the aneurysm. The hoop stress
at the point of maximum diameter is high, but not the highest in all models. The
variation in stress distribution according to shape is a clear indicator of the shape
effect on the AAA stress distribution.

In Figure 4-3, model SO shows an abrupt change in its profile at the beginning and
end of the bulge, which results in a sharp change of the stress curve when compared
to other models in which the changes were slow. In vivo, of course, this would not

occur and it was only reported here to investigate the effect of wearied shapes.

Model SE1 in Figure 4-3 shows that the maximum stress occurs at the ends of the
aneurysm with a value of 0.50 MPa, and then tends to decrease until it reaches the
middle of the aneurysm where it starts to increase again. Similarly, Model SC1 shows
that the maximum stress occurs also at the ends of the aneurysm with 0.47 MPa and
then tends to decrease until it reaches the middle of the aneurysm where it starts to
increase again. In model SP1, the maximum stresses of 0.36 MPa occur in the middle
of the aneurysm but the stresses at the two ends of the aneurysm are relatively high at
0.31 MPa. These results are similar to Elger et al.’s (1996) findings who reported that

the shape of the AAA curvature affects the distribution of the stress on the wall.

Longitudinal stress results show small variation for the four models. It seems that the
shape of the aneurysm has a small effect on these stresses. It is noticed that these
stresses vary between 0.16 to 0.21 MPa, which is less than half the variation of the
hoop stresses. This also agrees with Elger et al.’s study where maximum hoop stress

exceeds the maximum longitudinal stress by a factor of 2 to 3.

It is known that aneurysm rupture occurs when the stress on the wall exceeds its
strength and this is likely to occur where the maximum stresses occurs. The work in
this section clearly indicates that the diameter is not the best predictor of the location
of peak stress and that instead, the shape affects the stresses produced in the
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aneurysm. Figure 4-4 shows the relationship between aneurysm shape and maximum
wall stress value for the same diameter and it clearly shows variation, confirming that

the shape of the aneurysm affects the wall stresses.

Hoop Stress (MPa)

50 A

= SE1 (Exponential)
== §C1 (Cosine- Exponential)
== SO (Open-Sphere)
w— SP1 (Parabola-Exponential)

40 4

30

20 +

Figure 4-3: Hoop stress profile in X-direction for the four models.

Of the four models examined here, the law of Laplace failed to predict the location of
maximum stress in three models (SO, SE1 and SC1). These findings agree with those
of Elger et al. (1996) who also concluded that the law of Laplace provided neither
qualitative nor quantitative understanding of the stresses on the inner wall of AAA,
and that maximum stress does not depend on the maximum diameter, but on AAA

shape and curvature.

Maximum Hoop Stress (102 MPa)
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Figure 4-4: Relationship between aneurysm shape and maximum hoop stress of the same diameter (5

cm).
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4.3 Blood flow in different aneurysm shapes of AAA

Blood hemodynamics is thought to have a vital role in the mechanical rupture of AAA
and therefore needs to be understood. In this section, blood flow inside the aneurysm
and the effects of this on the outside wall stresses will be studied.

Most previous simulations have considered simple static stress analysis using finite
element analysis (FEA) that does not include the effect of the blood flow and
therefore does not give information about what happens inside the aneurysm and how
that may affect the risk of rupture of AAA. In applying FEA techniques to analyze the
stresses on the internal arterial wall, uniform blood pressure over the whole aneurysm
is normally considered and the blood flow effect of varying the distribution of blood
pressure are neglected.

In this section, blood flow is added to the models to understand the effect of aneurysm
shape and size on blood flow characteristics and to assess the significance of
assuming a constant fluid pressure inside the aneurysm compared to the non-uniform
pressure resulting from a fluid analysis. The inclusion of blood flow requires the use

of computational fluid dynamics (CFD).

Another important reason for performing this analysis is to investigate the
controversial recommendations of adding blood flow to the models, which increases
the cost and the time of the analysis, compared to using uniform pressure and

avoiding the complexity of blood flow analysis.

4.3.1 Method

Six models from Table 3-8 (F1, F2, F3, F4, F5 and F6) with different shapes and
diameters were used, but the same boundary conditions were applied to study the
blood flow inside the aneurysm. An average steady velocity of 25 cm/s was defined at
the inlet, with a pressure of 120 mmHg defined at the outlet. Further details about the

numerical models were given in Chapter 3.
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4.3.2 Results

Flow streamlines and velocity vectors

Figures 4-5 and 4-6 present the streamlines and velocity vectors. They show that the
flow consists of two main parts: high velocity flow in the middle and slow
recirculation flow in the aneurysm. In all models there are vortices at the distal end of
the aneurysm which, depending on the shape and size of the aneurysm, can be small,
sharp, or large. In models of 7 cm diameter, vortices can also be noticed at the
proximal end of the aneurysm. It could also be noticed that velocity of the blood

increases when flow exits the aneurysm.

Wall pressure distribution
Figure 4-7 presents the pressure gradient in the six models with a very small pressure
gradient in all models (less than 1 mm Hg) and higher pressures at the distal end of

the aneurysm are noticed.
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Figure 4-5: Results show that the vortices increase as the aneurysm diameter increases.
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Figure 4-6: Velocity vectors for the six models.
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Figure 4-7: Wall pressure distribution for the six models, showing higher wall pressures at the distal

ends of all aneurysms.

4.3.3 Discussion

This study shows that flow in an aneurysm consists of two main parts: a high velocity
flow in the middle of the geometry with slow recirculation flow on the outside. The
high velocity region is similar in all models, but the recirculatory part varies with

aneurysm shape and size.

The flow recirculation is a consequence of the adverse pressure gradient imposed by
the increase in the cross-sectional area at the aneurysm, and as a result, the larger
aneurysms create more vortices than when the diameter is smaller, as can be seen in
models F5 and F6 (D= 7 cm). The exponential-shaped aneurysm has sharper vortices
due to the sudden change in the diameter compared to the parabolic shapes.
Secondary vortices can be noticed also at the proximal end of the large aneurysms and

they are stronger in the exponential shape.
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Figure 4-8 shows quantitative and qualitative details of the velocity in close-up
images of the velocity vectors and velocity map of model F3. The velocity map shows
that the flow starts at a constant speed and then changes to a parabolic distribution,
with the lowest speed near the wall increasing as the flow moves to the middle, as the
aneurysm body starts. It is noticeable that in the middle of the aneurysm, a higher
velocity occurs compared to the slow zones in the external body of the aneurysm. It is
also noticed that there are some vortices occurring at the distal end of the aneurysm

and the flow reverses direction.

The above findings agree with Yu (2000), who reported that a large core existed
across the tube before the aneurysm, with very thin boundary layers, formed at the
walls with a thickness of about 5% of the diameter as shown in Figure 6-5, which was
also noticed in this simulation with a thin boundary layer also with a thickness of 5%
of the diameter and could be clearly seen in the velocity map, just before the proximal

end when the flow is fully developed, as shown in Figure 4-8.

In this simulation and in the experimental work of Yu (2000), the general flow feature
within the aneurysm mainly consisted of a jet of fluid surrounded by weak
recirculation vortices on both sides. The flow recirculation was a consequence of the
adverse pressure gradient imposed by the increase in cross-sectional area at the
aneurysm. The core flow was steady and did not spread noticeably outward as it
moved toward the end of the aneurysm. Yu (2000) also reported that the vortex core
was located closer to the distal end of the aneurysm and this can also be noticed in the
results of this simulation as can be seen in Figure 4-5.

The pressure on the wall shows only a small variation in all models (less than 1 mm
Hg) with higher pressures at the distal end of the aneurysm. This was explained by
Taylor and Yamaguchi (1994), who have shown that the vortices at the distal end of

the AAA models caused regions of high pressure.

A number of experimental and numerical studies have investigated the flow inside
AAA to understand the role of blood flow in the risk of rupture of the wall (Budwig et
al., 1993; Peattie et al., 1996; Yu, 2000; Finol and Amon, 2001) who all found similar
characteristics of blood flow inside the aneurysm. The small variation of blood

71



pressure inside the aneurysm was also found by Leung et al. (2006) and Kelly et al.
(2009), who reported less than 0.1% in the variation of blood pressure along the

aneurysm in AAA.

0.000e+000

[em s~-1]

Figure 4-8: Velocity map and zoomed image of velocity vectors showing the quantitative and

qualitative details of the velocity for model F3 with diameter 5 cm.

From the above findings, it could be concluded that vortices might play an important
role in the formation of ILT and in the pathology of the AAA, which by itself is a
factor of the aneurysm shape, meaning that aneurysm shape is a crucial factor in
assessing the risk of AAA rupture. It could also be concluded that the variation of the
blood pressure caused by blood flow was very small and hence could be neglected if

wall stresses are required.
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4.4 Effect of the aspect ratio on the stresses on the AAA wall.

Aspect ratio of AAA could refer to the relationship between any two dimensions in
the aneurysm, the aspect ratio is defined here as the length of the aneurysm (or bulge)
divided by the diameter of the healthy aorta (before the aneurysm starts), and is
obtained from basic aneurysm geometry dimensions in Figure 4-9; the aspect ratio is
(L/d).

v

Figure 4-9: Basic aneurysm geometry dimensions.

Relationship between basic dimensions of the aneurysm is likely to have an effect on
the wall stresses. There does not appear to be any systematic study in the literature of
the effect of aspect ratio on AAA but another form of aspect ratio (relationship
between maximum diameter, D and neck diameter, d) is widely used as a reliable
indicator for the risk of rupture in cerebral aneurysms® (Weir et al.,2003; Ujiie et al.,
1999; Ujiie et al., 2001).

In most geometry based studies of AAA, aspect ratio is given an ideal value of 4. This
section shows the effect that aspect ratio has on the value, and the location of the wall

stresses.

4.4.1 Method

Three models with different maximum diameters and aspect ratios of 3, 4 and 5 were
considered to give a total of nine models SE4 (A, B and C), SE5 (A, B and C) and
SE7 (A, B and C) from Table 3-1 in Chapter 3. The aneurysm diameter D was also
varied between 4, 5, and 7cm to give a better understanding of the aspect ratio effect

by examining different aneurysm diameter values. Diameter values were chosen
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based on the critical value of 5 cm of the aneurysm; (small = 4 cm; critical = 5 cm;
high risk =7 cm).

