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Abstract

In silico models of intracranial aneurysm (IA) evolution aim to reliably represent
the mechanical blood flow environment, the biology of the arterial wall and, cru-
cially, the complex link between the two, namely the mechanobiology of healthy
and diseased arteries. The ultimate goal is to create diagnostic tools for person-
alised management and treatment of aneurysm disease. Towards that target, the
work presented in this thesis aims to establish a directly interactive link between
experimental (in vivo and in vitro) and computational work for biologically and
clinically relevant research on aneurysm disease. Mechanobiological hypotheses
were firstly investigated in a novel 1D mathematical conceptual model of aneurysm
evolution: for the first time these included representations of endothelial hetero-
geneity and smooth muscle cell (SMC) active stress response and apoptosis. The
1D investigations analysed and assessed the role of wall shear stress (WSS) home-
ostasis in elastin degradation, and the evolving role of the adventitia as a protective
sheath in health and primary load-bearer in disease. The 1D framework was ap-
plied to a specific patient’s aneurysm using both imaging and histological data to
parameterise the model, calculating a material parameter for the adventitital col-
lagen. The predicted evolution captured aspects of tissue changes measured with
time focusing on the remodelled tissue wall thickness consistent with the experi-
mental measurements, and physiological cyclic deformation in order to propose an
approach to modelling adventitia’s adaptive role to load bearing. Furthermore, an
existing Fluid-Solid-Growth (FSG) computational framework was adapted and cali-
brated for the same patient-specific case with the help from the experimental data
and the analysis from the 1D framework. This FSG model quantifies the arterial me-
chanical environment and captures the mechanical response of the fibrous arterial
constituents. Comparing 1D and 3D investigations to establish consistency for our
models, the 3D model tested the hypothesis of WSS homeostasis, additionally intro-
ducing the element of spatial heterogeneity in the definition, and a new hypothesis
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linking cyclic deformation with collagen growth that ensures a physiological me-
chanical environment in stabilised aneurysms. Moreover, the FSG framework was
applied in a specific rabbit aneurysm case and extended to link growth and remod-
elling to the detailed representation of the pulsatile blood flow mechanical environ-
ment. This research illustrates the power of computational modelling when coupled
with rich data sets on the physiology, histology and geometry of healthy and dis-
eased vascular tissue. In particular, the integrative modelling framework provides
the foundation for establishing mechanobiological links crucial to aneurysm pro-
gression, and a basis for further research towards creating reliable aneurysm clinical
tools.

vi
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CHAPTER

INTRODUCTION

1.1 ANEURYSM DISEASE

Aneurysms are excessive, permanent and localised dilatations of the arterial wall.
The three most common types of aneurysms, in terms of location, are: cerebral
(or intracranial) aneurysms (IAs); abdominal aortic aneurysms (AAAs) and thoracic
aortic aneurysms (TAAs). The majority of research focuses on IAs and AAAs and this
thesis investigates IAs. Even though there are differences in the disease for the two
aneurysm types, they also share important characteristics and thus aneurysm re-

search for IAs can shed light on AAAs, and vice versa (Humphrey and Taylor, |[2008).

There are two main types of IAs in terms of form (illustrated in Figure[I.1): sac-
cular (Figure[1.1](i)) and fusiform (Figure[1.1](ii)). 90% of IA cases are of the saccular
type with the characteristic berry-like, spherical shape, which is connected to the
vessel by a neck (Lasheras,|2007). IAs form in the cerebral arteries surrounding the
circle of Willis and specific occurrence in the internal carotid artery is frequently
observed (Foutrakis et al., 1999); the wall’s outpouching of a proximal intracranial
artery is commonly observed at a bifurcation (Krings et al., [2011), or, if it’s not de-

tected in a bifurcation, it oftens points in the direction of the flow (Atlas,|1997).

The disease affects approximately 5% of adults of all ages, and general popula-

tion statistics of unruptured IAs show a range of occurence between 0.4% and 6%
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(1) (1)

Figure 1.1: Types of intracranial aneurysms (based on their form): (i) saccular and
(ii) fusiform. Image adapted from the Neurological Institute of New York (http:
//columbianeurology.org/about-us/neurological-institute-new-york).

(Rinkel et al.|(1998), Winn et al. (1977), Higashida et al. (2007), Lasheras| (2007)). IAs
are potentially lethal if they rupture, as this might lead to a stroke (5 to 15% of stroke

cases are related to ruptured IAs (Bederson et al., 2000)). The fraction of detected IAs

that do rupture each year is in fact very small (0.1-1%) (Ujiie et al. (1993), Thompson|
let al.| (2015), Juvela et al.| (2000), (Wiebers et al.| (2003), Winn et al.| (1977)); however,
mortality and morbidity rates in the case of rupture can be high (30-50%
2000)), with the likely outcomes (up to 80%) being severe brain damage or
death 2002). In the US, subarachnoid haemorrhage (a form of haemorrhagic
stroke) from a ruptured IA is observed in 1 in 10,000 persons and has a particularly
high mortality rate (45%) for the first 30 days following the incident as well as a high
risk of rebleeding (Brisman et al., 2006).

The precise aetiology of IA formation, and potential rupture, is unknown and the

nature of the disease is certainly multifactorial (Caranci et al., 2013). Physiologic
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influences, such as hypertension, have been found to relate to enlargement and
rupture (Tateshima et al. (2007), Resnick et al.| (2003)). Environmental factors, such
as smoking, pose a risk to vascular integrity ((Schievink, 1997), (McGloughlin and
Doyle, 2010)). Additional risk factors include age, as older age relates to increased
risk, (Inagawa and Hirano, 1990); gender (female) and geographical region (Japan
and Finland) (de Rooijj et al., 2007) and carotid artery stenosis (Keedy, 2006). Such
risk factors might also differ depending on the anatomical location (Casimiro et al.,
2004); the site of the aneurysm might also be related to the risk of rupture, for ex-
ample, in the middle cerebral artery (Asari and Ohmoto,|1994). Certain aneurysms
have been also found to have a familial form (Schievink, (1997). This suggests that
those who have suffered an aneurysm are more likely to suffer subsequent ones than
those who have not suffered any at all (Casimiro et al., 2004). Even though genetic
factors related to aneurysm disease have been examined (Krex et al., 2001) and pos-
sibly associative genes related to IA formation have been investigated (Krischek and
Inoue| (2006) Rinkel| (2008)), there is still no clear understanding of the genetics of
the disease (Ruigrok et al., 2005). There have been many conditions associated with
IA: polycystic kidney disease, fibromuscular dysplasia, Marfan’s syndrome, arteri-
ovenous malformations of the brain (Brisman et al., 2006). However, it should be
noted that atherosclerosis has been found to be a result, rather than a cause or co-

existing condition, in IA development (Kosierkiewicz et al., 1994).

Besides the highly complex pathophysiology of IA disease, IAs are also mostly
asymptomatic (Brisman et al., 2006); detecting an IA is either coincidental (for
example, during cerebral imaging after traumatic injury) or due to subarachnoid
haemorrhage, namely when it’s too late to assess the risk of rupture. Consequently,
IA detection and clinical decision-making on treatment becomes very difficult. For-
tunately, the improved sensitivity of medical imaging techniques (computed to-
mography angiography, magnetic resonance angiography or angiography by direct
intra-arterial catheterisation), a lot of which are non-invasive, allow for better de-
tection in hospitals, and provide more accurate depictions of aneurysm geometries
(Keedy| (2006), Wolfe et al.| (2006)). IA treatment, in most cases, involves interven-
tion with endovascular or open surgery as a default option for detected IAs (Brisman
et al. (2006), Wong et al. (2011)). Figure|l.2{summarises these options. Clipping of
the aneurysmal neck, is seen in Figure[I.2{i): craniotomy is followed by clip ligation
with MRI (magnetic resonance imaging) compatible alloys that are placed across

the neck of the aneurysm. Clipping has been one of the established options for
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clinical intervention for many years (Keedy, 2006), although it can be a non-viable
option if there are problems of access due to the specific location of the aneurysm.
Figure (ii) shows the option of endovascular occlusion; a microcatheter is ad-
vanced into the aneurysm and detachable coils are placed to decrease the amount
of blood or to stop blood from filling the aneurysm (Alshekhlee et al., 2010). Effec-
tive coiling of unruptured IAs has been associated with higher survival, lower mor-
tality rate during the procedure and incidence of vasospasm (sudden constriction
of the blood vessel), as well as better cost-effectiveness (Van Rooij and Sluzewski
(2006), [Hohlrieder et al. (2002), Greving et al.[ (2009)). A long-term follow up study
(Molyneux et al., 2009) also showed lower long-term risk of death following coil-
ing. However, it is not necessarily suited to all types of aneurysms: for example,
coiling would not be effective for wide-necked aneurysms. For smaller and distal
aneurysms, parent artery occlusion with detachable coils and aneurysmal resection
to prevent blood flow from reaching the site of the aneurysm is a similar surgical
therapy option (Cloft et al., 1999).

Figure [1.2[(iii) and Figure [L.2{iv) show two more recent surgical interventional
methods, both of which make use of stents. Figure (iii) displays the stent remod-
elling technique - coils are delivered to aneurysms using stents as scaffolds (Pierot,
2011), so the coils are able to be delivered and placed within the aneurysm more ef-
fectively. Balloon-assisted coiling (Cottier et al., 2001) is a similar technique for the
same purpose. Figure[1.2)(iv) presents the most recent of the interventional meth-
ods. A flow diverting stent has a twofold purpose: haemodynamic and biological
(Pierot, 2011). By redirecting flow from the aneurysm sac, flow stasis and gradual
thrombosis is able to take place within the aneurysm, while tissue overgrowth is
allowed across the aneurysm neck. The material used and the specific design (in
terms of porosity, for example) that will allow the best trade off between efficacy
(radial stiffness) and device (longitudinal) flexibility (Ma et al., 2015) are particu-
larly important for this method and animal models have been developed to support
it (Kallmes et al., 2007). Wong et al.| (2011) suggests that this method is suited better
to larger, wide necked and possibly fusiform unruptured IAs. Unfortunately, long-
term anti-platelet therapy after stenting is essential to inhibit thrombus formation

but can also pose potential bleeding complications.

This overview of surgical options illustrates that there is no single best inter-

ventional method for all aneurysms. Incidental findings of IAs need to be assessed
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Ruptured Anaury;ﬂ!

Figure 1.2: Options for intracranial aneurysm intervention: (i) clipping of aneurys-
mal neck (here an already ruptured aneurysm is depicted); (ii) coiling of the
aneurysmal sac; (iii) the remodelling technique, combining stent deployment
for the correct catherisation of coils and (iv) flow diverting stent deployment.
Combined image adapted from the Neurological Institute of New York (http://
columbianeurology.org/about-us/neurological-institute-new-york) and

Winn| (2011).

for risk of rupture against the risks of treatment, and decision on treatment needs
to take into account the patient (and their preference), the specific aneurysm (type,
shape, location), and the availability or expertise of the clinicians 2006). De-
spite the plethora of research on the complex aetiology of the disease, size is still
used as the main indicator of rupture risk in clinical decision making
22000), based on observations such as the fact that IAs larger than 10mm
have a greater statistical risk of rupturing. This is clearly insufficient in-
formation for the characterisation of such a complex disease. We need to especially
consider that, due to insufficient clinical criteria, the majority of patients with de-

tected IAs who receive surgical intervention might be faced with unnecessary risks
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from interventions (6% morbidity, Park et al. (2005), Molyneux et al. (2009)) as well
as great costs; the cost is approximately £30K per procedure (NHS, 2012), contribut-
ing to the total overall disease cost of £0.5Bn/year in the UK (Rivero-Arias et al.,
2010), which is only increasing, especially with the availability of imaging tech-

niques.

There is undeniably an urgent need to revolutionise IA management and treat-
ment, especially when we compare the estimated risk from intervention (6%) with
that from risk of rupture (0.1-1%). Healthcare innovation for IAs requires developing
diagnostic tools to distinguish stable IAs from those likely to rupture, therapeutic
approaches to stabilise IAs, and clinical tools to personalise, evaluate and optimise
treatment strategies. Computational modelling is key to achieving these goals. It is
envisaged that models of aneurysm evolution will lead to a greater understanding of
the disease and, in the longer term, assist aneurysm management, by offering more

sophisticated criteria for predicting rupture.

1.2 ARTERIAL BIOLOGY AND PATHOBIOLOGY

Looking into the biology of healthy and diseased arterial tissue helps us understand
more about the disease and enables us to investigate the ways in which aneurysms
might develop and rupture. Investigations on pathogenesis of aneurysms are par-
ticularly difficult due to the limited availability of relevant clinical data, but close
observations on biological changes allow us to make postulations about events con-
tributing to the presence of the disease. Biology is important, since arterial tissue
is living, namely, it is constantly produced and degraded, changing and being af-
fected by its immediate environment. In this section the healthy architecture and
biological function of the arterial wall will be firstly outlined and subsequently ex-
perimental evidence on the pathological biology of the aneurysmal arterial wall will

be summarised.

Figure |1.3|illustrates the biological architecture of the healthy arterial wall, de-
scribed in terms of the layers from the lumen towards the external layers. The
innermost layer (tunica intima) consists of a monolayer of endothelial cells (ECs)
and subendothelial connective tissue (a basement membrane composed of type
IV collagen and laminin (Humphrey and Taylor, 2008)). The internal elastic lam-

ina, which contributes greatly to the mechanical strength of the healthy artery (Ste-

6 Modelling the mechanobiological evolution of aneurysms



|Aikaterini Mandaltsi 1.2. Arterial biology and pathtl)biology
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Figure 1.3: Structure of the healthy arterial wall. Image adapted from ’Anatomy
& Physiology: a learning initiative’ (http://anatomyandphysiologyi.com/). The
cerebral arterial wall consists of: tunica intima (endothelium and subendothelial
connective tissue), internal elastin lamina, tunica media (elastin and collagen fi-
bres, smooth muscle cells and proteoglycans) and tunica externa (fibroblasts and
collagen fibres).

11989), separates the intima from the media (middle layer). Tunica media
consists of closely packed layers of smooth muscle cells (SMCs) surrounded by the
extra-cellular matrix (ECM); this is comprised of multiple types of collagen, elastin
fibres and proteoglycans. Adventitia is the outermost layer (tunica externa) and

consists of fibroblasts embedded in an extensive plexus of type I collagen with ad-

mixed elastin (Humphrey and Taylor, [2008). Adventitia in cerebral arteries is very

thin compared to arteries in other parts of the body (Krings et al., 2011). It should

be noted that, contrary to the illustration in Figure [1.3] which is generalised for all
human arteries, for cerebral arteries, there is no external elastic lamina between the

media and adventitia.
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ECs are responsible for the control of material passage between the circulating
blood and the artery wall, as well as for actively maintaining vascular homeostasis
(biomechanical and biochemical state of equilibrium) and the regulation of vascu-
lar tone. Vascular homeostasis and tone regulation are accomplished by maintain-
ing the balance between vasodilators and vasoconstrictors, and preventing platelet
aggregation and anticoagulant effects (Traub and Berk, |[1998). The communication
between ECs and SMCs play a significant role in this regulation of arterial tone.
Elastin and collagen fibres, as part of the ECM, are proteins and load-bearing ar-
terial constituents, contributing to the known non-linear elasticity of the arterial
tissue (Shadwick, 1999). Elastin fibres cease to be renewed early on in a person’s life
(Wagenseil and Mecham, [2007), whereas collagen fibres have a very high turnover,

but their mechanical stiffness can increase with age (Avery and Bailey, |2006).

SMCs and fibroblasts within the arterial wall continually maintain the structure
of the artery (Chiquet (1999), |Chiquet et al.| (2003)). SMCs regulate the diameter
of the artery and maintain the structure of the ECM by controlling the production
and degradation of the ECM proteins; this is the synthetic state of the cell (Robert-
son and Watton, 2013). Moreover SMCs, apart from contributing to the production
of important fibres in the medial layer, also exert some of the forces that balance
the blood flow forces on the arterial wall, aiming to maintain vascular mechanical
homeostasis; this is the contractile state of the cell. By being partially contracted,
the cells are able to either relax or contract as a response to the changes of the blood
vessel’s diameter (Robertson and Watton, 2013). Similarly, fibroblasts affect arterial
mechanics by regulating the production of collagen fibres and other ECM compo-
nents found in the adventitial layer (Meran and Steadman, 2011), through the pro-
duction of matrix metalloproteinases (MMPs), which are ECM protein-degrading

enzymes, and their inhibitors.

Ex vivo imaging and histological tissue studies have allowed investigation of the
changes in the structure of the arterial wall during IA evolution (Robertson et al.
(2015), [Killer-Oberpfalzer et al. (2012), Frosen et al. (2004)). The histopathological
characteristics of the pathogenesis, enlargement and rupture of IAs are researched
as a combination of postnatal changes in the arterial wall against congenital and

environmental factors (Stehbens, 1963).

A general observation in cerebral aneurysmal tissue is the fragmentation of the

tunica media (Toth et al. (1998),/Zhang et al.| (2003)) or even the loss of tunica media
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(Brisman et al.,[2006) with a disruption of the internal elastin lamina (Rajesh et al.,
2004). No elastic lamina, sparse medial elastin and lack of supporting perivascular
tissue together with structural irregularities are particularly observed in aneurysms
at the apex of bifurcations (Finlay et al.,|1998). SMCs in some cases migrate to the in-
tima, between the endothelium and the elastic lamina, and proliferate; this event is
called myointimal hyperplasia (Frosen et al. (2004), Okamoto et al. (2001), Intengan
and Schiffrin/ (2001)). In the media, SMCs might show different patterns: a normal,
organised group of SMCs and ECs, or, their near absence (Rajesh et al.| (2004), Frosen
et al.[(2004)). It is suggested that perhaps the flexible role of SMC as both synthetic
and contractile might be related to dysfunction and disease progression (Lacolley
etal.,2012).

A significant increase in MMP activity (inflammation) leads to degradation of
medial collagen and can lead to continued enlargement (Kassam et al. (2004), Mi-
mata et al.| (1997), Bruno et al.| (1998), |Gaetani et al.| (1998)). The collagen turnover
rate is an important factor for the temporality of rupture risk of aneurysms (Langille,
1993): newly formed aneurysms might be more likely to rupture, since old collagen
might be destroyed without new collagen being yet attached to the arterial ECM
(Mitchell and Jakubowski,[2000). The collagen fibres in the adventitia appear mostly
intact, but might be stretched (Stehbens, 1963). Due to the disruption of the me-
dia and the presence of diffused macrophages and leukocytes in ruptured samples
(Katakoa et al., 1999), it is believed that inflammatory and immunological relations
are important in the assessment of rupture risk (Takagi et al.,[2002) and need to also
be genetically investigated (Shi et al.,|2009).

An important study on pathobiologies of IAs by [Frosen et al.| (2004) indicated
that identifying the histopathological profile might be key to distinguishing be-
tween greater or lesser risk of rupture. Presented in an order of increasing identi-
fied risk of rupture, some aneurysms were found with orderly layers of SMCs and
intact endothelium; others showed a more disorganised network of SMCs; another
category presented decreased SMC numbers, myointimal dysplasia or thrombus,
while a final group displayed a thin hypocellular wall with EC apoptosis. It should be
noted that the IA pathobiologies mentioned here refer to the stereotypical saccular
aneurysm. In fact, IAs are a manifestation of a wide range of diseases (Krings et al.,
2011) and there are many other vessel wall pathologies associated with aneurysm

disease (dissection, intramural haemorrhage, immunodeficiency, trauma), which
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are investigated in parallel, but, due to their distinct biological differences, might

require different therapeutic approaches.

1.3 MECHANOBIOLOGY AND HOMEOSTASIS

In common with most biological structures, arteries are self-repairing, adaptive ves-
sels that are at risk of compromise through disease. Damage from ageing, from
cellular malfunctions, and from atypical tissue responses to changing mechanical
demands, can have severe consequences. However, arteries generally have a re-
markable capacity, through genetics and biochemical processes, for growth, repair
and continual renewal (Robertson and Watton, |2013), in order to sustain or return

to vascular homeostasis, a state of dynamic equilibrium.

Vascular homeostasis requires that cells sense their local chemical environ-
ment (pH, oxygenation, growth factors, cytokines, chemokines, hormones and
lipoproteins (Aird} [2006)) and mechanical environment and establish, maintain, re-
model, or repair the ECM to provide suitable compliance and yet sufficient strength
(Humphrey et al., 2015). Naturally, receptors connecting ECM with cells and sig-
nalling molecules to transmit information to the nucleus are required in order for
processes of homeostasis to take place. Emphasis should be given to the observa-
tion that cells are able to sense their immediate mechanical environment. In fact,
mechanical forces are regulators of life’s form and function, as cells are sensitive to
varying magnitudes and time scales and mechanical stimuli can be translated into
a chemical response (Kolahi and Mofrad, |2010) affecting cell functionality (prolif-
eration, apoptosis, differentiation, morphology, alignment, migration or synthesis
(Kakisis et al.,|2004)): this is the process of mechanotransduction. Mechanobiology

is therefore the study of the interaction between mechanics and biology.

We refer to growth and remodelling (G&R) as the arterial processes, which
chemo-mechanically trigger intramural cell functions that result in the deposition
and degradation of tissue components. Figure overviews arterial states during
which G&R takes place (Humphrey, 2008). G&R occurs both for the normal pro-
cesses of development, maintenance and ageing and in response to altered con-
ditions due to disease (for example, atherosclerosis and inflammation), injury (for
example, wound healing and vasospasm) or environmental adaptations (for exam-

ple, exercise and vein grafts). Most of these examples are related to changes in arte-

10
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rial loads and therefore imply a corresponding mechanical homeostasis. Exploring
the underlying mechanobiology in health and aneurysm disease is key to under-
standing its aetiology and building on more reliable diagnostic criteria. As haemo-

dynamic and biological triggers disturb the local vascular homeostasis and vascular

remodelling attempts to return to the homeostatic conditions (Humphrey, 2009),

the inability of the artery to reach a new mechanical homeostatic state might play a

role in the progression of aneurysm.

Angiogenesis Development Aging

Normal
) Processes
Atherosclerosis — — Denudation
Marfan's — — Medial Injury
Coarctation — =— _ — Wound Healing
Disease Injury
Aneurysms — — Vasospasm
Inflammation — — Vein Grafts
Adaptations
Hypertension Vein Grafts ‘ Altered Flow

Exercise Microgravity

Figure 1.4: Growth and remodelling mechanisms are found in normal arterial pro-
cesses, as well as in responses to disease, injury and environmental adaptations
(adapted from [Humphrey| (2008)).

The endothelium, being the first layer exposed to haemodynamic forces due to
blood flow, dynamically responds to them, thus contributing to vascular physiology
and pathophysiology 1993). Wall shear stress (WSS, namely the frictional
force per unit area on the inner layer of the arterial wall) and cyclic deformation (due
to pulsations over the cardiac cycle) are important mechanical stimuli affecting EC
morphology and functionality. In particular, there are interesting indications that

different characteristics of the WSS relative to its direction, magnitude and spatial
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or temporal variations might have an effect on EC form and function, even though
the underlying mechanisms of their sensing capability for such characteristics is
not exactly clear. The morphology of the cells is affected by both the direction of
WSS and cyclic stretch. Unidirectional WSS results in long, narrow and flat cells
(Aird,|2007) elongated in the direction of the flow and perpendicular to the direction
of the cyclic stretch, while biaxial cyclic stretch leads to a polygonal shape (Wang
et al., 2000): morphology of this kind is present in bifurcations where flow patterns
are more complex. Morphology can have an effect on the permeability of the en-
dothelium: this is particularly important as we know that the endothelium controls
the transport of substances from the blood flow (Cummins et al., 2007). Disturbed
flow might have an inflammatory effect on the arterial wall where the endothelium’s
changed permeability allows macromolecules (Chiu and Chien, 2011). Changes in
molecular homeostasis have been associated with aneurysm disease (Kassam et al.,
2004).

Furthermore, endothelial dysfunction associated with aneurysm disease has
been linked to increased average WSS (Kyriacou and Humphrey, [1996), large tem-
poral WSS variations (Chatziprodromou et al. (2007a), Chien| (2007a)) and combi-
nations of high WSS and high positive spatial WSS gradient (Meng et al., 2007). It
is important to note that when we are referring to elevated values, it is in terms of
a well-defined homeostatic level. In fact, those homeostatic states might differ for
the endothelium at different arterial locations, from subject to subject and from one
point in time to another. These homeostatic heterogeneities have been proposed as
the combined result of the endothelium’s capacity to both retain a memory of pre-
vious homeostatic states (argument on nature) and adapt to changing local condi-
tions (argument on nurture) (Aird, 2006). This biological suggestion of homeostatic
heterogeneity and adaption is supported, for example, by in vivo calculations of
WSS in homeostatic conditions (Cebral et al. (2005), Acevedo-Bolton et al. (2006))
that might significantly differ from what might be perceived as a normal physiolog-

ical WSS range (Kamiya and Togawa, |1980).

Mechanobiological links and homeostatic states have been also identified for
other intramural cells and load-bearing arterial constituents. Mechanical home-
ostasis for SMCs can be described in terms of physiological levels of cyclic stretch
(10% with a 25-50% mean strain (Matsumoto and Nagayama, 2012)) when SMCs are

in their contractile state. Fibroblasts are able to regulate biochemical signals as a re-
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sponse to their mechanical environment (Hanein and Horwitz, 2012) and can trans-
duce mechanical into chemical information and, combining it with growth factor
related stimuli, change gene expressions and ECM synthesis (Chiquet et al., 2009).
Collagen can be degraded by active collagenases (Bruno et al., 1998) and synthe-
sised by mural cells (Frosen et al., 2006), but may also be derived directly from the
circulation (Todor et al., 1998) and it has been suggested that WSS heterogeneities
might locally alter collagen production (Rodriguez-Feo et al., 2005).

Combining the aneurysm pathobiology presented in and the discussed
mechanobiological links from this section, we can study the proposed framework
by Frosen et al. (2012), illustrated with Figure which aims to summarise the in-
teractions between mechanical, biological (of the artery) and geometrical (morpho-
logical) factors for the progression of saccular IA disease by investigating different
tissue samples from ruptured and unruptured aneurysms. Local weakening of the
artery (internal elastin lamina degeneration) under the persistent action of haemo-
dynamic loads (potentially exarcerbated by hypertension (Inci and Spetzler, [2000))
might result in an initial perturbation of the arterial geometry. Further enlarge-
ment is then due to mechano-related G&R (David and Humphrey| (2003), Shah and
Humphrey (1999), Humphrey| (2002)), affected by changes of the flow conditions
from homeostatic states. Endothelial dysfunction lies in the centre of aneurysm
disease progression. Affected by abnormal shear stresses, a dysfunctional endothe-
lium, combined with high oxidative stress (cumulative damage to cell structures
due to the increase of reactive oxygen species, not to be confused with mechani-
cal stress), might allow for macrophage infiltration. In the Frosen et al. (2012) study,
both ruptured and unruptured aneurysms were observed: the macrophage infiltra-
tion in an unruptured aneurysm would only lead to myointimal hyperplasia and an
organising thrombus, but in a subsequently ruptured aneurysm it might lead to an
accumulation of cytotoxic and pro-inflammatory substances inside the wall. Re-
sulting mechanical damage and proteolytic activity will, in turn, result in a degen-
erated matrix and a poorly organised luminal thrombus. Such a mechanobiological

process of disease will result in an aneurysm that is very likely to rupture.

This section presents a suggested framework for the disease progression of the
specific type of saccular aneurysm, on the basis of histological studies of ruptured
and unruptured aneurysm tissue. The framework certainly cannot fully explain all

mechanobiological processes involved, a lot of which we have limited biological

Modelling the mechanobiological evolution of aneurysms
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Figure 1.5: Suggested mechanisms of saccular cerebral aneurysm evolution. It is
proposed that the interplay among stress factors, biological changes of the arterial
wall and an evolving aneurysmal morphology can progressively lead to growth of
intracranial aneurysms and potentially result in aneurysm rupture (image adapted
from (Frosen et al.l|2012)).
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knowledge about, or all types of IA evolutions. However, it assists in thinking about
disease progression as a process of interrelated mechanobiological events and risk
of rupture in terms of disruption of mechanical homeostasis and arterial ability to
adapt to new homeostatic states. We can, for example, have a better understanding
of the reasons why the position in the cerebral arterial network might be impor-
tant in the assessment of rupture risk or why maximum biaxial stresses might be
related to rupture(Shah et al. (1997),Ma et al. (2004)). We understand that the loca-
tion of a lesion relative to the inlet flow is crucial for its rupture potential because it
influences haemodynamics within the aneurysm and thus the mechanobiological
responses associated with them. Investigations in mechanobiology certainly direct
criteria for clinical decision-making away from size alone. For example, shape and
thickness might be better determinants of potential rupture, since they are more
closely related to the mechanics of the arterial wall (Ma et al., 2004). Moreover, mor-
phological features, such as aneurysm to vessel size ratio and the aneurysm angle
to incoming flow, are better indicators of potential rupture, since they take into ac-

count the interactive effect of biology and mechanics (Dhar et al.,|2008).

1.4 Invivo, in vitro AND in silico MODELLING

Clinical statistical information on aneurysm patient profiles is important in the con-
text of evidence-based medicine for creating a database of risk factors that could be
used to identify and offer preventative measures to groups of people susceptible
to aneurysm and rupture risk, as outlined in However, as it was described in
and aneurysm disease is biologically complicated and made only more
intricate by the impact of mechanobiology in the comparisons between health and
disease. On account of that complexity, there is an urgent need to revolutionise
research with complex new models. Computational, theoretical and experimental
modelling are key to achieving this goal. Experimental research is divided into in
vivo and in vitro modelling and computational and theoretical research is called in

this thesis in silico modelling.

1.4.1 Invivoimaging

In vivo acquired vasculature and aneurysm imaging includes computed tomogra-
phy angiography, magnetic resonance angiography or angiography by direct intra-

arterial catheterisation. They are the imaging techniques most often used today for
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the depiction of both clinical and animal aneurysms and, with the help from meth-
ods of image reconstruction, we are able to recreate 3D aneurysm images of high
quality. It is important to note that some of those imaging techniques are minimally
invasive and can thus also help increase the frequency of clinical monitoring, while
always considering the limitations in frequency when exposure to radiation is re-
quired (e.g. with computed tomography angiography). In vivo acquired imaging
helps us to identify geometrical characteristics important for the description of the
aneurysm that are not limited to mere size (Ma et al., 2004), and can also be cru-
cial at guiding interventional methods such as stent deployment with, for example,
MR-compatible MRI stents (Buecker et al., [2002). Additionally, in vivo calculated
blood flow boundary conditions have been made possible with methods such as
magnetic resonance and Doppler velocimetry (note that transcranial velocimetry is
required for brain aneurysms). These measurements greatly assist in computation-
ally recreating vascular haemodynamics more realistically and thus accurately for
specific cases investigated, as well as in creating databases for representative cal-
culations in different types of arteries (Reymond et al.,[2011). This thesis utilises in
vivo acquired images of a patient specific and a rabbit aneurysm case, and in vivo

calculated blood flow boundary conditions for the same rabbit aneurysm case.

1.4.2 CFD and in vivolin vitro models

CFD (computational fluid dynamics) is the branch of in silico modelling used widely
in aneurysm research for the computational representation of the blood flow envi-
ronment. An illustration of a CFD simulation can be seen in Figure[L.6} the instanta-
neous streamlines are depicted to show the flow pattern during peak systole within
an arterial geometry with an IA. It is also used for investigating the correlations be-
tween flow and aneurysm disease (formation, development and rupture risk). This
helps us to understand that geometry can affect flow patterns (Hoi et al., 2004). A
range of CFD studies have been implemented with specific in vivo medical imag-
ing data (Cebral et al.| (2003), |Cebral et al.| (2005), Cebral et al.| (2004), Shojima et al.
(2004), Jou et al. (2005), Moore et al. (1999)) and large human aneurysm databases
have been used for patient-specific CFD studies into the impact of geometry on flow
characteristics (Cebral et al., 2011). These in turn can imply the influence of flow
mechanics on mechanobiological paths of disease progression (Chen et al.,|[2013).
Computational fluid studies have investigated the possible links between aneurysm

inception and haemodynamic indices such OSI (oscillatory shear index, for the de-
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Figure 1.6: Illustrative computational fluid dynamics simulation, depicting the in-
stantaneous streamlines for the flow pattern in an IA arterial geometry during peak
systole (image adapted from|Poelma et al. (2015)).

scription of pulsatile flow; Hoi et al. (2004)) and GON (gradient oscillatory number;

Shimogonya et al. (2012)). Such flow derivatives during the cardiac cycle have been

further examined in relation to aneurysm formation, creating specific indices such

as aneurysm formation index (AFI) for the purposes of CFD (Mantha et al., 2006).

Indicative results are that complex and unstable flows have been related to incep-

tion (Cebral et al., 2005), while low WSS has been related to continued enlargement

(Acevedo-Bolton et al.,[2006). It has also been suggested that real-time 3D image re-

construction and CFD analysis can be a valuable virtual real-time application tool

for interventional device placement, guiding preinterventional rehearsals of stent

deployment (Spranger and Ventikos} 2014). The limitations of available data, the

need for careful consideration of assumptions, and the use of databases for reflec-

tions on correlations between flow features and aneurysm growth and their clini-

cal importance have been pointed out (Robertson and Watton| (2012), |Cebral and|
(2012)) especially in response to criticism on the use of CFD applications
2012). With the aim of testing computational methods and consistencies

in haemodynamical simulations, international initiatives have been taken for the

CFED analysis of stent deployment flow modelling (Radaelli et al., 2008). This the-

sis utilises CFD analysis for an integrative fluid-solid-growth (FSG) computational
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framework of aneurysm evolution and is implemented on both a clinical and an

animal aneurysm geometry.

In order for the CFD studies to become more biologically and clinically relevant,
the close interaction between CFD studies and in vitro/ in vivo models, in addition
to clinical geometry databases and boundary flow conditions, must be sought. The
combination of CFD case specific studies with in vitro modelling of corresponding
tissue from those cases allows an interactive process of haemodynamics, imaging
and histology for the identification of vascular changes in the arterial wall that are
related to the in silico calculated blood flow mechanics (Meng et al. (2006), Trem-
mel et al.[ (2010)). For example, animal aneurysm models have been conducted
for the purposes of linking CFD at arterial bifurcations with arterial remodelling
at those frequently afflicted areas: such applications have been implemented for
a dog aneurysm model (Meng et al., 2007) and for a rabbit one (Metaxa et al., 2010),
by carrying out CFD on the in vivo acquired animal aneurysm images and execut-
ing histological tests on the specific animal aneurysmal tissue. High WSS and high
WSS gradient were identified as potentially risky haemodynamic conditions in both
cases. This thesis incorporates in vitro testing (tissue thickness measurements, me-
chanical tissue stretching) of a patient’s aneurysmal tissue for the parameterisation

of the proposed in silico models.

Figure 1.7: Aneurysm model made of clear acrylic plastic for the in vitro testing of
intra-aneurysmal flow dynamics (image adapted from Tateshima et al.| (2001)).

Vascular constructs have often been used to recreate the blood flow environ-

ment in vitro. [Tateshima et al.| (2003) built clear acrylic aneurysm models man-
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ufactured by 3D computerised tomography angiograms for the analysis of in-
tra aneurysm blood and with laser Doppler velocimetry and particle imaging ve-
locimetry (an example of such construct is illustrated in Figure and Tateshima
(2002) focused on the calculations of WSS and indications of non-uniform and high
intra-aneurysmal WSS correlated with the natural history of cerebral aneurysms.
Aneurysm constructs (with ECs lining the in vitro model) have been created for the
testing of stents (Lieber et al., [1997), with an emphasis on calculating areas of el-
evated WSS and the probability of thrombus formation. When in vitro constructs
are used, there is a need to identify any similarities with and differences from real
in vivo geometries. Benndorf et al.|(2010) compared in vitro constructs (from com-
puted tomography (CT) imaging) with ex vivo canine arteries for the testing of flow
modelling after stent deployment. Vascular constructs have also been used as an
additional point of comparison with CFD analysis from in vivo geometrical data:
software phantoms and in vitro flow phantoms were used in conjuction with the
aid of MRI for the quantification of WSS. This methodology aims to inform and test
both in silico and in vitro techniques. Vascular constructs have even been placed in
vivo in canine carotid arteries to test the extent of arterial adaptation to changes in
WSS (Kamiya and Togawa, 1980).

1.4.3 Invitrocell testing

Other in vitro models focus on the effect of mechanical forces on single cells,
cell cultures and cellularised phantoms for closer investigations into arterial
mechanobiology (gene expression, cell and fibre form and function, Qiu et al.
(2014), [Nerem| (1993)). Bovine ECs in flow chambers have been exposed to steady
fluid forces as part of an in vitro study that investigated the link between endothe-
lium functionality and the combination of low WSS and high WSS gradient (Depaola
et al.,|1992). A similar study examined bovine EC proliferation in response to sus-
tained high flow (Metaxa et al., 2008). Silicone membranes with human aortic ECs
were tested under cyclic stretching to illustrate the effect of reactive oxygen species
on fibre remodelling and the reorientation of ECs in response to cyclic deformation
(Wang et al., 2000). In vitro SMC cultures in biomimetic hydrogels (3D matrix made
of collagen to imitate the ECM) have been tested for the links between interstitial
flow and SMC function (Wang and Tarbell, 2000). SMC cultures were tested un-
der stress for the examination of differentiation, proliferation and migration (Opitz

et al.,[2007). Single SMC tests have been carried out to investigate shear stress and
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cyclic stretch (Pang et al., 2011) or mechanical stretch and SMC function and prolif-
eration (Cheng et al.,|2007).