Details of the numerical models, methodology and all boundary conditions were
described earlier in section 3.1.2 with a wall thickness of 1 mm and internal pressure
of 120 mmHg.

4.4.2 Results
The stress values are represented as hoop stresses because it was found to be

dramatically affected by the aspect ratio as will be explained at the end of this chapter.

Figure 4-10 shows the hoop stress distribution in model SE4 with diameter = 4 cm but
different aspect ratios. It can be noticed that maximum stress value increases as the
aspect ratio increases, with peak stress increasing from 29x10” MPa (with aspect
ratio = 3) to 37x10> MPa and 38x102 MPa for aspect ratios 4 and 5 respectively. It
can also be seen that maximum stress was located at the two ends of the aneurysm at
aspect ratio = 3 but the maximum was shifted to the middle of the aneurysm when the
aspect ratio was increased to 4. The location of maximum stress at aspect ratio 5 is

also in the middle with a small increase of the value.

Figure 4-11 illustrates the hoop stresses in model SE5 with a diameter of 5 cm,
showing that maximum hoop stress increased from 0.35 MPa to 0.44 MPa when the
aspect ratio increased from 3 to 4, then to 0.48 when the aspect ratio increased to 5.
The location of maximum stress is shifted from the aneurysm ends, to the middle, by
increasing the aspect ratio from 3 to 4. When the aspect ratio was increased to 5,

maximum stress increased and the location was still in the middle.

Model SE7 in Figure 4-12 with a diameter 7 cm has a maximum hoop stress of 0.47
MPa with an aspect ratio of 3 increasing to 0.50 MPa, with an aspect ratio of 4 then
increasing to 0.60 when the aspect ratio increased to 5. The maximum stress was
located at the ends of the aneurysm at an aspect ratio of 3, then moved to two
locations, in the middle and at the ends of the aneurysm at an aspect ratio of 4;

maximum stress was then concentrated in the middle at aspect ratio 5.
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18 19 20 22 23 24 25 27 28 29 X 10°MPa
Aspect Ratio = 3

18 20 22 24 26 29 31 33 35 37 X10°MPa
Aspect Ratio = 4

18 20 22 24 26 28 30 32 36 38 X10°MPa
Aspect Ratio =5

Figure 10-4: Hoop stress distribution for models SE4 A, B and C (D= 4cm) with aspect ratios 3, 4, and 5
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18 19 21 22 24 26 28 30 32 35X10°MPa
Aspect Ratio = 3

18 20 23 26 29 31 33 37 41  44X10°MPa
Aspect Ratio =4

18 21 25 28 31 35 38 42 45 48 X 10°MPa
Aspect Ratio =5

Figure 11-4: Hoop stress distribution for models SE5 A, B and C (D= 5cm) with aspect ratios 3, 4, and 5
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18 20 23 27 30 33 37 40 43 47 X 10°MPa
Aspect Ratio = 3

18 21 24 28 32 35 39 43 46 50 X 10°MPa
Aspect Ratio =4

18 23 26 31 37 42 48 54 58 60 X 10°MPa
Aspect Ratio =5

Figure 4-12: Hoop stress distribution for models SE7 A, B and C (D= 7cm) with aspect ratios 3, 4, and 5
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4.4.3 Discussion

Based on the hoop stress distribution in the walls of the models with increasing aspect
ratios shown in Figures 4-10, 4-11 and 4-12, with aneurysm diameters of 4, 5, and 7
cm respectively, two important changes can be observed. Firstly, the value of
maximum stress in the aneurysm wall increases with the increase in aspect ratio, and
secondly the location of the maximum stress moves from the aneurysm ends, towards

the middle of the aneurysm as the aspect ratio increases.

In models with diameters of 4 and 5 cm, the peak stress locations shifted from the
sides to the middle of the aneurysm, between aspect ratio 3 to 4, while for model SE7-
B, with a diameter of 7 cm and aspect ratio of 4, the peak stress was found in both the
sides and the middle; it was only concentrated in the middle at an aspect ratio of 5.
These findings suggest that there is an aspect ratio threshold when the maximum hoop

stress shifts from the two sides to the middle and this threshold depends on diameter.

To identify the location of the critical aspect ratio with respect to the position of
maximum hoop stress, further investigation has been carried out by generating extra
models with aspect ratios of 3.25, 3.5 and 3.75. These values were chosen as they
have more data points between the two critical values found from Figures 4-10, 4-11
and 4-12.

The variation of maximum hoop stress is plotted for different diameters and aspect
ratios in Figure 4-13. The figure shows that the maximum stress value increases by
25% between aspect ratios 3 and 4 in models with diameters of 4 and 5 cm, while for
the same models it increased by less than 10% when the aspect ratio changed from 4
to 5. In models of 7 cm diameter, the largest change occurred between aspect ratio 4
to 5 (20%), rather than between aspect ratio 3 to 4, similarly to the other two models,
where the change was found to be less than 10%.

The location of maximum hoop stress occurs at the two sides for smaller aspect ratio

models and then shifts to the middle. In Figure 4-13 it is identified by the sign (O)
when it shifts from the sides to the middle.
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Figure 4-13a: Graph showing the relationship between aspect ratios from 2 — 5 and maximum hoop

stress on the wall for the three diameters of 4, 5 and 7 cm.

In Figure 4-13a it is noted that the maximum hoop stress increases when the aspect
ratio increases, but the relationship is not linear. The relationship between the

maximum hoop stress and aspect ratio that can be described as follows:
o=a+b(AR) +c (AR)? Eq. (4.1)
where:o = maximum hoop stress for specific shape and diameter, AR = aspect ratio

for the specific aneurysm, and a, b and c are the parameters that can be calculated

from each curve in Figure 4-13a, so that the equations are found to be:

for diameter 4 cm: o= 222x10"1 + 259 x102 AR + 1.84 x10° AR?
for diameter 5 cm: o= 2.32x10" +3.58 x102 AR + 3.30 x10° AR?
for diameter 7 cm: o= 9.87x102 + 158 x10 AR - 1.16 x10? AR?

Solving for the variation of each parameter as a function of diameter, D, then provides

the following equations:

a=-3.52x10" + 2.47 x10" D - 2.62 x102 D? Eq. (4.2)
b=3.32x10" - 1.46 x10" D + 1.73 x10% D? Eq. (4.3)
¢ =-6.38x107% +2.83 x102 D - 2.98 x10° D? Eq. (4.4)

Using equations (4.1 - 4.4) it is then possible to predict the value for maximum stress

at any given aspect ratio within the curve. Figure 4-13a is reproduced using the above
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equations for any diameter with exponential shape as shown in Figure 4-13b. This
could be used in clinical practice to provide an indicator of maximum stress value for

specific shape.

Maximum stress

{MPa)
0.65 L
06 —==
055 -l
a5
0.45
——dcrm e
0.4 il Sy e e
Fom segliees
0.35 originals Re-produced
0.3
Q.25
0.z
15 2 25 3 35 4 a5 5 55

Aspect Ratio

Figure 4-13b: Data points are showing the expected stress for any diameter using equations (4.1 - 4.4)

reproduced from figure 4-13a.

It is also noted from Figure 4-13a that maximum hoop stress shifted from the two
sides to the middle for models with 4 cm diameter at an aspect ratio of 3.5, while for
models with 5 cm diameter the shift occurs at 3.75 and for models with 7 cm diameter
the shift occurs at aspect ratio of 4.25; hence it could be concluded that there is a
threshold at which the maximum hoop stress shifted and this threshold could be
calculated with the combination of aspect ratio and diameter plus the expected effect
of wall curvature. This could also be used in clinical practice to provide an indicator

of maximum stress location for specific shape.

Of course, aneurysm shape and hence the slope and curvature of the aneurysm may
affect the relationship between aspect ratio, diameter, and maximum hoop stress
location. In the next section, studies of different aneurysm shapes have been carried

out for more understanding of this effect.
4.4.4 Verifying the effect of the aspect ratio using different shapes.

In this section, further investigation on the effect of aspect ratio is carried out by

studying other aneurysm shapes.
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4.4.4.1 Cosine-exponential aneurysm shape.
Cosine-exponential aneurysm shape is another popular shape for investigating AAA

and has been used in a number of studies (Elger et al., 1996; Scotti et al.,2005).

4.4.4.1.1 Method

Three models with different maximum diameters and aspect ratios of 3, 4 and 5 were
used to give a total of nine models, SC4 (A, B and C), SC5 (A, B and C) and SC7 (A,
B and C) from Table 3-1 in Chapter 3. The aneurysm diameter D was varied between
4, 5, and 7cm. The methodology and all boundary conditions were the same as those
described earlier in section 3.1.2 with wall thickness of 1 mm and internal pressure of
120 mmHg.

4.4.4.1.2 Results

Figure 4-14 shows the hoop stress distribution in model SC4 with a diameter of 4 cm
but with different aspect ratios. The maximum hoop stress value increases as the
aspect ratio increases, with peak stress increasing from 26x10° MPa (with aspect
ratio = 3) to 34x10 MPa and 35x10 MPa for aspect ratios 4 and 5 respectively. It
can also be seen that maximum hoop stress was distributed between the two ends of
the aneurysm and along the curvature but not exactly in the middle at the aspect ratio
of 3; the maximum hoop stress then shifted to the middle of the aneurysm when the
aspect ratio was increased to 4. The location of maximum stress at aspect ratio 5 is

also in the middle of the aneurysm with a small increase in the value.

Figure 4-15 illustrates the hoop stresses in models SC5, showing that maximum hoop
stress increased from 0.32 MPa to 0.40 MPa when the aspect ratio increased from 3 to
4 then to 0.45 MPa when the aspect ratio increased to 5. The maximum hoop stress is
located at the two sides for aspect ratios 3 and 4. The location of maximum stress
shifts from the aneurysm ends to the middle by increasing the aspect ratio from 4 to 5.