1.4.4 Animal aneurysm models

A wide range of clinical and animal models used in support of in vitro and in sil-
ico modelling have already been mentioned. As human clinical follow up data is
very rare (Boussel et al., 2008), animal aneurysm models can be crucial to our un-
derstanding of vascular homeostasis and mechanobiology, and for the biological
motivation and validation of our in silico models. The experimental methodology
often used includes inducing cerebral aneurysms to animals by ligating the com-
mon carotid artery, creating experimental (renal) hypertension and treating with
lathyrogenics following the intervention. Follow up angiography images were ac-
quired after this procedure in monkeys (Hashimoto et al.,|1987), histopathological
analysis was carried out for primates (Kim et al. (1989a), [Kim et al.| (1989b)), his-
tological observations of the internal elastic lamina and the density of SMCs were
also performed for rats (Hazama et al., |1986). Hashimoto et al. (1980) focused on
the flow modelling around the induced aneurysms in rats for the correlations of
haemodynamics with aneurysm occurence around the Circle of Willis in humans.
Some of the information collected (geometry, boundary flow conditions) is acquired
noninvasively; however, tissue samples often require the sacrifice of the animal.
Animal aneurysm tissue samples can provide valuable data on tissue architecture,
cell form and function, density of arterial fibres and cells, and the mechanical be-
haviour of arterial load-bearing constituents (Hill et al.,[2012a). The particular ad-
vantage of animal aneurysm models is the availability of temporal data, which can
help us explore potential mechanisms of aneurysm inception and of disease pro-
gression. Naturally, in order for these models to offer transferable information to
human aneurysm research, animal aneurysms need to show similarities with hu-
man ones, in terms of the arterial geometry, the haemodynamics, and the arterial
structure: based on these criteria, primates and rabbits are suitable candidates for
aneurysm in vivo and in vitro research (Zeng et al., 2011). This thesis utilises the
aneurysm geometry and boundary flow conditions measured for a rabbit aneurysm

model.
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1.4.5 Insilicomodelling

A plethora of complex in vivo and in vitro experimental information has been
presented for arterial physiological and pathophysiological mechanobiology, the
mechanisms behind which are only finitely understood. In addition, mathemati-
cal and computational (in silico) representations of the mechanical response of the
arterial wall, and its adaption and evolution in architecture and function as a re-
sponse to the blood flow mechanical environment, are of great significance, espe-
cially in order to model aneurysm inception and growth. In the short-term, they
can help with a better understanding of the underlying biology and, in the long-
term, accurately recreate experimental settings in order to suggest diagnostic tools

for the assessment of aneurysm rupture risk.

Relevant mathematical research started with the non-linear elastic analysis that
represented the biomechanical instability of tissue (Akkas, [1990). Strain energy
functions (SEFs) (such as Fung-exponentials) to illustrate the mechanical behaviour
of the arterial wall (a 1D setting presented in Scott et al.| (1972)) were implemented,
only to be updated by using subdomain inverse finite element code (Seshaiyer
et al., 2001) in order to study the local properties of the arterial tissue’s anisotropy.
Such mathematical analyses were fitted to experimental data that measured lo-
cal strains and curvature from axisymmetrically inflated biomembranes at various
pressures (Hsu et al., 1995). Investigating aneurysm enlargement in terms of static
and dynamic instabilities utilised both analytic methods (Fung stress-strain rela-
tions, Haslach and Humphrey| (2004), Humphrey and Kyriacou/ (1996)) and numer-
ical methods (Runge-Kutta solutions of nonlinear differential equations of elasto-
dynamics, [Shah and Humphrey (1999)) for displaying dynamic stability of spheri-
cal lesions. For the more realistic representations of cerebral aneurysm, nonlinear
anisotropic stress analysis was required for geometrically and materially accurate
finite element models of WSS (Ma et al., 2007) and the concept of remodelling and
spatially varying material parameters was proposed so that a physiological biaxial

state of stress is recovered in inflated lesions (Ryan and Humphrey, 1999).

Paul Watton developed the first mathematical model of aneurysm evolution
(Watton, 2002), introducing micro-structural variables into a realistic tissue model
so that the evolving structure and composition of the arterial wall could be sim-
ulated. The model has been adapted to consider IA evolution (Watton and Ven-
tikos| (2009), Watton et al.| (2009b)) extended to link G&R (process of regulation of
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the density and orientation of arterial fibres by intramural cells) for the different
layers of the vascular wall in response to the local haemodynamic stimuli (Watton
et al.;|2009a), integrated into physiological geometries with G&R additionally linked
to the cyclic stretch stimuli (Watton et al.| (2011), Aparicio et al. (2014) [Selimovic
et al.[|(2014)) and to account for volumetric changes (Eriksson et al., 2014). The re-
search in this thesis further explores the possibilities of mechanobiological mod-
elling within the framework initially developed by Watton et al, while additionally
introduces the biomechanical effect of SMC active stress response in 1D models
of aneurysm evolution, which has been previously overlooked by previous models.
Mathematical algorithms for G&R have been further implemented in several mod-
els (referring back to Figure[1.4) for the enlargement of cerebral fusiform aneurysms
(Baek et al., |2006), cerebral vasospasm (Baek et al., 2007), arterial adaptations to
altered blood flow and pressure (Valentin and Humphrey, 2009b), and theoretical
models of aneurysm growth by collagen fibre remodeling ((Kroon and Holzapfel,
2007)). Soft tissue modelling is represented by a constrained mixture theory for
various arterial constituents with different and evolving properties, turnover and
configurations (Humphrey and Rajagopal, 2002), with adaptation on G&R and rep-
resenting aneurysm growth (Gleason and Humphrey, 2005).

Fluid-solid interactions combining haemodynamics with arterial wall mechan-
ical properties (Feng et al. (2005), Shimogonya et al. (2009)), and haemodynamics
with G&R models of the evolving wall (over the cardiac cycle) (Chatziprodromou
et al. (2007b), [Figueroa et al.  (2009)) have been further investigated. Constitutive
behaviours of tissues and cells, and stress analyses of tissues and cells (Fung (1993),
Humphrey (2002)) and their temporal evolution as a response to perturbed loads
(kinematic growth, [Taber (1998), Rachev (2000)) can be found in a number of mod-
els. The need for wall distensibility in numerical studies of pulsatile flow, both for
increasing model precision and in order to represent deformation related effects on
wall biology, is identified as an essential update from the current rigid wall models
(Low et al.,|1993).

On a molecular level, research has been focused on modelling biologically sig-
nificant cell signalling pathways that can reveal more quantitative information
about the translation of mechanical stimuli to the expression of molecules, cru-
cial to endothelial functions. Plank et al. (2006) has worked on mathematically

analysing calcium and nitric oxide pathways in relation to atherosclerosis; Dale
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et al.| (1996) investigated pathways which describe collagen fibre formation dur-
ing wound healing. However, similar steps have not been explicitly made towards
understanding and describing the pathways that relate mechanical stimuli to en-
dothelial features (such as permeability) and functions (regulation of vascular tone),
which can be related to the development of aneurysms. Although computational
models can accurately simulate the mechanics of [As (blood flow patterns, IA defor-
mation due to pulsatile blood pressure), to date they still do not accurately represent
IA mechanobiology. This is because clinical and experimental observations have
provided limited insights into the arguably complex mechanobiology that occurs
at the cellular scale. Consequently, even state-of-the-art computational models of
IA evolution are limited in what they can represent, and therefore in what they can
predict. This thesis introduces novel mechanobiological links between WSS home-
ostasis and endothelial heterogeneity, cyclic deformation and collagen growth, and
pulsatile flow and elastin degradation, within a mathematical and computational
framework in place for IA evolution, which are currently missing from the models

and thus aim to bridge this gap in mechanobiological representation.

The multi-physics nature of the problem requires an integrative experimental
and computational modelling approach to drive forward understanding. It is nec-
essary for an integrative in silico-in vitro-in vivo approach to develop more sophis-
ticated (nonlinear elastic) models of arterial tissue that are constantly updated by
quantitative and qualitative observations on aneurysm growth. In turn, in silico
models of aneurysm evolution can inform and suggest in vitro and in vivo exper-
iments (Figure [1.8). As a result, both modelling hypotheses and experiments can
be constantly updated to advance our understanding of arterial physiological and

pathophysiological mechanobiology.

A computational framework with interaction from experiments is expected to
have two main effects. The shorter term effect is providing important insight into
the biology, mechanobiology and, consequently, aetiology of the disease. The
longer term effect is its clinical application as a diagnostic tool. Ultimately, a sub-
stantial proportion of aneurysms that currently receive intervention would instead
be treated in a non-invasive manner, with follow-up monitoring alone. This would
lead to greater comfort for patients, and reduced healthcare costs. Additionally, a
small proportion of aneurysms for which intervention is not deemed necessary in

current practice would be recommended for immediate treatment, with a resultant
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Figure 1.8: Illustration for cycle of modelling framework between in silico and in
vivolin vitro experimental information. Quantitative and qualitative observations
on aneurysm growth need to provide valuable insight into the suggested computa-
tional representations of arterial mechanobiology for the growth and remodelling
algorithms during aneurysm growth. Equivalently, computational modelling re-
sults, conclusions and limitations should further inform future experimental stud-
ies.

increase in survival rates for those in potentially high risk groups. This thesis cre-
ates a novel modelling basis for the interaction between in vivo, in vitro and in silico
modelling: the following section outlines the key aims and investigations of the pre-

sented research.

1.5 THESIS AIMS AND OVERVIEW

Vascular mechanobiology and mechanical homeostasis for the progression of
aneurysm disease are central to the research presented in this thesis. The main aims

of this thesis are:

¢ to identify from experimental evidence important mechanobiological links in
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the description of aneurysm disease that are missing from current models of
aneurysm evolution, incorporate them for the first time into conceptual and
computational models, and test their effect on aneurysm stabilisation: WSS
homeostasis and endothelial heterogeneity, cyclic deformation and collagen

growth, and pulsatile flow and elastin degradation;

e to incorporate a novel representation of the biomechanical behaviour of
smooth muscle cells’ active stress response in 1D models of aneurysm evo-

lution;

e to test within the mechanobiologically updated 1D and 3D models of
aneurysm evolution the adaptive mechanical role of the adventitia in health

and disease;

* to suggest a comprehensive workflow for the effective interaction between in

vivo, in vitro and in silico models.

This thesis presents a novel analysis of two experimental datasets, enabling the

utility of the developed models and workflow to be evaluated in two different ways:

* clinical data which is utilised as a case study for the application of the pro-
posed interaction workflow, due to the availability of geometrical and tissue

information;

* rabbit aneurysm model geometry, used for its controlled experimental envi-
ronment, in order to apply the vessel reconstruction procedure and investi-

gate a hypothesis of secondary (further) aneurysm enlargement.

Both 1D and 3D conceptual models of aneurysm evolution were implemented
in the presented work. Despite its simplified configuration, 1D modelling presents

several advantages:

* it provides rapid preliminary understanding of complex biological concepts

and their mathematical descriptions;

* detailed sensitivity and parameter analyses are possible to test the suggested

hypotheses;
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e it is utilised in the mathematical fit of 1D experimental mechanical testing
data.

On the other hand, 3D modelling is important because:

e itutilises realistic geometries, which is important for both aneurysm solid me-

chanics and flow parameters;

e it allows direct comparisons with in vivo and in vitro data from clinical and

animal models;

* it allows us to examine spatial variations, which is not possible in 1D con-
figurations; thus the heterogeneities expected in real vasculature can help us

explore further the significance of mechanobiology.

What is crucial in this work is how these two modes of in silico modelling inter-
act with each other and, in turn, inform and are informed by the in silico and in vitro
data for parameterisation, calibration and validation of mathematical and compu-
tational hypotheses. Chapter 2| presents a new 1D conceptual model of aneurysm
evolution that incorporates endothelial heterogeneity, using the basic structural
model for the artery (Watton et al.| (2004), |Holzapfel et al.| (2002)), which represents
elastin and collagen fibres, their reference configurations and G&R. The 'nature ver-
sus nurture’ argument for the heterogeneity of the endothelium is illustrated by
presenting both temporally adaptive and non-adaptive definitions of mechanical
(WSS) homeostasis. The arterial dysfunction is then modelled by linking elastin
degradation to the deviations of WSS from homeostatic levels. As a result a novel
way of exploring the little-understood connection between mechanics and biology
in current conceptual models of aneurysm evolution is suggested. Chapter 2] addi-
tionally examines the effect of active SMC activity on the mechanical response of the
artery, illustrating its contribution to a 1D two-layer (media, adventitia) aneurysm
model. The loss of the medial arterial layer (elastin and collagen fibre degrada-
tion, SMC apoptosis) is modelled and therefore the short term effect of active SMC
mechanical response and the long term effect of the adventitial collagen fibres as
the main load-bearing arterial constituents in an aneurysmal geometry are investi-

gated.

26

Modelling the mechanobiological evolution of aneurysms



Aikaterini Mandaltsi 1.5. Thesis aims and overview

The 1D modelling hypotheses in Chapter [3|are advanced by proposing their in-
clusion in a framework of interaction between in vivo, in vitro and in silico mod-
elling, presented for a specific clinical aneurysm case study. The 1D model configu-
ration is utilised and updated to include the gradual recruitment of collagen fibres
to load bearing, fibre orientation, and a temporally adaptive distribution of home-
ostatic stretches for the adventitial collagen fibres, the protective sheath to the de-
grading media. Geometrical (in vivo 3D clinical aneurysm geometry with neigh-
bouring vasculature, ex vivo aneurysm thickness) and mechanical data (stress-
stretch) are used to approximate a material parameter for the adventitial collagen,
tailored to the specific study, the dimensions of the initially healthy artery, and
a range of loaded thickness with correspondingly estimated ranges of cyclic and
homeostatic stretches for the aneurysmal tissue. This information is transferred to
the 1D aneurysm evolution model in order to investigate the effect of adventitial col-

lagen homeostatic stretch evolution on G&R in the patient-specific presented case.

The interaction between experimental and mathematical modelling is further
explored by introducing 3D computational methods in Chapter {4, The FSG com-
putational framework (Watton et al., 2011) is presented, which links the structural
analysis of the equilibrium deformation of the arterial wall with computational fluid
dynamics of 3D complex geometries and implemented G&R algorithms, in order to
represent aneurysm evolution in 3D. The G&R algorithms follow the updates on the
modelling hypotheses as investigated in Chapter[2Jand Chapter 3} gradual collagen
fibre recruitment, fibre orientation, elastin degradation and flow and temporally
adaptive homeostatic stretch distributions for the adventitial collagen. In order for
the framework to model aneurysm evolution, a geometry is required to represent
the initial healthy state. Chapter [4] overviews a vessel reconstruction methodology;,
which restores the geometry around the aneurysm in a way that is informed by the
neighbouring vasculature, and aims to keep most of it intact. This methodology is
applied on the clinical aneurysm case introduced as a case study for the interaction
workflow in Chapter 3} and on a rabbit aneurysm geometry, a result of an elastase-

induced animal aneurysm model, for the FSG study presented in Chapter|6|

Chapter[5land Chapter[6|present the results of 3D simulations of aneurysm evo-
lution on the clinical and rabbit aneurysm cases respectively. In Chapter[5} the cali-
brating measures from the 1D investigations of Chapter 3| (geometrical information

for the healthy configuration, adventitial collagen material parameter, final home-
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ostatic adventitial stretch distribution) are transferred to the application of the 3D
modelling (Chapter [4) for the clinical case. The structural code of the FSG frame-
work is applied in order to study the approximations on the aneurysm remodelled
thickness in 3D compared to those in 1D (Chapter[3), while also observing the G&R
of the collagen fibres during the phases of aneurysm evolution (media degradation,
aneurysm development and geometry stabilisation). Within this modelling con-
text, a link between collagen growth and cyclic stretch is additionally proposed and
examined. Furthermore, the fully integrated FSG framework on the clinical case
is applied for the representation of endothelial heterogeneity (motivated in Chap-
ter|2) in 3D. The transfer of this hypothesis from a 1D conceptual configuration to
arealistic 3D geometry allows not only the investigation for temporal adaption, but
also for spatial heterogeneity in mechanical homeostasis and its illustrative link to
elastin degradation. These 3D investigations close the cycle of in silico modelling as
part of the integrative workflow introduced in Chapter[3Jand it consequently allows
suggestions on directions for future in vivo and in silico investigations. Chapter [f]
similarly applies the FSG framework for the rabbit aneurysm geometry. However,
for this particular animal model case, in vivo calculated boundary flow conditions
over the cardiac cycle are available. Due to the availability of such data, the distribu-
tion of a pulsatile flow metric (OSI) is chosen for examination in the reconstructed
geometry so that the hypothesis on the possibility of a link between pulsatile flow
heterogeneities and an observed secondary aneurysm growth along the prescribed
rabbit aneurysmal area is examined. The reconstructed rabbit aneurysm geometry
is used with a general primary distortion (to represent the initial weakening of the
artery) and implement a preliminary illustrative link between OSI and elastin degra-
dation on a localised area of the rabbit aneurysm geometry in order to observe the

evolution of elastin degradation, secondary aneurysm growth and OSI.

Finally, Chapter 7| revisits the main results and points of the research presented
in this thesis, while addressing its limitations. The direction and outlook of this
research on the continual interaction of theoretical in silico modelling with relevant

in vivo and in vitro research conclude this dissertation..
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CHAPTER

1D MATHEMATICAL INVESTIGATIONS ON
THE MECHANOBIOLOGY OF
INTRACRANIAL ANEURYSMS

This chapter presents an updated and modified 1D mathematical model to test
two mechanobiologically significant concepts in arterial modelling and remod-
elling hypotheses: (a) endothelial heterogeneity and mechanical homeostasis and
(b) smooth muscle cell active mechanical response and apoptosis. Watton et al.
(2004) formed the first comprehensive mathematical model for abdominal aortic
aneurysm. It was based on formulations on the mechanical response of the in-
dividual layers of the arterial wall, each modelled as a fibre-reinforced composite
((Holzapfel et al., 2000), Gasser et al.|(2006)), and on the remodelling of collagen tis-
sue at (altered) fixed lengths (Humphrey, 1999). The model from Watton et al.|(2004)
was updated to then incorporate variables relating to the normalised mass density
of the elastinous and collagenous constituents (proportional to the cells that control
their production) and the reference configurations in which the collagenous con-
stituents are recruited to load bearing. It was further updated for the modelling of
saccular cerebral aneurysm (Watton and Ventikos (2009), Watton et al. (2009b)) and
these are the models used as a basis for the conceptual framework presented in this

chapter.
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2.1 1D CYLINDRICAL MODEL OF CEREBRAL ANEURYSM

EVOLUTION - STUDY ON HOMEOSTATIC WSS

The endothelium, being the first layer exposed to haemodynamic forces, dynam-
ically responds to them (Chien, 2007b); thus contributing to vascular physiology
and pathophysiology (Nerem, 1993). The evolution of arterial diseases, such as
aneurysms, is generally accepted to be closely linked to the mechanical environ-
ment of the arterial wall (McGloughlin, 2011). The wall shear stress (WSS) that acts
on the endothelial layer is hypothesised to play an influential role on disease pro-
gression (Spring et al.| (2006), Sheard| (2009)); in particular it has been linked to the
degradation of the elastin fibres in the medial layer (Frosen et al., [2004). In this
chapter I test the hypothesis that deviations of the magnitudes of WSS from homeo-
static levels can drive elastin degradation. Previous work assumes that the biological
mechanisms responsible for elastin degradation have a hard-wired threshold value
for a specific mechanical stimuli (such as wall shear stress, WSS) below which those
mechanisms become active or appreciable. Information on this threshold could be
contained within the genetic code, known to be conserved during the lifespan of an
individual (Snustad and Simmons, 2006). However, endothelial cells (ECs) are in a
continual state of turnover, display regional heterogeneity (Regan and Aird, 2012)
and therefore the proposed model suggests that they calibrate themselves to the
local mechanical environment. This chapter presents models that include tempo-
rally non-adaptive and adaptive definitions for WSS, to represent the endothelium’s
heterogeneity being the result of both nature and nurture, that is, a consequence
of both epigenetics and environment. These models radically update and sophisti-
cate the existing 1D aneurysm evolution model. The disturbance of the mechanical
equilibrium of the artery (initially modelled as a prescribed degradation of elastin
fibres) drives growth and remodelling (G&R) processes that enable the artery to re-
store homeostasis, or alternatively may influence degenerative processes that lead
to disease progression. In my model presented here G&R refers to the process of
regulation of the density and reference configuration of the arterial fibres by the in-
tramural cells. This first study investigates the effect of the homeostatic definition
on the degradation of elastin, the aneurysm growth and the growth and remodelling

evolution of the collagen fibres during aneurysm evolution.
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2.1.1 Methodology for conceptual model of cerebral aneurysm

evolution

hy = H ((2,2,)
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Figure 2.1: Thin cylindrical membrane at loaded configuration at ¢ = 0, of loaded ra-
dius ApR, thickness Ffﬂo and length A, L, representing the artery for a 1D conceptual
model of aneurysm evolution.

Following Watton et al.| (2011), a conceptual 1D model of aneurysm evolution
is employed (Figure[2.1), whereby the artery is represented as a non-linearly elastic
cylindrical membrane (radius R and thickness H of the midplane in the unloaded
configuration). For the purposes of this preliminary 1D study, the artery is com-
prised of one layer, consisting of elastin and collagen fibres (this will be updated
in §2.2). The cylindrical membrane is subjected to a constant axial stretch A, cir-
cumferential stretch A and a physiological (systolic) pressure p; for the studies in
this chapter the systolic arterial configuration will be examined (later chapters will

introduce diastole as well) .

The principle of virtual displacements (Watton et al., 2004) governs the steady
deformation field for mechanical equilibrium of the cylindrical membrane and the
governing force balance in Eqn. describes the gross mechanical response of
the artery as the result of the additive contributions from each constituent within

the arterial wall:

H
——— (mp6g+mcée), (2.1)
RAZp, TECE coc
where ¢ is the azimuthal Cauchy stress of the corresponding arterial constituent; in

p:

this setting from elastin 6y and collagen 6 ¢ fibres. mg and mc are the normalised
densities of elastin and collagen fibres respectively. Normalised density is defined
as the ratio of the current density of the fibres to their density at ¢ = 0 (Eqn. (2.2)).
From the definition we can infer that the values at t =0 are mg = mc =1).
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_ mg() _mc(?)
mp=——— and mc_—rﬁc(t:O) (2.2)

ﬁ/ (iii) Loaded \
\ Configuration
[ (i) Unloaded

Configuration

| -
w Ac>1

A= 2AcAR
ot )L : /
/ (ii) Recruitment \

Configuration

Figure 2.2: Illustration for reference configurations of collagen fibres. (i) At the un-
loaded configuration, circumferential (elastin) stretch (Ag = 1) is equal to 1. (ii) At
the recruitment configurations (at an elastin stretch named AF) of the collagen fi-
bres, the stretch of the fibres A is 1. (iii) At a loaded configuration a mathematical
relationship between recruitment, collagen and elastin stetches can be defined.

It is important to make a distinction on the reference configurations of the ar-
terial constituents. Stretches for elastin and collagen fibres are separately defined
according to their respective reference configurations. The reference configuration
for each arterial constituent relative to the tissue stretch at which they start bearing
load is set. Elastin is the constituent that begins to bear load relative to the unloaded
configuration (it can be experimentally seen that most elastin fibres are straight, and
therefore bearing load, in an unloaded artery (Shadwick, |1999)). Therefore, elastin
stretch is mathematically identical to the defined circumferential stretch A. Fig-
ure [2.2|illustrates the reference configuration for collagen fibres. Collagen fibres in
an unloaded artery present a crimpled structure and they only begin to be recruited
to load bearing at physiological pressures. Collagen fibre stretch A¢ is then defined
with respect to their recruitment configurations, namely the stretched configura-
tion at which the onset of the load bearing by the collagen fibres begins; this stretch

32
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is called the recruitment stretch A%, which enables a mapping between elastin and

collagen stretches:

Ao=2 2.3)

Collagen fibres are continually maintained by fibroblast and smooth muscle
cells, which deposit them to the extra-cellular matrix (ECM) in a state of stretch (Al-
berts et al., 2008) and it is hypothesised that this stretch, which will be called attach-
ment stretch /VC‘T, is independent of the current configuration (Humphrey, 1999).
This concept has been explored previously (Humphrey and Rajagopal (2002),Eriks-
son et al. (2009) /Watton et al.| (2004)), but this framework is used to update it with

the introduction of the mechanical homeostasis concept.

Bearing those definitions for reference configurations and the attachment
stretch in mind, the Cauchy stresses is determined for the arterial constituents. For

elastin fibres:

oYk 2( 1 )
jp=A——=KpgA“ |1 - —=—|, 2.4
TE=on T E A2t @4
where ¥ is the strain energy stored in the elastin fibres per unit volume; an
isotropic neo-Hookean SEF is employed (Holzapfel et al., [2000), defined in terms

of the circumferential stretch A. Kg is a material parameter related to elastin fibres.

Additionally, it is assumed that collagen fibres in the model are circumferen-
tially orientated on the arterial cylinder and they present non-linear behaviour at
higher stretches (Shadwick, 1999) and thus a simple non-linear polynomial func-

tion is used to describe the collagen stress contribution per unit volume:

5
. ovc 2 | Ec

=Ac—— =KcA&- | —= 2.5
(ofe) Conc CcEéT (2.5)

where Ec, EéT are the Green-Lagrangian strains (for collagen and attachment

stretches respectively) defined as:

Ec=-% (2.6)
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In order to initiate the representation of aneurysm evolution, the experimental
observation that aneurysm growth is linked to the degradation and elimination of
elastin fibres within the aneurysmal wall (Frosen et al.| (2004) /[Shimizu et al. (2006))
is used. For the purposes of this study, I want to introduce in addition the effect of
arterial WSS on elastin degradation (Hennig et al., 2011), by driving elastin degrada-
tion on the basis of deviations of WSS from homeostatic values. In order to simulate
this, the degradation of elastin is initially prescribed, by exponentially decreasing
the normalised density of the elastin fibres mg to a value of ml’:l“'” during the first

Iprescribe Years of the simulation;

R

mg(t) = (M?’”) fprescribe . () <t < Iprescribe (2.7)

As the elastin degrades, it is expected that, in order for the mechanical equilib-
rium represented by Eqn. (2.1) to be sustained, the circumferential stretch A(¢) will
temporally increase; the change in the membrane’s geometry also changes the WSS

7 on the cylinder, which is calculated by (Cheng et al.,|2002):

4Qu
[)=—————,
T = AR
where Q is the blood flow volumetric flow rate, assumed temporally constant, and u

(2.8)

stands for the viscosity of blood. Following the period ty¢scripe Of prescribed elastin
degradation, the change in elastin is linked to deviations of WSS from homeostatic

values, defined as:

de
PP () =y(Ww@(®) = Thom,) + (1 = W) (T(2) = Thom,)), (2.9)

where parameter y is prescribed to determine the speed of degradation and w is

a weighting factor between two definitions for homeostatic levels. The two cases
of homeostatic WSS are presented (T po/,, and Tpom,), motivated by the biological
concept of adaptive versus non-adaptive homeostasis. For the first one 7., WSS

homeostasis equals WSS at £ =0, i.e.

Thom, =T(t=0) (2.10)

The initial WSS represents the mechanical environment of the blood vessel up

to the point of the initiation of the elastin degradation; this homeostatic WSS defini-
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tion therefore represents the non-adaptive case. For the second definition of 7,4,
the average of the WSS values over the past period of time T is calculated as the
homeostatic WSS:

t

1
Thom, = f T(D)dr 2.11)
t—-T

Because the value of 7., changes in time with the evolution of WSS, this defi-
nition of WSS homeostasis represents the adaptive case. In order to investigate the
occurrence of both events at different extents, the weighting factor w in Eqn. (2.9)

can take values between 0 and 1:

Case 1: w =0 (adaptive)

e Case2: w=0.1
e Case3: w=0.3
e Case4: w=0.5

Case 5: w =1 (non-adaptive)

Continual deposition and degradation of collagen fibres coupled with new fibres
attaching in the state of attachment stretch (Nissen et al., 1978) (independent of the
current configuration of the tissue) implies that the natural reference configuration
of the collagen should evolve. This evolution of collagen’s configuration, in terms of

its recruitment stretch, is calculated by:

dAf — Ac-Ag
=af
dt A8T

), (2.12)

where «a is a rate parameter controlling the speed of reconfiguration and AéT is the
attachment stretch for collagen. This describes the reconfiguration of collagen fi-
bres that is aimed to achieve the return of collagen stretches at attachment levels.
To compensate for the loss of elastin, the deposition of more collagen fibres (Gupta
and Grande-Allen| (2006), McAnulty (2007)) is also expected. This is calculated with
an evolution equation that is driven by deviations of collagen stretches from attach-

ment values:
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dm Ac—-AgT
= Pme— ), (2.13)
C

where £ is a rate parameter controlling the speed of collagen growth. These evo-

lution equations of the collagen mass densities (Eqn. (2.13)) and recruitment con-
figurations (Eqn. (2.12)), as a response to the degrading elastin fibres, represent the
growth and remodelling (G&R) hypotheses for aneurysm development respectively.

Table[2.1]summarises the modelling variables for this 1D conceptual cylindrical
model of aneurysm simulation. The unloaded dimensions, and systolic physiologi-
cal pressure p are representative for a cerebral artery and have been used in previous
models (Hansen et al.| (1995), [Watton and Hill (2009)). The choice on the constant
axial stretch A, and initial circumferential stretch A1(0) are also driven by relevant
literature (Monson et al.|(2003), Kroon and Holzapfel (2009)). It is assumed that col-
lagen fibres are in homeostastis at the beginning of the simulation and therefore
initial collagen stretch A1¢(0) equals AéT and a value of 1.1 is set for the duration of
the simulation (further analysis on the attachment stretch in the following chapter).
Constant blood flow volumetric flow rate Q and viscosity p are indicated in the table.
The choice of material parameters for elastin and collagen were calculated from the
t = 0 mechanical equilibrium equation (Eqn. (2.1I)) by assuming that the majority
of load under physiological conditions is borne by elastin fibres (Armentano et al.,
1995); the exact stress contribution might be dependent on various factors, includ-
ing the health condition of the specific artery (Wuyts et al., [1995). Specifically, it
is assumed that the proportion of load by elastin, defined as Fg is borne by elastin
fibres and therefore it is expected (based on Eqn. (2.1)) that:

H .
Fg-p= mmE(O)UE(O) (2.14)

The value of Fr and the resulting material parameters are determined in Ta-
ble[2.1] For elastin degradation, the initial prescribed degradation is set to take place
during the first year of the simulation, exponentially leading to a normalised den-
sity of 0.7. Rate parameters for G&R were calibrated for a circumferential increase
within the duration of the simulation that will allow the investigation of the change
in WSS and the effect of the WSS homeostasis definitions.

For each time increment (equivalent of ten days), the calculations for the up-

dated changes in elastin degradation, collagen recruitment stretch and collagen
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Table 2.1: Overview for the geometrical data, physiological data and parameters for
the 1D cylindrical conceptual model of aneurysm evolution (study of WSS home-
ostasis).

Modelling variables for 1D cylindrical model
Geometry and pressure (Watton and Hill, 2009)
R 2mm
H 0.4mm
p 16kPa
Stretches (Kroon and Holzapfel:2009)

A(0) = A£(0) 1.3
A&T 1.1
A, 1.3
Ac(0) = 24T 1.1
Degradation
mpin 0.7
Iprescribe 1 (years)
Q 1.9635 10752 (Cheng et al., 2002)
U 0.003Pa- s (Cheng et al.,2002)
T 0.5 (years)
Material Parameters
Fg 0.8
Kg 10.5MPa
Ke 29kPa
Growth and Remodelling

1 (years™)

1( years_l)

0.04 (years™)
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mass lead to a re-evaluation of the collagen stretch A¢ by numerically solving the
force balance equation in Eqn. on MATLAB (the fzero function is implemented
using a combination of bisection, secant, and inverse quadratic interpolation meth-
ods). The simulation was run for a period of 30 years. For illustration purposes the
case where elastin degradation equals to 0 past the first year of prescribed degrada-
tion has been included.

2.1.2 Simulation results

——Zero degradation

0.9 ——Case 1 (adaptive)
Case 2
L ——Case 3
08 ——Case 4

Case 5 (non-adaptive)

0 5 10 15 20 25 30
Time t (years)

Figure 2.3: Evolution of normalised mass density of elastin fibres (mg) in a 1D con-
ceptual model of aneurysm evolution (study of WSS homeostasis).

The results of this 1D conceptual study on aneurysm evolution with a focus on
WSS homeostasis are, expectedly, identical for the first year of simulations, since
the same initial conditions and prescribed elastin degradation were assigned. By
the end of the first year, normalised elastin density mg reduces to 0.7, as presented
in Figure[2.3] Following the first year of prescribed elastin degradation, the degrada-
tion for each case differs. For Case 1 (adaptive), elastin degradation is the smallest,
reducing to a steady value of only 0.6 by the end of the simulations and therefore
it is closest to the illustrative threshold of zero further degradation. The fully non-
adaptive Case 5 shows the greatest degradation, for which m reaches 0, by Year 15.

For inbetween Cases 3 and 4 most elastin fibres are lost by the end of the simulation,
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and Case 2 has reached a value of around 0.2 for mg by the end of the simulation;
however, it has not reached a steady state value (incremental elastin degradation is

non-zero by the end of the simulation).

4.5,
——Zero degradation
4| ——Case 1 (adaptive)
Case 2
——Case 3
3.5+ ——Case 4
Case 5 (non-adaptive)
3L
~
¢25-
)
L 2
1.5}
1k
0.5+
0 —
0 5 10 15 20 25 30

Time t (years)

Figure 2.4: Evolution of WSS (7) in a 1D conceptual model of aneurysm evolution
(study of WSS homeostasis).

Figure|2.4/and Figure 2.5|show the evolution of WSS and circumferential stretch
A. As the elastin degrades, increases in A lead to a decrease in WSS. Past the period
of prescribed degradation, the perturbation of WSS from homeostatic values affects
the rate of elastin degradation (based on Eqn. (2.9)). It is observed in Figure[2.4]that,
for all cases, WSS decreases within a small range of 0.03 Pa for Case 5 to 0.08Pa for
Case 1, while A steadily increases for all cases to a final range of 4.9 for Case 1 to 6.5
for Case 5. It can be noted that even though the case of zero degradation and Case
1 appear to be tending towards a steady value, Cases 2 to 5 appear to be tending

towards the same asymptote, representing a group of non-stabilised aneurysmes.

Increases in A result in increases of collagen stretches: Figure 2.6|illustrates the
evolution of collagen stretches A¢. Deviation of the A¢ from its homeostatic value
(attachment stretch) leads to the evolution in the reference configuration of colla-
gen fibres, based on the remodelling hypothesis of Eqn. (2.12), which aims to return

collagen fibre stretch back to homeostatic levels. It is noted that, as remodelling
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7 -
6 L
5 L
~ 4L
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——Zero degradation
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——Case 4
——Case 5 (non-adaptive)
1 1 1 | 1 J
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Figure 2.5: Evolution of circumferential stretch (1) in a 1D conceptual model of
aneurysm evolution (study of WSS homeostasis).

——Zero degradation
L ——Case 1 (adaptive)
1.135 Case 2
——Case 3
——Case 4
——Case 5 (non-adaptive)

1 L 1 Il
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Figure 2.6: Evolution of collagen stretch (A¢) in a 1D conceptual model of aneurysm
evolution (study of WSS homeostasis).
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takes place, A¢ for the first 5 to 6 years increases for all cases (within a range of 1.19
for Case 1 to 1.135 for Case 5), but then A gradually decreases returning, for all

cases, back towards the attachment value of 1.1.

120 -
——Zero degradation
——Case 1 (adaptive)
Case 2
100} —Case 3
——Case 4
Case 5 (non-adaptive)
80 -
g 60
40 |
20 -
0 -
0 5 10 15 20 25 30

Time t (years)

Figure 2.7: Evolution of normalised mass density of collagen fibres (m¢) in a 1D
conceptual model of aneurysm evolution (study of WSS homeostasis).

Figure also shows the growth in collagen fibre mass densities according to
Eqn. (2.13), following the deviations of collagen stretches. There is a steady increase
in the mass density of the collagen fibres for all cases. Case 1 reaches a steady fi-
nal value of 26, while the other cases continue to increase reaching collagen mass
densities within a range of 67 (Case 2) to 115 (Case 5) by the end of the simulation.

2.2 1D CYLINDRICAL MODEL OF CEREBRAL ANEURYSM
EVOLUTION - STUDY ON SMOOTH MUSCLE CELL
FUNCTION

Following the same 1D conceptual framework from a novel conceptual 1D
two-layer model for aneurysm evolution is also suggested that models the active
response of smooth muscle cells (SMCs). SMCs, apart from contributing to the

production of important fibres in the medial layer, also exert some of the forces
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that balance the blood flow forces on the arterial wall, aiming to maintain vascular
homeostasis. While elastin and collagen fibres have been observed to exert passive
stresses (represented by current models as proportional to arterial stretches), SMCs
are observed to exert active stresses, whereby different levels of smooth muscle tone
(activity) are associated with certain ranges of stretches (Rachev and Hayashi, 1999).
Those stresses help regulate the arterial diameter and they can change in response
to altered arterial wall shear stress (WSS) via signalling from ECs (Hsiai, 2008). More-
over, it is hypothesised that the degradation of elastin, which represents the incep-
tion of aneurysm evolution in the models, is also followed by SMC apoptosis (Kondo
et al. (1998), Zhang et al.| (2003)).

The 1D model for the representation of SMC function presented in this chapter
is implemented for two sets of simulations: the first case (case a) validates the ex-
pected SMC stress response by setting a step drop in elastin degradation as an initial
disturbance to mechanical equilibrium; the second case (case b) investigates how
the collagen fibres in the adventitial layer respond to the gradual decomposition of
the medial layer (elastin and medial collagen degradation, SMC apoptosis), while
examining whether or not the active SMC stress response has in this case an effect
on the growth of the 1D aneurysm. Both case simulations were run without (cases

al, bl) and with (cases a2, b2) the active SMC stress response.

2.2.1 Update on methodology

For the purposes of this study, the 1D conceptual cylindrical model is updated to
represent the artery as being comprised of two layers: the media and the adventitia.
The mechanical equilibrium of Eqn. (2.1) is then updated as:

—1 A
" RAZA Y, Himy65,(Ay), (2.15)
z J=E,C,SMC L=M,A

p
where the subscript L refers to the arterial layer (either M for the media or A for ad-
ventitia) with the corresponding unloaded thickness H; and SEF v . The subscript
] refers to the arterial constituent; the media is modelled to consist of elastin (E)
and collagen fibres (C), as well as smooth muscle cells (SMC), whereas the adventi-
tia is modelled to be embedded with only collagen fibres. The introduction of SMC
function in the constitutive model offers an update from the currently presented

conceptual models of aneurysm evolution. The SEF for the medial elastin fibres fol-
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lows Eqn. and the SEFs for the medial and adventitial collagen fibres follow
Eqn. 2.5).

Figure|2.1|applies for the reference configurations of the arterial constituents of
this simulation set up. Equivalently, as SMCs are also not the main load-bearing
constituent at the initial configuration, the same mathematical concept is used for
the introduction of stretches by the SMCs and therefore Eqn. is generalised as:

Ay = where J=C,SMC L=M,A (2.16)

_R’
JL

So far the arterial constituents (elastin and collagen fibres) have been modelled

to exert passive stresses (stresses proportional to the arterial stretches). However,

it has been observed that SMCs also exert active stresses; this implies that different

levels of smooth muscle tone (activity) are employed for certain ranges of stretches.

In order to represent this in the equilibrium equation, Eqn. is adopted from

Rachev and Hayashi| (1999) and Baek et al.| (2007):

. max _A«SMC
G 5p1cn Asmcy) = T(O)Asmcy, (1 - (;ZSM 7)2) 2.17)

SMCuy — ASMCM

A?I\%M determines the value of SMC stretch for which SMC active stress contri-

bution is at its greatest, whereas 155"

SMCy
at which active SMC stress contribution remains. This is illustrated in Figure

defines the upper SMC stretch boundary

A value for attachment stretch A?&CM is also set for SMCs (as was for collagen fi-
bres) to represent a homeostatic state of stretch; the value is indicated in Figure[2.8]
lying between the lower bound for the onset of SMC active force generation and
the stretch where maximum active force occurs. The reason behind this is that, as
stretch deviates from the initial homeostatic value and increases, SMCs instanta-
neously attempt to increase their active stress contribution in order to constrict the
artery and return it to its initial condition. If the stretch continues to increase and
passes the point of maximum force activation, then SMCs become decreasingly ca-
pable of responding to further stretch increases (an unstable state). Conversely, a
reduction of the stretch from the homeostatic values leads to an instantaneous de-
crease of the active force generation, aiming to dilate the artery back to its initial

state (Ji et al., 2002).
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Figure 2.8: Illustration of the varying SMC active tone for a range of defined

stretches. A™2X and A%¢'% determine where active tone is at maximum and
SMCyy SMCyy

where the active contribution stops respectively. The assumed attachment stretch
for SMCs is also indicated in the figure.

The term C in Eqn. is defined as the concentration ratio of vasodilators
(for example the molecule nitric oxide NO) and vasoconstrictors (for example the
protein endothelin ET-1). Dilation or constriction of the SMCs in the blood vessels
has been shown to take place as a response to the upregulation of vasodilators or
vasoconstrictors respectively. This upregulation has been observed to react to devi-
ations of the magnitudes of wall shear stresses (1), from homeostatic levels, denoted
here as 7,,,,- More specifically, WSS values higher than homeostatic levels appear to
upregulate vasodilator production, while WSS values lower than homeostatic mag-
nitudes upregulate vasoconstrictor production (Malek et al.,(1999). Eqn. and
Eqn. describe this behaviour within the term 7' (C) from Eqn. (2.17):

T(C) = K&Hre(1-e @), (2.18)
where:

I7Th, (2.19)

C=¢(Cp—-Cs
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When the artery is in equilibrium and shear stresses are in homeostasis, there is
a basal magnitude for this ratio Cp and Cj is the shear-induced magnitude. Con-
centration C is then calculated as per Eqn. ; values for Cp and Cg are taken
from |Rachev and Hayashi| (1999) and Baek et al. (2007). ¢ is defined as an endothe-
lium damage term, to represent the fact that, since the endothelium is exposed to
haemodynamic forces, there is a possibility of its damage from changes in its imme-
diate mechanical environment (Reneman et al.,|2006). ¢ can take values between 0
(total damage) and 1 (no damage) in order to control the extent of shear-induced va-
sodilation. As a consequence, the term T(C) represents the level of activation, influ-
enced by the vasodilator ratio and possible endothelium damage; the term Kgl\c/fé”e

represents a material parameter for the active response of the SMCs.

There is also an illustrative passive term to the SMC stress contribution for
which a neo-Hookean expression (similar to the Cauchy stress for the elastin fibres,
Eqn. (2.4)) is set defined with respect to a reference configuration in the direction
of the cell. Due to lack of sufficient guidance from the literature, the accompanying
material parameter is assumed to be a proportion of the elastin stress response (by
setting the parameter K, gﬂé”e to a tenth of Kz). Consequently, the total mechanical
response of SMCs, counting for both passive and active responses (contributing to

the mechanical equilibrium) is:

Gsmcy =0 Siice +0hnrn (2.20)

Remodelling of the collagen fibres for both the media and adventitia, in the case

of degradation of medial constituents and a distortion of the geometry (as was pre-
sented in §2.1.1), follows the calculation in Eqn. (2.12). A similar behaviour for the
remodelling of the reference configuration for SMCs can also be assumed, general-

ising the evolution equation as:

dAf Aj = AT
dlf =ayj,( v L), where J=SMC,C and L=M, A (2.21)

Growth of the density of the medial and adventitial collagen fibres follow
Eqn. (2.13), for which the rate parameters fc,, and B¢, respectively will need to
be determined.
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Regarding the evolution of SMC mass density evolution as elastin degrades, a
generalised growth function (adapted by |Rachev and Hayashi (1999), Baek et al.
(2007)) is adopted:

d A _ AAT
AISMCy Mmsnrcy, (Bs ( e SMCwm )
dt e A (2.22)

C-Cg T—Tp
+Bsmcy () Bsaicy ()

Thom

The first term, following from the growth function of the collagenous mass den-
sities, illustrates that SMC mass density evolves in order for the stretch to return to
attachment levels. The second term relates growth to the deviation of vasoconstric-
tor ratio from basal values. The third term shows that the SMC density can change
also in order to return WSS levels to the homeostatic values. When elastin degrades
and load is shifted to the other arterial constituents, a healthy artery’s SMCs should
increase their active tone to maintain arterial diameter (Fridez et al., 2002). This is
the instantaneous response; however, the long-term healthy response is to relax or
contract close to the homeostatic state. This will be achieved by SMCs shifting the
load bearing to other constituents, while at the same time not disrupting the pre-
ferred geometry. A phenomenological way to achieve this is by the third term of the

growth function, which aims to return WSS to homeostatic levels. The parameters

WSS

in this newly introduced growth function (Bg,;’,

By and B5,,o) are set to take

non-negative values.

In order to present the effect of the introduced smooth muscle cell function, two
illustrative simulation cases are implemented:

* Case (a): SMC Load Bearing

* Case (b): Degeneration of the medial layer

For Case (a), the system is tested by imposing a step drop in elastin mass density

to 80% at the beginning of Year 2 of the simulation:

1, fort<2years,
mg,, (£) = (2.23)
0.8, fort>2years
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For Case (b), a similar pattern of degradation to the one described is cho-
sen, informed by the observations on that study, but it is also updated to repre-
sent the degeneration of the whole of the medial layer (Kondo et al., 1997). Elastin
and medial collagen degradation, as well as SMC apoptosis (Sakaki et al., 1997) are
therefore modelled. At the beginning of the simulation, the elastin degradation is
prescribed according to Eqn. (2.7); specifically, the elastin is set to degrade to 80%
by the end of two years. Following the first period of prescribed degradation, further

degradation is set to follow deviations of WSS from homeostatic values:

d MEg,,
dt
where the definition of homeostasis follows 7,,,, in Eqn. (2.11), i.e. the adaptive

=—bg(1—e""thom) for t>2 years, (2.24)

definition, averaging the values of WSS over the past 2 years. To illustrate SMC apop-
tosis and medial collagen degradation, the evolution of mass densities for SMC and

medial collagen fibres is defined as:

mj,, = m}MmﬁM, where J=C,SMC (2.25)

1
Im

tively; for Case (b), this is set to exponentially drop to 1% within the first ten years

where m; represents the number of cells and fibres for SMCs and collagen, respec-
(following Eqn. (2.7)). m?M represents the size of SMCs and collagen fibres and is
allowed to adapt, according to the growth function (Eqn. and Eqn. (2.13) for
SMC and medial collagen respectively).

For both cases the simulations are test run without and with the active SMC me-
chanical response; they are called Case al or bl and Case a2 or b2 respectively. How-
ever, for that reason, a distinction point for both Case (a) and (b) needs to be made
when run without the active SMC response. The role of the active stress response
of SMCs presented here is that, when there is an increase in stretch that drives SMC
stretch away from attachment levels, an instantaneous stress response occurs to
initiate reduction in stretches. Further decrease in stretch is then attributed to SMC
growth. In the absence of an active SMC stress contribution, the passive SMC stress
element is not capable of instantaneously responding to the drop in elastin to the
same extent. Therefore the decrease is solely dependent on SMC growth; however,
this renders the system unstable. Therefore, for illustration purposes, it was decided

to suspend SMC growth for the cases where the active response is excluded, in order
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to draw conclusions about the role of introducing the active response to the existing
1D model.

Table 2.2: Overview for the geometrical data, physiological data and parameters for
the media degradation in the 1D cylindrical conceptual model of aneurysm evolu-
tion (study of SMC function).

Modelling variables for 1D cylindrical model(Part 1)

Geometry and pressure

R 2mm

Hyy 0.533mm (Holzapfel et al., 2000)
Hy 0.267mm (Holzapfel et al., 2000)
p 16kPa

Stretches

A(0) 1.3

Al 1.1 (Watton and Hill, 2009)
Agt 1.05 (Watton and Hill, |2009)
Advicy 1.1

Az 1.3

Degradation - Case (b)

mpn 0.8
Iprescribe (€lastin) 2(years)
myn 0.01
tprescrive (SMC and medial collagen) 10(years)
T 2(years)
b 0.3 (years™)

The parameters for both cases of simulations are summarised in Table [2.2| and
Table The geometrical, initial stretch and pressure data are consistent with
the WSS homeostasis study earlier in the chapter; however, it is assumed that in
physiological conditions, the medial layer is approximately % of the total thickness
(Holzapfel et al., | 2000). The attachment stretch for the adventitial collagen is set
lower than that of medial collagen (following Watton and Hill| (2009)), to represent
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Table 2.3: G&R parameters, SMC active stress variables and material parameters for
the 1D study of SMC function).

Modelling variables for 1D cylindrical model(Part 2)
Growth and Remodelling (years™)
acy 1
ac, 1
ASMCy 0.2
Beu 2
Bca 2
ﬁéMc 1

smc 1
Berse. (for Case (a)) 500
ﬁgﬁg (for Case (b)) 10
SMC active stress
Cp 0.68 (Baek et al., [2007)
Cg 1.36 Baek et al.| (2007)
AE”A%M 14
A, 2
v 1
Material parameters
Fg, 0.6
Fc, 0.1
Fswyc,, (with active response) 0.15
T (with active response) 0.12MPa
Kg 0.12MPa
Kc, 0.48kPa
Khossive 11.8kPa
K&t 0.12MPa
Kc,, (with active response) 32.6kPa
Kc,, (without active response) 58.3kPa
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the fact that adventitial collagen fibres are not acting as a major load-bearing con-
stituent in physiological conditions (for further analysis on the attachment stretch,
see Chapter[3land Chapter[5). G&R rate parameters were calibrated, driven by previ-
ous work (Watton and Hill,[2009), to ensure resulting stretches within physiological
ranges for the time frame of this illustration of aneurysm evolution. It is assumed
here that SMC remodelling takes place at a slower speed than that of collagen to
introduce a preliminary link to the degrading elastin network and the damaged en-
dothelium, which gradually also damages the normal function of SMCs. For the
calculation of the material parameters, the analytic calculations from Eqn.
are followed, whereby a certain ratio of stress distribution is assumed as the initial
condition of the arterial environment. Elastin is the main load-bearing constituent,
with SMCs (when the SMC active response is included) and medial collagen fibres
having similar load bearing contributions. For the cases where active response is
not counted for, the passive contribution of SMCs is a very small portion of the total
arterial mechanical response (of around 3%). The calculations for each time in-
crement (representing a period of 2 days) were implemented on MATLAB and the

simulation for both cases ran for 20 years.

2.2.2 Simulation results
2.2.2.1 SMC Load Bearing

For both cases (without (al) and with (a2) the active SMC mechanical response),
elastin fibre mass density mg is prescribed to drop to 0.8 with a step change after

two years; following this, mj, is kept constant (Figure [2.9(1)).
1.2 0 1.65 )
1.6
1.55

1.5

3
g! 06 ~1.45
04, 14
’ 1.35 —— Without active response
5 ) - -With active response
0. 1.3 Y A
0 : 2 - 1.25 - -
0 5 10 15 20 0 5 10 15 20 0 5 10 15 20
Time t (years) Time t (years) Time t (years)

Figure 2.9: Evolution of elastin concentration mg, WSS 1 and circumferential stretch
A in a 1D conceptual model of aneurysm evolution without and with active SMC
mechanical response for the study of SMC load bearing .
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For case al, the response follows similar observations to those in When
the elastin density drop takes place, A starts to increase towards a value of 1.6 by
the end of the twenty-year simulation (Figure (iii)) and consequently (under the
constant flow rate assumption) a decrease in WSS is observed to a value of 2.3Pa
(Figure [2.9(ii)). Following the elastin drop, it is noted that the immediate increase
in the stretches of the constituents (Figure; for SMC Asmc,, increases to 1.12
(Figure [2.10{(1)), for medial collagen, Ac,, to 1.105 (Figure [2.10{ii)), and for adven-
titial collagen, Ac, to 1.054 (Figure [2.10[iii)), representing the shift of load bearing
from the lost elastin fibres to the rest of the arterial constituents. The gradual re-
turn of the SMC and collagen stretches back to homeostatic levels are noted during
the simulation’s period, which allows the remodelling of the constituents’ reference
configurations. In Figure the evolution of the normalised densities can be ob-
served, based on the G&R assumptions; there is no SMC growth assumed for the
case where only its passive mechanical response is accounted for (Figure [2.11()),
medial collagen mass density mc,, increases to a value of 1.7 and for adventitia,
mc, increases to 1.8.

1.106 (i) 1.056 (i)
— Without active response
1.055 || = = With active response

1.105
1.104 1.054 |
1.103 1.053 |
3 <

S
71102 <> 1.052
1.101 1.051 |

1.1 1.05

1.099 1.049

- 1.098 1.048
10 20 0 10 20 0 10 20

Time t (years) Time t (years) Time t (years)

Figure 2.10: Evolution of stretches in a 1D conceptual model of aneurysm evolu-
tion without and with active SMC mechanical response for the study of SMC load
bearing; (i) SMC stretches Asyc,,, (ii) medial collagen fibre stretches A¢,, and (iii)
adventitial collagen fibre stretches A¢, .

For case a2 (where the active response is included), the difference in mechanical
response to step drop in mp is noted. There is virtually no change in either WSS
(Figure[2.9(ii)) or A (Figure[2.9(iii)). Asmc,, (Figure[2.10(i)), Ac,, (Figure[2.10[ii)) and
Ac, (Figure[2.10iii)), following an instantaneous fluctuation, return within a year to
the attachment levels for the rest of the simulation. Based on Eqn. (2.22)), the abrupt
disturbance in Aspsc,, causes the instantaneous increase in SMC mass density, seen
in Figure[2.11](i), reaching a high of 2 and an immediate steady state of 1.8 until the
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end of the simulation. On the contrary, neither mc,, nor mc, show a remarkable

change in their values.

2 U 1.8 (i) 1.8 (iii)
1.8
1.6

1.4

mSMC

12

—— Without active response
- - With active response

0.8 0.8 - - -
0 5 10 15 20 0 5 10 15 20 0 5 10 15 20

Time t (years) Time t (years) Time t (years)

Figure 2.11: Evolution of normalised densities of arterial constituents in a 1D con-
ceptual model of aneurysm evolution without and with active SMC mechanical re-
sponse for the study of SMC load bearing; (i) SMC, (ii) medial collagen fibre and (iii)
adventitial collagen normalised densities (msyc,,, mc,, and mc, respectively).

Figure[2.11]illustrates the stress contributions by the active and the passive terms
of the SMC stress response for case a2; the total SMC stress response is also indi-
cated in the figure. It can be observed that for the active muscle tone (activity),
stress increases instantaneously to a maximum value of 61.6kPa (and subsequently
a steady state of 55.9kPa) as a response to the mg drop and increase in A, according
to Eqn. (2.17). The passive stress contribution is significantly smaller, with a maxi-
mum of 16.8kPa and a steady state value of 15.3kPa.

2.2.2.2 Degeneration of the medial layer

For both Case bl and b2, the simulations are instigated by an initially prescribed
elastin degradation for the first two years of the simulation (Figure[2.13). Following
this initial period, mg WSS driven reductions for Case b1 (case without the SMC ac-
tive stress contribution) lead a value of 0.07 by the end of the simulation, while for
Case b2 m stabilises to a value of 0.17 by Year 10. For both cases, the degradation
of the medial layer constituents is also prescribed, as illustrated in Figure [2.14, ex-
ponentially reducing to a value of 0.1 by Year 5; by the end of the simulation, medial

SMCs and collagen fibres have virtually disappeared.

Figure and Figure show the relations for the evolution of WSS and A
respectively; for Case b1, WSS reduces gradually to an eventual value of 0.25Pa and

A increases to 3.5, whereas for Case b2 the steady state values from Year 10 onward
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Figure 2.12: Passive and active stress SMC stress contributions and total SMC stress
in a 1D conceptual model of aneurysm evolution for the study of SMC load bearing;
(i) SMC.

are 1.36Pa for WSS and 1.9 for A. Degradation of elastin follows the deviations of
WSS from the homeostatic values that are averaged over the past two years of the
simulation; degradation for Case b2 continues until the new homeostatic state is

observed since Year 10.

The disturbance of the mechanical equilibrium, due to the degradation of the
arterial constituents in the media, leads to an initial increase of stretches in the ar-
terial constituents. Figure shows the evolution of Asyc,, (Figure (i)) and
Ac,, (Figure (i)), to summarise the stretch response of the medial constituents
prescribed to decrease in density. Case b1 for both stretches show the bell-shape
function with maximum values of 1.2 and 1.19 respectively, returning to attachment
levels by the end of the simulation. For Case b2 the stretches barely fluctuate around
the attachment value and both stabilise to their corresponding attachment values
by Year 10.
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—— Without active response
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Figure 2.13: Evolution of normalised density of elastin m g in a 1D conceptual model
of aneurysm evolution without and with active SMC mechanical response for the
study of the SMC mechanical role during media degradation.

smc

0 5 10 15 20
Time t (years)

Figure 2.14: Evolution of normalised densities for SMCs m}g Mc,, and medial colla-
gen fibres m}:M representing SMC apoptosis and collagen fibre degradation in a 1D
conceptual model of aneurysm evolution without and with active SMC mechanical
response for the study of the SMC mechanical role during media degradation.
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—— Without active response

- - With active response
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Figure 2.15: Evolution of WSS in a 1D conceptual model of aneurysm evolution
without and with active SMC mechanical response for the study of the SMC me-
chanical role during media degradation.
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Figure 2.16: Evolution of circumferential stretch A in a 1D conceptual model of
aneurysm evolution without and with active SMC mechanical response for the
study of the SMC mechanical role during media degradation.
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Figure 2.17: Evolution of SMC stretch Asysc,, () and medial collagen stretch Ac,,
(ii) in a 1D conceptual model of aneurysm evolution without and with active SMC
mechanical response for the study of the SMC mechanical role during media degra-
dation.

By Year 5, because of the decrease in mg, mé MCy and méM, adventitia becomes
essentially the main load bearing constituent of this arterial configuration. Fig-
ure illustrates the evolution of A¢,; with a lower defined starting attachment
value of 1.05, A¢, in Case bl increases to a value of 1.062 and gradually returns to
homeostasis, while A¢, shows a similar behaviour to the one seen for the medial
constituents and only show a negligible fluctuation and eventual return to home-
ostasis by Year 10. Figure assists in understanding the evolution of reference
configurations for adventitial collagen A}C?A' Based on Eqn. (2.21), A}C?A increases for
both cases; in Case b1 the increase is larger (to a value of 3.3), whereas for Case b2
the fluctuations in Figure result in a small increase in A}C?A to 1.8 by the end of

the simulation.

Figure also shows the evolution in mc,; in the absence of the SMC active
stress response, Case b1l shows a large increase to 64 at the end of the twenty-year

simulation, whereas Case b2 shows a much smaller steady state increase of 3.

2.3 DISCUSSION

Aneurysm evolution modelling is a multiscale problem, in terms of length and time
scales, which requires the mathematical description of complex biological relations

from a molecular to an organ level in order to investigate the inception, growth and

56

Modelling the mechanobiological evolution of aneurysms



Aikaterini Mandaltsi 2.3. Discussion

1.064

—— Without active response

- - With active response

1.062
1.06
1.058
971,056
1.054

1.052

1.05

1.048
0

Time t (years)

Figure 2.18: Evolution of adventitial collagen fibre stretch A¢, in a 1D conceptual
model of aneurysm evolution without and with active SMC mechanical response
for the study of the SMC mechanical role during media degradation.
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Figure 2.19: Evolution of adventitial collagen fibre recruitment stretch A}C?A inalD
conceptual model of aneurysm evolution without and with active SMC mechanical
response for the study of the SMC mechanical role during media degradation.
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Figure 2.20: Evolution of normalised density of adventitial collagen fibres m¢, in a
1D conceptual model of aneurysm evolution without and with active SMC mechan-
ical response for the study of the SMC mechanical role during media degradation.

potential rupture of aneurysms (Ho et al., 2011). The conceptual 1D mathematical
modelling framework for intracranial aneurysms introduced in this chapter allowed
the preliminary investigation of two important mechanobiological concepts, not in-

corporated previously in models of aneurysm evolution.

The first study (§2.1) examined mechanical homeostasis by defining adaptive
and non-adaptive definitions for homeostatic WSS. The mathematical investigation
was biologically inspired by Regan and Aird| (2012), who discussed the mechanisms
of endothelial heterogeneity and the combined effects of nurture (temporally adap-
tive homeostasis) versus nature (temporally non-adaptive homeostasis) of the en-
dothelium. This homeostasis definition was then linked to elastin degradation, as
WSS induces changes in the endothelium (Davies, 2009) and the effect of WSS on the
expression of elastase, an enzyme that breaks down elastin fibres, has been exam-
ined (Hennig et al.,|2011). Combining the adaptive and non-adaptive cases with the
help from the weighting factor w, the range of effect of the homeostatic definition
on the degradation of elastin, the aneurysm growth and the growth and remodelling

evolution of the collagen fibres were observed.
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For all the presented cases, collagen remodelling manages to return the collagen
fibre stretch towards its homeostatic value within the period of 30 years and there-
fore the circumferential stretch approached a new increased equilibrium. However,
for the non-adaptive case, this is a slower process, leading to greater increases in
collagen fibre density (more than 100 times the initial values) and in the cylinder’s
diameter (up to 6 times the initial value). This can be explained by the fact that
in the non-adaptive case, there are virtually no elastin fibres left; consequently, the
mechanical equilibrium is sustained only by the collagenous constituents. The fi-
nal dimensions and collagen mass densities observed seem physiologically unreal-
istic. The role of G&R parameters is important here: the lack of validating data to
guide the choice of such parameters is a known problem when modelling complex
physiological processes. In vitro models of aneurysm evolution would help with
phenomenologically calibrating mathematical models: Chapter 3| will introduce a
research workflow that would assist in the interaction between experimental and
mathematical modelling. Experimental work is further required in understanding
the significance of mechanical homeostasis and the physiological mechanisms be-
hind its definition. For the more explicit representation of the endothelium in the
models, further work should model the biological mechanisms that link degrada-
tion of elastin to the WSS stimuli, for example, with the representation of ECs and
associated signalling pathways leading to increased expression of matrix degrading
enzymes. It should be noted that the intraluminal thrombus (ILT) that is present in
fusiform intracranial aneurysms (Rayz et al., 2010) is not modelled. More specifi-
cally, it is assumed that no ILT is present and that the ECs remain functional, so as

to continue to transduce a signal to the medial and adventitial layers.

Within the 1D context of the presented model, the heterogeneity of the endothe-
lium was restricted to a temporal scale; however, a variable WSS environment, such
as one in a 3D setting, introduces the aspect of spatial heterogeneity to the endothe-
lium, as motivated by Aird| (2005). The presented 1D study served as a research basis
for the implementation of WSS homeostasis and elastin degradation, presented in
Chapter for intracranial aneurysm modelling and, furthermore, in|Aparicio et al.

(2014) for abdominal aortic aneurysm modelling.

The conceptual 1D model of aneurysm evolution was further developed in
to account for the active response of vascular SMCs. This modelling step was driven

by research indicating that vascular smooth muscle cells secrete connective tissue

Modelling the mechanobiological evolution of aneurysms

59



2. MECHANOBIOLOGY MODELLING Aikaterini Mandaltsi

and matrix degrading enzymes (Asanuma et al., |2003) and are subject to apopto-
sis during aneurysm evolution (Zhang et al., [2003); there is therefore the need to
explicitly model the SMCs with a suitable constitutive model (Zulliger et al. (2004),
Murtada et al. (2010)).

The active mechanical role of SMCs (Baek et al., 2007) was introduced, to dis-
tinguish it from the passive mechanical response of the elastin and collagen fibres.
The purpose of Case a was to examine the evolution of important arterial variables
(such as stretches and mass densities of arterial constituents), when SMCs are in-
corporated, demonstrating its role in two distinct cases, with and without the active
SMC stress contribution. The differences in the results between active and no active
response illustrate a limitation of previous models of aneurysm evolution to rep-
resent this mechanobiological aspect in aneurysm disease. The illustrated results
show how the active response leads to a quick increase in the stress contribution fol-
lowing an increase of SMC stretch from homeostatic levels and the active response
drives WSS to homeostatic levels over short time scales. An immediate response
to disturbance of the haemodynamic environment occurs as a result of the vary-
ing SMC tone defined for certain range of stretch values. On the other hand, lack
of active response allows the G&R mechanisms of the passive stress contributors to
return the artery to the initial homeostatic state, or perhaps, to a new homeostatic
state. However, this takes place within a longer time period based on my observa-

tions.

In case b, an important event in observed aneurysms was additionally repre-
sented, that of the eventual loss of the medial layer’s structure. In my observa-
tions, the adventitial layer increasingly bears the majority of the load in the artery;
the role of the adventitia as the initially protective sheath that becomes the main
load-bearing constituent during aneurysm progression will be further investigated
in the following chapters. Furthermore, in case b, the observations about mechan-
ical homeostatic conditions from §2.1]were transferred and incorporated a tempo-
rally adaptive definition for WSS which drove elastin degradation by deviations of
WSS from homeostatic values. The aim of this simulation set was to illustrate how
SMCs aim to maintain WSS, while, simultaneously, SMC apoptosis takes place. The
SMC active response acts quickly, similarly to case a, and the system does not devi-
ate significantly from the initial condition. On the other hand, in case b1, in order

for the system to return stretches to attachment levels, significant, and unrealis-
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tic, increases in the mass density of the adventitial collagen were noted. The find-
ings distinguish the short from the long-term mechanical response of the artery to
a gradual increase in circumferential stretch with the combined modelling of the

active response of SMCs with the SMC apoptosis.

Vascular SMC phenotype is complex and temporally changing (Warrell et al.,
2003): SMCs can be found having a contractile or an ECM synthetic phenotype. The
flexible switch between the two phenotypes (called phenotypic modulation) plays
a significant role in the acquisition of characteristics that could be related to vascu-
lar disease (Owens et al., 2004). Additionally, there are different types of SMC con-
traction taking place within the arterial wall: phasic (rapid) and tonic (slower and
sustained) contraction. Effective modelling of the mechanical behaviour of SMC
should investigate the importance of phenotypic modulation and the underlying
signalling pathways in the progression of vascular disease. Even though these bio-
logical mechanisms were not presented in detail here, we have identified the impor-
tance of incorporating the role of SMC in our modelling frameworks of aneurysm
evolution, by representing the active stress response due to the contractile pheno-

type of SMCs as arterial stretch increases.

The difficulty in the parameterisation of biological systems were already men-
tioned. For the newly introduced SMC growth term, the difficulty in determining the
extent of effect for a stretch-based, activity-based or WSS-based growth (Eqn. (2.22))
requires a series of experiments to investigate and distinguish those interactions.
Controlled in vitro aneurysm experiments should also examine further explicit links
for the SMC production of collagen and the interactions between the elastin fibre
network and SMC production and tone. In order for models of aneurysm evolu-
tion to be ultimately utilised as aneurysm prediction tools, there is a need to de-
fine and distinguish well between a healthy state and the transition from a healthy
state to a potentially diseased one. This encompasses difficulties in fully under-
standing the arterial biology and incorporating complex biological processes and
interactions within the modelling frameworks. For example, the factor ¢, which was
introduced by Baek et al. (2007) to represent endothelium damage and affects the ef-
fectiveness of the active SMC stress contribution (Eqn. (2.17)), should be more care-
fully examined and potentially linked to indicators of endothelium damage (such as

intra-luminal thrombus formation).
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2.4 CONCLUSIONS

In this chapter, we have described and investigated a conceptual mathematical
model for the description of aneurysm evolution in a 1D cylinder, representing an
artery. Existing models of aneurysm disease were formulated anew and extended
in order to incorporate two important relationships between arterial constituents
and their effect on aneurysm evolution rates and G&R, driven by biological knowl-
edge and prior experimental work: a) endothelial heterogeneity and WSS home-
ostasis related to elastin degradation and (b) smooth muscle cell active mechanical
response and apoptosis. We observe that a temporally adaptive definition of WSS
homeostasis slows down the rate of degradation and can thus have an important
effect on aneurysm enlargement rates. Additionally, introducing the effect of SMC
active stress response results in significantly different aneurysm growth. Investi-
gating the effect of biologically important events and interactions allows for further
understanding about the biology itself and contributes to the creation of a strong
modelling framework that can eventually be applied to more realistic models, such
as those that use 3D geometries (Chapter[4). An aspect that I have not yet consid-
ered in this model formulation, but is the focus of the following chapter, has been
the adaptive role of the adventitial collagen as a response to the degrading medial
layer. Moreover, the calibration and validation of the models require further inves-
tigations into and suggestions on available in vitro and in vivo work. The following
chapter also introduces the examination of a specific clinical case (with accompa-
nying experimental data) that will assist in overcoming certain difficulties identified

in this chapter, regarding the calculation of important modelling parameters.
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CHAPTER

MATHEMATICAL STUDY OF CLINICAL IN
VIVO AND VITRO DATA FOR IN SILICO
MODELLING

This chapter introduces a methodology for the interaction between in vivo and in
vitro data in in silico modelling for a clinical aneurysm case, specifically in order
to tailor the material parameter for the adventitial collagen to the patient-specific
case and use the knowledge on the geometry and the mechanical properties of the
aneurysm for comparison with the simulations of aneurysm evolution, in 1D (in
this chapter) and in 3D (in the following chapters). Comparisons between experi-
mental and mathematical/computational data for aneurysms need to aim further
than mere comparisons of predicted aneurysm geometries. In order for the the-
oretical models to incorporate a strong and realistic representation of the arterial
mechanobiology of aneurysm disease, it is essential to validate the modelling hy-
potheses against in vivo and in vitro observations on the structure and biology of
the arterial wall and relate the modelling variables and assumptions to experimen-
tal data.

A novel workflow for the parameterisation of the mathematical and computa-
tional modelling frameworks is proposed with the aid of available experimental
data for a presented patient-specific clinical case. Figure[3.1|summarises the steps

and inter-relations of the proposed workflow, which will be implemented in this
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1D Models ——
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Figure 3.1: Illustration of workflow between in vivo, in vitro and in silico (1D and
3D) modelling. Clinical data from a patient-specific aneurysm case provide ge-
ometrical information to the 1D and 3D models. Estimations on the mechanical
properties and unloaded thickness of the collagenous aneurysmal tissue are made
from tissue samples of the clinical aneurysm. The 1D model analysis results in eval-
uations of the healthy artery dimensions, the adventitial collagen material param-
eter and suggestions on the attachment stretch distribution adaption, which help
parameterise and calibrate the 3D models. Comparing estimations of remodelled
aneurysm thickness, cyclic stretch magnitudes, adventitial collagen increased mass
and Cauchy stresses between the 1D and 3D models allows for the consistency in the
modelling hypotheses. Furthermore, the modelling analysis and conclusions help
towards making suggestions for future experimental and clinical investigations.
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and the following two chapters (Chapter[4and Chapter[5). For this specific clinical
aneurysm case, the in vivo imaged aneurysmal geometry has been acquired, which
will aid in the geometrical parameterisation of the 1D models and will be utilised
by the complex 3D models (Chapter [4] and Chapter[5). I have also been provided
with an in vitro measurement of the aneurysm dome thickness and a representative
stress-stretch curve of the aneurysmal tissue. This allows us, within a 1D cylindrical
configuration that represents the arterial geometry, to evaluate the healthy artery
dimensions, approximate a value for the adventitial collagen material parameter
and propose the adaption of the adventitial collagen stretch distribution. These in-
vestigations inform and calibrate the complex 3D modelling framework. In turn, by
implementing the calibrated and parameterised 3D models of aneurysm evolution,
it is possible to compare predictions on remodelled thickness, cyclic stretch mag-
nitude, adventitial collagen increased mass and cauchy stresses with those in the
1D models, allowing for consistency within the modelling analysis. Besides, these
modelling steps further allow reflection on the potential of future experimental and
clinical investigations that can further inform, calibrate and validate the conceptual

and computational models.

The 1D model that was presented in Chapter [2]is extended to include the con-
cepts of gradual recruitment of collagen fibres, fibre orientation, and a temporally
adaptive distribution of attachment values. Combining such concepts on the me-
chanical behaviour of collagen fibres, it is possible to represent the adventitia of the
aneurysmal tissue and inform the models of aneurysm evolution for the specific
clinical case. The aim of the work presented in this chapter is to use rare combined
clinical imaging and mechanical test data of human aneurysmal tissue to estimate

material parameters and likely geometrical changes during aneurysm development.

The chapter starts by presenting the geometrical information acquired from the
in vivo calculated aneurysmal geometry (§3.I). By approximating the aneurysm in
a 1D configuration, the expected increase in adventitial collagen is estimated in the
new mechanical aneurysmal equilibrium, as well as the dimensions of the healthy
artery. The uniaxial mechanical testing data representing the mechanical behaviour
of the aneurysmal tissue is fitted to a constitutive mathematical model and the ma-
terial parameter for the adventitial collagen is therefore approximated (§3.3). Given
this set of parameters, a range for the loaded thickness and the cyclic stretch mag-

nitude of the aneurysmal tissue are approximated in a 1D cylindrical set up (§3.4).
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The 1D cylindrical aneurysm evolution model (first introduced in Chapter 2) is in-
formed with the adventitial collagen material parameter and indications on the final
adventitial collagen attachment stretch distribution. The 1D evolution study looks
to investigate the effect of the final adventitial collagen attachment stretch distribu-

tion on the G&R hypotheses.