Model SC7 in Figure 4-16 with a 7 cm diameter has a maximum hoop stress of 0.43
MPa with an aspect ratio of 3, increasing to 0.46 MPa with an aspect ratio 4, then to
0.56 when the aspect ratio increased to 5. The location of maximum stress was at the
ends of the aneurysm at aspect ratio 3 and was then located in two positions, at the
middle and at the ends of the aneurysm at an aspect ratio of 4; it was then
concentrated in the middle at aspect ratio 5.
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18 19 19 20 21 22 23 24 25 26 X10°MPa
Aspect Ratio = 3

18 19 20 22 24 26 28 30 32 34X10%MPa
Aspect Ratio = 4

18 19 22 24 26 28 30 31 33  35X102MPa
Aspect Ratio =5

Figure 4-14: Hoop stress distribution for models SC4 A, B and C (D= 4cm) with aspect ratios 3, 4, and 5
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18 19 21 22 24 26 28 30 32 33 X 10°MPa
Aspect Ratio = 3

18 20 23 26 29 31 33 36 38  40X10°MPa
Aspect Ratio =4

18 21 25 28 31 35 38 40 42 44X10%MPa
Aspect Ratio =5

Figure 15-4: Hoop stress distribution for models SC5 A, B and C (D= 5cm) with aspect ratios 3, 4, and 5
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I s —  E——
18 20 23 27 30 33 37 39 41 43 X 10°MPa

Aspect Ratio =3

L EEEEEE—— | — ——
18 21 24 28 32 35 39 41 44 46 X 10°MPa

Aspect Ratio =4

18 23 26 31 37 42 48 51 54 56 X 10°MPa
Aspect Ratio =5

Figure 4-16: Hoop stress distribution for models SC7 A, B and C (D= 7cm) with aspect ratios 3, 4, and 5
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4.4.4.2 Parabola-exponential aneurysm shape.
The parabola-exponential aneurysm shape is another popular shape for investigating
AAA and has been taken from Elger et al, (1996).

Method.

Three models with different maximum diameters and aspect ratios of 3, 4 and 5 were
used to give a total of nine models SP4 (A, B and C), SP5 (A, B and C) and SP7 (A, B
and C) from Table 3-1 in Chapter 3. The aneurysm diameter D was varied between 4,
5, and 7cm. The methodology and all boundary conditions were the same as described
earlier in section 3.1.2 with a wall thickness of 1 mm and internal pressure of 120

mmHg.

Results

Figure 4-17 shows the hoop stress distribution in model SP4 with a diameter of 4 cm
with different aspect ratios. It can be noticed that maximum stress value increases as
the aspect ratio increases, with peak stress increasing from 26x10% MPa (with aspect
ratio of 3) to 30x102 MPa and 33x10 MPa for aspect ratios of 4 and 5 respectively.
It can also be seen that maximum hoop stress was distributed between the two ends of
the aneurysm and along the curvature but not exactly in the middle at an aspect ratio
of 3 and the maximum then shifted to the middle of the aneurysm when the aspect
ratio was increased to 4. The location of maximum stress at aspect ratio 5 is also in

the middle with a small increase in value.

Figure 4-18 illustrates the hoop stresses in model SP5, showing that maximum hoop
stress increased from 0.32 MPa to 0.33 MPa when the aspect ratio increased from 3 to
4 then to 0.38 when the aspect ratio increased to 5. At an aspect ratio of 3 the location
of maximum hoop stress is found at the two ends of the aneurysm and was then
distributed between the two ends and the middle at an aspect ratio 4. Maximum hoop

stress then shifts to the middle by increasing the aspect ratio from 4 to 5.

Model SP7 in Figure 4-19 with a diameter of 7 cm have a maximum hoop stress of
0.45 MPa with an aspect ratio of 3 increasing to 0.49 MPa with an aspect ratio of 4
then to 0.59 when the aspect ratio increased to 5. The location of maximum stress was
at the ends of the aneurysm at an aspect ratio 3, and was then located in two positions
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at the middle and the ends of the aneurysm at an aspect ratio of 4; it was then

concentrated in the middle at an aspect ratio of 5.

18 19 20 21 22 23 24 25 26 X10°MPa
Aspect Ratio =3

18 19 20 21 22 23 25 27 28 30X 10°MPa
Aspect Ratio = 4

18 20 22 23 24 25 27 29 31 33X10°MPa
Aspect Ratio =5

Figure 4-17: Hoop stress distribution for models SP4 A, B and C (D= 4cm) with aspect ratios 3, 4, and 5
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18 19 21 22 24 26 28 30 32 32 X 10°MPa
Aspect Ratio = 3

18 20 23 25 26 27 28 230 33  35X10°MPa
Aspect Ratio = 4

18 21 23 25 27 29 32 34 38  41X10°MPa
Aspect Ratio =5

Figure 18-4: Hoop stress distribution for models SP5 A, B and C (D= 5cm) with aspect ratios 3, 4, and 5
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18 20 23 27 30 33 37 40 43 45X 10°MPa
Aspect Ratio =3

18 21 24 28 32 35 39 43 46 49 X 10°MPa
Aspect Ratio =4

18 23 26 31 37 42 48 54 57 59 X 10°MPa
Aspect Ratio =5

Figure 4-19: Hoop stress distribution for models SP7 A, B and C (D= 7cm) with aspect ratios 3, 4, and 5
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4.4.4.3 Discussion.

Based on the six models with the three different aspect ratios studied here, Figures 4-
14 to 4-19 appear to show that the maximum hoop stress increases with the increase
in aspect ratio and the location of the maximum stress moves towards the middle of
the aneurysm as the aspect ratio increases. Both the cosine-exponential and parabola-
exponential shapes behaved similarly to the exponential shape studied earlier and this

supports that the findings discussed earlier is applied on other shapes of aneurysm.

To identify the location of the critical aspect ratio with respect to the position of
maximum hoop stress, further investigation has been carried out by generating extra
models with aspect ratios of 3.5 and 4.5. The variation of maximum hoop stress is
plotted in Figure 4-20 for different diameters and aspect ratios.

In the four models of SC5, SP5, SC7 and SP7, the maximum hoop stress was located
at the two sides of the aneurysm at an aspect ratio of 3 and it then shifted to the
middle as the aspect ratio increased. For models SC4 and SP4 the maximum hoop
stress was not concentrated at the two ends at aspect ratio of 3 but was rather
distributed between the two ends and along the curvature of the aneurysm but not in
the middle. The obvious justification of this observation is that for a small aneurysm
with these shapes, there is no quick variation of the aneurysm curve compared to

those with larger diameters.

Figure 4-20 shows that the maximum hoop stress increases when the aspect ratio
increases but the relationship is not linear and the empirical relationship between
maximum hoop stress and aspect ratio suggested in Eq. (4-1) could also be applied

here.

In models with a diameter of 4 cm, the peak stress locations were concentrated in the
middle of the aneurysm at an aspect ratio of 3.5, while for models with a diameter of
5 cm, the maximum hoop stress shifted from the two sides to the middle at an aspect
ratio of 4.5 and for models with a diameter of 7 cm, the shift occurs at an aspect ratio
of 5.
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Figure 4-20: Graph showing the relationship between aspect ratio (from 3 — 5) and maximum hoop

stress on the wall for a) Cosine-exponential shapes and b) Parabola-exponential shapes.

(The circle (O) indicates where the maximum hoop stress has shifted to the middle)
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This confirms the hypothesis that there is an aspect ratio threshold when the
maximum hoop stress shifts from the two sides to the middle and this threshold

depends on diameter.

Aspect ratio threshold was reported by Salsac et al. (2004) who carried out an
experimental study using tomographic digital particle image velocimetry to examine
the changes occurring during the progressive enlargement of AAA and a critical
aneurysm aspect ratio was found, for which the flow change from laminar state to a
turbulent state. This indicates that aspect ratio does not only change the wall stresses

but also the blood flow behaviour inside aneurysm.

4.4.5 Engineering justifies aspect ratio effect

From an engineering point of view, the reason for this shift from the ends to the
middle is that an aneurysm with a small aspect ratio becomes a spherical-like vessel,
while with a large aspect ratio the aneurysm is more cylindrical in shape as shown in

Figure 4-21. It is known that the stress in spherical vessels of thin walls is:

o = pr/2t (Eq 4.2)

Where o is the hoop and longitudinal stress, p is pressure, r is inner radius, t is wall

thickness, for thin walled pressure vessels when 1/t >10 (Hibbeler, 2004).

On the other hand, the hoop stress in cylindrical vessels is:
o =pr/t (Eq 4.3)

While the longitudinal stress remains the same in both shapes
o = pr/2t (Eq 4.4)
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Figure 4-21: Aneurism shape changing from is spherical-like to cylindrical-like vessel which explains

the reason for the changing position of the peak wall stress.

Thus, when the aneurysm changes from a spherical to a cylindrical shape, the hoop
stress in the centre of the aneurysm body increase to nearly the double of its
magnitude. For example; if the hoop stress at the two ends is 0.35 MPa and at the
middle is 0.30 MPa when the aneurysm is spherical like shape (maximum hoop stress
is located at the two ends), then when it change to cylindrical like shape, the hoop
stress at the two ends will not change but the hoop stress in the middle may increase

up to 0.6 MPa (maximum hoop stress is located in the middle).

4.4.6 Clinical application for these findings
Findings of this work can be used as a valuable indicator that aspect ratio adds to the

value and location of the maximum wall stresses.

Figures 4-13 and 4-20 could be used to predict the value of maximum wall stresses
contributed by the aspect ratio. This needs to be examined on patient specified models
and it will be clinically valuable if the common shapes can be studied and a curve
similar to those in Figures 4-13 and 4-20 needs to be plotted.

Figure 4-22 could be used to predict the location of maximum wall stresses based on

the aspect ratio measured. This also needs to be examined on patient specified models
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and it will be clinically valuable if the common shapes can be studied and a curve

similar to those in Figure 4-22 can be plotted.

Aspect Ratio
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Figure 4-22: Relationship between critical aspect ratio and diameter (in cm) for different aneurysm

shapes.