3.1 PRESENTATION OF CLINICAL GEOMETRY

For the purposes of the mathematical investigation in this chapter, the case of a clin-
ical intracranial saccular aneurysm is presented. The geometry of this aneurysm,
as seen in Figure (a), can be described with respect to three key sections in the
aneurysmal area: the cylinder (Figure [3.2](i)) along which the aneurysm has been
found to have developed and where the in silico representation of the aneurysm
mechanobiology focuses; the ostium area (Figure [3.2{ii)), representing the initially
healthy arterial area from which the aneurysm has grown; and the aneurysm sac
area (Figure [3.2[(iii)), where the weakened arterial tissue has expanded into the
pouch-like shape that is characteristic of intracranial aneurysms. The white arrow
in Figure[3.2)(a) indicates the direction of the blood flow in the geometry.

The 3D reconstructed image of the clinical intracranial aneurysm has been ac-
quired in vivo from digital subtraction angiograms prior to surgical intervention.
For further information on how those clinical images are acquired and how they
have been utilised in parallel research, see Chapter[4] where the image is prepared

to be incorporated in the FSG framework for 3D simulations (Chapter|[5).

From an initial observation of the aneurysm geometry, it is possible to calculate
changes in surface areas, as presented in Table those are measurements in the
loaded configuration, since the images were acquired in vivo. The aneurysm os-
tium area represents the arterial surface before the aneurysm growth (¢ = 0). It is as-
sumed that the surface area of the aneurysm cylinder (as indicated in Figure (i)),
not taking into account the ostium or the sac, remains the same between the initial
healthy state and the new remodelled stabilised aneurysmal equilibrium (¢ = rem),

of which the 3D image exists. These surface areas were calculated in ICEM CFD 4.0.

Two changes in surface area are therefore calculated. The first one is calculated

by the following ratio:
sa(sac)

— = (3.1)
sa(ostium)
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(i) Aneurysm Sac Area

(i) Aneurysm Cylinder (iii) Ostium Area

Figure 3.2: (a) In vivo image of clinical aneurysm geometry with a detail of the
aneurysm cylinder (i); (b) Detail image of the aneurysm sac area (ii) and of the os-
tium area (iii).

Table 3.1: Calculations of surface areas in the loaded configuration of the clinical
aneurysm geometry

Surface areas (in mm?)
Healthy state Ane}l}r ys'mal
Aneurysmal segment f=0 equilibrium
B t=rem
Aneurysm Ostium 22 -
Aneurysm Sac - 214
Aneurysm Cylinder 54 54

where sa stands for surface area (lower case letters are used to indicate the loaded
configuration). This ratio helps with the understanding of the Lagrangian deforma-
tion of the tissue with which the increase in tissue mass in the 3D growth model is
quantified (Chapter|5).
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The second change is calculated by the following ratio:

sa(cylinder + ostium)
- ~3.5 (3.2)
sa(cylinder + sac)

In 1D modelling (as presented in Chapter[2), aneurysm evolution in a cylindrical
membrane can be represented, with uniformly increasing radius; equivalently the
aneurysm can be modelled as a spherical membrane with increasing radius. The
clinical saccular aneurysm evidently has the peculiar geometry of a growing spher-
ical dome on top of a cylindrical artery. For the purposes of the 1D analysis tailored
to the clinical case in this chapter, the change in surface area is approximated in
Eqn. as a developing cylinder or sphere and in the following section a prelim-
inary approximation is made for the expected increase in the adventitial collagen

mass density as elastin degrades.

3.1.1 Approximating bounds for increase in collagen density

Following the analysis from Chapter [2| and Watton and Hill (2009), it is reminded
that the deformation of a cylindrical membrane (with an unloaded thickness H and
radius R) under constant axial stretch 1, and pressure p, is governed by the follow-
ing equation of mechanical equilibrium (for the simplicity of this calculation one
layer is assumed that includes elastin and collagen and the collagen fibres are cir-

cumferentially oriented):

=———-(mg0g+mco 3.3
P= 7 1 (mpdg+mcoc) (3.3)
where m refers to the normalised mass densities (as were defined in Eqn. (2.2)) and

¢ to the azimuthal Cauchy stress of the constituents.

Two distinct time points are then considered; firstly, # = 0 when elastin and colla-
gen fibres act to achieve mechanical equilibrium, the constituents are in homeosta-
sis (i.e. collagen stretches are at attachment levels, so 6éT), by definition m¢(0) =1

and therefore the proportion of the load borne by the collagen fibres P¢.£(0) is:

H
Pep(0) = ——— 640" (3.4)
PRA2A,

The second distinct time point is ¢t = rem, where the elastin is gone and only

collagen fibres remain to reach mechanical equilibrium. In this new remodelled
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aneurysmal equilibrium, it is assumed that collagen stretches are at attachment lev-
els again and the SEF of the collagen fibres have remained constant. It is therefore
expected that Pc.p(rem) =1 and:

H A AT

=—— |m 3.5
p PRA%emAz ( Cremac) ( )

Under those specific assumptions, an increase in the normalised mass density
of the collagen fibres should be expected to be:

— A
MCpen = (3) (3.6)

Following the same process for the deformation of a spherical membrane, where

the mechanical equilibrium is governed by:

2H

= m'(ME6E+mcﬁc) (3.7)

P
It can be concluded that in the new collagenous load-bearing configuration an

increase in the normalised mass density of collagen fibres is expected to be:

_ A 3
MG, = () 3.8)

The increase in stretch for the two cases can then be approximated by using the
result of the increase in surface area (Eqn. (3.2)). Geometrically, for the cylindrical
membrane, %0 = 3.5 and for the spherical membrane, %O = v/3.5. Consequently, for

the two cases an increase in normalised collagen mass density is expected to be:

mc

cylinder

=12.25, mc ~ 6.55 (3.9

sphere

Even though this is a simplified case, it does help with the further understanding
about the transition of the diseased artery to the new load-bearing configuration
as the elastin degrades, for a complex aneurysmal geometry (a growing spherical
dome on top of a cylindrical artery). In the following sections of this chapter, the

1D cylindrical model will be updated to describe the aneurysm evolution for the
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clinical case and those updated calculations of collagen mass density increase can

be discussed in relation to the ones presented here.

3.1.2 Thickness and Radius at ¢ = 0 configuration

It is important at this stage to make a clear distinction about the unloaded and
loaded 1D configurations at ¢ = 0, for both cylindrical and spherical membranes.
The notation is such that capital letters are used to represent the unloaded config-
uration and lower case letters the loaded configuration. This distinction becomes

important for the modelling with relation to the available in vivo and in vitro data.

By assuming incompressibility of the tissue, the loaded thickness-to-radius ratio

at t =0 for a 1D cylindrical membrane is:

]’lo Ho
— == (3.10)
1o Ro/lo/lz
Equivalently the ratio for a spherical 1D membrane is:
h H
== (3.11)
o ROA()

It is assumed, from the literature, that a healthy cerebral vessel has an unloaded
thickness-to-radius ratio of around % (Monson et al., 2005); axial stretch of 1.3 (Mon-
son et al., 2003); and initial circumferential stretch of 1.3 (Kroon and Holzapfel,
2007). By definition, Ag = %.

ro = 2mm, by averaging radii of the adjacent healthy parent vasculature on the in

A value for the loaded radius is estimated to be

vivo clinical geometry. The calculation used coordinate files from cross-sections of

the artery extracted from @neufuse, read by tecplot and averaged with MATLAB.

Consequently, the table summarises the resulting estimations for the loaded and
unloaded thickness and radius of the 1D configuration; because the axial stretch
and initial circumferential stretch are equal, the results are mathematically the same
for the cylindrical and spherical case. These values will be useful in the 1D in silico

modelling to follow.
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Table 3.2: Loaded and unloaded thickness and radius for the 1D configuration of
the clinical geometry at £ =0

Clinical geometry at 1 =0
Variable Unloaded Loaded
Configuration Configuration
Thickness (in mm) 0.308 0.182
Radius (in mm) 1.5 2

3.2 MICROSCOPY AND MECHANICAL TESTING OF ex-vivo

TISSUE FOR CLINICAL CASE

Apart from the acquired aneurysmal geometry (reconstructed from rotational an-
giography scans conducted at the Allegheny General Hospital, Pittsburgh, US), this
clinical case, provided by the University of Pittsburgh Prof. Anne Robertson’s re-
search laboratory, was used to analyse the changes in the mechanobiology and
the mechanical properties of the aneurysmal tissue with the aid of MPM. A cross-
sectional MPM image from a tissue sample of the aneurysmal area (also acquired
following surgical intervention at the US hospital) is seen in Figure[3.3] What can be
observed is that the medial layer (which is the defining load-bearing layer in healthy
arterial tissue) has virtually collapsed and the image illustrates the adventitial layer,
where collagen fibres would then be expected to bear the majority of load of the
growing aneurysm; this observation has been made before (Stehbens| (1963), |Gas-
parotti and Liserre| (2005), Meng et al.| (2011)). From this specific sample a cross-
sectional ex vivo measurement of the arterial wall thickness took place, indicating
an unloaded thickness seen in Table[3.3] This is an important measurement that will
be used as a mathematical variable in the following 1D analysis and as a reference
point in the results from the 3D FSG simulations. The combination of clinical imag-
ing data and testing for the geometrical and mechanical properties of the aneurys-
mal tissue for a clinical case is unusual and rare in aneurysm modelling research

and should therefore be fully utilised and closely investigated.

Results from the uniaxial mechanical testing of a tissue sample representing the
aneurysmal area, i.e. essentially collagenous tissue, are seen in Figure[3.4] This sam-

ple was mechanically tested to failure and MPM images at various stretches were
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Table 3.3: Values of experimentally calculated ex vivo thickness of aneurysmal tissue
sample from clinical case.

Unloaded Aneurysmal Thickness

H=0.16mm

Lumen

Figure 3.3: Ex vivo image of cut section of aneurysmal tissue from the clinical case,
acquired with Multi-Photon-Microscopy. The media has essentially collapsed and
the image shows the remaining adventitial layer, for which the unloaded thickness
has been experimentally calculated.

captured. Observing the MPM images, where collagen fibres are indicated by red
fluorescence, it is noted that there is a mix of straight and undulated collagen fi-
bres at lower stretches and, at higher stretches, there is an increase in straight fibres
oriented closer towards the axial direction. This illustrates the gradual recruitment
of collagen fibres to load bearing, an observation which is known in prior experi-
mental research (Schrauwen et al.}, 2012), where the quantification of collagen fibre
waviness at increasing pressures showed the gradual straightening of fibres. This

concept will be considered in the proposed mathematical descriptions in

It is also interesting to mention that the stress-stretch curve shows a linear 'toe
region’ at small axial stretches of 1,4, < 1.1. The reasons for this initially linear
mechanical response of the tissue are not fully clear. Elastin fibres, which are re-

sponsible for the linear mechanical response at low stretches of mixed elastinous-
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Stretch

Figure 3.4: Stress-stretch curve representing the uniaxial mechanical testing of
aneurysmal tissue. The sample was tested to failure and at several time steps, un-
der increasing stretch, MPM images of the tissue have been captured. Attention is
drawn to the linear toe region at lower stretches before non-linear mechanical be-
haviour is observed at higher stretches. Image provided by Prof. Anne Robertson’s
lab, Swanson School of Engineering, University of Pittsburgh.

collagenous healthy tissue (Chapter[2), are not present here. Possible explanations
can relate to the gradual realignment and reorientation of the collagen fibres. Ad-
ditionally, additional arterial ground substance, which has not been considered in
the theoretical modelling, could be responsible for this linear response. It should
be noted that, because this sample was only axially stretched, there is a limitation
to the full understanding of the mechanical behaviour of the tissue; a biaxial test
is recommended in order to provide a better understanding of this mechanical be-

haviour.

The following section presents the analysis in which those presented experimen-
tal data were fitted to a proposed 1D constitutive model, in order to approximate

a value for the material parameter of the present adventitial collagen and further
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mathematically test that aneurysmal tissue in a 1D model of a cylindrical collage-

nous membrane.

3.3 FIT OF CONSTITUTIVE MODEL TO EXPERIMENTAL
DATA

Schriefl et al. (2012b) (also Schriefl et al. (2012a), Schriefl et al.| (2012c)) proposed
a fibre dispersion model, experimentally quantifying primary orientations of colla-
gen fibres in the medial and adventitial layers with accompanying measurements
of tissue thickness. Comparisons between constitutive relations and experimental
observations with focus on fibre orientations have been presented before (Wagner
and Humphrey, [2011) and further research has aimed to determine fibre material
parameters from experimental data, considering the gradual recruitment of fibres
to load bearing (Gasser et al.| (2012), |Lanir (1979), Hill et al.| (2012a)).

Focusing on the mechanical behaviour of the aneurysmal tissue, I am proposing
to find the best fit of the presented experimental data from the uniaxial mechanical
test (Figure 3.3) to a constitutive mathematical model, with the aim of determining
parameters for the material of the tissue. The tissue is modelled as a rectangular
tissue sample, undergoing uniaxial stretch. From the observations in the previous
section of this chapter, the aneurysmal tissue is represented so that is composed
of primarily collagen fibres which are at an angle to the direction of the imposed
stretch and are recruited to load bearing gradually; these collagen fibres represent
the ones in the adventitial layer which are observed remaining in the clinical case.
As a linear response is observed at lower stretches, an additive linear mechanical
contribution is also mathematically modelled from other ground substance in the

aneurysmal tissue.

Firstly, the mathematical description of the orientation and gradual recruitment
of the collagen fibres is outlined. Chapter 2| presented the concept of the recruit-
ment stretch, as the reference stretch of the tissue at which the collagen fibres are
recruited to load bearing. This mathematical description is updated here to include
the concept that the collagen fibres are at an angle to the direction of the tissue
stretch. The new notation, that includes the subscript vy, is used to differentiate the
stretches in the direction of the mechanical testing of the tissue from the ones that

describe stretches in the direction of the collagen fibres. For the purposes of this
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analysis, it is assumed that there is no reorientation of fibres from planes perpen-

dicular to the 2D plane of the mechanical testing that are investigated here.

ﬁf (iii) Loaded \
/ \ Configuration
(i) Unloaded

Configuration / Ay

4 Ay
Ay =1 AV
Yunload
\_ ’ -/
/ (ii) Recruitment \

Configuration

w ] %
—
R,

Figure 3.5: Definition of stretches during the uniaxial mechanical testing of a rect-
angular tissue sample, where collagen fibres are at an angle to the direction of the
testing. The stretches, of both the fibres and of the tissue, are illustrated for the: (i)
unloaded, (ii) recruitment and (iii) loaded configuration.

Figure illustrates the updated stretch definitions (following the definitions
from Figure in Chapter [2]). Figure [3.5(i) shows the unloaded configuration,
where the stretches of the tissue in the 2D plane equal, by definition, one; A is the
stretch in the direction of the tissue’s mechanical testing and A, is the stretch in the
direction perpendicular to the uniaxial stretch on the 2D plane shown. If it is said
that A3 refers to the stretch out of the 2D plane and, because of the lack of biaxial
mechanical testing data, it will be assumed for simplicity that the material being

tested is isotropic, then:

1
Ay=A3=— (3.12)
VA
Furthermore, the collagen fibre in the unloaded configuration is undulated and,
therefore, not bearing load. The average direction of the fibre undulation is at an

angle Y unioaq to the direction of the A testing stretch.
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Figure [3.5](ii) represents the recruitment configuration of the collagen fibre de-
picted in the figure. This configuration can be described by either the stretch of the
tissue in the direction of the testing Ay or the stretch of the tissue resolved in the di-

rection of the fibre /15 at that time. Mathematically /11; is calculated as (considering

Eqn. (3.12)):

1
R_ [ 1 o2 R 2
Ay _\/}LR sin“y + (A®)2cos?y (3.13)
By definition, the stretch of the collagen fibre, defined as A¢, upon recruitment,
equals to one.

At the loaded configuration (Figure[3.5(ii)) the definition for tissue stretch in the
direction of the collagen fibre can then be generalised as:

1
Ay = \/Z sin?y + (A)2cos?y (3.14)

Moreover, following the mathematical expression in Chapter |2, the collagen

stretch in the direction of the fibre can be defined as:

Ay

S (3.15)
R
/17/

Acy

The next step is to describe the gradual recruitment of collagen fibres to load
bearing. For this, I follow the analysis presented in (Chen| (2014). In Chapter |2, a
non-linear function for the mechanical response of the collagen fibres is assumed,
which is based on the observation that healthy arterial tissue shows a non-linear
mechanical response at higher stretches, dominated by the role of collagen. Ac-
cordingly, other models followed an implied sudden recruitment to load bearing
at finite stretches (Watton et al. (2009b), Wulandana and Robertson| (2005)). How-
ever, evidence indicates that individual collagen fibres show a linear mechanical
response (Sopakayang et al., 2012) and the non-linear mechanical response of the
tissue at higher stretches is the result of the gradual recruitment of collagen fibres
to load bearing; similar approaches have been previously presented (Gleason and
Humphrey (2005), Martufi and Gasser| (2012)). For the purposes of fitting the exper-

imental 1°! Piola-Kirchhoff (PK) stress to stretch data to the model, the strain energy
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function (SEF) for the individual adventitial collagen fibre {/¢ needs to be defined
(where subscript C refers to the type of fibre (collagen in this case)):

- K
Pee) = f -(Ac—1)? (3.16)

This implies a linear mechanical response for each fibre, where K¢ is a material
parameter related to stiffness. This is exactly the parameter aimed to be approxi-
mated in the fit to the experimental data and will be specifically related to the ad-
ventitial collagen that has remained in the clinical tissue sample. In order to math-
ematically represent the mechanical response of the totality of the collagen fibres at
a given stretch A, the SEFs of all the fibres that have been recruited up to the current
stretch A need to be added:

A
ye) = fl Vedo)- p(ARdAR (3.17)

p(AF) is the probability density function related to collagen fibres recruited at

different stretches. For simplicity, a triangular function is used:

0 /1R < AR,min
2 (AR—/’lR’mi") R.mi R R d
R (ARmax_AR.miny (1 Rmode ) Rominy AP < AT < AT mOAe
AN = 3.18
p < R,max R . ( . )
2(AfmaX_)
( ) AR,mode < /1R < /IR,max
(AR,max_AR,min) (A’R,max_A’R,mode)
0 AR > ) Rmax

This triangular function can be characterised by only three values, A%™"
ARmax and ARmode  Aq 3 result, there are piecewise analytic continuous expres-
sions (Hill et al., 2012b) for stress functions that allow for the description of gradual

recruitment.

The 1! PK stress for the collagen bundle (P¢) is then calculated by taking the
derivative of the SEE Finally, the concept of gradual recruitment is combined with
fibre orientation, by assuming that there are two major families of fibre orienta-
tions in the tissue sample, one at an angle of y and another at a mirrored angle with
respect to the direction of the mechanical testing of —y. This results in the stress

function as:
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/17
PcM)= ) (3.19)

y=+,— a 1

mey-Pey (%) -p(AR)arf
Y

Notice that the SEF is defined in terms of the stretch of the collagen in the di-
rection of the fibres, as defined in Eqn. and the triangular distribution for the
recruitment of collagen fibres is defined with respect to the recruitment stretch in
the direction of the fibre )L)If , summed up to the value of the current stretch resolved
in the direction of the fibres (1y). mcy refers to the normalised mass density of the
collagen fibres. Appendix[A]shows in more detail the calculations of the piecewise
stress function for the range of recruitment stretches. Figure|3.6/applies Eqn.
for varying values of y between 0 and 90, normalised density of 1 and a prescribed
isosceles triangular recruitment distribution (shown here in green) between 1.03
and 1.13. Here the decreasing stress contribution of the fibres is seen as the ori-
entation is approaching the direction perpendicular to the direction of the tissue

stretch.

20

>
Frequency

1 11 12 13 1.4
Stretch ¥ =90°

Figure 3.6: Stress-stretch plot for uniaxially stretched collagenous material. Colla-
gen fibres are gradually recruited according to the prescribed recruitment stretch
distribution. There are two families of collagen fibres, at y and —y angle from the
axial direction. Cases are here shown where y takes a varying value between 0 and
90.
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The stress function is now ready to be used for the fit of the constitutive model to
the experimental uniaxial test data. As mentioned above, there is a linear response
at lower stretches, which will be modelled as a neo-Hookean ’ground substance’

material, resulting in a total stress function to represent the aneurysmal tissue as:

/17
+ Mgg -KGB(A— ﬁ y
(3.20)

where mp refers to the normalised mass density of the ground substance and K¢gp

(2
mey-Pey (A—;) -p(AR)arf

0
Pfit(A)Zﬁ[ Z
Y

y=+,— Y1

to the corresponding material parameter.

Given the functional form for the total tissue stress, the values for the variables
are set as seen in Table Since there is knowledge of the thickness of the tis-
sue that will account for changes in mass densities it is assumed that mc = mc- =
mgg = 1. The choice for the recruitment stretch distribution (defined in the direc-
tion of the fibres) was estimated on the basis of the observation that the transition
from a linear to a non-linear mechanical behaviour takes place at a stretch in the
direction of the mechanical testing of around 1.1. From the literature on adventitial
collagen fibre orientation for a healthy artery (Kuhl and Holzapfel (2007), Holzapfel
(2006)) and an observation of the MPM images of the aneurysmal tissue, a value of
45 degrees is decided for the angle of the fibres to the axial direction. Finally, tis-
sue failure is not modelled at this stage, so the experimental points at the end of the
test were not taken into consideration. A nonlinear regression function, using least
squares estimation, was used and tested for a range of maximum and modal values
of the recruitment stretch distribution. The final choice for the recruitment stretch
distribution as it is observed in Figure was based on the best fit (in terms of R?

accuracy) of our constitutive model to the experimental data provided.

It is assumed that there is a symmetry between the two families of collagen fi-
bres and therefore expect an equal material parameter value for both (K¢y = K¢-).
The result of the curve fit is shown in Figure|3.7|and the estimation for the material
parameters is shown in Table The illustrated fit had an R? accuracy of 0.9986.

It must be noted that the recruitment stretch distribution depicted in Figure[3.7]
is defined in the direction of the mechanical testing and clearly illustrates the transi-
tion between linear and non-linear mechanical response as the recruitment of col-

lagen fibres sets in. This section allowed tailoring the material parameter for colla-
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Table 3.4: List of values for variables in the constitutive model for the fit to clinical
experimental uniaxial testing data.

Modelling variables
Mcy+ 1
mcy- 1
mes 1
Az 1.03
Agpmas 1.07
Aspmede 1.11
Y 45
—— Experimenta °

Constitutive Model
Recruitment Stretch Distribution

L
(4]
Frequency

R,min » R,max
N X

L ¥ 1 Il Il Il I Il Il
0
1 1.05 11 1.15 1.2 1.25 1.3 1.35 1.4 1.45

Stretch

Figure 3.7: The triangular recruitment stretch distribution (determined by
/lg'mm,/lg’m"d and Ag’m“x) prescribed and shown here is defined in the axial di-
rection. The experimental curve is fitted with the constitutive model to represent
the aneurysmal tissue from the experimental data. The SEF used includes colla-
gen fibres’ gradual recruitment to load bearing and reorientation, as well as a linear
response from ground substance.

gen to the specific data. Considering this calculation, the following section proceeds
to apply the presented stress functions to a cylindrical membrane composed of that

aneurysmal collagenous tissue. Continuing to model fibre orientation and gradual
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Table 3.5: Values of material parameters for the best fit of the constitutive model to
the experimental data.

Material Parameters

Kci = Kc_ =11.95MPa | Kgg =0.1584MPa

recruitment, a value for the loaded thickness of the aneurysm is estimated (based
on the unloaded value provided by the experimental data) and systolic and diastolic
stretches (and as a result cyclic stretches) of this tissue are investigated under the ex-
pected physiological pressures in a setting that more closely resembles the arterial

geometry.

3.4 COLLAGENOUS CYLINDRICAL MEMBRANE INVESTI-

GATION

In this section, a 1D cylindrical membrane of the collagenous tissue is modelled
with the aim of predicting apparent thickness in the evolving loaded aneurysm,
given the material parameter approximated in the previous section. The experi-
mental data measured a value for the thickness of the aneurysmal tissue in the un-
loaded configuration (ex vivo). The 1D in silico model presented in this chapter
allows the prediction of the apparent thickness for the evolving aneurysm in the
loaded configuration. In order to have a value for loaded thickness from the experi-
ment to compare the predictions with, the 1D cylindrical model for the collagenous
tissue is used and inflated it to physiological pressures and consequently approxi-

mate the expected in vivo thickness.

For this purpose, the following equation is used to describe the pressure-stretch

relationship in a cylindrical configuration, as was initially presented in Chapter[2}

) _Han 1 GWCy
Pcylinder = Ran M, 0A

where ¢ is the SEE as defined in the previous section, keeping the same assump-

(3.21)

tions on recruitment stretch distribution and fibre orientation. The angle y is de-
fined with respect to the circumferential axis in the unloaded configuration and

therefore ¢, defines the SEF with respect to the fibre stretch in the direction of

Modelling the mechanobiological evolution of aneurysms 81



3. MATERIAL PARAMETER INVESTIGATION Aikaterini Mandaltsi

the fibres. The aneurysmal state is represented with this cylindrical configura-
tion; therefore H,, (the subscript an refers to the geometric characteristics of the
aneurysm) is the unloaded thickness of the tissue sample (for which there is an ex-
perimental value from Table [3.3). A value for the unloaded radius R, of the 1D

aneurysmal cylinder and values for the axial stretch A, are also defined. Because

Zan
of the complexity of the clinical aneurysmal geometry (a spherical aneurysm forma-
tion on a cylindrical artery), it is not straightforward to define the expected radius
adjusted for the 1D set up. Moreover, the collagenous tissue modelled is expected to
be stiff, so A

the excessive axial stretching. For that reason, several cases are created to assess

2, CAnNot be set too high as that would render unhelpful results from
a range of values for R, and 1,,,. From the observations of the clinical geometry
and considering the radius within the spherical aneurysm and the distance of the
cylindrical parent artery from the dome of the aneurysm, three cases for R are cho-
sen with respect to the unloaded radius of the healthy artery R(0), as calculated in
Table[3.2} (a)Rqn = 1.5- R(0), (b) Ray =2.5-R(0) and (c) Rqay, = 3.5+ R(0). Equivalently,
keeping in mind in vivo measurements of healthy cerebral arteries are around 1.3,
three different values for 1,,, are set as: (a) 1, (b) 1.05 and (c) 1.1. Consequently,

there are nine cases in total, summarised in Table[3.6]

The pressure-stretch results for the nine cases presented are seen in Figure
As expected, for the higher thickness-to-radius ratios, higher pressures are observed
for the same stretches. However, for the higher stretches, the mathematical descrip-
tion is not able to accurately describe what would be expected the mechanobiolog-
ical behaviour of this collagenous tissue to be; it is not possible with the given stress
functions to represent failure given that the pressures are unrealistically high under
physiological conditions. I want to therefore focus my attention to the pressures
expected to be present in the arterial environment (the green circle in Figure
indicates the area of interest). This is the purpose of the illustration in Figure
Here it is possible to clearly observe the range of the cases and identify the systolic
and diastolic pressures in vivo in the artery. For those values, the pressures are set
as Pgysrolic = 16kPa and Pgjgsro1ic = 10.667kPa (Hansen et al., 1995). The green
lines in Figure [3.9)indicate the cross-over of the assumed physiological systolic and

diastolic pressures with the range of cases.

With those values in mind the values for cyclic stretches are calculated as:
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Table 3.6: Cases of varying unloaded thickness-to-radius ratio and axial stretch for
modelling inflation of cylindrical membrane of aneurysmal collagenous tissue.

Cases for Collagenous Cylindrical Membrane Inflation
Unloaded Thickness to .
Case Radius Ratio Hy,/ Ry, Axial stretch 1,
i (black solid line) 0.0711 1
ii (blue solid line) 0.0711 1.05
iii (red solid line) 0.0711 1.1
iv (black dashed line) 0.0427 1
v (blue dashed line) 0.0427 1.05
vi (red dashed line) 0.0427 1.1
vii (black dotted line) 0.0305 1
viii (blue dotted line) 0.0305 1.05
ix (red dotted line) 0.0305 1.1
A
Aeye = —2 (3.22)
Adia

The summary of systolic and cyclic stretches for the range of cases are presented
in Table It should be noted that the systolic stretch expressed here is defined
with respect to the unloaded configuration of the aneurysmal radius. In order to cal-
culate the expected stretch with respect to the unloaded configuration of the healthy
initial radius (this will become useful for comparison later on in the chapter), each
factor from the cases in Table needs to be multiplied with the corresponding
systolic stretch from Table

Cyclic stretches in healthy arteries are expected to be around 1.1. For this col-
lagenous tissue lower values have been estimated in the 1.0181 — 1.0459 range,
known as a consequence of the shift from elastin-based to collagen-based load
bearing. The range of resultant systolic stretches allows then the calculation of a
range of values for the loaded thickness of the aneurysm, based on the calculated
value for unloaded thickness. Calculating the thickness with respect to the systolic

configuration and assuming incompressibility as with the calculations earlier in the
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3.5

Case (i)

Case (i)

Case (iii)
= = Case (iv)

Case (vii)
Case (viii)
Case (ix)

25

Stretch

1 1 1 J
0.2 0.25 0.3 0.35 0.4 0.45
Pressure (MPa)

I
0 0.05 0.1 0.15

Figure 3.8: Stretch-pressure curves of 1D collagenous cylindrical membrane that
includes fibre reorientation for cases of varying axial stretch and unloaded radius
as defined in Table Attention needs to be drawn to the range of physiological
pressures, see Figure [3.9]for detail.

chapter for distinctions between loaded and unloaded configurations in the cylin-
drical membrane, it is expected that:

Han
h,, = — 3.23
N o sy (5.2

For the nine cases and the corresponding values for 1., and Ay, the resulting

Zan
values for h,, are summarised in Table The range of cases with the resulting
range of values for loaded aneurysmal thickness following the knowledge on un-
loaded aneurysmal thickness allows a better understanding of the expected bounds
in the mathematical predictions and several points of comparison depending on

the choice of modelling approach and configuration.

There is one final calculation and observation that can be made in this sec-
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e Case (i)
Case (i)
e Carse (i)

Case (ix)

Stretch

: A | diastole 1 systole 1 |
0 0.005 0.01 0.015 0.02 0.025
Pressure (MPa)

Figure 3.9: Stretch-pressure curves of 1D collagenous cylindrical membrane that
includes fibre reorientation for cases of varying axial stretch and unloaded radius
as defined in Table Lines are drawn for representative values of diastolic and
systolic pressures, to be matched with stretches for each presented case.

tion on the cylindrical configuration of the aneurysmal tissue. It is noted, from
Eqn. (3.15), that a distribution of recruitment stretches will consequently imply
a distribution of collagen stretches. Additionally, the concept of the attachment
stretch was introduced in Chapter 2, as the stretch at which collagen fibres are
laid down in the ECM and its definition implies a homeostatic, i.e. ideal, state of
stretch. The importance of attachment stretch on the functional representation of
collagen deposition has been expressed (Humphrey (1999), Gleason et al. (2004),
Watton et al| (2009b)), with suggestions for ranges of such values (Gleason and
Humphrey, 2005). Collagen fibres aim to sustain attachment stretches and remod-
elling is represented that drives those stretches back to homeostatic levels, when
they deviate from those values. In the presented cylindrical set up, it can be as-

sumed that the stretches of collagen fibres have reached attachment levels in a new
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Table 3.7: Calculated systolic and cyclic stretches (from physiological values of sys-
tolic and diastolic pressures) for all cases of pressure inflation of cylindrical mem-
brane of aneurysmal collagenous tissue.

Collagenous Cylindrical Membrane Inflation)
Case || Systolic stretch A;ys | Cyclic stretch A¢yc
i 1.1972 1.0181
ii 1.1599 1.0206
iii 1.1206 1.0237
iv 1.2363 1.027
v 1.2032 1.0308
vi 1.1684 1.0352
vii 1.2743 1.0361
viii 1.2447 1.0407
ix 1.2139 1.0459

Table 3.8: Calculated loaded thickness for all cases of pressure inflation of cylindri-
cal membrane of aneurysmal collagenous tissue

Collagenous Cylindrical Membrane Inflation
Case Loaded Thickness h,; (in mm)
i 0.13365

ii 0.13137

iii 0.1298

iv 0.12942

v 0.12665

vi 0.12449

vii 0.12556

viii 0.12242

ix 0.11983

stabilised aneurysmal equilibrium. This therefore implies a distribution of colla-

gen fibre attachment stretches, which is supported by the experimental evidence of
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a range of collagen fibre waviness in an unloaded configuration (Schrauwen et al.,
2012). Moreover, Watton et al.| (2004) states that we expect the maximum attach-
ment stretch of the collagen fibre to take place during the peak of the cardiac cycle,
i.e. the maximum attachment stretch is expected to be the maximum stretch of the
fibres during systole. As a consequence, those collagen fibres at maximum attach-
ment stretch are expected to be the first ones to be recruited to load bearing. In the
formulation this follows because, remembering that the circumferential stretch A in
Eqn. remains the same for the ranges of recruitment and attachment stretches

in each configuration, it can be mathematically stated that:

Ay

AT,min _
Aoy ™" = S (3.24a)
Y
AAT,max AY 3 24b)
Cy AR,min :
Y
AAT,mode /17’ (3.24¢)
Cy AR,mode :
Y
(3.24d)

Note that here I am interested in the recruitment, attachment and circumfer-
ential stretches in the direction of the collagen (indicated by the subscript y). Val-
ues for the recruitment stretch distribution are prescribed as seen in Table |3.4| for
the fit of the constitutive model to the uniaxial experimental data and this is de-
picted in Figure (a). Based on the prescribed recruitment stretch distribution
and Eqn. - Eqn. it is possible to estimate the attachment stretch dis-
tributions for each of the nine cases. Those distributions are shown in Figure[3.10]

The observed range of attachment stretch distributions for the presented cases
is an important observation, as it follows from Watton et al. (2004) with regards to
the maximum attachment stretch value in systole being around 1.1. Even though
there is not exact agreement and clarity on how to define and calculate the range
of attachment stretches (Valentin and Humphrey| (2009a), Baek et al. (2006), |Wat-
ton et al.| (2004), Figueroa et al.[ (2009)), there seems to be an agreement for a value
of around 1.1 for the choice of attachment stretch amongst different models. Fig-
ure shows that for the majority of presented cases, the calculated maximum

attachment stretch is below the threshold of 1.1 from the literature; and only for
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(a)Recruitment stretch distribution in the collagen fibre direction (b)Attachment stretch distribution in the collagen fibre direction
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Figure 3.10: (a) Prescribed recruitment stretch distribution (defined in the direction
of the collagen fibres); (b) Resulting attachment stretch distribution (for each case
as presented in Table[3.6) from inflation of 1D collagenous cylindrical membrane to
physiological systolic pressure.

cases vii-ix the maximum attachment stretch value exceeds this limit by less than
2%.

Even though the 1D cylindrical formulation of the aneurysmal tissue in this sec-
tion is limited in that it does not represent the geometrical complexity of the clini-
cal aneurysm, it allowed the implementation of the in silico mechanical set up and,
through a range of cases for the geometry, formed a range of estimations for the
loaded thickness and cyclic stretches of the aneurysm for comparisons (in 1D in
and in 3D in Chapter[5) as well as gave a better understanding of the mechan-
ical behaviour of the collagenous aneurysmal tissue. Keeping this analysis in mind,
the 1D model for aneurysm evolution is ready to be adapted to the specific clinical
case in the following section, and the predictions on G&R of the collagen fibres as
well as the projected geometrical properties of the developing aneurysm are anal-

ysed.
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3.5 MODEL OF ANEURYSM GROWTH IN 1D CYLINDRICAL

MEMBRANE

The analysis from the previous sections of this chapter can be taken forward to im-
plement a 1D model of aneurysm growth, as it was initially introduced in Chapter |2
for this specific clinical case. The aim of this study is to test the effect of the final
adventitial collagen attachment stretch distribution on the G&R hypotheses during

aneurysm progression.

3.5.1 1D cylindrical model update

I first note the differences and updates of this modelling framework following Chap-
ter[2]and base the analysis on|Chen! (2014) in order to present the increasing role of
the adventitia to load-bearing as the media is lost. I model a 1D 2-layer cylindrical
membrane, which consists of elastin and collagen fibres, the deformation of which
is characterised by increases in circumferential stretch A, under constant pressure
P and axial stretch 1,. The governing equation (based on initial work from Watton
et al.| (2009b)) of pressure for the deformation of a 1D cylindrical membrane ac-
counts for the additive contributions to strain energy from all arterial constituents
(elastin and collagen fibres in this 1D model), and it is:

p= RMLZ'[HM'PM(M"'HA'PA(/U], (3.25)

where for the J constituent (E for elastin or C for collagen) of the L layer (media of
adventitia) the stress function Py, (m refers to the mass density of the corresponding

constituent) is:

OWIL
oA

P]L (/1) =my - (3.26)

It is assumed that the media (subscript M) consists of elastin and collagen fi-
bres, whereas the adventitia (subscript A) consists of only collagen fibres. The neo-
Hookean model for the elastin fibres is repeated, as presented in Eqn. (2.4). A re-
cruitment stretch distribution for the collagen fibres of both the medial and the ad-
ventitial layer is assumed; this distribution will be determined for the beginning of
the simulation according to Eqn. (3.24a)-Eqn. and prescribed attachment
stretch distributions (defined for this simulation in §3.5.2). The piecewise stress
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contributions of the collagen from the media and the adventitia are then described

by Eqn. 3.19).