4.5 Summary

In this chapter, the effect of aneurysm shape was examined using four different shapes
and it was found that even with the same diameter, the maximum wall stress differed.
There was about a 40% difference between the shape with maximum wall stress and
the shape with minimum wall stress, clearly indicating that aneurysm shape has a
significant impact on wall stresses. It also showed that using the law of Laplace for
AAA assessment is not accurate since only one of the four models followed the

Laplace law.

The blood flow inside the different shapes and sizes of aneurysm was examined and
two important results were found; first, the variation of blood pressure within the
aneurysm caused by blood flow is very small and this variation will not affect results
if wall stresses are required. Second, the blood dynamics inside the aneurysm,
specifically the vortices, might play an important role in the formation of ILT and in
the pathology of the AAA.

The aspect ratio of the aneurysm was extensively studied using 42 models (variety of

shapes, diameters and aspect ratios) and it was found that the aspect ratio of the
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aneurysm affects the value and the location of the maximum wall stress. It was
suggested that a general clinical assessment scale be applied to enhance the

assessment of AAA maximum wall stress value and location.

To the author’s knowledge, this study is the first to examine the effect of the aspect
ratio in the location and the magnitude of maximum stress in aneurysm wall and the
findings are valuable and justified through engineering analysis. The effect of the
aspect ratio could dramatically impact any future studies or clinical assessment of the

aneurysm.
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Chapter 5

The role of intraluminal thrombus

5.1 Introduction

As previously discussed in Chapter 2, the understanding of the role of the intraluminal
thrombus (ILT) in AAA rupture is controversial. Some studies suggest that ILT
increases the risk of rupture as it weakens the wall (Vorp et al., 2001) while other
studies suggest that the presence of ILT may work as a cushion to the wall and
decrease the risk of rupture (Wang et al., 2002). Other studies also suggest that it
plays two roles of weakening the wall and decreasing stress on the wall, which results
in no effect. In this chapter, the role of ILT presence will be investigated using
different thicknesses, structure, and material properties to examine the hypothesis that
the presence of ILT affects AAA wall stress magnitude and distribution. Non-
complex shape models of AAA were analysed with thin and thick ILT compared to
the same model without ILT to provide a clear understanding of the ILT in isolation
of any other effects.

In the literature, the role of ILT within AAA has been examined using ILT with solid
material; however, in reality ILT is a highly porous material with an average porosity
of 80% (Ashton et al., 2009). It was assumed as a solid material simply for

simplification purposes.

Only two recent numerical studies have examined the porosity of ILT using finite
element models (Avinash et al., 2010; Polzer and Bursa, 2010) and provided useful
information about the impact of thrombus porosity on AAA biomechanics. However,
these two studies neglected the effect of blood being transmitted from the blood

lumen to the porous material of ILT and the role this may play in AAA rupture.

In this chapter, the porosity of ILT will be examined using two models. Firstly, the
finite element model is used to examine the pressure reduction by porous ILT and
how this may affect the wall stresses and the computational fluid dynamics model

which investigates how blood flows from the blood lumen to, and within, the
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thrombus. This chapter will also examine how the information gained can be used to

aid in AAA diagnosis and to determine the possible reasons for its growth.

This work is the first to examine the flow of blood in the ‘blood lumen - thrombus
interface- using porous media for the thrombus inside the aneurysm; the results may

therefore contribute vital knowledge to the field.

5.2 Effect of ILT using different thicknesses
ILT with variable thicknesses will be used here to examine the effect of ILT on wall

stresses compared with AAA without ILT.

5.2.1 Method

Five models from Table 3-1 were used (SENLT, SLT2.5, SLT5, SLT15 and SLTV).
The dimensions of the models were the same but the thrombus thickness inside the
aneurysm was varied. One of the models had no ILT (SENLT), while three of the
models (SLT2.5, SLT5 and SLT15) had ILT with thicknesses of 2.5, 5, and 15 mm,
respectively as shown in Figure 5-1. ILT thickness was uniform along the axial axis
of these three models and non-uniform in one model (SLTV) to provide further
understanding of the variation of the thickness within the same aneurysm. In model
SLT15, the thickness was modelled to fill all aneurysm bulges, allowing only a blood

lumen to be similar to the non-aneurysmal aorta.

The ILT was modelled as an incompressible, isotropic, homogeneous, linear elastic
material with a Young’s modulus E = 0.11 MPa and a Poisson’s ratio p = 0.45. These
values of E and U represent the population mean values obtained from uniaxial
loading tests performed on ILT specimens harvested during AAA surgery by Di
Martino et al. (1998). The effect of varying the material properties is examined later
in this Chapter.

A homogeneous pressure of 145 mmHg was applied to the internal surface of the

models, representing the peak systolic pressure of a ‘normal’ patient.

96



. NT25mm

Wall

ILT

Variable thickness
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Figure 5-1: Models with different ILT thicknesses.

5.2.2 Results

The stress value is represented as Von Mises stress, which is a method used to
combine the stresses in three-dimensions to calculate the failure criteria. Von Mises
stress is widely used in the assessment of AAA stresses for most FEA studies to

calculate the failure of the AAA wall.

Figure 5-2 illustrates the Von Mises stress distribution in the wall of the five models
(with and without thrombus) obtained from static simulations of the peak systolic
pressure. The most obvious detail is that stress is inversely proportional to the
thickness. Model SENLT with no thrombus has a maximum stress value of 54x107
MPa, then peak stress decreases to 38x102 MPa, 31x102 MPa, and 22x10 MPa,
with thicknesses of 2.5, 5 and 15 mm, respectively. Model SLTV with non-uniform
ILT thickness shows higher stresses in the region with thinner thicknesses with a
maximum value of 35x107 MPa.
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54X 10-2 MPa
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38X 10-2 MPa

18

31X10-2 MPa

18

22X 10-2 MPa

18

35X 10-2 MPa

Figure 5-2: Von Mises stress distribution of the models (SENLT) without thrombus, SLT2.5 with 2.5
mm thickness thrombus, SLT5 with 5 mm thickness thrombus, SLT15 with 15 mm thickness

thrombus and SLTV with non-uniform thickness thrombus.
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5.2.3 Discussion

Based on the five models studied here, it appears from Figure 5-2 that the stresses
drop by 30% in the presence of a 2.5 mm thrombus and by almost half in the presence
of a 5.0 mm thrombus, then to 60% with a thrombus thickness of 15 mm, which
demonstrates how the thrombus could act to lower stresses in the arterial wall. The
results show there is an inverse relationship between thrombus thickness and
maximum stress on the wall as can be seen in Figure 5-3. The results also show that
the presence of thrombus changes the distribution of maximum stresses as shown in
Figure 5-2. In the model in which ILT thickness was not uniform, the stress was
found to be higher in regions with a thin layer of thrombus compared to regions with

thick layers of thrombus.

Thus, these findings support the results of Wang et al. (2002) and Polzer and Bursa
(2010) that suggest that thrombus reduces AAA wall stress and as a result play a
positive role in supporting the wall and decreasing the chance of AAA rupture, while
the effect is linearly related to the relative thrombus volume. However, this
contradicts the clinical observation of Schurink et al. (2000) who concluded that the

thrombus may increase the chance of AAA rupture.

The conclusion of the work undertaken here is that from a mechanical point of view,
the thrombus clearly works as a cushion to protect the AAA wall. However, no
information here about the biological role of ILT on the pathology of the wall and
more research is required that examines the links between the mechanical and
biological factors to understand the role of the thrombus within AAA. Later in this
chapter, attempts will be made to understand how blood moves inside the ILT using
porous ILT material has been carried out to provide more understanding of the

possible mechanical and biological role of ILT within AAA.
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Figure 5-3: Maximum wall stress showing inverse relationship to ILT thickness.

5.3 More realistic ILT with three layers of different material properties
In the work carried out thus far, ILT was modelled as one homogenous material;
however, in reality ILT consists of three layers, as discussed in Chapter 2 and each

layer has different material properties.

In a recent numerical study of ILT, Meyar et al. (2010) recommended that modelling
ILT could be improved if the three layers of ILT differed in luminal versus medial

versus abluminal thrombus.

In this section, the advantages of using three layers with different material properties

for each layer of ILT will be examined to measure the effect of ILT on wall stresses.

5.3.1 Method

The two models, SLT7 and SLT15, shown in Table 3-1 were used to model the
inhomogeneous ILT using three deferent layers of ILT (abluminal, medial and
luminal) as shown in Figure 5-4 in order to be able to assign different material
properties for each layer. The thickness of the first, second and third layers on the
SLT7 model are 2.5, 2.25 and 2.25 mm respectively (total thickness of ILT =7 mm).
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The first, second and third layers on the SLT15 model are all 5 mm thick (total
thickness of ILT = 15 mm).

The values of Young's modulus of each layer were taken from Ashton et al.’s (2009)
experimental measurements, in which it was reported that the abluminal layer
(Young's modulus = 0.193 MPa) is stiffer than the medial (Young's modulus = 0.0249
MPa) and luminal (Young's modulus = 0.0154 MPa) layers. The Poisson’s ratio (U)
for the three layers was 0.45.

To enable the comparison with homogenous ILT, two other models with equivalent
ILT thicknesses (7 and 15 mm) were used, but the material properties of ILT did not
vary. ILT here was modelled as an incompressible, isotropic, homogeneous, linear
elastic material with an average Young’s modulus E of 0.0777 MPa and a Poisson’s
ratio () of 0.45.

A homogeneous pressure of 145 mmHg was applied to the internal surface of the four

models, representing the peak systolic pressure of a ‘normal’ patient.

Figure Error! No text of specified style in document.5-4: Three layer thrombus model.

5.3.2 Results
Figure 5-5 illustrates the VVon Mises stress distribution in the wall of the two 7 mm
ILT thickness models (homogeneous and inhomogeneous ILT) obtained from static
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simulations of the peak systolic pressure. The maximum wall stress in the
homogeneous and inhomogeneous ILT models are 30x102 MPa and 28x102 MPa
respectively. The maximum wall stress location and the stress variation along the wall

are similar in the two models.

Figure 5-6 illustrates the Von Mises stress distribution in the wall of the two 15 mm
ILT thickness models (homogeneous and inhomogeneous ILT) obtained from static
simulations of the peak systolic pressure. The maximum wall stress in the
homogeneous and inhomogeneous ILT models are 25x102 MPa and 22x102 MPa
respectively. The maximum wall stress location and the stress variation along the wall

are similar in the two models.

30X 102 MPa

18
28X 102 MPa

18

Figure 5-5: Von Mises stress distribution of homogeneous (bottom) and inhomogeneous ILT (top) for
model SLT7 with 7 mm ILT thickness.
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Figure 5-6: Von Mises stress distribution of homogeneous (bottom) and inhomogeneous ILT (top) for
model SLT15 with 15 mm ILT thickness.

5.3.3 Discussion

Based on the four models studied here, it appears that Figures 5-5 and 5-6 show that
for ILT with a 7 mm thickness the maximum wall stress is about 06% less when the
ILT was modelled as inhomogeneous with three layers compared to the model with
homogeneous ILT; for 15 mm ILT thickness the difference is about 12%. These

differences are shown in Figure 5-7.

It could be concluded from the above figures that using homogeneous material
properties for ILT when modelling AAA could lead to overestimation of the wall
stresses and may affect the accuracy of the results. However, the location of

maximum wall stress was not affected.

These finding are not surprising in terms of a biomechanical perspective, because
using an average value for ILT can underestimate the protective role of the abluminal
layer which is connected directly to the wall; it is reported by Ashton et al. (2009) that
the stiffness of the abluminal layer is about 10 times higher than that of the other two

layers.
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Findings from this work support the recommendations of Meyar et al. (2010) who
recommended that modelling ILT could be improved if within the three layers of ILT,

there were differences in the luminal, medial and abluminal thrombus.

Maximum wall stress(x102 MPa)

335

30 A

25

20
M Inhcmogenecous

15 - B Homogeneous

10

Jmm ILT 15mmILT

Figure 5-7: Von Mises stress distribution of homogeneous and inhomogeneous ILT of the two models.

5.4 Sensitivity studies of the material properties of the ILT

While the mechanical properties of the ILT have been investigated in a number of
previous experiments, most have only investigated the tensile behaviour of the ILT
(Wang et al., 2001; Van Dam et al., 2006; Gasser,et al., 2008). Sufficient information
about ILT is important in identifying how stress distributions are distributed within
the ILT and aneurysm wall and to help in future studies on ILT mechanobiology and

its accurate role (Ashton et al., 2009).

In this section the effect of varying the material properties of ILT will be investigated

using both linear and non-linear material properties.

5.4.1 Effect of Young’s Modulus

In this sensitivity study, Model SLT5 (ILT thickness 5 mm) was used with Young’s
modulus values from 0.01 to 1.0 MPa, with a constant Poisson’s ratio of 0.45. The
peak stress produced with these values is indicated in Table 5-1 and a graph of this
relationship is shown in Figure 5-8.
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From the results it can be seen that maximum stress varies inversely with Young’s
modulus, but the location of maximum stress in all simulations remained the same. By
changing the value from 0.01 to 1.0 MPa, maximum stress was decreased from 0.43
to 0.11 MPa. This could decrease the chance of rupture from high to low as proposed
by Hall et al. (2000), who report that the AAA failure stress is 0.28MPa. This may
explain why some researchers believe that the presence of ILT will reduce the chance
of AAA failure, while others believe it increases it. Thus, the chance of rupture may
depend on the stiffness and the thickness of the ILT.

Young’s Modulus (MPa) Maximum Stress (MPa)

0.01 0.433
0.1 0.323
0.2 0.267
0.3 0.229
04 0.201
05 0.179
0.6 0.162
0.7 0.148
0.8 0.136
0.9 0.126
1 0.118

Table 5-1: Maximum stress decreases as the value of Young’s Modulus increases.

Max Von Mises Wall Stress
(MPa)
0.5

0.45

0.4 A
0.35 \

0.3 \
0.25 \

0.2 \
0.15 \A

0.1
0.05

0 0.2 0.4 0.6 0.8 1 1.2
Young's modulus
(MPa)

Figure 5-8: Graph showing how the value of the ILT Young’s modulus affects the peak wall stress.
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5.4.2 Effect of varying Poisson’s Ratio

Poisson’s ratio is the ratio of transverse to longitudinal strains. In this section the
effect of varying Poisson’s ratio on the maximum stress on the AAA wall is
investigated. The same model, as above, was used but the Young’s Modulus value
was fixed at 0.11 MPa and the Poisson’s ratio values varied between 0.3 and 0.499

(incompressible).

Poisson’s Ratio | Maximum Stress (MPa)

0.3 0.29
0.4 0.30
0.499 0.32

Table 5-2: Maximum stress slightly increases as the value of Poisson’s ratio increases. (Young’s

Modulus = 0.11 MPa in all cases)

Clearly, Poisson’s ratio has only a limited effect on the peak wall stress value and

therefore does not need to be known to any great degree of accuracy.

5.4.3 Non-linearity effect

In this section, the nonlinearity effect of the ILT will be examined to provide further
understanding of the effects of material properties. The ILT was assumed to have
hyperelastic, homogenous, incompressible and isotropic materials. The ILT
constitutive model was the same as that derived by Wang et al., (2001) - Mooney

Rivlin model- having a functional form for the strain energy density (W) of:
W = C; (Iy-3) + C, (1-3)? (Eq. 5-1)

Where C; and C; are the material parameters and I, is the second invariant of the left,
Cauchy—Green stretch tensor, C; = C,= 2.6 N/cm?

Figure 5-9 shows that the stress is higher in all models when the ILT is modelled with
hyperelastic material properties and it can be concluded therefore that non-linear
material properties can lead to higher stresses. The difference here is small but with a

thicker ILT and maybe with patient specific models, the effect could be greater.
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Figure 5-9: Comparison of the stresses predicted by the three models (S9, S10, S11) using elastic and

hyperelastic material properties.

5.5 Effect of using ILT porous media

The role of the ILT within AAA was examined using variable thickness and material
properties of the thrombus. For simplification purposes, it is assumed that ILT is a
solid material, as sourced from previous studies, even though in reality ILT is a highly
porous material with an average porosity of 80% (Ashton et al., 2009). The porosity
of the ILT has been experimentally examined in number of studies (Adolph et
al.,1997; Di Martino and Vorp, 2003; Gasser et al., 2010).

As mentioned earlier, only two recent numerical studies have examined the porosity
of ILT using finite element models (Avinash et al., 2010; Polzer and Bursa, 2010)
which have provided useful information about the impact of thrombus porosity on
AAA biomechanics. In addition, Meyer et al., (2010) used trans-thrombus blood
pressure to mimic porosity; considering that ILT has no reduction effect on blood
pressure, they applied the pressure directly on the wall underneath the ILT but they
did not actually model the porous ILT material.
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In their studies, Meyer et al., (2010) and Polzer and Bursa (2010) neglected the
actual dynamics of blood flow while Avinash et al., (2010) used the fluid phase of a

porohyperelastic model to provide some information about blood flow within ILT.

A lack of knowledge remains on how modelling the porosity of the ILT may

contribute to the understanding and the assessment of AAA.

In this section, the porosity of ILT will be examined using two models. Firstly, the
finite element model is used to examine the pressure reduction by porous ILT and
how this may affect the wall stresses and secondly, a computational fluid dynamics
model is used to investigate how blood flows within the thrombus. This section also
examines how the information gained can be used to aid in AAA diagnosis and

possible reasons for its growth.

5.5.1 Effect of porosity on ILT using finite element model

In this section, porosity will be examined using two approaches. The first approach
involves using porous media for ILT while the second approach uses the trans-
thrombus pressure theory used by Meyer et al., (2010). Results from these two

approaches will be compared with results gained by using solid ILT material.

5.5.1.1 Method.

Two models (SLT5 and SLT15 as shown in Table 3-1) were used and three cases
were examined for each model; the first case was examined using poroelastic
material for ILT and a homogeneous pressure of 145 mmHg was applied on the
blood lumen acting on the ILT as shown in Figure 5-10 (a), while the second case
involved using solid material for ILT, but the pressure is applied directly on the
internal wall (underneath the ILT) acting on the wall and in the blood lumen acting
on the ILT as shown in Figure 5-10(b). The third case was examined using solid
material for ILT and the pressure was applied only on the blood lumen acting on the

ILT as can be seen in Figure 5-10 (b).

In the first case, ILT was modelled as porous using poroelastic elements based on
Biot's theory (ANSYS help). The governing equations for Biot's consolidation
problems are:
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V-(c'=apD+f=0

ae’V+kip’+ V-g=s (Eq. 5-2)

Where:

V - = Divergence operator of a vector or second order tensor
o = Biot effective stress tensor

o = Biot coefficient = 1

p = Pore pressure

= Second-order identity tensor

f = Body force of the porous media

€'V = Elastic volumetric strain of the solid skeleton
Km = Biot modulus

q = Flow flux vector

s = Flow source

The relationship between the Biot effective stress and the elastic strain of solid
skeletons is given b:
o'=D:e® (Eq.5-3)

Where €€ is the second-order elastic strain tensor and D is the fourth order elasticity
tensor.

The relationship between the fluid flow flux and the pore pressure is described by
Darcy's Law:
qg=-kVp (EQ. 5-4)

Where k is the second-order permeability tensor and V is the gradient operator.
The permeability value of the ILT was taken from Adolph et al., (1997) who reported

an ILT of 0.91 +0.54 mm*/N « s and for this work the average value of 0.91 mm*/N «

S is used.
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The solid phase of the ILT in the first case and the solid ILT for the second and third
cases were modelled as linear elastic with Young's modulus E= 0.11 MPa and

Poisson's ratio u = 0.45.

Figure 5-10: Methods of applying the pressure in each case, a) First and third cases where pressure is
applied on the ILT and, b) Second case where the pressure was applied on both the ILT and the wall.