The clinical aneurysmal tissue shows a complete loss of the media; in the 1D
simulation the degradation of the mass densities of the media and adventitia (mg,,
and mc,,, respectively) is prescribed to represent this. As a result, there will be a
disturbance in the equilibrium and an increase in circumferential stretch to account
for the loss of the arterial constituents. As the geometry is distorted, it is expected
that the collagen stretches, initially in homeostasis, deviate from their attachment
values (as was presented in Chapter[2). The hypothesis for the resulting growth of
the adventitital collagen fibre mass density is updated for the consideration of a

distribution of stretches:

mean __ AAT,mean
dmCA _ ,6 Cay Cay

dr - AAT,mean
Cay

(3.27)

The p rate parameter controls the speed of collagen fibre turnover and the
‘mean’ superscript for the collagen stretches and attachment values refer to a sim-
ple equal averaging of the minimum, maximum and modal values, to represent that
growth is driven by the deviation of the stretch distribution from attachment lev-
els. For the cases presented here, the stretch distribution is an isosceles triangle, so
the averaging of the distribution corresponds to simply the modal value for collagen

stretch and attachment stretch.

Continuing from Chapter |2, the remodelling evolution equations are updated
for the recruitment stretches of both the medial and adventitial collagen to account
for stretch distributions; keeping in mind Eqn. (3.24a) - Eqn. (3.24¢), the equations

for remodelling are:

R,min max __ AT,max
A, 2w Aoy (3.28a)
dt — 9L /lAT,max :
CAy
R,max min _ AT,min
I Ao P (3.28b)
ar r AT min :
Cay

Similarly to the growth evolution equation, values are only required for the min-

imum and maximum recruitment stretches, assuming a symmetry in the distribu-
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tions. a is a remodelling rate parameter defined separately for each arterial layer in
Table[3.9] All collagen stretches are defined relative to their respective orientation.

The assumption for the 1D configuration here is that the cylindrical membrane
is thin and, assuming incompressibility, it is expected that the change in thickness
follows Eqn. (3.10), so h = Ai/lz However it is possible to account for changes in
volumetric growth in the calculations of thickness, essentially following the change
in normalised densities of the constituents in the media and adventitia. Based on
Chen| (2014) and updated to account for the two families of collagen fibre orienta-
tion in the adventitia (see Appendix B| for details), the updated thickness, which is

called remodelled thickness’ represented with the subscript rem), is calculated by:

H
Rrem = Krem H; (3.29)

z

where « is the remodelled parameter accounting for volumetric growth:

2|\mg, +mc,, +m
Krom = [ Enm 6CM CA] (3.30)

The degradation of the media and the growth of the adventitia are therefore ac-
counted to estimate the apparent loaded thickness in the model, which can then be
compared with the experimental information. Following this calculation, it will be
useful to examine the evolution of the Cauchy stress in the 1D model named o ¢,

that accounts for the changes in remodelled thickness. It is calculated as:

AR

hrem

p (3.31)

Orem =

where p is from Eqn. (3.25).

3.5.2 Setup of 1D simulation and modelling variables

The 1D aneurysm evolution model here is parameterised for the specific presented
clinical case and aims to investigate the G&R of the arterial constituents as the me-
dia degrades and the resulting geometry, especially in terms of the remodelled thick-
ness, for which specific experimental evidence exists for validation purposes. The
role of adventitia as a protective sheath in the initially healthy artery is represented,

which increasingly contributes to load-bearing when the media has degraded. At
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the start of the simulation I want to model that some medial collagen fibres are re-
cruited to load bearing, whereas none of the adventitial collagen fibres are recruited.
Mathematically it can be understood, from Eqn. (3.24a)-Eqn. (3.24¢), that, for the
t = 0 configuration where collagen stretches are expected to be at attachment lev-
els, a maximum attachment stretch of less than 1 implies that none of the collagen

fibres are recruited.

A symmetrical attachment stretch distribution is therfore assumed between 0.9
and 1.1 for the medial layer and a maximum attachment stretch for the adventi-
tia of less than 1. Because there is no further experimental information about the
initial attachment stretch distribution, a reasonable symmetrical range of 0.9 — 1 is
assumed. In order to simulate the gradually increasing mechanical role to load-
bearing recruitment of the adventitial collagen fibres, the evolution of the adventi-
tial attachment stretch distribution is also prescribed so that it temporally shifts to
stretches greater than 1; as a result, when collagen fibres assume attachment levels

after G&R, adventitial collagen fibres will still be recruited.

The choice for the final attachment stretch distribution in the evolution model
is informed from the results on the adventitial collagen attachment distributions of
the investigation on the collagenous cylindrical membrane (Figure[3.10). A set of six
cases is initially set with a common final maximum attachment stretch AQTI ]’Zlf:; , of
1.1 and a variable final width w ;4 of the distribution, as illustrated in Figure

The cases are differentiated as follows:

Case 1: wWfipq =w-1.0

Case 2: Wfipq = w-0.8

Case 3: Wfipq = w-0.6

Case 4: Wfipq = w-0.4

Case 5: Wfipq = w-0.2

Case 6: Wfinq =0.0001

Case 6 is an extreme one, closely resembling a singular attachment stretch. The
variable w is a reference width; w = 0.1 is set for the cases presented in Figure[3.11}

The temporal evolution of the distribution follows a simplified Richard’s growth
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Figure 3.11: The initial and final prescribed attachment stretch distributions for
the first six cases presented in the 1D cylindrical study. All cases present the same
initial symmetric range of 0.9 — 1 for the attachment stretch distribution and a fi-
nal maximum attachment stretch of 1.1, but they vary on the basis of the final
width in the final attachment stretch distribution: Case 1 (wf;nq = 1.0); Case 2
(Wrinal = 0.8); Case 3 (Wrinqr = 0.6); Case 4 (Wrinqr = 0.4); Case 5 (Wrinar = 0.2);
Case 6 (wWfinqr =0.0001).

function (Chen) 2014). These six cases allow the examination of the effect of the
width of the final attachment stretch distribution on the evolution hypotheses. Fur-
ther to this, the effect of the choice for /IQTI f’lz‘fl’; I8 also investigated. Given the same
variations to the width as presented above for Cases 1-6, the further results from

three sets of six cases each will also be selectively outlined, characterised as follows:
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o 1AT _ _
Ay %%zl =1.05and w=0.05

o 1AT _ _
Ay %%zl =1.075 and w =0.075

o 1AT _ _
A4 Ij’?l.‘;;l =1.12and w=0.12

Having presented the governing equations for arterial mechanical equilibrium
and the modelling hypotheses for G&R, the variables for a three-phase simulation
are set: (1) inception; (2) evolution and remodelling; (3) growth, adaption and sta-
bilisation. The first phase of inception is represented by the prescribed degradation
of the medial elastin and collagen fibres, as seen in Figure The normalised
mass densities of the medial constituents (mg,, and mc,,) are equally exponentially

degraded so that they reach a value of 0.1 within the first half of Year 1 and are vir-
tually zero by the end of the first year.

0.8 |

0.6 |

0 2 4 6 8 10
Time £#(years)

Figure 3.12: The degradation of the arterial constituents of the medial layer is pre-
scribed, represented here as mj,,. J stands for either E (elastin) or C (collagen). The
normalised mass densities of the medial constituents are made to exponentially de-
grade to zero by the end of the first year of the simulation.

The second phase of evolution and remodelling refers to the disturbance of equi-
librium caused by the media degradation, that results in the remodelling of recruit-
ment stretches, following Eqn. -Eqn. (3.28b). For the third phase of growth
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(expected increase in deposition of collagen fibres following the loss of media), the
growth is set to start at the beginning of Year 3. Adaption refers to the temporal evo-
lution of the adventitial attachment stretch distribution; as an instantaneous ad-
justment of the adventitia to being the main arterial load-bearer is not expected,
the evolution of the attachment stretch distribution is set to start at the beginning
of Year 4 and finish within half a year. As a result of growth and adaption, the stabil-
isation of the aneurysm geometry to a new homeostatic state is expected. The sim-
ulation was run for 10 years on MATLAB. The timeline and the distinct modelling
phases might not be physiologically realistic, especially since there is limited exper-
imental knowledge about the temporal evolution of clinical intracranial aneurysms
(Kamitani et al.| (1999), [Juvela et al.| (2001), Juvela et al.| (2007)) and in fact there is lit-
erature hypothesising that growth rates can be irregular and discountinuous (Koffi-
jberg et al., 2008). Nonetheless, our modelling approach helps with the understand-
ing of the distinct role of the modelling hypotheses and focuses on the final simu-
lated steady state that is to be compared with the initial healthy state, the in silico
analysis from the previous sections of the chapter and the experimental knowledge

on the case.

The values for important variables are summarised in Table For the ini-
tial unloaded thicknesses of the arterial layers, bearing in mind Table it is as-
sumed that, in a healthy artery, the medial thickness is double the adventitial one
(Holzapfel et al., 2000). The governing equation under systolic and diastolic pres-
sures is solved (Psys and Py;, respectively), as presented in That way it is possi-
ble to evaluate cyclic stretches for the simulation. The rate parameters for G&R were
tested to render physiological results in circumferential stretch for the cases, given
that stabilisation, not rupture, is currently investigated. Initial circumferential, axial
and cyclic stretches follow aforementioned analysis in this chapter. For the illustra-
tive purposes of the evolution investigation and because the current models do not
account for dispersion of fibre angles or the remodelling of fibre orientation, only
circumferentially oriented collagen fibres are represented. The material parameters
for the medial constituents (Kg,, and Kc,,) are mathematically calculated from solv-
ing the t = 0 governing equation for the systolic and diastolic configurations. The

material parameter for the adventitial collagen fibres is obtained from experimental

data from
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Table 3.9: Overview for the modelling variables in the constitutive model for the 1D
cylindrical aneurysm evolution.

Modelling variables for 1D cylindrical model
Hy, 0.2 mm
Hy 0.1 mm
R 1.5mm
Pgys 16 kPa
Pia 10.667 kPa
B 20

ap 3

az 3

A(0) 1.3

Az 1.3
Aeye 1.1

Y 0

Kg,, 0.15 MPa
Key, 1 MPa
Kc, 11.95 MPa

3.5.3 1D cylindrical simulation results

Following the degradation of the media, as seen in Figure an increase in the
circumferential stretch is expected for sustaining mechanical equilibrium, which is
evident in Figure During the remodelling phase, the increase in circumferen-
tial stretch A continues and reaches a maximum of 3.5 for all cases by the third year.
Following that point in time, entering the third phase of stabilisation, the circum-
ferential stretch decreases and reaches a steady state value, for all cases, of approxi-

mately 3.2. It is noted that the evolution of A is essentially identical for all six cases.

Figure shows the growth of adventitial collagen, in terms of the value for
normalised mass density of the fibres mc,. As it was defined in §3.5.2} the growth
algorithm is not initiated until after the end of the third year, which is evident in the

figure. During the fourth year, a steady increase in all cases is observed, reaching
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0 2 4 6
Time #(years)

Figure 3.13: Circumferential stretch A represents the distortion of the geometry. As
the media degrades and the aneurysm grows, A increases for all cases and, past the
third year of the simulation, decreases and stabilises by the end of the simulation to
a value of approximately 3.2 for all cases.

0 L
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Figure 3.14: Adventitial collagen density is represented by mc,. Growth is sus-
pended during the first three years of medial degradation and remodelling and it
is subsequently determined by the deviation of the average collagen stretch from
average attachment values. By the end of the simulation, mc, for Case 1 to 6 sta-
bilises tos a range between 5.6 and 2.7.

Modelling the mechanobiological evolution of aneurysms 97



3. MATERIAL PARAMETER INVESTIGATION Aikaterini Mandaltsi

0.25 -

——Case 1
-~ —Case 2
Case 3
Case 4
—Case 5
- —Case 6

rem (mm)
©
n

o
e
(6]

Remodelled thickness #
o

0.05 -

Time #(years)

Figure 3.15: The remodelled thickness (h,¢;,), which accounts for changes in volu-
metric growth, initially decreases (from a value of 0.178mm) following the increase
in stretch and media degradation and subsequently increases as adventitial colla-
gen growth sets in. By the end of the simulation, remodelled thickness in Cases
3-6 are less than 0.1 mm; in Cases 2 it is approximately 0.11mm; and in Case 1 it is
0.135mm.

maxima just before the end of the fourth year, of a range between 5.5 and 3.7 (in
a decreasing order from Cases 1 to 6). For Case 1, this is approximately the value
at which mc, stabilises until the end of the simulation. For the rest of the cases,
there is a small decrease towards steady state values of 4.6-2.7 range (for Cases 2 - 6,

respectively).

Combining the conclusions from Figure Figure and Figure I ob-
tain the results in Figure since the calculations for remodelled thickness /.5,
take into account the change in circumferential stretch and volumetric growth via
the change in the normalised mass densities of the constituents in the media and
adventitia (as defined in Eqn. and Eqn. (3.30)). Initially, there is an increase in
circumferential stretch but no growth, therefore it is observed that h,.,, decreases
from the initial value of 0.178mm for all cases. With the increase in adventitial col-
lagen fibres and the stabilisation of the circumferential stretch, h,.;, increases back
and eventually reaches a different value for each case; Cases 4, 5 and 6 show the
lowest end values in the 0.06 — 0.08mm range; Case 3 stabilises at 0.09mm, Case 2 at

0.11lmm and Case 1 at 0.135mm.
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Figure 3.16: Cyclic stretch Acyc (representing the ratio of systolic to diastolic cir-
cumferential stretch) evolves to a low (of around 1.02 across the cases) followed by
a high (of around 1.09 across the cases) during the first three years of the simulation
and before the growth and adaption stage. Subsequently, Acyc reduces and by the
end of the simulation stabilises; for Case 1 at 1.017, for Cases 2 and 3 at around 1.02
and Cases 4,5 and 6 at around 1.03.

In Figure the evolution of cyclic stretches A,y is observed, which indicates
the differences in the evolution of systolic and diastolic stretches. There is a pat-
tern between the cases, where an initial decrease (to a low of 1.02) during the first
year of degradation follows an increase during the remodelling stage (to a value of
1.09) across the cases. This transitioning stage is probably the result of the distinct
modelling stages that were defined to resemble the changing role of the adventitia
as the media is quickly degraded, causing the abrupt increase in the circumferential
stretch. After the start of the growth and adaption phase, cyclic stretches for all cases
decrease to a stabilised range of values, as the stiff adventitial collagen becomes the
main load-bearer and the stretches return to homeostatic levels. The end values are:
for Case 1, 1.017; for Case 2, 1.02; for Case 3, 1.023; for Case 4, 1.027; for Cases 5 and
6, 1.03.

Figure and Figure illustrate the hypothesis on the remodelling of colla-
gen fibres (for the media A" and the adventitia Agfyx respectively) and follow the
pattern seen in Chapter[2} it should be noted that the maximum values of the colla-

gen stretch distributions are drawn here. The geometry is initially perturbed by the
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Figure 3.17: The maximum medial collagen stretch A2 initially increases from the

value of maximum attachment stretch (Aéi = 1.1), as the circumferential stretch
increases during the first three years of degradation and remodelling. As growth
and adaption takes place and the geometry stabilises, A¢,, decreases and by the end
of the simulation returns towards A2 .

degradation of the media and this results in an increase of circumferential stretch,
which in turn results in an increase in the maximum values of collagen stretches.
A¢,* reaches a maximum of around 1.45 and A?A“Yx of around 1.33. The peak for
the media seems physiologically unrealistic; however, it can be explained due to the
abrupt loss of its fibre mass density, and essentially its lost role to load bearing by
the end of Year 1. As the remodelling takes place, i.e. the recruitment stretch dis-
tributions for both layers are updated and the evolution of the attachment stretch
distribution is allowed for the adventitia, collagen stretches start decreasing and
eventually they can be seen returning to attachment levels by the end of the sim-
ulation; for the media layer that corresponds to the initial maximum attachment
stretch )Lé; of 1.1 and for the adventitia that corresponds to the updated maximum
attachment stretch Af'?ﬁz ] of 1.1, from the initial maximum attachment stretch
value AﬁTI;’:l‘l?fml of 1. The evolution of these collagen stretches appears quantita-
tively almost identical for the entirety of the simulation for all cases.

Figure illustrates the evolution of the Cauchy stress (see Eqn. (3.31)) that
takes into account calculations on the remodelled thickness as seen in Figure[3.15]

At the beginning of the simulation the contributions to stress are from both elastin
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Figure 3.18: The maximum adventitial collagen stretch A?A@x initially increases from
the value of maximum attachment stretch (/l‘gTI%‘l?fl.al = 1), as the circumferential
stretch increases during the first three years of degradation and remodelling. As
growth and adaption take place and the geometry stabilises, A?A“;‘ decreases and by

the end of the simulation tends towards the updated value of AQTI ]’Z’l‘:lxa ;atll.
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Figure 3.19: This calculation of the Cauchy stress takes into account the remodelled
thickness h,.;,. Cauchy for all cases increase during the first three years of media
degradation and remodelling. After reaching a peak value before the end of the first
three years, Cauchy stress reduces and stabilises in a range of 0.57-1.2MPa.
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Figure 3.20: Comparison of the evolution of remodelled thickness k., for different

result sets of maximum final attachment stretch values /lﬁTl ]”ﬁl?;; ;- For the sets with

lower AQTIJ’Z’I.‘,‘;; ;» the final range of ey, is observed higher, with an overall range of
0.05-0.133mm.

and collagen fibres (and the Cauchy stress equals 0.2MPa for all cases). As the me-
dia degrades, the circumferential stretch increases and the remodelled thickness
decreases. Consequently, an increase in the Cauchy stress is observed during the
first three years of the simulation (of around 3.8MPa for all cases). As the geom-
etry stabilises, adventitial collagen is gradually the only stress contributor, and as
the collagen stretches of the adventitia (seen in Figure decrease and return to
the updated attachment stretch distribution, while the normalised mass densities
stabilise as seen in Figure a variation in the end values of the Cauchy stress is
observed amongst the cases, with a range between 0.57MPa for Case 1 and 1.2MPa

for Case 6.

The simulation set presented so far investigated varying cases of width for the
final attachment stretch distribution, assuming the same final maximum value of

attachment stretch. I would also like to present and compare some of the results for

max
final’

1D investigations in I focus on comparing the evolution of remodelled thick-
ness Ry, in Figure and cyclic stretches Acyc in Figure It is noted that

a varying choice of AﬁTl according to the description in §3.5.2} driven from the
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Figure 3.21: Comparison of the evolution of cyclic stretches A¢y¢ for different result
sets of maximum final attachment stretch values )LiTl ?1;% ;- For the sets with higher
AQT | ]’Z’l‘:l’; P the final range of Acy ¢ is observed wider and higher, with an overall range
of1.01 —1.04.

the colour code corresponds to the variation in final attachment stretch distribu-

tion width within the specific result set and the figures characterise the result set

max
final®
of 247 T the range of final values of hire, within the varying widths is higher,

by the chosen value of AﬁTl In Figure [3.20]it is observed that, for lower value

while, expectedly, the shape and variation within each result set follows the same

max
final

0f 0.133 — 0.26mm; result set (ii) shows a range of 0.087 — 0.18mm; and result set (iv)

pattern as described for the /l‘ng = 1.1 result set. Result set (i) shows a range
shows a range of 0.05 - 0.12mm. Equivalently for cyclic stretches, in Figure [3.21} it
is noted that for higher values of 14| ]’Z‘l% ;» there is a wider and marginally higher
range of final stabilised cyclic stretches (while the behaviour within each case also
remains the same as for the result presented in Figure 3.16). Specifically, result set
(i) displays a range of 1.01 — 1.017, result set (ii) of 1.013 — 1.025 and result set (iv) of

1.02-1.04.
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3.6 DISCUSSION

The main motivation for this chapter has been to examine the experimental infor-
mation available from a specific clinical aneurysmal case in order to inform the 1D
analysis. There are several advantages in that respect for this clinical case as I have

access to:

the clinical aneurysmal geometry;

evidence for the loss of the medial layers (which follows the modelling as-

sumptions for representing aneurysm inception and initial progression);

mechanical testing data for the behaviour of the remaining collagen fibres;

* ameasure for the thickness of the aneurysm.

At the same time, there are several limitations with respect to experimental in-
formation that would certainly have contributed to a better validation of the mod-
elling hypotheses and assumptions, such as the healthy arterial geometry, transi-
tion arterial wall data between the healthy and final aneurysmal state, in vivo mea-
surements of thickness, in vitro measurements of recruitment stretch distribution
or biaxial mechanical testing data. Some of these (the initial geometry or tempo-
ral data) are impossible to acquire for a clinical geometry; others (biaxial and re-
cruitment data) have been applied to other cases (Pandit et al. (2005), Mohan and
Melvin| (1982)) but are unavailable for the specific case. These might limit the un-
derstanding of the observations; for example, the 'ground substance’ response that
was noted in §3.3lwould have been better explained with the help from biaxial data.

Nonetheless, a modelling work flow and framework for the 1D investigation of
experimental information has been suggested that creates several points of com-
parison and cross-validation. In the first part of this chapter, I looked into the two
distinct time points and states of the artery; the healthy (from indications of the
parent vasculature) against the aneurysmal state, in order to estimate changes in
surface areas, projected increases in the mass densities of collagen fibres, values of
loaded aneurysmal thickness, cyclic stretches and final attachment stretch distribu-

tions, under the simplifications of a 1D configuration.

In the second part, the 1D aneurysm evolution model was adapted to predict

the evolution of the geometry and of the mechanical properties of the adventitial
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collagen, making use of the estimated material parameter for the adventitial col-
lagen and of the aneurysmal adventitial collagen attachment stretch distributions,
from the analysis of the first part. The range of final remodelled thicknesses were
also utilised from the first part as a modelling target for the evolution model of the
second part, combining it with physiologically expected ranges for circumferential
stretch, cyclic stretch and Cauchy stresses, as well as the modelling aim to return

the system to a (new) homeostatic state of aneurysm stabilisation.

For the purposes of understanding the role of adventitia as the initially protec-
tive sheath that gradually becomes the primary load-bearing constituent within the
model, the ranges of such role evolution were mathematically investigated, by vary-
ing the final maximum value of attachment stretch distribution, as well as the distri-
bution’s final width. It is noted that, regardless of the choice of width and maximum
value, the evolution of the attachment stretch distribution achieves the return of
collagen stretches to attachment levels and the increase of circumferential stretch
to approximately the same final levels. However, there are differences observed
with respect to the growth of adventitial collagen fibres and, consequently, the fi-
nal Cauchy stresses and remodelled thicknesses, depending on the assumption of
the final attachment stretch distribution. This variation is based on the fact that
aneurysm stabilisation is the result of the combination from the G&R of the adven-
titial collagen fibres. A narrower final attachment stretch distribution or one with
a larger final maximum attachment stretch implies that more fibres are recruited
at higher stretches at the final new homeostatic state. That further implies that, for
the system to stabilise, there is limited need for an increase in the quantities of fibres
that are produced, and vice versa. It should be noted that a skew in the assumptions
of the attachment stretch distributions have not been considered, since the investi-
gated range of widths and maxima can adequately represent the investigation of the

distribution of final attachment stretches.

From those two approaches, it is possible to compare the predicted increases in
collagen mass densities and loaded thickness. The estimations of increased colla-
gen density from §3.1.1|were 6.55 and 12.25. §3.5.3| predicts lower ranges, with the
AATlmax

A 'final
this predicted range (5.6 — 11). I also have the range of predictions of loaded thick-

result case (i) (where is at the lowest value of 1.05) being the closest to

ness from the inflation of the aneurysmal tissue to physiological pressures in
and from the 1D evolution model in §3.5.3| Across the result sets presented, there
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are several cases that fall within the predicted range from and those cases are
summarised in Table[3.10l

Central to the investigation in this chapter was to approximate a value for the
material parameter of the adventitial collagen. With the addition of the complexity
in fibre orientation and gradual recruitment, [ have attempted to make an informed
decision on this value specific to the behaviour of collagen in the aneurysmal tis-
sue (Table3.11), even though biaxial mechanical testing data might have rendered
a more accurate approximation. With that calculation it is possible to feed the evo-
lution model and update it from previous versions, where the value choice was not

based on specific data.

3.7 CONCLUSIONS

Table 3.10: Overview of final adventitial collagen attachment stretch distributions
from the 1D evolution model that predict #,.;,, within the predicted ranges on the
1D configuration of the aneurysmal tissue (§3.4).

Summary of final attachment stretch distributions
M Fit | Wrinat | hrem (in mm) Acye
1.12 0.12 0.1122 1.02
1.01 0.1 0.135 1.0167
1.01 0.8 0.1107 1.0198
1.075 0.045 0.1265 1.0175
1.05 0.0001 0.13397 1.0165

Table 3.11: Value of adventitial collagen material parameter, to be used in the fol-
lowing 3D modelling framework.

Adventitial Collagen Material Parameter

KC+ = KC_ =11.95MPa

This chapter developed the 1D modelling framework, introduced in Chapter 2}
around a presented clinical intracranial aneurysm. The main aim was to determine

the material parameter of the adventitial collagen by fitting experimental uniaxial

106 Modelling the mechanobiological evolution of aneurysms



Aikaterini Mandaltsi 3.7. Conclusions

testing data of the aneurysmal tissue to a constitutive mechanical model of the arte-
rial wall (Figure[3.11). In vivo information on the 3D geometry and in vitro measure-
ments of tissue thickness created points of comparison for the theoretical modelling
projections. The 1D evolution model was updated to take into account: (1) collagen
fibre reorientation and alignment; (2) a gradual recruitment of fibres to load bear-
ing; (3) atemporal evolution in the attachment stretch distribution of the adventitial
collagen, in order to represent the transition in the mechanical role of the adventi-
tia, from a protective sheath, in healthy conditions, to a primary load-bearer, which
can be observed in this specific clinical case. These updates in the implementation
of the 1D model of aneurysm evolution illustrated, amounting to the conclusions
of Chapter 2} the importance of defining homeostasis for arterial mechanobiology
and allowing its definition to adapt to changing arterial conditions. The findings in
the 1D evolution simulation stress the effect of the attachment stretch distribution
on cyclic stretch and collagen fibre growth. Later on in the thesis, I will focus further
on proposed hypotheses for a link between cyclic stretch and growth (Chapter [5).
Based on the projected values of remodelled thickness from the 1D evolution model
result sets, possible final adventitial attachment stretch distributions are identified
(Table[3.10), which result in final remodelled thickness comparable to the calcula-

tions from the aneurysmal tissue.

A central difficulty in the validation of mathematical models of aneurysm evo-
lution is the lack of empirical knowledge both on the inception and the transitional
stages of aneurysm development. In this chapter, I present a novel work flow that
results in the full parameterisation of the modelling framework by utilising experi-
mental findings for the mathematical hypotheses of aneurysm arterial mechanobi-
ology, and particularly regarding the adaptive role of the adventitial collagen. The
next chapter introduces further the clinical case, as well as an experimental animal
model case, in order to build the FSG modelling framework required to test the G&R
hypotheses (as have been presented in this chapter and in Chapter [2) for complex
3D geometries.
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CHAPTER

METHODOLOGY FOR APPLICATION OF
COMPUTATIONAL MODELLING IN 3D
ANEURYSM GEOMETRIES

The interaction between experimental and computational work is required in order
to accurately sophisticate the representation of mechanobiology of the vasculature.
Even though qualitative data from experimental settings can help us draw certain
conclusions about the evolution of parameters important for aneurysm growth, it
is quantitative data that will directly inform the suggested computational models in
order to test my hypotheses of tissue G&R in aneurysm disease. Chapter[3]illustrated
the importance of such investigations. Following the analyses in 1D of the previous
two chapters, this chapter introduces the implementation of an aneurysm evolu-
tion model in a 3D setting, where real complex geometries and tissue data can be
utilised to test G&R hypotheses. For this purpose the previously developed Fluid-
Solid-Growth (FSG) 3D framework (Watton et al.[ (2009a) and Watton et al.| (2011))
was adapted. This chapter presents extensive modifications to FSG enabling a novel
study of specific aneurysm cases and the mechanical representation of the arterial
wall. The aim of the work in this chapter is therefore to investigate the influence of
the following on aneurysm growth:

1. the gradual recruitment of collagen fibres to load bearing;
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2. families of collagen fibre orientation in both the medial and the adventitial

layer;
3. hypotheses on links between elastin degradation and flow;

4. the evolution of attachment stretch distribution for the adventitial collagen

(following the degradation of the medial layer);

In addition, these adaptations enable us to test novel hypotheses on the links
between cyclic deformation and collagen growth. A direct interaction between the
FSG framework and two aneurysm cases, a rabbit model one and a clinical one (in-
troduced in Chapter[3), present a unique opportunity to test the validity of the mod-
elling hypotheses.

4.1 FSG OVERVIEW

The chapter starts by overviewing the modelling steps of the FSG framework, with
the illustrative help of Figure The cycle of the proposed computational mod-
elling involves a quasi-static structural analysis that renders the equilibrium de-
formation fields for the systolic and diastolic configurations (Figure (i)). Stress,
stretch and cyclic deformations under given pressure and boundary conditions are
calculated. Computational fluid dynamic analysis follows; ANSYS ICEM is used to
integrate the initial structural domain geometry (at systole and diastole) into a phys-
iological geometrical domain and subsequently the volumetric domain is meshed;
the flow is then solved in ANSYS CFX v14, provided that the flow rate and pressure
boundary conditions are defined (Figure [4.1](ii)). Tecplot 360 is then used so that
the resulting haemodynamic parameters (such as wall shear stress (WSS)) are inter-
polated for each node of the structural mesh (Figure [4.1](iii)). This is implemented
so that the G&R algorithms (Figure[4.1](iv)) use the mechanical stimuli to adapt the
tissue and update the systolic and diastolic deformation fields, leading back to step
(i) of Figure[4.1] The previous steps are repeated; as a result, the aneurysm geometry

develops.

This computational modelling framework aims to represent aneurysm evolu-
tion in 3D, taking into account complex geometries and realistic representations of
the mechanical environment due to blood flow, while adapting the modelling hy-
potheses on G&R in a 3D representation of the arterial wall. and present
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Figure 4.1: Illustrative overview of the Fluid-Solid-Growth framework consisting of:
(i) structural analysis; (ii) CFD; (iii) local mechanical environment of vascular cells;
(iv) growth and remodelling algorithms for the description of synthesis and degra-
dation of arterial constituents.

the two aneurysm geometries that my 3D analysis will focus on; the clinical case,
introduced in Chapter[3} and a rabbit aneurysm case, respectively. describes a
methodology for the vessel reconstruction of these two geometries, resulting in the
creation of geometries that closely represent the initial healthy state of those two
arterial environments; these are going to be used as the geometric starting points of
the FSG framework. introduces the structural analysis corresponding to step
Figure [4.1](i). summarises the computational fluid dynamics analysis (CFD)
employed for the FSG framework and outlines the updated 1D G&R hypothe-
ses for the 3D setting.
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4.2 CLINICAL ANEURYSM MODEL

The clinical aneurysm was first introduced in Chapter (3| This case was part of a
study that aimed to investigate the collagen fibre architecture from tissue samples
of a group of clinical aneurysms (Robertson et al., 2015). The 3D geometry of the
internal carotid artery (Figure was built from 3D rotational angiography images
(3DRA images acquired from different angles around the patient at the Allegheny
General Hospital, Pittsburgh, US). The aneurysm dome investigated here was re-
trieved after surgical intervention on the unruptured aneurysm in the hospital and
the harvested tissue was stored and tested at the University of Pittsburgh. Specific
clinical information (gender, age, family history, lifestyle and health information)
was collected from the consenting patient. The patient was a 27 year old male,
whose aneurysm discovery was incidental following a traumatic head injury. There
were no signs of drug use, hypertension or diabetes; however, there was a family his-
tory of aneurysms, since both the patient’s mother and grandmother had previous

incidents of cerebral aneurysms.

4.3 RABBIT ANEURYSM MODEL

In vivo experimental aneurysm models are of crucial importance in the efforts to
understand more about this vascular disease. They are not only used to gain insight
into the mechanisms of initiation, progression and rupture of aneurysms, but also
to test aneurysm treatment devices before they are used clinically, to train interven-
tionists at using those endovascular devices and to observe the effects of those de-
vices after application. For example, experimental aneurysm models are used to in-
vestigate the possibility of recurrences after endovascular occlusion (Bouzeghrane
et al., 2010).

In order for an experimental aneurysm model to be clinically relevant, it
should have low surgical and endovascular morbidity, show similarities to human
aneurysms in terms of anatomy, physical dimensions, mechanical properties, en-
vironment in the area around the aneurysm, and tissue response to changes in the
mechanical environment due to blood flow. Moreover, the study of aneurysm pro-
gression in experimental models can only be useful when spontaneous thrombo-
sis does not take place following the initiation of an aneurysm and when sufficient

time is taken for an experimental aneurysm to fully enlarge (Fujiwara et al.,|[2001).
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Consequently, the choice of an experimental aneurysm model to provide useful in-

formation about the progression of aneurysm disease can be a very difficult task.

As aneurysms rarely occur naturally in laboratory animals used for experimen-
tation, aneurysms need to be induced. Various animals can be used for such exper-
iments, such as dogs, rabbits, rodents or swine and there are different methods to
induce the aneurysm. One of those cases is the elastase-induced rabbit aneurysm
model, originally deviced at the Mayo clinic (US) by Kallmes et al. (2002), Ding et al.
(2006), and used in the research group at University of Pittsburgh led by Professor
Anne Robertson (Zeng et al., 2011), illustrated in Figure According to this pro-
tocol, saccular aneurysms are induced in New Zealand white rabbits by introducing
porcine elastase in the lumen of the Right Common Carotid Artery (RCCA) via a bal-
loon catheter. Elastase is supplied for approximately 20 minutes before the catheter
is removed. The reason for the elastase supply is that it is an enzyme known to
break down elastin fibres; an event observed during aneurysm formation. Follow-
ing the catheter system application, the RCCA is occluded; as a result, bulges along

the RCCA are formed which resemble aneurysms.

The advantages of using rabbits for the experiments are that they are easy
to handle and there is long-term survival following the process of inducing the
aneurysm. Moreover, thrombus formation is not often observed, although the
arterial wall sometimes thickens during aneurysm growth. The similarities be-
tween aneurysm growth as observed in the elastase-induced experimental set-
ting and human aneurysms are well documented. Morphological similarities to
saccular aneurysms have been identified, regarding aneurysm dome height and
width, neck diameter and parent artery diameter; it has been suggested that sac-
cular aneurysms in this model are geometrically comparable to human intracranial
aneurysms (Short et al.,|2001). Furthermore, computational fluid dynamic studies
have been carried out to examine the similarity of haemodynamic properties (Zeng
et al., 2011), such as the distribution and range of pressures, WSS, oscillatory stress
index and transient recirculation regions within the aneurysms, which were found
to be comparable to human intracranial aneurysms. On the other hand, aneurysm
size in elastase induced rabbit models can be unrealistically large in some cases and
when angiograms are used, that requires the sacrifice of the animal for arterial ac-
cess. Moreover, there is a chance of complications during the experimental process,

such as risk of stroke, iatrogenic laryngeal hemiplegia (Villano et al., 2012). However,
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Figure 4.2: Tllustration of elastase-induced rabbit aneurysm model protocol. The
vasculature of interest is: (i) Right Common Carotid Artery, (ii) Left Common
Carotid Artery and (iii) Aortic Arch. (a) At the beginning of the experiment, elas-
tase is introduced via a catheter in the lumen of the Right Common Carotid Artery.
Following the catheterisation (b), the Right Common Carotid Artery is occluded,
elastin in the area is degraded and an aneurysmal bulge is developed.

in general, elastase-induced aneurysm rabbit model provides a good experimental

case of investigating aneurysm growth.

The suggested experimental setting is unique because of the range of informa-
tion that can be collected from the results. A 3D reconstruction of the aneurysmal
geometry (as well as of the parent vasculature) may be obtained using 3DRA and
a commercial package (MIMICS). These images can also provide more specific in-
formation about the physical dimensions of the animal’s aneurysm (for example,
aneurysm height and length). Following aneurysm formation, surgical intervention
renders tissue samples from the aneurysmal RCCA. These samples are loaded onto
a uniaxial test machine, with an actuator and a force cell that hooks onto the tissue
sample. Stress-stretch curves can be obtained as the tissue undergoes increasing
strain and it can be also tested to failure. The distinctive feature of this testing is that
while loading occurs, it is possible to acquire images of the arterial wall’s structure
using multi-photon microscopy (MPM), in the same way that was introduced for the

clinical case in Chapter (3| Such arterial geometric reconstruction and mechanical
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testing are performed at the research laboratory of Prof. Anne Robertson (Swanson
School of Engineering, University of Pittsburgh). This enables the observation on
how the behaviour of the arterial constituents (elastin and collagen fibres) change
as loading occurs. Using MPM has a great advantage of providing images of the ar-
terial structure through the thickness of the wall, enabling comparisons between
the different arterial layers (media versus adventitia). Because there is no need for
manual slicing to be able to compare the arterial layers, this setup has an additional
advantage as it leaves the tissue whole for further histological investigations, if they

are required.