5.5.1.2 Results
Figures 5-11 and 5-12 illustrate the Von Mises stress distribution in the wall of the
two models for each of the three cases (Porous ILT and two solid ILT) obtained from

static simulations of the peak systolic pressure.
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Figure 5-11 shows that maximum wall stresses for model SILT5 are 0.315 MPa,
0.315 MPa and 0.31 MPa for case 1, 2 and 3 respectively. Figure 5-12 shows that
maximum wall stresses for model SILT15 are 0.223 MPa, 0.223 MPa and 0.22 MPa

for cases 1, 2 and 3 respectively.

Stress distribution and maximum stress location are the same for the three cases in

each model.

31.5X 102 MPa

18
315X 102 MPa

18

31X 102 MPa

18

Figure 5-11: Von Misses stress distribution on AAA wall for cases 1, 2 and 3 (Model SLT5).
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Figure 5-12: VVon Misses stress distribution on AAA wall for cases 1, 2 and 3 (Model SLT15).

5.5.1.3 Discussion

Based on the two models studied here and the three cases for each model, Figures 5-
11 and 5-12 show that the difference in wall stresses gained from the three cases is
very small (about 1.6%). There is no change in the location of maximum stress or in
the distribution of wall stress. It seems that the ILT plays a supportive role in the wall
even in cases where the pressure is acting directly on the wall. The wall stresses were
expected to increase when the pressure is applied directly on the inner wall (case
three) compared to applying the pressure on the solid ILT (case one) due to the fact
that solid ILT will reduce the pressure at the wall to ILT interface and stress was
expected to be equivalent to the stresses gained when no ILT is used; interestingly
though, the results here show very small difference in the two cases. The
biomechanical explanation of this is that ILT reduced the deformation on the wall

which led to a reduction in the stress on the wall.
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These findings are in agreement with results gained by Polzer and Bursa (2010) who
used solid and porous models for ILT; by comparing the results of the two models
they reported that the poroelasticity of ILT did not alter the wall stress and concluded
that ILT porosity can be neglected when wall stress distribution is required. The
findings are also in good agreement with Polzer and Bursa (2010) Meyer et al. (2010)
who used trans-thrombus theory and found that applying the pressure directly
underneath the ILT has only a small effect (about .03% difference) on wall stresses
compared to applying the pressure on the ILT.

In contrast, the results from Ayyalasomayajula et al. (2010), who utilize
porohyperelastic FEA models for both the ILT and aneurysm wall, show that the
porosity of the ILT increased the wall stresses compared with a non-porous ILT. They
reported an increase of up to 81.0% in peak maximum principal wall stresses in
comparison of a porous ILT to non-porous ILT.

This seems very high; indeed, it is even higher than the stresses recorded if the ILT
was completely removed (between 20% - 60% in this work, and 55% in Polzer and
Bursa’s (2010) work). From the mechanical point of view, the ILT was found to have
a protective role, while porosity may decrease the protective role but not have a

negative effect.

Ayyalasomayajula et al. (2010) recorded the pressure drop caused by the ILT as
small, therefore the possible reason for the high stresses that they reported is the use
of a porous material (with very low permeability) for the aneurysm wall, which may
cause larger deformation of the wall compared to a solid wall and thus result in the

higher stresses recorded.

In the work carried out here, and in the work of Polzer and Bursa (2010) and Meyer et
al. (2010), the permeability of the wall was neglected because the scope of these
studies was limited to the ILT role. It can be concluded that the effect of using porous
media for the ILT on the wall stress maximum value and distribution is very small,
hence, if maximum wall stresses are needed, the porosity of the ILT could be
neglected.
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5.5.2 Effect of porosity for the ILT using blood flow

In this section porous media in the ILT will be used to examine the blood flow
behaviour at the interface of blood-ILT mediums, and blood flow within the ILT
itself. This work will involve implementing mass transport of the blood into the
model, which includes two mediums, blood lumen and ILT mediums. This will

involve the use of computational fluid dynamics (CFD).

To the author’s knowledge, this is the first study which introduces the mass transport
of blood flow at the interface of blood-ILT mediums, and blood flow within the ILT
itself.

5.5.2.1 Method

Due to the large computational resources of this analysis, only one quarter of the
aneurysm was constructed, as shown in Figure 5-13 (Model F7 from Table 3-8),
which will not underestimate any calculation due do the axisymmetric nature of the
aneurysm. The model here consists of two mediums: the fluid medium and porous

medium, and they are attached with a "porous-fluid™ interface.

Outer wall

Figure 5-13: The porous ILT in grey and blood lumen domain in green mesh.
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In CFD, modelling porous material numerically involves applying Darcy’s law that

describes the flow of a fluid through a porous medium in the following form:

4 '
=2 () (Eq.5-4)

Q
Where Q is the flow rate of the blood.
k is the permeability of the ILT.
A is the cross-sectional area of the aorta.
w is the viscosity of the blood.
L is the length of the porous media the fluid will flow through.

(Z—i) represents the pressure change per unit length of the blood.

The interface between the blood lumen and the porous ILT material allows blood to
flow inside the ILT. The permeability value of the ILT was taken from Adolph et al.
(1997), who reported that ILT of 0.91 +0.54 mm*N « s. The three values of

permeability will be examined to understand its effect.

For the fluid medium, all boundary conditions used in 3.2.2 were applied here, with a
steady flow at a constant velocity of 25cm/s at the inlet and blood pressure of 120
mmHg at the outlet used with a blood density of 1121 kg/m3 and blood dynamic
viscosity of 0.0035 Poiseuille (Pa.s) (Yu, 2000).

5.5.2.2 Results
Figure 5-14 shows longitudinal pressure gradients on the interface between blood-ILT

varying between 119.9 to 120 mmHg.

Figure 5-15 shows longitudinal pressure gradients on the internal wall varying
between 119.5 to 120 mmHg.

Figure 5-16 shows the pressure gradients of the cross sectional view of the ILT in the

middle of the aneurysm varying between 119 to 120 mmHg.
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Figure 5-17 shows the blood velocity and direction of the blood and blood lumen at

four positions in the aneurysm.

Figure 5-18 shows the velocity map on a cross sectional views for blood flow on the

whole aneurysm and only in the ILT varying between 0 to 22 cm/s .

Figure 5-19 shows the velocity in X-direction of blood flow in three positions of ILT

using three values of permeability.

Figure 5-20 shows the flow in the blood lumen and inside the ILT. It is noticed that
fluid is transmitted from blood lumen (grey background) to the ILT (white

background) at the distal end of the aneurysm.
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Figure 5-14: Pressure gradients on the interface between blood-ILT mediums.
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Figure 5-15: Pressure gradients on the internal wall.
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Figure 5-16: Pressure gradients of the cross sectional view of the ILT in the middle of the aneurysm.
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Figure 5-17: Velocity in X-direction of blood flow in four positions of the aneurysm.
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Figure 5-18: Velocity map on a cross sectional view for blood flow on whole aneurysm (top) and only
in the ILT (bottom).
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Figure 5-19: Velocity in X-direction of blood flow in three positions of the ILT using three values of

permeability.
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Figure 5-20: Velocity vectors of blood flow in the blood lumen (grey background) and the ILT (white
background).

5.5.2.3 Discussion

The results from these analyses, illustrated in Figure 5-14 and 5-15, show that there
was a very small pressure drop between the blood lumen and the internal wall; this
means that the presence of the ILT has a very small effect (less than 0.5 %) on the
pressure transmitted to the internal wall. Figure 5-16 illustrates the pressure drop
within the ILT, where it can be seen that the pressure decreases with ILT depth but
that the total drop is very small (less than 0.5%). This is not a surprising observation
because the ILT was modelled with high porosity (80%) and it will be expected that
the pressure drop will be minimal. This is in strong agreement with the results
reported by Schurink et al. (2000), who found no reduction in blood pressure under
the ILT. In their clinical study, Schurink et al. (2000) investigated nine patients who
underwent operations for an AAA at the level of the thickest thrombus lining; the
pressure within the aneurysmal thrombus (just inside the aneurysmal wall) was
measured and compared with the systemic pressure and no deference were found.
Similar results reported by Takagi et al.(2005) who conclude that the thrombus of an
aneurysm does not significantly decrease the pressure on the aneurysmal wall. It is
also in agreement with the recent blood pressure measurements of Polzer and Bursa
(2010), who numerically used poroelastic material for the ILT and reported no
reduction of pressure between the blood lumen and underneath the ILT.

Velocity value and direction of blood flow in several positions are shown in Figure 5-
17, where it can be noted that velocity decreased when transmitted from blood lumen
to the ILT. The ILT decreases the velocity of the blood, so it can be seen from figure

5-18 that maximum velocities occur in the middle of the blood lumen and the velocity
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decrease towards the wall. It could be thought from this figure that there seems to be a
slow region at the interface between blood and the ILT lumens and this may seem to
be slower than the first layer of the ILT, however this is not accurate. This apparent
phenomenon is because this is an average velocity map of all the velocities in a
specific region, and because at the interface of the lumen-ILT any velocity component
that hits the solid part of the porous interface will record a velocity of zero (in flow,

the velocity at wall equals zero).

The second part of Figure 5-19 shows the velocity map of blood only within the ILT;
it can be noticed that higher velocities are recorded at the first layers of the ILT (near
lumen) and that the flow tended to have uniform slow velocity inside the ILT and was
very slow near the wall. The velocity variation seems to follow a decay pattern. These
finings are in agreement with Ayyalasomayajula et al.’s (2010) work, who used FEA
models to investigate the convective transport within the ILT and reported that the
interstitial fluid velocities decreased continuously across the thickness of the ILT with

the maximum on the luminal side and the minimum occurring at the outer wall.

Inside the ILT the velocity of the blood is relatively slow (between 0 and 3 cm/s) in
most positions and was recorded at higher rates in specific positions which will be
discussed in the next paragraph. Varying the permeability of the ILT between 0.37,
0.91 and 1.45 mm*N -« s did not alter the velocity of flow inside the ILT, as shown in
Figure 5-19, which is also in agreement with Ayyalasomayajula et al. (2010), who
reported that interstitial fluid velocities were not affected by varying the permeability
of the ILT.

Figure 5-20 shows that the flow can actually move from blood lumen to the ILT and
noticeable blood movement could be seen within the ILT, which agrees with the
conclusion of Adolph et al. (1997), who experimentally carried out a histologic
analysis for the ILT and suggested that fluid and smaller molecules may pass freely
through the thrombus via the canaliculi network. Another very interesting observation
can be also seen at the distal end of the aneurysm, in that the flow is more able to
transmit through the ILT in this region (recorded velocity in this region is the highest

in ILT = 9.6 cm/s) compared to other locations of the ILT. This could be as a result of
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the perpendicular force of the flow and the continuous vortices’ formation in this
location, and could have implications for the rupture in these regions. This
observation needs to be investigated clinically as it may explain why the aneurysm
grows at the distal region of the aneurysm. That could be a result of the continuos
movement of the blood and its smaller molecules in this region. Specifically, it could
explain why the Matrix metalloproteinases (MMPs) - which is highly linked with
AAA pathology and discussed in details in chapter 2 - are concentrated in a region of
AAA which is at high risk of rupture, as concluded by Wilson et al. (2006) in their
clinical study, who reported that there was a localized increase in MMP-8 and MMP-9

concentrations at the site of aortic rupture.

Another possible advantages of such modelling is that modelling blood flow within
the ILT will be important in future work investigating drug delivery solutions in
AAA, which is a significant potential new AAA treatment methodology as reported

by Ayyalasomayajula et al. (2010).

5.6 Summary

This chapter has examined the role of ILT in AAA using different factors. The effect
of the ILT presence on wall stresses was examined using a variety of thicknesses, by
comparing these to each other, and by comparing them to an aneurysm with no ILT. It
was shown that the presence of the ILT decreases the stresses on the wall and this is
found to be proportional to the thickness of the ILT. The ILT was also modelled as
non-homogenous using different properties for the three layers of the ILT making the
adjacent layer to the wall stiffer than the other two (as seen in-vivo) and by comparing
the results of wall stresses from models with three layers of ILT to other models with
average value of stiffness. It was found that modelling the ILT as three layers
provided a more protective role to the wall and it was suggested that this is a result of
the stiff layer decreasing the deformation (strain) of the wall and leading to a decrease

in wall stresses.

In the sensitivity study of ILT material properties, the stiffness of the ILT was found
to decrease the wall stresses on the aneurysm. However, the non-linearity of the
material properties of a homogenous ILT do not have a significant impact on the wall

stresses, while using linear values can provide acceptable results.
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The porosity of the ILT was examined using FEA and CFD and it was found that
aneurysm wall stresses were not affected when a porous ILT was used. It was found
also that the pressure drop caused by the ILT was very small and concluded that the
supportive role of the ILT is not a result of reducing the pressure on the wall, instead

it eliminates the deformation (strain) of the wall which results in reducing wall stress.

It was concluded that if wall stresses are required, ILT porosity can be neglected.
However, valuable information about blood behaviour inside the ILT was observed
which may help in understanding the aneurysm growth and rupture mechanism in
addition to its possible contribution to the significant potential new AAA treatment
methodology of drug delivery solutions in AAA.
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Chapter 6

Discussion

6.1 Introduction

An accurate and reliable stress analysis of AAA requires clear understanding of the
role of every parameter that may directly or indirectly affect the stresses on the wall.
Various studies attempt to contribute to the understanding of how each parameter can
affect the stresses. The shape of the aneurysm was investigated by number of
researchers and they found useful information about the influence of aneurysm shape
on stresses on the wall (Elgers et al., 1996; Vorp et al., 1998; Scotti et al., 2005; Doyle
et al., 2009).

In this thesis, a number of factors that have influence on wall stress have been
investigated. Aneurysm shape was investigated by using four different models with
different shapes but all having the same diameter in order to understand the effect of
shape on wall stresses. Following this, blood flow was implemented in the models to
examine its effect on the internal wall pressure and resulting wall stresses using a
variety of shapes and sizes. Blood flow was also used to understand what is
happening inside the aneurysm and how this may affect the stresses on the wall or

how it may contribute to the pathology of AAA.

The effect of aspect ratio effect on the AAA wall stresses is examined for the first
time in this thesis. Extensive study has been carried out using a variety of shapes and
diameters which has lead to novel and valuable results that can contribute to the
understanding of the aneurysm shape effect on the magnitude and distribution of the
stresses on the wall, and could have clinical use to enhance the assessment of AAA.

The presence of thrombus on the AAA site was also intensively investigated to
understand its role within the aneurysm. Different ILT thicknesses, material properties
and structures were examined and a clear understanding for the role of each factor

was gained. The thrombus porosity was examined with and without the inclusion of
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blood flow, and new outcomes have been reported on the effect of porosity on wall

stresses as well as in the blood flow from lumen to the ILT and within the ILT.

6.2 The effect of aneurysm shape on wall stresses and on blood flow

It is known that aneurysm rupture occurs when the stress on the wall exceeds its
strength and this is likely to occur where the maximum stresses occur. The current
practice of using the maximum diameter as an indicator of maximum stress (based on
Laplace’s law) is not accurate. In this work, four FEA models with the same diameter
but different shapes were used to understand how shape can alter wall stresses.
Uniform blood pressure was applied on the internal wall of the four models and it was
found that wall hoop stresses values and distribution were not the same in the four
models that have the same diameter; this means that it is not only the diameter but
also aneurysm shape that can alter the magnitude and the distribution of wall hoop
stresses. There was an approximate 40% difference between the shape with maximum
wall hoop stress and the shape with minimum wall hoop stress, clearly indicating that
aneurysm shape has an accountable impact on wall hoop stresses. It also showed that
using Laplace’s law for AAA assessment is not accurate since only one of the four
models followed the Laplace law here; in the other three models applying Laplace’s
law lead to wrong estimations on wall hoop stresses. Moreover, wall hoop stresses
were higher at the two ends (not in the middle where maximum diameter is found) in
three models, which clearly means that maximum wall hoop stress did not occur on
the maximum diameter region, but, depending on the shape, maximums hoop stress
could occur either in the middle or on the aneurysm ends. It was concluded that
maximum stress occurred either in the middle or where the geometry tends to have the
maximum variation in the curvature, namely where the curve changes rapidly at the

beginning and the end of the aneurysm.

These findings are in agreement with the results of Elger et al. (1996), who examined
the effect of aneurysm shape using analytical models, and found that maximum stress
depended on AAA shape and curvature. The results are also in agreement with reports
from Vorp et al. (1998), Scotti et al. (2005), and Doyle et al. (2010), who have proven
using different approaches that the shape of aneurysm, independently from its
diameter, has a vital effect on the distribution and magnitude of stresses on AAA wall.
The results are also in line with Rodrguez et al.’s (2007) findings who found that in
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AAAs with the same diameter, the peak wall stress can increase significantly as the

aneurysm becomes more asymmetric (sharper wall curvatures).

The above work used uniform blood pressure. It was necessary to examine the
accuracy of using uniform blood pressure and neglect the variation of the blood
pressure along the aneurysm that could be caused by blood flow. Hence, mass blood
flow was implemented in six models of different shapes and sizes to examine its
effect on blood pressure and to understand how the shape and the size of the

aneurysm may affect its pathology.

CFD analysis of the blood flow inside the aneurysm for all models found that it
consisted of two main parts. There was a high velocity flow in the middle of the
aneurysm and a slow recirculation flow in the aneurysm body. These recirculations
(or vortices) could be affected by the shape and size of the aneurysm, while the
pressure on the AAA wall has only a small variation (less than 1 mm Hg) in all of the
eight models for different shapes and sizes with higher pressures at the distal end of

the aneurysm.

A number of experimental and numerical studies have investigated the flow inside
AAA to understand the role of blood flow in the risk of rupture of the wall (Budwig et
al., 1993; Peattie et al., 1996; Yu, 2000; Finol and Amon, 2001) who all found similar
characteristics of blood flow inside the aneurysm. The small variation of blood
pressure inside the aneurysm was also found by Leung et al. (2006) and Kelly et al.
(2009), who reported less than 0.1% in the variation of blood pressure along the
aneurysm in AAA.

From the above it was concluded that the variation of the blood pressure caused by
blood flow was very small and hence could be neglected if wall stresses are required.
It could be also concluded that vortices inside AAA might play an important role in
the formation of the ILT and in the pathology of the AAA, which by itself is a factor
of the aneurysm shape, which means that aneurysm shape is a vitally important factor
in assessing the risk of AAA rupture.
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The importance of the above findings is that they can provide valuable information in
understanding what effect could be expected from the assessment of different shapes
of aneurysm, and that applying the law of Laplace in the assessment of AAA does not
provide accurate results in all aneurysm shapes. The above findings also show how

the shape and size of an aneurysm may alter blood dynamics inside AAA.

6.3 Effect of aspect ratio on the stresses on the AAA wall

The aspect ratio of an aneurysm in AAA is the relationship between its length and
diameter of its neck (normal aorta). 42 models (27 for the basic study and 15 to
produce more data points on graphs) with a variety of shapes and diameters were used
to investigate the effect of aspect ratio on wall stresses. Aspect ratio was found to
change the magnitude and distribution of the wall hoop stresses for the same shape
with the same diameter when the length of the aneurysm body was varied, and this

was verified using three deferent shapes and three different diameters for each shape.

It was found from this work that for aneurysms with a small aspect ratio (short
aneurysm), maximum wall hoop stress is expected to be concentrated at the two ends
of the aneurysm, but for a similar aneurysm with a larger aspect ratio (longer
aneurysm) it was found that the maximum wall hoop stress is concentrated in the
middle with higher magnitude. Aspect ratio was found to shift the magnitude and the
location of the maximum hoop stress from the proximal and distal ends of the
aneurysm to the middle at critical value. This critical value can help to predict the
location of maximum wall stress and the possible region of rupture or growth. An
empirical relationship between maximum hoop stress and aspect ratio was plotted,
which could be used as an additional indicator for the assessment of an aneurysm by
predicting the magnitude and the location of the maximum wall stresses. It was
suggested that a general clinical assessment scale be applied to enhance the

assessment of AAA maximum wall stress value and location.