One of the most important reasons for conducting experimental aneurysm
models, especially in order to be used in parallel with suggested theoretical models
of aneurysm progression, is to collect temporal data. Previous research has focused
on haemodynamic forces and biomarkers of vascular remodelling at various stages
of the induced aneurysm development (Kadirvel et al., 2007). The way that this is
done in the aforementioned experimental setting is by collecting strain-testing and
imaging tissue samples from rabbit aneurysms at different time stages. There are,
for example, tissue samples from a 'one-day aneurysm), 'seven-day aneurysm’ and
‘chronic aneurysm’ (which implies the time duration of approximately a month af-
ter elastase supply and arterial occlusion). For the purposes of comparison, con-
trol tissue samples are also collected, most usually from the Left Common Carotid
Artery (LCCA).

Tissue samples that undergo histological studies can also provide useful infor-
mation about the composition of the wall during different stages of the aneurysms,
that in turn would allow the categorisation of aneurysm types according to that
composition, but also set hypotheses about the different stages of aneurysm evolu-
tion. For example in [Frosen et al.| (2004), four aneurysm wall types were identified,
that differ in terms of the thickness, the presence of ECs, the organisation of SMCs
and the existence of thrombus. Similarly with the histological study of the tissue
samples from the elastase-induced animal model, and depending on the choice of
staining, temporal data can be observed with regards to the presence of nuclei, the
composition of cytoplasm and ECM, the presence and density of muscle fibres and
even on a molecular level, the structures with higher proportions of certain carbo-
hydrate macromolecules (such as glycogen and proteoglycans). This information

can be helpful in order to draw conclusions about cell function (ECs, SMCs in the
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medial layer and fibroblasts in the adventitial layer) during aneurysm evolution.

For the purposes of the analysis, I will be looking into a rabbit aneurysm model
case, kindly provided by the research laboratory of Prof. Anne Robertson (Swanson
School of Engineering, University of Pittsburgh). The geometry is seen in Figure[4.3}
where the 3D in vivo reconstruction of the rabbit aneurysmal geometry allows the
observation of the shape of the occluded RCCA post catheterisation from different
perspectives. This is considered a 'chronic’ aneurysm, given that the geometry is
captured past the first month of catheterisation and arterial occlusion. LCCA (Fig-
ure [4.3[ii)), in the parent vasculature, is expected to have had similar dimensions
to the healthy RCCA; therefore, it can be used as a control geometry against the oc-
cluded RCCA (Figure[4.3|i)). Consequently, it can be observed that the RCCA has,
expectedly (Fujiwara et al.,[2001) deformed and increased in size.

Figure 4.3: Presentation of rabbit aneurysm geometry (3D reconstruction image
provided by Prof. Anne Robertson’s laboratory, Swanson School of Engineering,
University of Pittsburgh. (a), (b) and (c) are three different orientations of the same
geometry, where the occluded RCCA (i), the healthy LCCA (ii) and the edge of the
aortic arch (iii) can be identified.

An interesting observation, which creates a focus for the analysis in this thesis, is
a secondary growth seen in the occluded arterial branch. As noted in Figure[d.4(a),
the aortic arch is the inlet to the blood flow. RCCA has on the whole (compared to
the LCCA) increased in radius; however, there is an additional 'bulge’ on the down-

stream wall of the RCCA. It is not straightforward, and there is no precisely relevant

literature, as to why this additional growth forms. Kadirvel et al. (2010) investigated

the effect of aspect ratio. Aspect ratio for the rabbit model is defined as the height of
the occluded arterial segment to neck width; it is considered high for values higher

than 2.4 and low for values lower than 1.6. Histological tests of rabbit aneurysmal
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tissue of both high and low aspect ratio showed that, for rabbit aneurysms of high
aspect ratio, arterial walls are observed that have lost their layered structure, being
primarily composed of fibrotic tissue and the distal walls of the occluded artery are
seen to be thinner and largely collagenous compared to the proximal wall. Under
these criteria, the presented case is one of high aspect ratio. The 3D investigations
(introduced in this chapter and applied in Chapter|[6) will focus on examining the
effect of haemodynamics and hypotheses of G&R on the differential aneurysmal

growth observed in this rabbit aneurysm model.

As part of this haemodynamics investigation, experimentally calculated flow
boundary conditions will be taken into account. Figure (a) specifies the defini-
tion of inlet and outlets in the presented rabbit aneurysm geometry. Arterial rabbit-
specific waveforms were captured in vivo from transthoracic duplex Doppler sonog-
raphy, in the LCCA and the distal parent arteries, by Prof. Anne Robertson’s labora-
tory for the case. Table[4.1]shows the average flow velocity for each outlet and Fig-
ure [4.4|(b) shows the variations of this average velocity over 2 cardiac cycles (each
cardiac cycle’s time of 0.333s) in the form of a normalised magnitude, which is to be
multiplied by the average velocity of the corresponding outlet from Table For
the inlet boundary condition, an average pressure of 3kPa is set, characteristic of
the arterial location. This information will allow analysis of the haemodynamics of
the occluded arterial branch, with a focus on the differences between steady and

transient flow.

Table 4.1: Experimentally calculated average flow velocities for outlets of rabbit
aneurysm model (provided by the lab of Prof. Anne Robertson, Swanson School
of Engineering, University of Pittsburgh).

Average flow velocity for outlet boundaries
Outlet number Average velocity (in %)

1 0.49

2 0.277

3 0.184

4 0.23

5 0.168
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Figure 4.4: (a) specifies the inlet and outlets of the presented rabbit aneurysm ge-
ometry and (b) shows the variations of flow velocity over two heart cycles (with a
total time of 0.666s), normalised for any of the outlets. Those variations were exper-
imentally calculated in vivo with Doppler velocimetry (provided by the laboratory
of Prof. Anne Robertson, Swanson School of Engineering, University of Pittsburgh).

4.4 GEOMETRICAL RECONSTRUCTION OF ANEURYSMAL
GEOMETRIES

This section of the chapter overviews the steps taken in order to 'reconstruct’ the ¢ =
0 geometrical configuration of the clinical aneurysm case and the rabbit aneurysm
case. The process follows the steps introduced by|Chen|(2014), Selimovic (2013) and
presented in|Chen et al. (2013) and Aparicio et al.|(2014), adapted for the specificity

of the two aneurysm cases presented.

The aim of the process is to substitute the section of the 3D reconstructed im-
age that includes the aneurysmal area with a smooth cylindrical region which will
represent a healthy arterial segment for the beginning of the 3D simulations and
along which the structural model of G&R will be applied, as presented in This
smooth cylindrical region, which will be called "aneurysm cylinder’, needs to be con-
nected with the parent vasculature, which will be retained as initially provided so
that there is a good representation of the neighbouring geometry of the aneurysm
and it is possible to investigate the haemodynamics of the total area, as was cap-
tured in vivo. Consequently the following steps describe the creation and position
of the aneurysm cylinder in the observed aneurysmal area and the connection of

this cylinder with the rest of the geometry.
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Figure[4.5)illustrates the steps for the vessel reconstruction process for the rabbit

aneurysm case and Figure[4.6|illustrates the steps for the clinical case.

4.4.1 Choice of boundary planes

Firstly, the 3D reconstructed geometry is imported in @neufuse; this is an open
source tool built within the context of the '@neurist’ project (a European initia-
tive to integrate biomedical informatics in the management of cerebral aneurysms,
http://www.aneurist.org//index.php), for the purposes of segmentation, mul-
timodel registration and advanced visualisation techniques. On @neufuse, a skele-
ton for the aneurysmal geometry is created (seen in Figure[4.5{(a) for the rabbit case
and in Figure [4.6(a) for the clinical case). The skeleton will help with choosing
planes of separation between the aneurysmal area and the neighbouring vascula-

ture, as well as to create the aneurysm cylinder and the connecting regions.

Figure (b) shows the choice of planes to separate those areas for the rab-
bit aneurysm model; this was achieved by clipping the rabbit aneurysm geome-
try on @neufuse. Figure [4.5(b-i) and (b-ii) indicate the boundaries chosen for the
aneurysm cylinder. Considering the direction of the flow from the parent vessel, the
plane shown in Figure[4.5(b-i) will be called the cylinder’s outlet boundary and the
one in Figure[4.5((b-ii) the cylinder’s inlet boundary. Since the aneurysm cylinder is
a straight cylindrical area, the cylinder’s inlet boundary is chosen to determine the
orientation of the aneurysm cylinder and the Figure[4.5(b-i) as an indicator for the
expected length of the cylinder. This step was manually executed and improved to
optimise the orientation and position of the aneurysm cylinder against the aneurys-
mal geometry. Additionally, another plane is chosen (illustrated in Figure (b—iii)),
closer to the parent vessel; that will be called the connecting region boundary. This,
and the cylinder’s inlet boundary, will be the defining planes for creating a connect-

ing region between the parent vessel and the aneurysm cylinder.

Figure (b) shows the similar procedure for the clinical case. In this case, there
is both an upstream and a downstream connecting region, for which clipping planes
were manually chosen. Figure[4.6|b-i) indicates the boundary for the upstream con-
necting region, Figure [4.6|(b-ii) indicates the boundary for the cylinder’s inlet, Fig-
ure [4.6((b-iii) indicates the boundary for the cylinder’s outlet and Figure [4.6|(b-iv)
indicates the boundary for the downstream connecting region. The planes were

carefully chosen so that the natural and complex tortuosity observed in the initial
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Figure 4.5: (Continued on the following page)
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Figure 4.5: Illustration of the steps for the reconstruction of the rabbit aneurysm to a
healthy initial state. (a) A skeleton of the aneurysmal geometry is created on @neu-
fuse; (b) the geometry is clipped to define boundaries of the (i) aneurysm cylin-
der’s outlet, (ii) aneurysm cylinder’s inlet and (iii) connecting region; (c) propagat-
ing closed curves are created for a smooth surface to connect the parent vessel with
the aneurysm cylinder; (d) a transformation of the Cartesian coordinate axes takes
place, accounting for the downstream direction for the positive z-axis and the direc-
tion of the secondary aneurysm growth for the positive y axis; (e) (i) the aneurysm
cylinder is constructed and positioned on the rabbit geometry and (ii) the geometri-
cal reconstruction is completed by the position of a hemispherical surface to repre-
sent the arterial branch occlusion; (f) the completed arterial reconstruction is pre-
sented against the initial aneurysmal geometry.

geometry is sustained, while defining well the aneurysmal area with the position

and orientation of the aneurysm cylinder.

4.4.2 Construction of connecting regions

The next step describes the creation of a connecting surface between the parent
vasculature and the aneurysm cylinder. For those steps the segmented geometries
from both cases were required; specifically, Figure [4.5|(b-ii) and Figure [4.5|(b-iii) for
the rabbit case and Figure (b—i) and Figure (b—ii) for the clinical case. Those
geometries were imported into Tecplot (a visual data analysis tool) and the bound-
ary curves for the connecting region and the cylinder’s inlet were extracted. The
discrete points of the corresponding boundaries and the skeletons (as were created
earlier on in @neufuse) are then imported in a MATLAB algorithm (presented in
Chen| (2014), |Selimovic (2013) and summarised here), which will create the con-
necting region between the parent vessel and the aneurysm cylinder. The algorithm
recreates the cylinder’s inlet boundary into a circular one, with the same centre as
the input one and a radius that was chosen as the healthy initial radius from mea-

surements of the neighbouring vasculature.

* For the rabbit case, the systolic radius was chosen as r = 1.5mm

e For the clinical case that was chosen as r = 2mm (as was reported in Chap-

ter[3).

Using a cubic polynomial, a new skeleton is interpolated between the two
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boundaries. Along this new skeleton, a Frenet frame is defined, namely a group
of tangent, normal and bi-normal unit vectors in a local orthonormal coordinate
plane. Closed curves are then created along the new skeleton between the two
boundaries to create a smooth transition between the two of them, where a sim-
ple linear interpolation method between the discrete points of the two boundaries
was applied to determine the radial vectors of the propagating closed curves. An
example of the closed curves for the connecting region in the rabbit aneurysm case
is seen in Figure [4.5(c). A smooth surface is created by those boundaries via trian-

gulation.

* In Figure[4.5|(c) it can be seen how the smooth surface is positioned to fit on
the parent vessel for the rabbit case. Since most of the arterial branch in the
rabbit aneurysm geometry appears aneurysmal, the connecting region had to
be carefully chosen to be minimum in size, while allowing the algorithm to

create a smooth connecting surface.

* In Figure [4.6(c) the smooth surface created for the upstream connecting re-

gion for the clinical case can be seen.

4.4.3 Transformation of the axes

For the purposes of the consistency in the application of the structural model along
the aneurysm cylinder, the (0,0,0) point of the Cartesian coordinate system needs
to be placed in the centre of the circular inlet to the aneurysm cylinder, with the
positive y axis determining the direction of the aneurysm growth (for the rabbit
model that would be the direction of the secondary growth) and the positive z axis
in the downstream direction of the flow; those axes are schematically shown in Fig-
ure [4.5)(d) for the rabbit case and in Figure [4.6{d) for the clinical case. In order to
achieve this, the position vectors (they will be called a) of the current geometries (of
the parent vessel and of the connecting region) need to be rotated and translated,

i.e. transformed. The transformation is governed by Eqn. (4.1).

Atransformed = R ' (a-v), (4.1)
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Figure 4.6: (Continued on the following page)
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Figure 4.6: Illustration of the steps for the reconstruction of the rabbit aneurysm
to a healthy initial state. (a) A skeleton of the aneurysmal geometry is created on
@neufuse; (b) the geometry is clipped to define boundaries of the (i) upstream con-
necting region, (ii) aneurysm cylinder’s inlet, (iii) aneurysm cylinder’s outlet and
(iv) downstream connecting region; (c) propagating closed curves are created for a
smooth surface to connect the upstream parent vessel with the aneurysm cylinder;
(d) a transformation of the Cartesian coordinate axes takes place, accounting for
the downstream direction for the positive z-axis and the direction of the aneurysm
growth for the positive y axis; (e) (i) the aneurysm cylinder is constructed and posi-
tioned on the rabbit geometry and (ii) an additional smooth surface is constructed
to connect the aneurysm cylinder with the downstream parent vessel, where the
completed arterial reconstruction can be observed against the initial aneurysmal
geometry.

where a;ransformea are the transformed position vectors (for each discrete point of
the geometries), R7! is the inverse of the rotation matrix and t is the translation

vector. The rotation matrix is defined as:

R=X Y Z (4.2)

Z needs to be a unit vector perpendicular to the plane of the cylinder’s inlet
boundary and with a downstream positive direction. In order to calculate this, the
unit vector of the cross product from two vectors on the plane of the cylinder’s in-
let boundary was selected. In order to ensure the correct positive direction of the
vector, a vector from the middle point of the cylinder’s inlet boundary to the cylin-
der’s outlet boundary was created (this vector is indicated in Figure [4.5(d) and Fig-
ure (d) for the two cases). The sign of the dot product of those two vectors ensures

the accuracy of Z.

Y needs to be a unit vector on the plane of the cylinder’s inlet boundary with a
positive direction towards the aneurysm growth. In order to calculate this, a plane
to represent a cross section of the aneurysms was required; a manual clipping of the
geometries was therefore repeated (in @neufuse, as was done earlier on) to create
a plane, a perpendicular vector of which will approximate the outward direction of
the y axis sought. The corresponding boundaries were then extracted, schematically
shown in Figure[4.5(d) and Figure[4.6(d) for the two cases. Following the procedure
for Z, a vector perpendicular to the plane of the aneurysm boundary was calculated.

The components of this vector were found in the direction of Z and its perpendicular
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one and defined the unit vector of the latter as Y. X can then be calculated as the unit
vector of the cross product of Z and Y. The position vectors of the discrete points
were transformed on MATLAB and their triangulation remained the same as before.
The new axis system for the two cases is seen in Figure[4.5(e) and Figure[4.6|e).

4.4.4 Construction of aneurysm cylinder

The next step is to create a cylindrical surface to represent the aneurysm cylinder.
This is a simple triangulated cylindrical surface, the radius of which is defined to
match the connecting region and the length is determined by calculating the dis-
tance between the centres of the cylinder’s inlet and outlet boundaries. The results

of the creation and position of the aneurysm cylinder are seen in Figure[4.5/(e-i) and

Figure[4.6/(e-i).

e From Figure (b—ii) and (b-i), for the rabbit model case, a length of 9.3mm
was calculated.

e From Figure (b—ii) and (b-iii), for the clinical case, a length of 5.9mm was
calculated.

4.4.5 Connection with downstream geometrical segments

The next step of this reconstruction process is to compile the remaining down-

stream geometrical parts.

* For the rabbit model case, this requires closing the aneurysm cylinder to rep-
resent the occluded RCCA. A triangulated hemispherical surface (with the ra-
dius of the aneurysm cylinder) was created and positioned symmetrically cen-

tred with the cylinder’s outlet boundary, as seen in Figure [4.5|(e-ii).

* For the clinical case, this requires repeating the process in §4.4.3| for trans-
formation of the downstream segment of Figure [4.6|b-iv) and the process in
§4.4.2|to create a connecting region between the aneurysm cylinder and the

downstream arterial segment, the result of which is seen in Figure (e—ii).

Figure [4.5(f) and Figure [4.6e-ii) present the finalised vessel reconstruction for
the rabbit and the clinical case respectively against the original aneurysmal geome-

tries. The reconstruction process aimed to recreate the healthy arterial state before
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the development of the aneurysms, informed by the natural tortuosity of the geom-

etry and the neighbouring vasculature.

The resulting geometries from both cases were subsequently imported in An-
sys ICEM, where the separate geometrical segments (upstream and downstream of
the aneurysm cylinder), created on the previous sections, were connected, inlets
and outlets were assigned and surfaces were put over all inlets and outlets. The
healthy reconstruction of the geometries are therefore ready to be introduced to the
FSG framework (Figure[4.1), where the haemodynamics environment is updated for
the entire reconstructed geometry and the aneurysm cylinder determines the area
where the structural model of aneurysm evolution and the G&R The following sec-
tions summarise the structural, haemodynamics and G&R analysis of the 3D FSG
framework. They follow the fundamental hypotheses from 1D modelling as was pre-
sented in Chapter 2] and Chapter 3} adapted for a 3D framework, as was presented
in Watton et al. (2011) and in Aparicio et al.[(2014) for abdominal aortic aneurysms

and in Selimovic|(2013) and Chen! (2014) for cerebral aneurysm:s.

4.5 STRUCTURAL MODEL

L, 9, mm) [, =27R 9, o R
l U1 T !

Ly

Figure 4.7: Specification of Lagrangian Coordinates (0, € [0, L], 0> € [0,27 R)) for the
3D computational domain.

A geometric nonlinear membrane theory is adopted to model the steady de-
formation of the arterial wall (Watton et al., 2004). The unloaded arterial wall is
treated as a thin cylinder of undeformed radius R, length L;, and thickness H. It
is subject to a physiological pressure and physiological axial pre-stretch. A body
fitted coordinate system is used to describe the cylindrical membrane with axial
and azimuthal Lagrangian coordinates 6; € [0,L,] and 6, € [0,27R), respectively
(Figure [4.7). The initial displacement field for mechanical equilibrium can be an-
alytically determined. An aneurysm evolves as the material constituents adapt (via

G&R). The principle of stationary potential energy governs displacement field for
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mechanical equilibrium, i.e.
Ollips —6Ilex; =0, 4.3)

where 611;,; represents the variation of the internal potential energy stored in the
arterial wall and 611,y represents the variation of the external potential energy due
to the pressure. Strain-energy functions (SEFs) are specified so that 61I1;;,; can be

computed.

To quantify the cyclic deformation the geometry of the aneurysm was deter-
mined at systolic and diastolic pressures. As the material constituents evolve, the
systolic/diastolic deformation fields to satisfy Eqn. are updated with a Newton-
Raphson method using the systolic/diastolic deformation fields from the previ-
ous time-step as initial guesses; the positions of the boundaries of the domain
(8, = 0,L,) in the systolic/diastolic configuration are held fixed as the aneurysm
evolves; the neighbouring vasculature is not deformed and the boundaries need not
be updated.

Details of the theoretical formulation to describe the deformation of the arterial
wall and the numerical formulation to solve (Eqn. (4.3)) can be found inWatton et al.
(2004). For the structural simulations, a Lagrangian mesh was used (consisting of 36
x 54 bilinear elements for the clinical case, and 48 x 72 elements for the rabbit case);
the Fortran subroutine MA38 (available from the Harwell software library www.hs1.
ac.uk) was employed to solve the linear system that arises in the Newton iteration,
which is required to update the deformation of the arterial wall at successive time

steps.

The structural model presented here is the one utilised in Watton et al. (2004).
The Holzapfel-Gasser-Ogden constitutive model (Holzapfel et al.,|2000) was sophis-
ticated to: (i) explicitly account for the distinct reference configurations of the con-
stituents; (ii) incorporate normalised density variables so that the growth/atrophy

of constituents can be simulated. The arterial wall is modelled as two layers.

The SEF for the elastinous contributions in the media is a neo-Hookean one
(Watton and Ventikos} [2009) that is multiplied by a normalised spatially and tempo-
rally dependent concentration function, denoted m* (81,0-, t). This is employed to

prescribe the degradation of the elastinous constituents, where mE@,0,,t=0)=1.

Fields of spatially and temporally dependent collagen fibre recruitment stretch

}Lf&p (61,05, t) and fibre concentration m]%p (641,05, t) variables are defined for the me-
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v
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Figure 4.8: Illustration of collagen fibre orientations in the media and the adventitia
in the 3D computational domain. (i) In the media (of thickness Hy;) two families of
fibre orientations are defined at an angle +y ), from the azimuthal axis (positively
and negatively wound around the artery with respect to the azimuthal direction).
(ii) In the adventitia (of thickness H,), two families of fibres are defined at an angle
+7v a4, which represent the protective sheath of the arterial wall.

>

dial layer (denoted by subindex M). The fibres are orientated at an angle of y, to
the azimuthal axis, where p denotes the pitch +vy), relative to the azimuthal axis in
the unloaded reference configuration. The fibres are thus positively and negatively
wound around the artery (with respect to the azimuthal direction). For these groups
of medial fibres, a highly non-linear SEF is employed (Holzapfel et al., 2000). As was
introduced in Chapter[3} the reference configurations for those collagen fibres at an

angle to the circumferential direction need to be solved in the direction of the fibres.

For the adventitial layer, I designate a set of collagen fibres that will represent the
protective sheath, as was presented in Chapter For those the set of angles y 4, (A
denoting the adventitial layer) is defined. The families of collagen fibre orientations
are illustratively summarised in Figure I follow Chapter 3| to describe the SEF
of a single collagen fibre in this group (‘I’i:) in a quadratic form (to represent the
linear mechanical response of a single fibre):

Whr = K5 (ES )? (4.4)

where Kg is the collagen material parameter and Egp the Green-Lagrangean (GL)
strains (in the direction of the fibres, with respect to their reference configurations).

The gradual recruitment of collagen fibres to load bearing is represented by defin-
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ing a recruitment stretch distribution Pr(Aﬁp) with a probability density function
fAﬁp [Aﬁp (01,02, 1)], to allow for spatial and temporal heterogeneity. Similarly to
Chapter[3] the probability density function is defined as a triangular piecewise func-
tion. Consequently, the total SEF ‘ng per unit volume for this group of collagen fi-
bres at an elastin stretch resolved in the direction of the fibres of 14, is a piecewise
function calculated by integrating the SEF of the individual collagen fibres which are
recruited up to A4, and multiplying them by the normalised concentration function
mgp (01,0,,1), setto 1 for £ =0:

Aa
C (1C C P \qyCx C
vG (A5 )=mg fl Wi (Eg ) ngp (A4)dAG (4.5)
where;:
A6 = As, (4.6)
A, — D .
p Aﬁp

The SEF of the media is then calculated (as the additive contributions from the

elastin and the collagen fibres):

Wy =mPKy(En+En+Es)+ ) my KylexplA®(Ey )"1-1)  (4.7)
p=+, Elf/[p>0

The SEF of the adventitia (with the contribution from the protective sheath of

collagen fibres) is:

Ya= ) Y5 A%) (4.8)

=+, EC >0
p Ap

K is the material parameter for the corresponding arterial constituent, with A¢
also representing a parameter related to the collagen fabric. The SEF to represent
the total mechanical response of the arterial wall ¥ will then simply be the additive
total of the SEFs of the medial W), and advential W 4 layers.

The GL strains of the elastin, i.e. Eq;, E»» and Ess, are defined relative to the un-
loaded configuration; in the initial cylindrical configuration, these represent strains
in the axial, azimuthal and radial directions, respectively. However, the GL strains

in the collagen fibres are denoted by E]C’; (01,0,, t) (subindex J denotes the media M
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or the adventitia A). They are defined relative to the configuration in which the col-
lagen fibres are recruited to load bearing and resolved in the direction of the fibres.

E;, can be computed from the components of the GL strain tensor:
Ej,=En sin? Y7, T E22 cos® Y1, +2E128iny;j, cosyy, (4.9)

They are related to the elastin stretches resolved in the directions of the collagen
fibres 15, by:
Ep, =((Ag,)*-1)/2 (4.10)

The GL recruitment strains Ef‘; and the collagen strains E]Cp can be equivalently
calculated as in Eqn. (4.10) in terms of Ai and )L?p. Combining Eqn. (4.6) with the

definitions of strains in terms of stretches, E]Cp can then be calculated by:

Ej, - E}

E¢=—_2" (4.11)
Tp 1+2ER
p

As was introduced in Chapter |2, Watton et al. (2004) hypothesised that fibrob-
lasts configure the collagen fibres to achieve a maximum stretch during the cardiac
cycle and introduced the terminology 'attachment stretch’. In Chapter 3| the con-
cept of a distribution of attachment stretches was presented. For simplicity a con-
stant value of attachment stretch is kept for the collagen fibre groups in the media,
which is represented by )LgT. To evaluate the state of stretches at the beginning
of the simulation (¢ = 0), following the 1D analysis, it is assumed that the systolic
stretch of the collagen fibres Ag/[pltzo equals the attachment stretch /lgT. Because
of the symmetry of the collagen fibre orientations, it is expected that the values of
attachment stretch, collagen stretch and recruitment stretch are the same for both
pitches. Remembering Eqn. (4.6), the initial values for the recruitment stretches of

those collagen fibres can then be evaluated:

Afy limo = () A0)2cos?y s, + (A2)2sin yag, ) /A (4.12)

where A is the systolic circumferential elastin stretch and A is the axial elastin
stretch, both of which are used to resolve the elastin stretch in the direction of the
fibres.
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For the adventitial collagen fibre group representing the protective sheath with a
distribution of recruitment stretches, following the 1D analysis in Chapter[3} a distri-
bution of attachment stretches is defined. The distribution is triangular; therefore,
the initial recruitment stretch distribution needs to be determined by calculating
the minimum, maximum and modal points following Eqn. (4.12), where it is implied
that fibres with the highest attachment stretch will be the first ones to be recruited:

AR 7 = (\/(Ao)2cos?y a, + (22 sin y 4,) I A4T |14 (4.13a)
AN = (\/Uto)zcos2 Ya, +(A2)2sin?y 0 )AL T (4.13b)
AR 1190 = (\/(A)2cos?y 4, + (A2)2siny 1) 14T 114 (4.13c)

An index of interest associated the cyclic deformation that is calculated here is
the Cyclic Areal Stretch A®S. The cyclic areal stretch describes the ratio of the dif-
ferential areal stretch at systole to the differential areal stretch at diastole. The areal

stretches at systolic Ag and diastolic Ap pressures are calculated as follows:

As=\/(L+2E5)(1 +2ES,) — 4ES, (4.14)

Ap= \/(1+2E V(A +2ED)—4ED (4.14b)

Consequently, ACS can be calculated as:

Acs = — (4.15)

The distribution of average Cauchy stresses is also evaluated that takes into ac-
count the remodelled thickness (as was introduced in Chapter[3). This Cauchy ten-

sor ¢ is computed by:

oij=J "FixSkiFj (4.16)

F is the deformation gradient tensor, J = det(F) (which for an incompressible

material is 1), and S is the 2nd PK stress tensor (where H,,.;, takes into account the
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volumetric growth due to changes in the mass densities of the arterial constituents,
following the analysis in Chapter 3):

S = 1 O0(HMY M+ HaWY ) 4.17)
& Hyem aEij .

For further details on the structural model, see Watton et al.| (2004), Watton and
Hill| (2009).

4.6 COMPUTATIONAL FLUID DYNAMICS

The methodology to solve the haemodynamics as the aneurysm evolves starts with
the geometry of the aneurysmal section being exported from the structural solver
to the meshing suite ANSYS ICEM (refer back to Figure for the FSG modelling
steps). ANSYS ICEM automatically integrates the aneurysmal section into the phys-
iological geometrical domain, i.e. attaches the upstream and downstream exten-
sions, and then automatically generates an unstructured tetrahedral mesh with
prism layers lining the boundary. Boundary conditions are generated and the flow is
solved by ANSYS CEX which solves the incompressible Navier-Stokes equations us-
ing a finite volume formulation (Patankar,|1980). Blood is modelled as a Newtonian

fluid and no slip, no-flux conditions are applied at the arterial wall boundaries.

There is the possibility to complete either a steady or a pulsatile flow analysis
for each FSG modelling step. For the rabbit model case, there are specific experi-
mentally calculated boundary conditions over the cardiac cycle, as were presented
in the application of those conditions is described in the analysis of Chapter|[6]
For the clinical case, for which there are no specific boundary conditions, the flow
and pressure boundary conditions are taken from a 1D model of the arterial tree
(Reymond et al., 2009) which has been integrated into the software suite @neufuse
(Villa-Uriol et al., 2011). It solves the 1D form of the Navier-Stokes equation in a
distributed model of the human systemic arteries, accounting for the ventricular-
vascular interaction and wall viscoelasticity; it was recently validated through a
comparison with in vivo flow measurements (Reymond et al., 2011). Further in-
formation for CFD is presented in Appendix|[C|

4.7 GROWTH AND REMODELLING
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4.7.1 Media degradation

The dilation of an intracranial aneurysm is accompanied by loss of elastin because
of increased elastolysis (Shimizu et al., 2006). As was introduced in Chapter
elastin degradation might also be affected by changes in the WSS in the aneurysms
recirculation region, and thus, the spatial and temporal changes in the WSS dis-
tribution could influence the degradation of elastin and thus the rate at which an
aneurysm enlarges. Aparicio et al.| (2014) explored this concept for an abdominal
aortic aneurysm case and the following chapter will explore this for the clinical in-
tracranial aneurysm case. For the purposes of that investigation, a phenomenolog-
ical approach is proposed to model the link of elastin degradation to WSS that acts

on the vascular wall.

Elastin degradation is modelled in two distinct stages. First, a degradation of
elastin is prescribed to create a small aneurysmal area. This creates a perturba-
tion in the geometry and the haemodynamic environment so that the WSS distribu-
tion is perturbed from its original distribution. Subsequently, elastin degradation
is driven by deviations in WSS from homeostatic values (and those values need to
be carefully defined). In order to simulate the saccular shape of the intracranial
aneurysms, the elastin is only degraded within a prescribed circular area of the La-
grangian computational domain (i.e. of the defined aneurysm cylinder). Watton
et al.| (2011a) describes how the transition between the degrading domain and the
rest of the computational domain is connected (by defining an inner and outer ra-
dius to the degradation circular area and linearly interpolating between the two).
The functional form for the initial prescribed loss of elastin within the circular area

is as follows:

—L/ /2
mE (1,02, 8) = 1 (1— mEy, (1) x fexpl-w1 (202 explowy 2222202,
Li/2 Ly/2
(4.18)
where mgﬂ. , represents the minimum concentration of elastin, at time ¢ (in years),

which, by construction, is located at the centre of the circular area. The parameters
w1 and w» control the degree of localisation of the degradation function (w; = w, =
20 is adopted, see Watton and Hill (2009) for influence of this parameter). It is as-
sumed that the minimum concentration decays exponentially for a period of time
T:
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mE . (1) = explin(mE) (t/ )} = (mE)!'T, (4.19)

m? determines the minimum value prescribed by time T and naturally, the

E
value of m..

tion of the media, i.e. elastin as well as collagen fibres, was defined, Eqn. (4.18) and

at £ = 0 is 1. Following the simulations in 1D, where the degrada-

Eqn. are used to determine m§4(91,92, t) and m;in(t), respectively, determin-
ing a corresponding m% and T. It should be noted that, for the application of the
FSG framework to the rabbit model case, and because of the different focus of that
study, a prescribed degradation for the entirety of the simulation will be assumed -

further details are provided on Chapter|g

Following the initial prescribed degradation, the concentration of elastin m?*

further evolves according to:

omE

ot
where D, 4, specifies the maximum rate of degradation, and Fp(6,,02,1):0< Fp <1

is a spatially-dependent function of the haemodynamic quantities to be linked to
elastin degradation. Clearly, if Fp = 1, elastin degrades at the maximum rate Dy, 4y,
whilst if Fp = 0, no degradation occurs. Deviations of WSS from homeostatic val-
ues then drive elastin degradation. Following Chapter |2} three definitions of WSS
homeostasis are presented:

1. aspatially homogeneous and temporally non-adaptive;
2. aspatially heterogeneous and temporally non-adaptive;

3. aspatially heterogeneous and temporally adaptive.

For Case 1, elastin degradation is assigned to given intervals of WSS. Figure
illustrates this definition of WSS homeostasis (the function is not necessarily sym-
metric as illustrated in the figure, and the specific boundaries will be determined
in Chapter [5). There is no elastin degradation (Fp = 0) for a given interval of
WSS, [T 10w—min» Thigh-minl. Outside that interval, a quadratic function to maximum
elastin degradation (Fp = 1) is used (illustrative monotonic function to represent the

transition from zero to maximum degradation with a smooth increase in gradient).
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Under those assumptions, both low and high values of WSS can drive elastin degra-
dation. This definition does not take into account spatial or temporal variations of

the mechanical arterial environment and is summarised in Eqn. (4.21):

1 T = Tlow-max
Tlow-min—TX1) 2
Tlow-min~—Tlow-max
Fp(T(601,02,1)) =<4 0 Tlow-min =T =Thigh-min (4.21)
TX,0)~Thigh-min 2
Thigh-max—Thigh-min

Tlow-max <T <Tlow-min

Thigh-min <7T <Thigh-max

1 T ZThigh-min
1.5

- 1

N
D
<

(@]
L 0.5- 1

0 "low-max “low-min WSS Thigh-min Thigh-max

Figure 4.9: Illustration for spatially homogeneous and temporally non-adaptive
WSS homeostasis.

For Cases 2 and 3, a simple quadratic functional form (similarly to Case 1, these
are illustrative monotonic functions for the gradual transition from zero to maxi-
mum degradation) is used for the degradation function Fp that describes the re-
lation between the local WSS (7(X, £)) and the degree of the degradation of elastin,
i.e.

0, T=2Typ,
X ) -1(X 1) )

X D-1xX 0/’
1, T<Tx.

Fp(1(01,02,1) = Tx<T<Tp, (4.22)
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Tx is set to OPa. The function implies that elastin degradation is only driven by
low WSS values. The distinction between Case 2. and Case 3. lies in the definition
of the homeostatic WSS threshold 7,:

(2.) T, XD =1tX,t=0) (4.23)
t
3. 7,X, 1) = i f X, )dt (4.24)
Ty
t—Tr,

where for t < 0, 7,X, ) = 7;,X, t = 0) = 10, that is, the spatial distribution for the
model of the healthy artery prior to aneurysm formation. In Case 2. WSS home-
ostasis is spatially heterogeneous with magnitudes defined by the initial WSS distri-
bution at ¢ = 0. Case 2. assumes that the 7, is independent of time. However, as it
was presented in Chapter[2} there is possibly the ability of the endothelium to adjust
to changes in the arterial mechanical environment. Therefore, for Case 3. it is pro-
posed that 7, is assumed to be spatially heterogeneous and temporally adaptive, by

averaging values of WSS over a past given number of years T7.

As discussed in Chapter[2Jand Chapter[3] the adaption of the collagen fabric dur-
ing aneurysm evolution consists of two distinct mechanisms: G&R. The algorithms,

adjusted for the 3D FSG framework, are presented in the next section.

4.7.2 Collagen remodelling

The concepts of recruitment and attachment stretches are here revisited. The con-
cept of an attachment stretch implies that the collagen fibres have distinct natural
reference configurations. A field of recruitment stretch variables is defined: these
describe the stretch (relative to unloaded reference configuration) that the tissue
must be stretched in the direction of a fibre for it to begin to bear load. The mag-
nitude of the recruitment stretch variables ﬂtf\?/[p (01,02, 1) (for the group of collagen
fibres in the media with non-linear SEF) are defined such that at ¢ = 0, the colla-
gen stretches are equal to the attachment stretch throughout the domain. As the
geometry evolves, the recruitment stretches evolve so that the maximum GL strain
of the collagen during the cardiac cycle remodels towards the GL attachment strain,
denoted EgT. Initially, it was assumed that maximum strains are achieved in the
systolic configuration and thus the remodelling scheme was implemented compu-

tationally by considering the steady deformation of the arterial at systolic pressure;
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however, as the geometry becomes more complex this is not necessarily true (Wat-
ton et al.,|2004). Consequently, the methodology is now updated to assume that the

maximum strains occur in either the systolic or diastolic configuration, i.e.

i =a Flay ez =i (4.25)
o MR ) |
where
ES Imax=max (S, 1y B laias) (4.26)

where Ef/[p lsys and E]?/Ip laias denote the magnitude of the collagen strains evaluated
in the systolic and diastolic configurations, respectively, and a, is a rate parameter
controlling the speed of remodelling (and biologically implying an indication of the
half-life of the collagen fibres).

For the adventitia collagen fibre group that was set as a protective sheath of the
arterial wall, triangular distributions were defined for the recruitment and attach-
ment stretches, in order to represent the range of fibre waviness in the unloaded
configuration and the gradual recruitment to load bearing that has been experimen-
tally observed (Rezakhaniha et al., 2012). Consequently, remodelling of the recruit-
ment stretch distribution is expected for this group of collagen fibres. Mathemati-
cally, this is implemented by setting linear differential equations for the remodelling
of the minimum, maximum and modal values of the distribution (/lﬁp |min Af,lp |max
and /15\?/1,, |'mod respectively), initiated by deviations of the corresponding collagen fi-

bre stretches (/1]?417) from attachment levels ()Lf/[T):

5/15\?,1p|mi" Ag/{plmax_;tﬁlmax
—r = an,( T s ) (4.27a)
6ARMp|max AJ(\?/{plmin_/lﬁI”min

F Y am,( AT min ) (4.27b)
a/lf\?/[plm()d A](\J/Ip|mod_11/\l/[T|mod
—y = am, ( AT mod ) (4.27¢)

where a, is the rate parameter controlling the speed of remodelling. As this group
of collagen fibres acts as a protective sheath, in that they do not play initially a role in
load bearing, the evolution of the attachment stretch distribution needs to be taken

into consideration. As discussed in Chapter |3, this will represent the transition of
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those collagen fibres to load bearing constituents. For simplicity in the 3D mod-
elling and due to lack of further biological information, it is assumed that the shape
(centre and width) of the distribution does not change in time; therefore, mathe-
matically, the maximum value of the distribution ()Lf/[Tlm“x) needs to simply evolve

in order to illustrate this evolution:

AAT | max t<n
AT \max AT \max
AT \max _ AT 1max /lM |t2 _AM )
A | ()= A 17555+ e B D<I=Dh (4.28)
Ay Iax t=t

f and f, determine the time during which the evolution of the attachment
stretch distribution takes place, /lffl’g“x determines the final value for the maxi-
mum attachment stretch of the distribution, and B determines the growth rate of
the curve. For the purposes of these remodelling algorithms, it is assumed that
there is no remodelling of the pitch for the collagen fibres and therefore only the

initial ones (with respect to the unloaded configuration) need to be determined.

4.7.3 Collagen growth

In vascular homeostasis, the mass of the collagenous constituents is constant even
though the collagen fibres are in a continual state of deposition and degrada-
tion. However, in response to perturbations to the mechanical environment, vas-
cular cells can respond by upregulating synthesis and downregulating enzymes
that degrade the matrix (Chiquet, [1999); this would lead to a net increase in mass.
Conversely, a downregulation of synthesis coupled with an upregulation matrix-
degrading enzymes would lead to a local decrease in mass. Note that if there is an
upregulation of synthesis balanced by an upregulation of degrading enzymes (no
net change in mass), this can be simulated by increasing the magnitude of the re-
modelling rate parameters from above, a;,. The algorithm proposed to simulate
this is outlined, proposed by Watton and Ventikos (2009). The key assumptions are
as follows:

¢ the reference configuration of the cells is equal to the reference configuration

of the constituents that they are maintaining;
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* the number of cells is proportional to the mass of constituents they are main-

taining;

¢ in vascular homeostasis, the mass of the constituents is constant.

From these assumptions, a linear differential equation for adapting the concen-

tration of the medial collagenous constituents can be derived to be:

amj(\:,l E]?/[ | max _EgT
> == By, My, | — ¢ , (4.29)
t Exr

where 3 is a phenomenological rate parameter for the speed of increased deposition
of collagen fibres (also related to the half life of the fibres). Similarly, for the collagen
fibres of the protective sheath, Chapter[3]is followed so that the growth is dependent
on the deviation of an average of the collagen stretch distribution from an average
attachment stretch value. For the case investigated, where the distribution remains

centred on the assigned modal value, the linear differential equation for growth is:

amgp Aip|mod _ Angmod
5= Ba,ma, AT o (4.30)

In addition to the stretch-based growth, growth dependent on cyclic stretch is
also suggested, which will be implemented in the investigations of Chapter[5| For
these cases, the linear differential equations for the adaption of collagen fibre con-
centrations from Eqn. and Eqn. are updated by adding the following

term:

om§
atp(cyclic stretch):mjcp,ﬁ(ACS), (4.31)
where:
B(ASS) = Csmax(éi—l,o) (4.32)
A2 |4z

B(A®S) is then a phenomenological growth parameter that is a function of the
magnitude of the (differential) cyclic areal stretch ACS | that is, the ratio of the dif-
ferential areal stretch at systole to the differential areal stretch at diastole (Schmid!
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et al., 2013). It is hypothesised that there exists a homeostatic range of magnitudes
of cyclic strain for the vascular cells. Given that the magnitude of the cyclic strain
decreases as an artery ages and stiffens, for example, from around 13% to 2% (Ldanne
etal.,|1992), itis postulated that the magnitude of the cyclic strain at ¢ = 0 represents
a suitable upper bound. It is assumed that this implies a similar upper bound for
the magnitude of cyclic areal stretch. Consequently, a functional form for A®S is se-
lected that increases rates of production if the magnitude of the cyclic areal stretch
increases from its initial values for the healthy artery at ¢ = 0. The total growth equa-
tion, in this case, presents the additive effects of stretch based and cyclic stretch-
based growth (a different approach to the multiplicative one presented in |Apari-
cio et al.| (2014)). This is to explore the possibility of growth continuing even when
the stretches of the constituents (and cells according to the assumptions) return to

homeostatic levels.

The presented model is applied in a finite element method code on FORTRAN.
Further details on the application of the finite element method for the FSG frame-
work can be found in Watton| (2002), Watton et al. (2004). The specific parameters
used for the simulations in this thesis are presented in the following chapters (Chap-
ter[5|and Chapter|6).

The structural, CFD, and G&R analyses, as described in this chapter, are cou-
pled (although it should be noted that this is not a fluid-structure interaction sim-
ulation). The structural analysis uses a quasi-static approach to solve the systolic
and diastolic deformation fields. The structural analysis is solved for 10 time steps
and subsequently the CFD for the updated geometry is solved. The CFD simulation
passes back haemodynamic indices of interest to be used in the G&R algorithms.
Complete simulations involve approximately 200 to 500 timesteps, i.e. 20 to 50 CFD
solutions. There are only small changes in the remodelled geometry every 10 steps,
hence only small changes in CFD distributions. As we are interested in the qual-
itative behaviour of the interaction between spatial and temporal distributions of
haemodynamic stimuli, and the enlargement of the aneurysm, this approach seems
to be a reasonable trade-off to achieve computational efficiency. If the remodelling
gives rise to more rapid changes in the geometry, the CFD analysis may need to ex-

ecuted more frequently.
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4.8 DISCUSSION

This chapter outlined a 3D modelling framework for aneurysm evolution updated
and sophisticated, for the first time, to include specific geometries (clinical and an-
imal ones) and material properties with the aim of establishing a novel approach to

informing and validating computational models from available experimental data.

The two geometries presented in this chapter can contribute to the models of
aneurysm evolution in different ways. Since the aim of this research is to under-
stand more about the physiology and mechanobiology of human aneurysms in or-
der to eventually create supportive clinical tools for aneurysm diagnosis, in vivo
and in vitro information on clinical aneurysms is vital and the focus of a wide range
of research: in vivo 3D visualisation for endovascular treatment (Anxionnat et al.,
2001), in vivo WSS measurements (Fillinger et al., [2002), in vitro tissue testing for
MMP inhibition investigations (Thompson and Baxter,|1999), and ex vivo aneurysm
tissue mechanical testing for the measurement of mechanical properties of the fi-
brous tissue (Raghavan et al.,(1996). However, there is only limited clinical data on
the inception and development of aneurysms. This difficulty is exactly the reason
for experimental animal models. With animal models, such as the rabbit model that
was presented here, the range of possibilities for analysis is wide; not only processes,
such as histology, tissue mechanical testing and arterial wall imaging is possible, but
it is particularly so for different stages of aneurysm development and against con-
trol samples. However, this field of study is not always closely and directly informed

by and informing theoretical and computational models of aneurysm evolution.

The chapter introduced the FSG modelling framework in order to further dis-
cuss the need for this interaction between mathematical modelling and experimen-
tal work. The focus of the FSG simulation process is to enable the relation be-
tween the flow environment and the (changing) mechanical response of the arte-
rial wall. Driven by literature and experiments (Humphrey et al.| (2015), Humphrey
and Holzapfel (2011), Humphrey (2009), McGloughlin (2011)), the importance of
mechanotransduction has been clearly illustrated, even though biologically is not
fully understood; several flow force metrics (such as WSS) have been related to
aneurysm evolution, although the consensus on its relation to aneurysm evolution
is unclear (Selimovic, 2013). The focus of the theoretical modelling framework (in
1D and 3D) here is to represent the structural constituents of the arterial wall, while

characterising their ability to create new configurations and change the balance be-

Modelling the mechanobiological evolution of aneurysms

141



4. 3D FSG METHODOLOGY Aikaterini Mandaltsi

tween their synthesis and degradation, in order to adapt to changing arterial condi-

tions.

There are limitations to the structural and biological representation of the ar-
terial wall in the 3D presentation: SMCs are not explicitly represented (as was in-
troduced in Chapter[2)). More explicit biological links of mechanotransduction are
required to more reliably describe pathways triggered by flow and affecting the lay-
ers of the arterial wall from the endothelium to the vascular cells and the fibres
(for example growth factor —f cytokine pathways ((Lindsay and Dietz, |2011), Jones
et al. (2009)). The current modelling framework is chosen in part due to the incom-
plete biological data for such pathways that would inform the mathematical mod-
els. Modelling partially known pathways at this stage would simply increase the
computational complexity, without adding useful mechanobiological knowledge.
Despite certain modelling limitations, the suggested computational framework is
still able to provide very useful insights into the suggested G&R hypotheses, driven
by the initial investigations in 1D and taking into account specific complex geome-

tries. The results of those investigations will be presented in the following chapters.

Part of the presented work in this chapter was also to describe the vessel re-
construction of the aneurysmal geometries, in order to recreate a healthy arterial
environment prior to aneurysm formation, as the initial geometric configuration of
the evolution simulations. This was a labour-intensive procedure which was de-
pendent on manual estimations and observations of the neighbouring vasculature,
since there was no in vivo information on the healthy geometries: for the clinical
case, such information would have only been coincidental and for the rabbit model,
it was seen as a costly and timely additional procedure. However, for the purposes of
the simulation, it is an important aspect for a reliable representation of the healthy
arterial state and one which should eventually be further automated as part of the
FSG framework. This is one example where interaction between theoretical and ex-

perimental work can advance the reliability of the modelling framework.

4.9 CONCLUSIONS

This chapter presented two aneurysmal geometries (a clinical one and a rabbit
model one) which are employed in the implementation of the suggested FSG frame-

work for the computational representation of aneurysm evolution, stressing the rel-
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evant clinical and experimental data which can inform the modelling hypotheses
(the clinical geometry was already introduced in the analysis of Chapter [3). For the
purposes of this framework, it was described how the aneurysmal segments and
their neighbouring vasculature were reconstructed to a pre-aneurysmal "healthy’
state, by replacing the aneurysmal area with a computational domain where the
3D modelling framework of aneurysm development will be applied to represent the
transition of the artery from a ¢ = 0 healthy configuration to an aneurysmal one.
Focussing on transferring the structural and G&R hypotheses for the mechanical
behaviour of the arterial wall from 1D (Chapter 2]and Chapter[3) to 3D, the mod-
elling steps for a cyclical stepwise simulation that relates the structural arterial wall
analysis with the CFD of the blood flow environment and the G&R evolution of the
collagen fabric were outlined. The following two chapters present the specific setup
and results from the 3D computational simulations ran using the two presented ge-
ometries and framework. Chapter |5 examines the effect of the definition of WSS
homeostasis on elastin degradation and of cyclic stretches on growth of collagen fi-
bres for the clinical case. In Chapter [f] pulsatile flow conditions are applied on the
framework and further links of pulsatile flow metrics with collagen growth and the

functionality of endothelium are suggested.
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CHAPTER

3D HUMAN ANEURYSM STUDY

In Chapter[3|a specific clinical aneurysm case was presented, accompanied by geo-
metrical and aneurysmal tissue information. The 1D analysis for this case rendered
an estimation for the material parameter and an indication for a final attachment
stretch distribution of the adventitial collagen, since the medial layer is essentially
lost. Those calibrating measures were incorporated in the FSG framework presented
in Chapter |4 for the purposes of this chapter. Firstly, I focus on a simulation run-
ning the structural code of the FSG framework, following the concept of the gradual
phases of degradation, remodelling and growth (with the evolution of attachment
stretch distribution), implemented for the 1D growth model. The aim is to reflect on
the estimations of aneurysm remodelled thickness in 3D, observing and critiquing

the evolution of collagen stretches and densities.

The concluding point of this first study is the establishment and testing of
links between stretch and collagen growth. Our hypothesis is that increased cyclic
stretch enhances collagen synthesis. Even though current understanding of arterial
mechanotransduction on a tissue, cellular and subcellular level is poor, there are
many strong, published experiments that support this hypothesis (§5.3). Theoreti-
cal models have initiated relevant investigations, relating collagen growth to cyclic
stretch (Kroon and Holzapfel (2009), Aparicio et al. (2014), Watton et al. (2011)). Mo-
tivated by the literature and previous models, an advancement to the hypothesis is

presented by investigating two separate homeostatic states for (a) collagen stretches
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as well as (b) cyclic stretches.

This investigation (§5.2) on the 3D structural code, calibrated by the 1D analy-
sis (Chapter [3) informs and calibrates the complete FSG framework, as it is imple-
mented in taking full advantage of the 3D clinical aneurysmal and surrounding
arterial geometry. The principal question for this set of simulations thus revisits the
concepts of endothelial heterogeneity and elastin degradation linked to flow, as was
motivated in Chapter 2| The structural and FSG model results allow establishing
the consistency between the 1D and 3D examinations and suggest future modelling

directions.

5.1 3D MODEL OF IDEALISED SACCULAR ANEURYSM

GROWTH

In this section, the setup is outlined and the results are presented for two 3D struc-
tural simulations on an idealised saccular aneurysm (with the geometrical charac-
teristics of the healthy artery for the clinical case) that aim to investigate the effect
of the hypothesis for collagen growth on the mechanical properties of the arterial
constituents during aneurysm evolution. The parameters presented here follow the
theoretical analysis from Chapter [4} with the additional guidance from the investi-
gations in 1D (Chapter[2Jand Chapter|[3).

5.1.1 Simulation and parameter overview

Simulations were performed on a 64BIT desktop PC (Intel Xeon CPU E31245 @3.3
GHZ, 16 GB RAM) running Windows 7 Enterprise. A complete 3D structural simula-
tion consisting of 250 solid steps (corresponding to five years), with structural data

outputted every 10 steps, takes around 2 hours.

The geometrical characteristics of the computational domain for the application
of the structural model can be seen in Table The thin cylinder modelled has
an unloaded radius of R, used as the reference configuration for the calculation of
stretches, and a systolic radius of r; = AgR at ¢ = 0, given an assumed initial systolic
circumferential stretch of Ay. The in vivoloaded axial length is ! (following the vessel
reconstruction methodology in Chapter[4). An axial pre-stretch of A is assumed for

the duration of the simulation, resulting in an unloaded axial length of L, = A—lz and
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Table 5.1: Geometry and physiological data for the 3D structural and FSG simula-
tions of the clinical case.

Geometry and Physiological Data

Radii
Unloaded (reference configuration) R 1.5mm
Systolic (£ =0) rs =AgR 2mm
Lengths
Loaded axial (t =0) l 5.9mm
Unloaded axial (reference configuration) L, = ALZ 4.539mm

Unloaded radial (reference configuration) || L, =27R | 18.85mm

Stretches (Kroon and Holzapfel, [2009)

Systolic (£ =0) Ao 1.25

Axial Az 1.3

Cyclic (£ =0) AD 1.1
Pressures (Watton and Hill, [2009)

Systolic Pgys 16kPa

Diastolic Piia 10.67kPa

Unloaded thicknesses (t = 0) (Holzapfel et al., 2000)

Total H=:iR | 04mm
Medial Hy = %H 0.267mm
Adventitial Hp=1H | 0.133mm

Fibre orientation (unloaded configuration) (Schriefl et al., 2012b)

Media Y™ 30°

Protective sheath (adventitia) YA 60°

an unloaded radial length of L, = 2nR. The cyclic stretch, defined as the ratio of
systolic to diastolic stretches, is /1153. This thin cylinder is subjected to a constant
systolic pressure P, and diastolic pressure P;;,. The values for those stretches
and pressures were guided by the literature previously used in the 1D modelling
Chapter[3]
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Table 5.2: Parameters to define prescribed media degradation for the 3D structural

simulations of the clinical case.

Parameters for prescribed degradation

Media degradation
Time to minimum prescribed (elastin,collagen) T | 4(in years)
Minimum elastin density by time T m]f: 0.01
Minimum medial collagen density by time T m% 0.01

Table 5.3: Definition of recruitment and attachment stretches for the 3D structural

simulations of the clinical case.

Recruitment and attachment stretches

Recruitment stretches (t =0)

. R
Media A M, 1.18
Protective sheath (adventitia, minimum) /lﬁp |min 1.28
Protective sheath (adventitia, maximum) Aﬁp |max 1.42
Protective sheath (adventitia, modal) /lﬁp |mod 1.34

Attachment stretches (t =0)

Media A4 | 1.07 (Chen, 2014)
Protective sheath (adventitia, minimum) || A47|™" 0.9
Protective sheath (adventitia, maximum) || A47|"%* 1
Protective sheath (adventitia, modal) Aﬁ“TI’"""Z 0.95

Attachment stretch evolution (protective sheath)

Start time for evolution h 4(years)
Stop time for evolution t 5(years)
Final minimum attachment stretch AﬁTlglin 0.95
Final maximum attachment stretch /I‘XTI’;;‘” 1.05
Final modal attachment stretch AI‘:TI;’Z""{ 1

The initial unloaded thickness H is calculated as %R, consistent with the use in
Chapter Itis assumed that, at ¢t = 0 medial thickness Hj, is % of the total thickness.

Additionally, the initial unloaded fibre orientations +7y; (two symmetric families in
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Table 5.4: Growth and remodelling and material parameters for the 3D structural
simulations of the clinical case.

G&R and material parameters

Recruitment rate parameters
Media am, | 0.1(years™")

Protective sheath (adventitia) ay, | 0.1 (years_l)

Growth rate parameters
Media 5, M, | 0.5 (years‘l)
Protective sheath (adventitia) Ba, 0.5(years™!)

Cyclic-stretch based growth (media, adventitia) | S¢S | 50(years™)

Start time for increased growth fer1 4(years)

Stop time for increased growth tgr2 5(years)
Material parameters

Medial elastin KE | 133.8kPa

Medial collagen K¢, 1.96kPa

Exponential constant (media) A€ 60

Collagen (protective sheath, adventitia) Kg 11.95MPa

each group need to be defined with respect to the circumferential direction) for the
two groups of collagen fibres (in the media and the adventitia) presented in Chap-
ter[d] Medial collagen fibres have been experimentally observed to be closer to the
circumferential direction than the adventitial (Schriefl et al.,|2012b) in the unloaded
configuration and this accordingly informs our choice of collagen fibre angles to the

azimuthal direction in our model.

For the purposes of this investigation and following the corresponding analysis
in 1D for the clinical case in Chapter[3} the simulation phases involve: (a) prescribed
degradation, (b) remodelling and (c) stabilisation through growth. The degrada-
tion of the media is prescribed to ensure that within the timeline of the simulation
the medial layer almost completely disappears. Consequently for phase (a) of pre-
scribed degradation, the normalised densities of the medial elastin m¥ and collagen
mf/[p fibres are exponentially decreased to 0.01 by the end of Year 4 (Table; this

density is sustained for the medial elastin during the final year of the simulation, but
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medial collagen develops according to the growth hypothesis. Based on the vessel
reconstruction method of Chapter 4, the aneurysm cylinder has been placed and
the Cartesian coordinates have been defined so that the circular area of the degra-
dation can be specified in the middle of the computational domain and towards the
positive y-axis. Based on the observations of the ostium area in Chapter |3, inner
and outer radii for the area of the medial degradation circle were evaluated (for the
linear interpolation of the media degradation between the degrading circle and the
rest of the computational domain) and defined as factors of the cylinder’s radius in

the unloaded configuration (with values of 0.5 and 0.75 respectively).

For phase (b) of remodelling, the deviations of collagen fibre stretches from at-
tachment levels (due to the increase in the circumferential stretch following the
medial degradation) are expected to allow for the remodelling of the collagen fi-
bre reference configurations (recruitment stretches), following the analysis in
Table[5.3]summarises the parameters for the recruitment and attachment stretches
for collagen fibres, at the beginning of the simulation. The same attachment value
is set for the non-linear collagen fibres of the media (AgT) and the salient values
(minimum, maximum, modal) for the attachment stretch distribution of the pro-
tective sheath in the adventitia (m]’e/IT), so that no fibres in the group are recruited at
the beginning of the simulation, i.e. maximum value of the distribution (A4 74%) is
less than 1; this establishes the media as the main load bearing arterial layer under
physiological conditions and the adventitia’s role as the protective sheath. The ini-
tial values for the recruitment stretches of the two groups of collagen fibres are then
determined accordingly (Eqn. (4.12)-Eqn. (4.13c)), based on the initial attachment
values, systolic and axial stretches. Table also presents the rate parameters for
the recruitment evolution equations of all collagen fibre groups; they are all equal

t0 0.1 years™ .

The growth phase (c), following the prescribed medial degradation, is where the
two simulations (the results of which are presented in §5.1.2) differ from one an-
other.

* For Case (a) (results are shown in §5.1.2.1), collagen growth is dependent
solely on the difference between current collagen stretch and the attachment
stretch (according to Eqn. and Eqn. (4.30)). Table[5.4]shows the rate pa-
rameters for the fibre growth differential equations (f;,), set to 0.5 (years™1).
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* For Case (b) (comparative results are shown in §5.1.2.2), collagen growth is ad-
ditionally dependent on deviations of the areal cyclic stretch from the ini-
tial local values, as was described in (according to Eqn. and
Eqn. @32)). The corresponding growth parameter S¢S is specified in Ta-
ble[5.4l

In both cases, collagen growth (for the media and the adventitia) is specified to
switch on between Year 4 and 5 of the simulation (g, and fg;2 in Table . This
will represent a period of growth that will aim to stabilise the geometry before fur-

ther degradation.

The evolution of the attachment stretch distribution is also presented (deter-
mined in Table in order to simulate the change in role of the adventitial col-
lagen fibre group from acting as a protective sheath to principal load-bearing con-
stituent. The evolution of the attachment stretch distribution (with a final range of
0.95—-1.05) takes place between Year 4 and 5, which will allow the observation of the
specific changing role of the adventitia. It should be noted that the choice of rate
parameters for the G&R of the collagen fibres was based on indications in literature
(Langille, 1993), but also calibrated within the 3D structural model to allow for the
development and stabilisation of an aneurysm geometry for the observation of the

reactive behaviour of the collagen to the degrading of the media.

Table additionally specifies the material parameters for the SEFs of the ar-
terial constituents: neo-Hookean SEF for elastin fibres, highly non-linear SEF for
medial collagen fibres, and quadratic functional form for the SEF of a single ad-
ventitial collagen fibre combined with a distribution of recruitment stretches. The
material parameters for the medial elastin and collagen fibres were calculated so
that the mechanical equilibrium at the beginning of the simulation is sustained in
the systolic and diastolic configurations, with the elastin in the media bearing most
of the load. The material parameter for the adventitial collagen of the protective
sheath (which does not contribute to the mechanical equilibrium at the beginning
of the simulation) is the value resulting from the analysis in Chapter 8] The values
of the material parameters are equal for the two families of collagen fibres in the

media and the adventitia and they do not change with remodelling.
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5.1.2 Results

It must be noted that the downstream direction in the results presented is upwards
in the depicted images.

5.1.2.1 Collagen growth only linked to stretch

This section of the results looks into the evolution of important metrics for the struc-
tural 3D simulation where growth depends solely on deviations of collagen stretches
from homeostatic levels. It should be noted that all the results present data (both
contour plots and geometric distortions) for the systolic configuration of the cylin-

drical artery.
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Figure 5.1: Spatial distribution of the evolution of prescribed normalised medial
elastin m¥ in the aneurysmal geometry, where ¢ = 0,1,2,3,4,5 years, for the 3D
structural model simulation, where growth is only linked to collagen stretches. m*
is prescribed to exponentially reach a value of 0.01 by the end of Year 4 and maintain
it for the final year of the simulation.

Figure [5.1| confirms the definition for the prescribed degradation of the medial
arterial constituents for the duration of the simulation. It depicts the normalised
density of medial elastin m¥, which decreases to 1% by the end of Year 4 where
no elastin turnover is biologically expected. The same prescribed degradation is
applied for medial collagen m&p; however, parallel growth of medial collagen is also
allowed, which will be observed in This image allows the observation of the
increase in the aneurysm geometry during the five-year period of the simulation, as
media is prescribed to degrade in order to reproduce geometric features observed

in the clinical aneurysmal tissue.

Figure illustrates the axial (Figure [5.2|(i)) and azimuthal (Figure [5.2{ii)) GL
elastin strains; E1; and E», respectively. These strains are calculated relative to the

unloaded cylindrical configuration and represent the tissue strain. The elevated
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Figure 5.2: Spatial distribution of (i) axial and (ii) azimuthal GL elastin strains (E1;
and E,, respectively), where ¢ =0, 1,2,3,4,5 years, for the 3D structural model sim-
ulation, where growth is only linked to collagen stretches. Ej; reach a maximum of
around 2.5 in the aneurysmal region and E», a maximum of around 4 by the end of
the simulation.

strains are observed in the aneurysmal region, consistent with the increased elastin
stretches. Additionally, due to the axial contraction of the geometry during circum-
ferential expansion, a small decrease in Ej; is observed in the proximal and distal

necks of the aneurysm.
li |max

t=0 t=1 t=2 t=3 t=4 t=5

Figure 5.3: Spatial distribution of the evolution in the maximum stretch of posi-
tively wound adventitial collagen fibres /lf1+ |"* where t =0,1,2,3,4,5 years, for the
3D structural model simulation, where growth is only linked to collagen stretches.
Ai |"%* steadily increases to a maximum of 1.06, as the media degrades and the ge-
ometry is distorted, reducing to an evolved homeostatic value of 1.05 by the end of
the simulation.

Figure[5.3|and Figure[5.4|demonstrate the G&R behaviour of the adventitial col-
lagen fibres. In Figure the evolution of the maximum stretch of the positively
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Figure 5.4: Spatial distribution of the evolution in the normalised density of adven-
titial collagen fibres mgp, where £ =0,1,2,3,4,5 years, for the 3D structural model

simulation, where growth is only linked to collagen stretches. Growth is suspended
until the final year of the simulation, when mg increases to a maximum of 10 by

P
the end of Year 5, stabilising the geometry and establishing adventitial collagen as
the primary load-bearer of the aneurysmal arterial tissue.

wound adventitial collagen fibres /1§+|m“x is observed. Even though the evolu-
tion of stretches between the positively and negatively wound collagen fibres is not
symmetric (not a symmetric geometric distortion), the qualititative mechanical be-
haviour is the same and therefore, for the purposes of this study, the results for the
positively wound collagen fibres are chosen to be presented here. Adventitial col-
lagen strains, defined relative to their recruitment configurations in the direction
of the fibres and calculated from the stretches depicted in the figure according to
Eqn. (4.10), elevate during the media degradation stage and geometrical enlarge-
ment (to a maximum of around 1.06), albeit at a much lower magnitude than the
elastin strains, which reach a maximum of 2.5 and 4 in the axial and circumferential
directions respectively (from Figure[5.2). This difference in magnitudes of elevated
strains relates to the difference in the definition of the reference configuration be-
tween the elastin and collagen fibres. For the collagen fibres, in particular, based
on the remodelling algorithms, the evolution of their recruitment configurations is
expected (according to Eqn. (4.27d)). During the final year of the simulation, the
decrease of /lil’”“x is noted to a final value of 1.05. This, of course, is the new
maximum attachment stretch value, as determined by the definition of the evolu-
tion of the attachment stretch distribution (see Table. Collagen stretches are, by
the end of the simulation, at homeostatic levels, while the stretch homeostasis has
evolved to represent the changing load-bearing role of the adventitia. Since a distri-
bution for the adventitial collagen stretches has been defined, the same behaviour
is expected as seen in Figure for the entirety of the distribution. In Figure
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the evolution of the adventitial collagen normalised density mgp must be noted; for
the purposes of this simulation, the growth phase for the collagen fibres during the
final year of the simulation is represented. This growth phase contributes to the
stabilisation of the geometry as the adventitial collagen becomes the major bear-
loading constituent of the aneurysmal arterial wall; the value of mgp has increased
to a maximum of 10 by the end of Year 5.

Hpe(in m)
2.50E-04
. . 2.25E-04
2.00E-04
1.75€-04
1.50E-04
¥ 1.25€-04
! 1.00E-04
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Figure 5.5: Spatial distribution of the evolution in the remodelled thickness H; .,
where ¢ =0,1,2,3,4,5 years, for the 3D structural model simulation, where growth
is only linked to collagen stretches. H,.,, in the aneurysmal area, initially at a value
of 0.18mm, reduces to a minimum of 0.05mm during the first four years of media
degradation and aneurysm development, and by the end of the Year 5, increases
back to a minimum of approximately 0.11mm.

Figure illustrates the evolution for the remodelled thickness of the com-
putational domain H,.,;, which takes into account changes in volumetric growth
(with respect to the changes in the densities of the arterial constituents). The major
changes in H,.,, are anticipated in the circular aneurysmal region, where the me-
dia degradation, the geometrical distortion and collagen growth takes place. For the
first four years of the simulation, the decrease in the medial constituents and the cir-
cumferential expansion result in a decrease of H,.,, (minimum of about a fourth of
the initial value, 0.18mm). During the final year of the simulation, however, due to
the increased growth in adventitial collagen (as noted in Figure, H,.,, increases

to a minimum of approximately 0.11mm by the end of the simulation.

In Figure the Cauchy stresses in the axial (01;) and the azimuthal (o;) di-
rection are seen, as were calculated by Eqn. to account for the evolution of
the remodelled thickness H;.,,. It is noted that there is a steady increase in both
stresses (reaching maximum values of 0.5MPa and 0.9MPa respectively) for the first
four years of media degradation and remodelling and a decrease to final values of
0.1MPa and 0.3MPa respectively, during the final year of growth and stabilisation.
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Figure 5.6: Spatial distribution of (i) axial and (ii) azimuthal Cauchy stresses calcu-
lating for the remodelled thickness (o1, and o2, respectively), where t =0,1,2,3,4,5
years, for the 3D structural model simulation, where growth is only linked to colla-
gen stretches. o1 and o2, within the aneurysmal circular region reach maxima of
around 0.5MPa and 0.9MPa by Year 4 and decrease to values of 0.1MPa and 0.3MPa
respectively by the end of the simulation.
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Figure 5.7: Spatial distribution of the evolution in the cyclic areal stretch A“S, where
t=0,1,2,3,4,5 years, for the 3D structural model simulation, where growth is only
linked to collagen stretches. A®S decreases for the circular region of the aneurysm
(minimum of 1.05) and increases for the surrounding computational domain (max-
imum of 1.4).
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Figure depicts the evolution of the areal cyclic stretch A®S, illustrating the
differences between systolic and diastolic stretches throughout the simulation and
for the entirety of the computational domain. From the prescribed initial value of
1.1, A®S gradually decreases within the circular defined aneurysmal region to a min-
imum of 1.05 (in the aneurysm dome) by the end of the simulation; however, A“S
increases rapidly for most of the surrounding computational domain, to a maxi-
mum of over 1.2, sustained to the end of the simulation and the stabilisation of the
aneurysm. Given the indications for physiological cyclic stretches (Ando and Ya-
mamoto, 2010), it is believed that the values of A®S for the surrounding vasculature
are unrealistic. Considering that the growth assumptions for this set of results only
relate to deviations of collagen stretches from attachment values, the growth hy-

pothesis, linked to cyclic deformation, is introduced for the following set of results.

5.1.2.2 Collagen growth linked to cyclic deformation

In this results sections, the final distributions of important metrics of interest be-
tween two cases of results are compared: Case (a) the five-year simulation out-
lined in where collagen growth is solely dependent on deviations of collagen
stretches from attachment levels (those results were investigated in and (b)
the same five-year simulation (degradation - remodelling - growth), with a term of
growth that is dependent on the deviations of areal cyclic stretch from homeostatic
values additive to the growth prescribed by deviation of collagen stretch from at-
tachment levels, following Eqn. (4.31)-Eqn. (4.32) and the parameters in Table
Since growth is initiated for the final year of the simulations, the results and analysis
up to Year 4 presented in §5.1.2.T|also apply for Case (b), the end results of which are
presented here.

Figure shows the distribution in the maximum stretch of positively wound
adventitial collagen fibres Ai |"4X for the two cases (a) and (b) at the end of the sim-
ulation (Year 5). It is noted that, in case (b), the majority of the aneurysmal area has
reached the new prescribed attachment stretch value of 1.05 (a behaviour observed
for Case (a) in too). However, a difference is spotted in the geometry of the
surrounding computational domain between the two cases. For Case (a), there is a
slight expansion of the parent artery, which is not observed in Case (b). When the
time sequences in are examined, it can be seen that this expansion takes
place during the first four years of the simulation. Therefore it can be said that, for

Case (b), the parent artery eventually retracts from the expanded geometry during
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Figure 5.8: Comparison of the distribution in the maximum stretch of positively
wound adventitial collagen fibres /li |""* at the end of the simulation (¢ = 5 years)

for growth linked (a) only to stretch and (b) also to cyclic deformation. )Li |"* for
both cases, has reached the prescribed evolved attachment value of 1.05 for most
of the aneurysmal region. There is an area of elevated Ai |"%* in the downstream
section of the aneurysm neck.

the final year of the simulations, i.e. during the differentiating growth phase. It can
also be deduced from this observation that, due to the geometric retraction, a small
area in the downstream neck of the aneurysm displays an isolated region of elevated

collagen stretch.

In Figure[5.9) it is possible to compare the final distribution of cyclic areal stretch
A®S in the computational domain for the two cases. Contrary to Case (a), by the
end of the simulation, A®S for Case (b) has mostly returned to the physiological
levels (in the range of 1.12 — 1.16) for the computational domain neighbouring the
circular aneurysmal region. The return of A®S is therefore observed closer to the
initial values for the majority of the neighbouring computational domain. Small
regions on the side of the aneurysm show a slightly elevated A®S, but those areas

are significantly reduced compared to the results of Case (a).

Figure depicts the final distribution for the normalised density of medial
collagen m](\j/lp for the two cases. This is in order to draw the attention to the differen-

tiating collagen growth for the computational domain surrounding the aneurysm,
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Figure 5.9: Comparison of the distribution in the cyclic areal stretch A®S at the end
of the simulation (z = 5 years) for growth linked (a) only to stretch and (b) also to
cyclic deformation.
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Figure 5.10: Comparison of the distribution in the normalised density of medial
collagen fibres mzc\:@, at the end of the simulation (¢ = 5 years) for growth linked (a)
only to stretch and (b) also to cyclic deformation.
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given the additional definition of A®S homeostasis related to collagen growth. Since
there is no media degradation and no evolution of the attachment stretch distribu-
tion for the adventitial collagen in the neighbouring vasculature, medial collagen
remains a key load-bearing constituent, able to grow (elastin turnover is not possi-
ble). For Case (a), growth in that area is insignificant, since the collagen stretches
do not deviate largely from the attachment values in that region. However, for Case
(b), because a significant deviation of areal cyclic stretch ACS from the initial values
is seen by Year 4 (indicated in Figure|5.7|for ¢ = 4 years), the increase in medial col-

lagen is expected. For both cases, there is a small medial growth in the aneurysmal

o

M reaches values of around
p

region; after it was prescribed to degrade until Year 4, m

1.5 in the aneurysm dome.