Aspect ratio threshold was reported by Salsac et al. (2004) who carried out an
experimental study using tomographic digital particle image velocimetry to examine
the changes occurring during the progressive enlargement of AAA and a critical

aneurysm aspect ratio was found, for which the flow change from laminar state to a
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turbulent state. This indicates that aspect ratio does not only change the wall stresses

but also the blood flow behaviour inside aneurysm.

These findings are important to the field as they introduce the aspect ratio of the
aneurysm as an important indicator of the assessment of the disease in terms of
predicted location for maximum wall stresses that may lead to the location of a

rupture, and in terms of the predicted magnitude caused by this factor.

To the author’s knowledge, this study is the first to examine the effect of the aspect
ratio on the location and the magnitude of maximum stress in the aneurysm wall.
Furthermore, the findings are valuable and justified through engineering analysis. The
effect of the aspect ratio could dramatically impact any future studies or clinical

assessment of the aneurysm.

6.4 The role of intraluminal thrombus
The role of thrombosis inside AAA on rupture risk is not clearly understood, and is
controversial because some researchers believe that its presence increases the risk of

rupture while others suggest it supports the wall and decreases the risk of rupture.

To investigate this, four models with different ILT thicknesses have been used to
compare the effect of the ILT thickness on the wall stresses and to compare this with
an aneurysm with no ILT. The results showed that the presence of an ILT markedly
reduces peak wall stress and alters wall stress distribution. Wall stresses were
decreased 30% in the presence of thin thrombus and 60% in the presence of thick
thrombus. These findings support the results of Wang et al., (2002), Speelman et al.,
(2007), and Polzer and Bursa (2010), who reported that thrombus reduces AAA wall
stress and as a result plays a positive role in supporting the wall and decreasing the
chance of AAA rupture.

Some realistic and sensitivities studies have been carried out to measure the effect of
different factors on the role of the ILT. The ILT was modelled as non-homogenous
with three layers, each with different material properties to mimic the realistic ILT

that has three layers with different material properties for each layer.
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The results showed that maximum wall stress varies inversely with ILT stiffness. By
varying the stiffness factor from 0.01 to 1.0 MPa, maximum stress was decreased
from 0.43 to 0.11 MPa. This could decrease the chance of rupture from high to low as
proposed by Hall et al. (2000), who reported that the AAA failure stress is 0.28MPa
which may explain why some researchers believe that the presence of an ILT will
reduce the chance of AAA failure, while others believe it will increases it. Thus, the

chance of rupture may depend on the stiffness of the ILT.

The non-linearity of the material properties of a homogenous ILT does not have a
significant impact on the wall stresses, and using linear values can provide acceptable
results. Using a non-homogenous ILT showed a noticeable effect on wall stresses
compared to a homogenous ILT.

Early numerical studies of the ILT have considered it to be a solid material (including
the first ILT results in this thesis), but in reality, it is not a solid material, it is actually
porous. Many researchers raise the consideration of the ILT as being solid as a
modelling limitation and have suggested that porosity be included in future studies. In

this work the consideration of the ILT as a porous material is applied.

The porosity of the ILT was examined using FEA and CFD and it was found that
aneurysm wall stresses were not affected when a porous ILT was used. It was found
also found that there is no pressure drop between blood lumen and the internal wall
caused by the ILT, thus it was concluded that the supportive role of the ILT is not a
result of reducing the pressure on the wall, but it eliminates the deformation (strain) of

the wall which results in reducing the wall stress.

These findings are in agreement with the results gained by Polzer and Bursa (2010)
who used solid and porous models for the ILT; by comparing the results of the two
models they reported that the poroelasticity of the ILT did not alter the wall stress and
concluded that ILT porosity can be neglected when wall stress distribution is required.
The findings are also in strong agreement with Polzer and Bursa (2010) and Meyer et
al. (2010), who used trans-thrombus theory and found that applying pressure directly
underneath the ILT has only a small effect (about .03% difference) on wall stresses
compared to applying the pressure on the ILT. In contrast, results from Avinash
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Ayyalasomayajula et al. (2010), who utilize porohyperelastic FEA models for both
the ILT and wall, showed that the porosity of the ILT increased the wall stresses
compared with non-porous ILT. They reported an increase of up to 81.0% in peak
maximum principal wall stresses in a comparison of a porous ILT to a non-porous
ILT. This seems to be very high, and is even higher than the stresses recorded if the
ILT was completely removed (between 20% - 60% in this work, and 55% of Polzer
and Bursa’s (2010) work). From the mechanical point of view, the ILT was found to
have a protective role, while it was thought that porosity may decrease the protective
role it did not have a negative effect. Ayyalasomayajula et al. (2010) recorded the
pressure drop caused by the ILT as small, therefore the possible reason for the high
stresses that they reported was the use of a porous material (with very low
permeability) for the wall, which may cause a larger deformation of the wall
compared to a solid wall and result in higher stresses recorded. In the work carried out
here, and in the work of Polzer and Bursa (2010) and Meyer et al. (2010), the
permeability of the wall was neglected because the scope of these studies was limited
to the ILT role.

The results of blood velocity within the ILT show higher velocities are recorded at the
first layers of the ILT (near lumen) and that the flow tended to have uniform slow
velocity inside the ILT and was very slow near the wall. The velocity variation seems
to follow a decay pattern. These finings are in agreement with Ayyalasomayajula et
al. (2010), who used FEA models to investigate convective transport within the ILT
and reported that interstitial fluid velocities decreased continuously across the
thickness of the ILT with the maximum on the luminal side and the minimum
occurring at the outer wall. ILT permeability variation did not alter the results of this

work nor the results reported by Ayyalasomayajula et al. (2010).

The results showed that the flow can actually transmit from blood lumen to the ILT
and that noticeable blood movement could be seen within the ILT, which is in
agreement with the conclusion of Adolph et al. (1997), who experimentally carried
out a histologic analysis for the ILT and suggested that fluid and smaller molecules
may pass freely through the thrombus via the canaliculi network. It was found that the
flow is more able to transmit through the ILT in the distal end of the aneurysm

compared to other locations of the ILT which could be as a result of the perpendicular
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force of the flow and the continuous vortices’ formation in this location; this could

have implications for the rupture in these regions.

The importance of these findings to the field is found in their introduction of a porous
model that it could be used to mimic the ILT in AAA, and the display of the effect of
such modelling to the wall stresses. This study also introduced the first numerical
simulation which introduced the mass transport of blood flow at the interface of
blood-ILT mediums, and blood flow within the ILT itself.

The key result of this thesis, and the results gained, is that it was able to explain the
basic roles of different aspects in relation to stress variation. A number of studies in
the literature have contributed very good results, but, when compared to others in the
literature, gave conflicting conclusions. Modelling a patient-specific aneurysm may
give good results about that specific patient but not necessarily lead to more
understanding of the basic role for the criteria that are intended to be used to assess
the rupture in AAA. This thesis tried to understand, and conclude, the basic effect of
each parameter in isolation of the effects of other factors, which can lead to a better

understanding of the general effect of the whole shape.
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Chapter 7

Conclusions and future work

7.1 Conclusions
The conclusions that could be taken from this work are listed here:

e Maximum diameter is not the best parameter to predict aneurysm risk of
rupture.

It was clearly proven that maximum stress is not always located in the maximum

diameter because the rupture is a mechanical event which occurs when stress on the

wall exceeds its strength. Hence, maximum diameter is not the best predictor of

maximum stress.

e Aneurysm aspect ratio can affect the magnitude and locations of maximum
stresses.

Aneurysms with small aspect ratios generally have lower maximum stress, compared

to ones with large aspect ratios. Also the location of maximum stress in aneurysms

with small aspect ratios is likely to be at the aneurysm ends, while for large aspect

ratios aneurysms the maximum stress is expected to be in the middle. Aspect ratio

assessment can enhance the prediction of the location and the magnitude of maximum

wall stress.

e Mechanically, the presence of the ILT reduces the stresses on the wall.
From a mechanical point of view, the ILT will work as a cushion and decrease the

stresses on the wall. This role is inversely proportional to the thrombus thickness.

e The stiffness of the ILT will affect its role on the rupture mechanism.
The ILT has a harmful role on the AAA wall but its stiffness can determine if its
presence will be favourable or not to the AAA. A stiff ILT will overcome its harmful

role and result in it supporting the wall, while a non-stiff ILT will have a harmful role.
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e The porosity of the ILT does not increase or decrease the wall stresses
compared to solid ILT.

A porous ILT was found to provide same protective role of a solid ILT and hence, if

wall stress is required porosity could be neglected.

e The porosity of the ILT transmits the blood pressure to the internal wall of
AAA.
A porous ILT allows the blood pressure to be transmitted to the internal wall without

reduction.

e The supportive role of the ILT is not a result of pressure drop on the wall,
rather it is caused by the supportive role of the ILT reducing wall
deformation.

Porous and solid ILTs provide the same role of protection, although the porous ILT

transmits all the pressure to the internal wall while the solid ILT does not. The reason

for the supportive role of the ILT is its ability to reduce the deformation (strain) on the

aneurysm wall.

e Vortices of blood flow inside the aneurysm probably play an important role
in the formation of the ILT and in the pathology of the AAA.

Blood vortices may lead to platelet deposition causing a weakening and pathology to

the affected region, and hence lead to thrombus formation.

e AAA growth in some regions could be a function of mechanical forces.

The growth of AAA is caused by many reasons, but it was found that blood flow
inside the ILT at the distal end of the aneurysm may cause a concentration of some
living cells within the thrombus that have a relationship to the pathology of AAA and
lead to growth in those regions.
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7.2 Future work

This work has discussed a number of the basic factors that may have relation to
rupture, and some positive initial results were found that deserve more investigation.

In particular, further work is recommended in the following areas:

Oxygen modelling within blood

It is thought that oxygen dysfunctioning is an important reason behind AAA
pathology for aneurysms with the ILT. Oxygen should be included within the blood
flow to take advantage of ILT porosity and its concentration should be checked at
different sites of the ILT to understand how much this may increase the pathogenesis
of the AAA.

Using patient specific models (realistic)

In reality, AAAs are not idealised shapes, they are more complex and irregular. To
apply the findings of this thesis it is necessary to apply them to realistic shapes.
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