5.2 IMPLEMENTATION OF FSG FRAMEWORK

Following the results in the structural code for an idealised saccular aneurysm on a
cylindrical segment adjusted for the clinical case in the previous section, in this fol-
lowing section, the setup is described and the results are presented for the complete
3D FSG simulations using clinical imaging data that aim to investigate the effect of
the definition for elastin degradation linked to flow on the structural model and

G&R algorithms of aneurysm evolution.

5.2.1 Simulation and parameter overview

Simulations were performed on a 64BIT desktop PC (Intel Xeon CPU E31245 @3.3
GHZ, 16 GB RAM) running Windows 7 Enterprise. Flow was solved by ANSYS CFX
using four cores. A complete FSG simulation consisting of 500 solid steps (corre-
sponding to ten years) with the CFD performed every 10 steps takes around 6 hours.
The geometrical and physiological data (radii, lengths, initial stretches, thicknesses,
pressures and fibre orientations) for the computational domain of this set of simu-

lations are kept the same as for the previous 3D structural simulations, described in
and summarised in Table

Employing the form of the 1D simulations in Chapter 3} four phases are pre-
sented in the 3D FSG simulations in this section: (a) prescribed media degradation,
(b) remodelling, (c) stabilisation through growth and (d) further elastin degradation
linked to flow. For phase (a), the degradation of the medial constituents (elastin and
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5.2. Implementation of FSG framework

Table 5.5: Differentiating parameters for the simulation in compared to the
simulation presented in

Differentiating simulation parameters
Prescribed media degradation
Time to minimum prescribed (elastin,collagen) T 1(in years)
Minimum elastin density by time T m’% 0.5
Minimum medial collagen density by time T mg 0.5
Attachment stretch evolution (protective sheath)
Start time for evolution h 8(years)
Stop time for evolution f 10(years)
Final minimum attachment stretch /VA‘TI?Z”' n 0.95
Final maximum attachment stretch AQTI?;” 1.05
Final modal attachment stretch /lﬁTl’gzwd 1
Elastin degradation linked to flow
Maximum rate of degradation Dax 0.5
Critical low WSS (maximum degradation) Tlow—max 0.5Pa
Critical low WSS Tlow—min 7Pa
Critical high WSS Thigh—min 10Pa
Critical high WSS (maximum degradation) Thigh-max 12Pa
Time period of WSS averaging 17 5(years)

collagen fibres) were prescribed, in a similar way to with the different param-
eters presented in Table [5.5| (this table identifies the parameters in this section that
are different from the ones in ; by the end of Year 1 of the simulation, the nor-
malised densities of medial elastin m® and collagen fibres m](\j/[p has been exponen-
tially reduced to 0.5; this represents an initial small perturbation of the mechanical
arterial equilibrium that, contrary to the previous simulation in this chapter, will
be followed by further degradation linked specifically to flow. The same circular

aneurysmal area that was defined for §5.1Jlwas employed here.

For the remodelling phase (b) of the simulations, the setup of recruitment (single
value) and attachment (distribution) stretches are as per Table The evolution of
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the attachment stretch distribution is also presented, as was implemented in
in order to simulate the change of the adventitial collagen fibre group from a protec-
tive sheath to principal load-bearing constituent. However, because of the different
simulation time that is defined here and the fact that the focus lies in observing the
differences in elastin degradation depending on the definition of WSS homeostasis,
the evolution of the adventitial stretch distribution (to a 0.95 — 1.05 range) is set to

take place between Year 8 and 10 of the simulation, i.e. only at the final stage of the
simulation (the difference from §5.1]is specified in Table[5.5).

At phase (c) of the simulation, increased growth of collagen fibres is set in the ar-
terial wall (in the media and the adventitia) following the prescribed medial degra-
dation, between Year 4 (fg,1) and Year 5 (Zg,2), as was defined for the structural sim-
ulations in and parameterised in Table

For the purposes of this investigation, according to three different simu-
lations are run with the three different elastin degradation links to flow for phase (d)
of further elastin degradation linked to flow, specified by parameters in Table
This further degradation of elastin is set to begin in Year 5. Up to Year 5, those three

simulations have been identical.

* For Case 1. (spatially homogeneous and temporally non-adaptive WSS home-
ostasis), four boundaries are set (Figure ; those were chosen on the ba-
sis of literature presented in Chapter[2]and observing the haemodynamics of
the specific clinical case. These parameters imply that WSS homeostasis (and
therefore no further elastin degradation) is achieved in a range between 7 and
10Pa.

e For Case 2. (spatially heterogeneous and temporally non-adaptive WSS

homeostasis), a maximum rate of degradation D, 4, of 0.5 is set.

* For Case 3. (spatially heterogeneous and temporally adaptive WSS homeosta-
sis), the same D, is set. WSS homeostasis is then calculated by averaging
the values of WSS at each node of the specified aneurysmal circle in the com-

putational domain over the past period of Ty =5 years.

Since this is the same clinical case and the initial conditions are the same, the

material parameters are as presented in Table
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5.2.2 Results

The following FSG results, which research different hypotheses of WSS homeosta-
sis, illustrate the changing geometry and the mechanical properties of the compu-
tational domain where the aneurysmal area is identified, while the entirety of the
reconstructed artery as was indicated in Chapter [4| was used to simulate the blood
flow; an indicative image (automatically outputted from ANSYS for every ten struc-
tural steps of an FSG simulation) is shown in Figure to illustrate application of
CFD in the suggested FSG framework for the complete arterial geometry, that in-
cludes both the computational domain where the algorithms of G&R are applied,
and the neighbouring vasculature. It should be noted that, for all results, the down-
stream direction is upwards or leftwards in the depicted images. It should be men-
tioned here again that all the results present data (both contour plots and geometric

distortions) for the systolic configuration of the cylindrical artery.

5.2.2.1 Initial prescribed media degradation

As was described in the simulations for the investigation of links between
elastin degradation and flow, with a total simulation time of ten years, are initiated
by a five-year phase of prescribed degradation, remodelling and growth to illustrate
a first perturbation of the arterial geometry, given the limited knowledge on exact
reasons for the inception of aneurysms, but the evidence that the degradation of the
medial layer takes place (Kim et al.,[1992). Figure 5.12]illustrates the degradation of
the media; the prescribed degradation is the same for the elastin and the collagen
fibres of the media; however, past the first year of prescribed degradation, medial
collagen is not further degraded, but is allowed to grow, according to the hypothe-
ses (see Figure[5.15/below). Consequently, what is shown in the image (for the first
two time points, ¢ = 0 and ¢ = 1 year) applies for the normalised density of either
the medial elastin (mF) or collagen (m]%p) fibres. The prescribed degradation is ap-
plied symmetrically and reaches its minimum (0.5) by the end of the first year. The
prescribed circular degradation area within the inner radius can be observed, where
the minimum normalised density of the medial constituents is found and it gradu-
ally increases from the inner to the outer radius of the circular area, for the smooth
transition within the computational domain. Following the first year of prescribed
degradation and by the end of the first five years, a perturbation of the cylindrical

geometry is in fact observed.
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Figure 5.11: Automated output image from ANSYS depicting the distribution of WSS
in the entirety of the clinical arterial geometry (computational domain of aneurysm
indicated by the orange frame as well as neighbouring vasculature) for the purposes
of the FSG framework of aneurysm evolution.
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Figure 5.12: Spatial distribution of the evolution in the prescribed normalised me-
dial elastin mF and in the aneurysmal geometry, where ¢ = 0,1,3,5 years for the first
stage of the clinical case FSG simulation (linked to flow). By the end of Year 1, the
normalised densities of the medial constituents have reached a minimum of 0.5 and
the geometry continues to increase by the end of five years.

Figure depicts the evolution of the collagen stretches for the positively
wound fibres in the media (/11%), as a representation of the collagen stretches dur-
ing the initial period of prescribed degradation. It can be observed that, at the be-
ginning of the simulation, the value of the stretches in the computational domain
is at the set attachment level (of 1.07), but as the media degrades and the elastin
circumferential stretch increases, the collagen stretches expectedly increase as well
over attachment levels. Due to the remodelling hypothesis, collagen fibres recon-
figure themselves in order to return stretches at attachment levels and it can be ob-
served that, by the end of the five years, stretches have essentially return to the 1.07

homeostatic value.

Similarly for the adventitial collagen fibres, in Figure[5.14} the evolution of pos-
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Figure 5.13: Spatial distribution of the evolution in the stretch of positively wound
medial collagen fibres /1 x where 1 =0,1,2,3,4,5 years for the first stage of the clin-
ical case FSG 81mulat10n (hnked to flow). Those stretches initially increase from the
homeostatic values as the media is prescribed to degrade, but towards the end of
the five years, return towards the initial attachment stretch value of 1.07.

itively wound adventitial collagen fibre stretches is observed. Since a distribution
for the recruitment and attachment stretches of the adventitial collagen have been
defined, following the analysis Chapter the evolution of the maximum /li |max
minimum Ai |min and modal Ai |mod yalues for the adventitial collagen stretches
are depicted. They initially increase and deviate from the the prescribed attachment
stretch distribution (with a defined range between 0.9 and 1 and a modal value of
0.95), but eventually return to homeostatic levels through the remodelling of the
recruitment stretches. For this stage of the simulation, the attachment stretch dis-
tribution has not evolved yet and, therefore, the final values of the stretches are the

same as the initial ones.

Figure[5.15|depicts the evolution of the normalised densities for the medial m
(Figure 5.15|(1)) and adventitial mgp (Figure [5. |(11)) collagen. For the medial col-
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Figure 5.14: Spatial distribution of the evolution in the (i) maximum, (ii) minimum
and (iii) modal stretch of positively wound adventitial collagen fibres, Ailm‘“‘,

)Li |™in and )Li |mod respectively, where ¢ = 0,1,3,5years for the first stage of the
clinical case FSG simulation (linked to flow). Stretches increase, initially deviating
from attachment levels while the geometry is perturbed from the media degrada-
tion and return to the homeostatic range of the attachment distribution by the end
of the five years.
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Figure 5.15: Spatial distribution of the evolution in the (i) medial and (ii) adventi-
tial collagen normalised mass density, ml?/f,, and mgp respectively, where £ =0,1,3,5

years for the first stage of the clinical case FSG simulation (linked to flow). Medial
collagen degrades as part of the initial prescribed media degradation, but is allowed
to subsequently grow; by the end of the five years, there is a small increase. For the
adventitial collagen steady growth is observed, increasing during the fifth year.

lagen, an initial degradation is prescribed down to a minimum normalised density
value of 0.5, but collagen is able to grow again and it is possible to see that, by the
end of Year 5, there is a small increase in the circular area of prescribed degradation.
For the adventitial collagen, it is observed that, as the medial constituents degrade
and the collagen stretches increase, growth does take place. Especially between Year
4 and Year 5 a marginally bigger increase can be noticed, which is expected as an in-
creased growth switch is set for that period (§5.2.1).

The next section shows the observations from linking further elastin degradation
to flow and, specifically, deviations of WSS from homeostatic levels, as overviewed
in Therefore, it is important to observe changes in the WSS distribution dur-
ing the first period of the simulation, before the onset of further degradation. Fig-

168

Modelling the mechanobiological evolution of aneurysms



Aikaterini Mandaltsi 5.2. Implementation of FSG framework

WSS (Pa)

14
13
12
11
10

w0

=N WA OO~ 0

t=0 t=5

Figure 5.16: Spatial distribution of WSS, where ¢ = 0,5 years for the first stage of the
clinical case FSG simulation (linked to flow). At the end of Year 5, there is a WSS
decrease in the upstream section a smaller increase in the downstream section of
the aneurysmal area, where the prescribed degradation is applied.

ure illustrates the WSS distribution at the beginning and the end of the first
five-year period. It can be observed that, at the beginning of the simulation, the
WSS in the area where the media degradation is prescribed, is relatively uniform and
around 8Pa. By the end of the five-year period of prescribed medial degradation, re-
modelling and growth, the following observations can be noticed: (a) a decrease in
the WSS on the upstream section of the aneurysmal area (of around 3 — 6Pa) as well
as (b)a smaller increase in a smaller part of the downstream section of the aneurys-

mal area (of around 2Pa).

5.2.2.2 Elastin degradation linked to flow

Following the initial five-year phase of prescribed elastin degradation, Figure 5.17|
illustrates the differentiation in growth at the end of the ten-year simulation, for the
three definitions of WSS homeostasis (spatially homogenous and temporally non-
adaptive, spatially heterogeneous and temporally non-adaptive and spatially het-
erogeneous and temporally adaptive). A common characteristic among the three
cases is the asymmetry in increased growth towards the upstream section. However,

Case 1. also shows an increased growth in the downstream section. Case 2. appears
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Case 1. Case 2. Case 3.

Figure 5.17: Aneurysm growth for three cases of elastin degradation linked to flow.
WSS homeostatic threshold is for Case: 1. spatially homogeneous and temporally
non-adaptive, 2. spatially heterogeneous and temporally non-adaptive and 3. spa-
tially heterogeneous and temporally adaptive. The arrow indicates that the direc-
tion of the blood flow is leftwards. The images of aneurysm growth are depicting
the end of the ten-year FSG simulation. Growth appears greatest for Case 1. and
2. with a similar increased growth upstream of the aneurysmal area. Case 1. also
shows small growth on the downstream section. Case 3. shows very small asym-
metric growth.

to have the largest general growth, with Case 1. marginally smaller, whereas Case
3. shows only a small growth past the growth which was the result of the prescribed

degradation of the first simulation stage.

For the closer understanding of the differentiations between the defined cases,
Figure summarises the evolution of the medial elastin normalised density m”
for each case, from Year 6 to Year 10, i.e. the end of the simulation. As expected
from observing growth in Figure[5.17} the density of medial elastin for Case 1. and 2.
has dramatically decreased in most of the upstream section of the aneurysmal area,
reaching a value of around 0.1 for most of the defined aneurysmal area. The same
maximum elastin degradation is seen in Case 3. only for a small upstream strip. The
general pattern of degradation, however, differs between Case 1. and 2., as it must
be noted that for Case 1. there is an extra area of equal maximum degradation on

the downstream boundary of the aneurysmal area.

Figure exhibits elastin degradation for Case 1. by illustrating the WSS dis-
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Figure 5.18: Spatial distribution of normalised elastin degradation for three cases of
elastin degradation linked to flow. WSS homeostatic threshold is for Case: 1. spa-
tially homogeneous and temporally non-adaptive, 2. spatially heterogeneous and
temporally non-adaptive and 3. spatially heterogeneous and temporally adaptive.
The FSG evolution of elastin degradation is illustrated here for ¢ = 6,7,8,9, 10 years.
The pattern of degradation in the upstream section for Case 1. and 2. is very simi-
lar, with Case 1. also showing minimum degradation on a small upstream section.
Further degradation in Case 1. appears in a small upstream section.
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Figure 5.19: Investigation for Case 1.: spatially homogeneous and temporally non-
adaptive WSS threshold for elastin degradation; (i) WSS distribution and (ii) WSS
degradation factor Fp, for ¢t = 8,9, 10 years. Deviations of WSS from the homeostatic
range (both higher and lower stresses) for this case drive elastin degradation in the
upstream and downstream sections.

tribution alongside the degradation factor Fp, introduced in Chapter[4} for the final
two years of the simulation. For this case, degradation (0 < Fp < 1) was defined for
WSS deviating from the homogeneous, non-adaptive range of 7 — 10Pa. WSS can
therefore be matched with the degradation. It should be noticed that in Year 8, the
lower WSS in the upstream section drive the majority of the degradation; however,
as the geometry further enlarges, WSS in that region tends towards the initial levels
and, as a consequence, degradation reduces. On the other hand, it is only towards
the end of the simulation that the increase in the downstream section and a much

higher degradation (Fp close to 1) is seen.

Similarly for Case 2., Figure illustrates WSS distribution and degradation
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WSS (Pa)

Figure 5.20: Investigation for case 2.: spatially heterogeneous and temporally non-
adaptive WSS threshold for elastin degradation; (i) WSS distribution and (ii) WSS
degradation factor Fp for t = 8,9, 10 years. Deviations of WSS from homeostatic val-
ues (WSS distribution at ¢ = 0) for this case drive elastin degradation in the upstream
section.

factor, given the definition of WSS homeostasis is the initial £ = 0 WSS configuration
for each node, and so it is characterised as spatially heterogeneous, but temporally
non-adaptive. The similarities with Case 1. in the downstream section are clarified
by observing the initial decrease of WSS from homeostatic levels and eventual in-
crease back towards the initial levels of WSS for most of the computational domain.
Since it is only low WSS that drives degradation, Fp remains 0 in the downstream

section.

Finally, for Case 3., WSS homeostasis was defined as the average of WSS at each
node over the previous five years. In Figure the evolution for the homeostatic
WSS, alongside WSS distribution and the degradation factor Fp, are observed. It can
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Figure 5.21: Investigation for case 3.: spatially heterogeneous and temporally adap-
tive WSS threshold for elastin degradation; (i) WSS distribution, (ii) homeostatic
WSS and (iii) WSS degradation factor Fp for £ = 8,9, 10 years. Deviations from home-
ostatic values (average WSS over the past five years) for this case drive a small elastin
degradation in the upstream section.

be observed that elastin degradation is greater around Year 8 of the simulation, as
the deviations of WSS from homeostatic levels are greater. However, homeostatic
WSS towards the end of the simulation is updated to follow the evolution in WSS
and the smaller deviations from homeostasis lead to an insignificant current degra-
dation by Year 10.

5.3 DISCUSSION

The investigations in this chapter aimed to improve our knowledge on the
mechanobiological links in degradation and growth during arterial aneurysm

growth. Cyclic stretch related collagen growth and flow linked elastin degrada-
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tion enabled the possibilities of exploring more explicit representations of arterial
mechanotransduction. Additionally, the fact that the simulations were informed
and calibrated by the available experimental data allowed a unique comparison
for examining these hypotheses. The structural simulations of resulted in
aneurysm thickness targets comparable to the aneurysmal tissue measurements
under physiological levels of cyclic deformation in the domain, and the FSG simu-
lations of utilising the 3D clinical aneurysmal and surrounding arterial geom-
etry, explored different definitions of WSS homeostasis to conclude that they can
have an effect on the profile of geometric aneurysmal distortion and therefore on

the question of the reasons behind a growing versus a stable aneurysm.

A crucial aspect of the 3D investigations looking into this specific clinical
aneurysm case for this chapter has been the consistency between the 1D and 3D
models (refer back to Figure[3.1). It can be seen from the results in Figure[5.5 that a
target aneurysm remodelled thickness of approximately 0.11mm has been achieved
that is comparable to the 0.11 — 0.13 range predicted in Chapter 3| This range is
the same within the aneurysmal area for the case of cyclic stretch based collagen
growth, since the medial (Figure[5.10) and adventitial collagen growth for both cases
are the same (growth in that area is dominated by deviations of collagen stretches
from attachment levels). This consistency between the results strengthens the relia-
bility of the model’s assumption on the distribution of attachment stretch distribu-
tion and its evolution, which was informed by the 1D analysis. With respect to the
estimated cyclic stretch magnitudes, the 3D model predicts an ultimate reduction
from initial values of 1.1 to a lower range around 1.01 (Figure[5.9), following a similar
path to that observed in the 1D growth model (Chapter[3). The increased adventitial
collagen mass density is noted to have reached a normalised value of 10 at the end
of the 3D structural simulations, which falls within the range of the approximations
for spherical and cylindrical configurations in 1D (Eqn. (3.9)), as well as for some
of the cases from the growth model in Chapter 3} which account for a final maxi-
mum attachment stretch closer to 1.05, which is the chosen assumption in the 3D
model. Cauchy stresses o, accounting for remodelled thickness, in 3D (Figure
can also be examined in parallel with the 1D calculations (Figure[3.19). 1D Cauchy
stresses are slightly more elevated than in 3D estimations, although within a rea-
sonable range and, in both cases, illustrating the changes in thickness and elastin

strains as the media degrades, the geometry distorts and the adventitia comes into

play.
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Such observations of consistencies between the two investigations allowed the
3D studies in this chapter to develop new approaches to arterial homeostatic
states. For the structural model simulations, the analysis presented an additional
mechanobiologically significant definition of arterial homeostasis. The effect of
cyclic deformation on the mechanobiology of healthy and diseased arterial tissue
has been in the centre of a wide range of research. |Leung et al.| (1977) investigated
the modulation of cellular response by mechanical load and specifically identified
that increased collagen synthesis can be observed due to cyclic stretching, also pro-
posed by [Scapino et al. (1996). Cyclic physiological stretching is essential for the
normal structure and function of vascular cells (Kanda and Matsudal,|1994) and rel-
evant experimental backing has been conducted on rabbit abdominal aortic tissue
(Courtman et al.,|1998). Even though there has been a lot of research directed to un-
derstanding and testing hypotheses relating mechanical loading (including cyclic
strains) and signalling pathways related to function, dysfunction, and remodelling
within the arterial wall (Humphrey, 2002). However, the details of mechanotrans-
duction on tissue, cellular or molecular level related to cellular growth, migration,
and survival are still not clearly understood (Lee and Sumpio} 2004). Experimental
studies in this area have often focused on the effects of cyclic strains on the reg-
ulation of MMPs (crucial matrix-degrading enzymes which are related to vascular
remodelling) (Neidlinger-Wilke et al. (2002), von Offenberg Sweeney et al. (2004)).
Relevant experiments examine the potential disruption in the interaction between
ECs and ECM due to hypothesised changes in cyclic stretch induced changes in the
expression of MMPs. The importance of the endothelium as the signalling link be-
tween the mechanical environment of the blood flow and the underlying effector
vascular cells (fibroblasts, SMCs) becomes especially relevant in this research (Cum-
mins et al.,|2007), for the normal as well as the pathological functioning of the arte-
rial wall. Cyclic pressure has been seen to affect EC proliferation and apoptosis (on
the human umbilical vein endothelium, (Shin et al., 2002)). Further research (Gupta
and Grande-Allen| (2006) ,Matsumoto and Nagayama (2012)) looked into the ability
of vascular cells to sense the change in mechanical strains and adapt the expression
and synthesis of important ECM molecules as well as the effect of this ability on the

cytoskeletal networks.

The incorporation of the cyclic deformation based collagen growth law helped
with the illustration of the efficacy of introducing the impact of cyclic areal stretch

to collagen growth in maintaining tissue homeostasis in the entirety of the geomet-
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rical domain around the aneurysm. This appears as a particularly crucial point for
the modelling of intracranial (saccular aneurysms), as opposed to abdominal aor-
tic aneurysms, which are characterised by a fusiform enlargement and therefore the
aneurysmal medial degradation would take place in the whole of the computational
domain (as was modelled in|Aparicio et al. (2014)). The cyclic stretch based growth
stipulation in that study, which was multiplicative to the total collagen growth equa-
tion, would not have captured the deviation of areal cyclic stretch from homeosta-
sis, since collagen stretches in the immediately neighbouring area to the saccular
intracranial aneurysms are at homeostatic levels for the duration of the simulation.
The study therefore raises interesting questions and opens the possibility for further
research into the G&R behaviour of the arterial tissue immediately surrounding sac-
cular aneurysms, as the response to the changing mechanical environment in the

progression of aneurysm disease.

With the guidance from the structural 3D simulations and taking advantage of
the in vivo 3D aneurysm and arterial geometry, a link between the blood flow me-
chanical environment and the progression of aneurysm disease was investigated,
by linking elastin degradation to deviations of local WSS from homeostatic values

and exploring different definitions of WSS homeostasis.

Instead of assuming a constant homeostatic WSS throughout the arterial tree,
mechanical homeostasis was examined by defining a spatially heterogeneous and
temporally adaptive homeostatic WSS, and linked the degradation of elastin to de-
viations of WSS from the defined homeostatic values. An additional reason for fo-
cusing on the concept of mechanical homeostasis is the research interest in quan-
tifying the effect of exercise in cardiovascular health (Bowker et al., 2010). Certain
haemodynamic events (increased blood flow and heart rate, elimination of flow re-
versal and of areas of low WSS (Taylor et al.,|1999) which alter during exercise may
be linked to reducing the risk of vascular disease. This hypothesis can be translated
to the context of homeostasis; the range of WSS values that the ECs are exposed to
and the frequency with which they are exposed to certain WSS values may influence
how homeostatic conditions are defined, and hence how the endothelium adaptive

responses differ, temporally, spatially and between subjects.

Computational fluid dynamic analyses of the vasculature illustrate that the WSS
is spatially heterogeneous within the vasculature tree. Hence, it is perhaps not so

surprising (returning to the point initially examined in Chapter |2) that EC phe-
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notypes display heterogeneity in both structure and function in the vascular tree
(Davies| (2009), |Aird (2008)). Several recent articles by Aird (see Aird| (2005) |Aird
(2006), Regan and Aird| (2012)) suggest that this heterogeneity is the result of both
nature and nurture, namely of both the epigenetics and the environment. It rep-
resents a balance between stability and plasticity in gene expression and pheno-
type and enables the ECs to adapt and function in different environments within
the vasculature. Given the plasticity of ECs, it is believed that it may be benefi-
cial to keep in mind that homeostatic values could potentially be both spatially
heterogeneous and temporally adaptive. Mathematical models of arterial adaption
in response to altered flow or pressure often utilise conceptual cylindrical geome-
tries to represent the artery, and thus, it is not necessary for the definition of the
homeostatic WSS to take into account spatial heterogeneity in the magnitude. For
instance, a mean WSS of 1.5 Pa is typically taken to be representative for large ar-
teries (Rachev and Hayashi (1999), |Gleason et al.| (2004), Gleason and Humphrey
(2004), Gleason and Humphrey (2007), |Figueroa et al. (2009)) whereas Valentin and
Humphrey (2009b), Valentin and Humphrey| (2009a) utilise 5.06 Pa for WSS home-
ostasis for a mature basilar artery. For more complex geometries, the WSS dis-
tribution is nonuniform. Until this investigation (and the equivalent one for ab-
dominal aortic aneurysms in |Aparicio et al.| (2014)), homeostatic WSS magnitudes
utilised in FSG models have been constant, for example, the following thresholds
were adopted for driving elastin degradation in recent FSG models of aneurysm
evolution: WSS less than 2 Pa (Watton et al.| (2009a), Watton et al. (2011a)); WSS
less than 0.8 Pa (Zeinali-Davarani et al., 2011).

In the presented simulations, for cases (a), for a homogeneous and non-
adaptive, and (b), for a heterogeneous and non-adaptive WSS homeostatic defini-
tion, elastin degradation and aneurysm growth appears very similar. This is largely
due to the relatively homogeneous WSS field of this specific computational domain
and the fact that the boundaries of WSS homeostasis of Case (a), even though ho-
mogeneous and non-adaptive, were chosen on the basis of observations from the
specific geometry. This is an update from models so far which have mostly used
spatially and temporally uniform WSS thresholds. A difference is noted for Case
(a), where there is an initial predilection in the upstream direction, then an out-
pouching on the downstream surface, due to the links of elastin degradation with
both high and low WSS thresholds. When compared to the clinical geometry which
has a strong inclination towards the downstream face, this result simply illustrates
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that the factor for aneurysmal growth might not be solely dependent on the com-
monly suggested WSS distributions and that it should be carefully considered what
mechanical homeostasis might mean for healthy and diseased states and how to
adapt the definition for each specific aneurysm case. This is further observed in
Case (c), where employing a temporally and spatially adaptive WSS homeostasis
does not result in significant elastin degradation and aneurysm growth. Those pre-
liminary quantitative links between CFD and arterial structural modelling assist in
incorporating in the computational model the known ability of the endothelium to
adapt to changing conditions, and opens the discussion to investigate the difference
between health and disease in terms of 'nature vs. nurture’ for the endothelium. Of
course, the link in this study is only tentative. The endothelium will need to be de-
scribed and represented much more explicitly, in terms of its functionality under

physiological and pathophysiological conditions.

For the specific clinical case investigated in this chapter, it is known that the
patient’s unruptured aneurysm was treated with surgical clipping. The tissue exam-
ined here was acquired during that procedure. Due to the decision on treatment at
that stage, it is not possible to establish whether that specific aneurysm was indeed
unstable or whether a more conservative clinical management for this young and
generally healthy individual could have been recommended. Given that the ulti-
mate aim of the research is to understand and predict in silico (and with the help
from experimental data) whether an aneurysm would stabilise or not, it is difficult
to state how closely our predicted aneurysms follow the specific case in that respect.
However, introducing the mechanisms of aneurysm stabilisation through G&R can
further help with identifying important mechanobiological characteristics of arte-
rial homeostasis which could eventually distinguish between stable and unstable

aneurysms.

There are certain limitations in the FSG framework presented in this chapter.
The resulting simulated 3D images of developed aneurysms do not adequately rep-
resent the incredibly complex geometry of the clinical saccular aneurysm. A re-
striction for a close geometrical representation is the current inability of the com-
putational domain’s mesh to adapt under the large deformations required. Even
though the choice of material parameters is based on biologically founded assump-
tions either on the physiological distribution of load between the media and the

adventitia or direct approximations from in vitro data (as was the case for the ad-
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ventitial collagen material parameter), the rate parameters for the G&R differential
equations were not directly driven from biological knowledge. The 3D models in
this chapter simulated aneurysm evolution by presenting distinct phases for degra-
dation, remodelling and growth, which are not necessarily physiological; however,
they contributed to the understanding of the G&R hypotheses and focused on the

examination of the initial and final steady states.

5.4 CONCLUSIONS

In this chapter, a 3D analysis of aneurysm evolution has been completed for the
specific clinical case, initially presented in Chapter[3|for the 1D analysis which pro-
vided estimations for the healthy arterial dimensions and the behaviour of the ad-
ventitia in the aneurysmal tissue, in terms of its material parameter and the final
attachment stretch distribution. A full structural simulation incorporated the con-
cept of a cyclic stretch homeostasis and linked it with the collagen growth, so it is
possible to investigate the evolving behaviour of collagen in the aneurysmal and
immediately surrounding area. An entire FSG simulation for the same clinical case
was conducted to examine the hypothesis for WSS homeostasis and its link with
elastin degradation. The evaluations of the remodelled aneurysm thickness and
cyclic stretch magnitude created the basis for an interactive investigation between
the 1D and 3D studies, reinforcing a strong modelling framework that takes full ad-
vantage of the available clinical and experimental data. Following the modelling
methodology and framework presented so far, the next chapter investigates the ef-
fect of pulsatile flow in the FSG framework and suggests ways to introduce pulsatile

metrics in the G&R hypotheses.
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CHAPTER

PULSATILE FLOW IN FSG OF RABBIT
ANEURYSM STUDY

Following the FSG simulations in the previous chapter for the clinical case, the FSG
framework is applied to the rabbit aneurysm geometry, introduced in Chapter[d] As
specific boundary pulsatile flow conditions are provided, experimentally calculated
for the rabbit aneurysm case, there is a strong motivation to investigate the effect of
pulsatile flow on the computational modelling. The distribution of the average WSS
vectors and of a pulsatile flow index that determines the variation in the direction
of the WSS vector over the cardiac cycle (oscillatory shear index, OSI) is investigated
for the reconstructured rabbit RCCA (¢ = 0 configuration, immediately after liga-
tion) and the parent vessel. This index has been used before for the investigation
of correlations between pulsatile haemodynamics and atherogenesis (Cebral et al.,
2002) as well as IA rupture (Omodaka et al.}, 2012). An illustrative FSG simulation is
conducted on the occluded rabbit RCCA with a primary geometric distortion from
the reconstructed configuration post-ligation, in order to focus on the growth of the
observed secondary aneurysm at the distal lower part of the RCCA. An investigatory
link between elastin degradation and OSI is proposed, and ways to further develop
the integration of pulsatile flow modelling in the FSG computational framework are

suggested.
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6.1 SIMULATION SET UP

(i)

Figure 6.1: (i) Experimental rabbit aneurysm geometry, (ii) smoothed aneurysm ge-
ometry to represent rabbit RCCA without secondary growth (only primary branch
geometric distortion), (iii) RCCA reconstruction immediately after ligation to repre-
sent the initial arterial geometry immediately after ligation, (iv) RCCA reconstruc-
tion to represent RCCA with primary distortion (and no secondary distal growth).

The rabbit aneurysm geometry is revisited in Figure[6.1|(i). As observed in Chap-
ter[4} apart from the general distortion of the arterial branch of RCCA, a secondary
growth can also be noticed at the distal area close to the neck of the RCCA. The
flow conditions are investigated in that specific area at the reconstructed vessel,
as well as in a geometrical configuration that represents the aneurysmal arterial

branch with a primary geometrical distortion but no secondary growth yet. This
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is displayed in Figure [6.1{ii). The area around the secondary aneurysm growth was
smoothed, using an automated tool on @neufuse, for illustration purposes. The ge-
ometry that is considered to represent the initial state (based on the dimensions of
the neighbouring LCCA) was reconstructed in §4.4/and can be seen in Figurel6.1(iii).
In addition the vessel reconstruction procedure is repeated to create an arterial
branch with a cylindrical radius representing the elastase-induced aneurysm RCCA
without secondary growth, the result of which is seen in Figure [6.1](iv). Approxi-
mated radii along the RCCA from the smoothed geometry in Figure [6.1{ii) assisted
in the choice for the radius of the reconstructed vessel. The radii for the arterial
branches (that define the computational domain) in the state immediately after lig-
ation and the state of primary distortion are summarised in Table The orienta-
tion of the computational domain (determined by the outlet boundary plane of the
connecting region between the parent vessel and the arterial branch) was kept the
same between the two reconstructed geometries, as was the length of the computa-

tional domain’s cylinder.

Table 6.1: Choice of radii for reconstructed RCCA with and without primary geo-
metric distortion.

Radii of reconstructed rabbit RCCA

Post-ligation state (no distortion) 1.5mm

Primary distortion (no secondary growth) || 2.5mm

For the specific rabbit aneurysm case, there are in vivo experimentally calcu-
lated velocities for the arterial outlets (§4.4). Calculating the cross-sectional areas of
the outlets (on ANSYS ICEM), we set mass flow rates for the pulsatile outlet bound-
ary conditions. These boundary conditions are utilised to run a pulsatile flow simu-
lation on the reconstructed initial geometry (average boundary conditions render a
steady simulation result that was used as an initial guess for the solution of pulsatile
flow dynamics; for further information, see Appendix|C] The pulsatile flow index of
OSI (Ku et al.,|1985) is chosen to investigate the variations of haemodynamics over

the cardiac cycle in the whole of the rabbit geometry. OSI is defined as:

1 ||
031:5{1——}, 6.1)

Tav
where tg is the WSS vector (defined by subtracting the normal component of the

traction force vector from itself) and ¢ is then the average WSS vector, calculated
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as:

1 T
ts=— | tdt, 6.2
s=T fo s (6.2)
where T is the period of the cardiac cycle. Additionally, 7,, is the time averaged

value for the magnitude of t5, denoted as 7 and is simply calculated as follows:

1 T
Tar=7 fo vdt, 6.3)

According to those definitions, it can be concluded that a value of 0 for OSI im-
plies unidirectional WSS, while 0.5 implies WSS with a time-average of zero, and
values in between indicate that the direction of the WSS vector changes during the

cardiac cycle.

Figure[6.2shows the results of the pulsatile flow simulation for the reconstructed
rabbit arterial geometry, illustrating the RCCA immediately after ligation. The WSS
vectors are also displayed in Figure (i). It is noted that within the arterial branch
the average WSS vectors follow a relatively uniform direction helically surrounding
the cylindrical arterial branch (and their magnitude is relatively lower than in the
downstream parent vessel). In Figure (ii) the distribution of OSI is examined,
which helps to indicate the change in direction of the instantaneous WSS vector
from its time averaged value, i.e. the variation of WSS vector direction over the car-
diac cycle. Areas of higher OSI are observed towards the top of the RCCA (around
0.25) with the highest being at the very top of the dome (up to 0.4). Such high val-
ues of OSI have been associated with low WSS as potential simultaneous factors in
aneurysm rupture (Tomohiro et al.[ (2012), Isoda et al.| (2010), Xiang et al.| (2010)).
However, an additional area of high OSI is observed in the distal area close to the
neck of the arterial branch (reaching values of around 0.3), where the secondary
aneurysm 'bulge’ in the rabbit geometry is noticed. This supports the idea of a di-
rect correlation between high OSI and secondary aneurysm growth for which there
is currently only limited experimental evidence; the pulsatile flow haemodynamics
is now incorporated into our FSG computational modelling framework to further

investigate this secondary aneurysmal growth.

The next step involved applying the FSG framework, as was presented in Chap-
ter[4 (the geometrical and physiological data are summarised in Table[6.2), updated
to run a pulsatile CFD solution for each step of the modelling framework cycle
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Table 6.2: Geometry and physiological data for the 3D FSG simulation of the rabbit
aneurysm case.

Geometry and Physiological Data

Radlii
Unloaded (reference configuration) R 2.5mm
Systolic (£ =0) rs=AgR | 3.125mm
Lengths
Loaded axial (¢ = 0) l 9.3mm
Unloaded axial (reference configuration) L, = /1% 7.15mm
Unloaded radial (reference configuration) | L, =2zR | 15.7mm

Stretches (Kroon and Holzapfel, 2009)

Systolic (£ =0) Ao 1.25

Axial A 1.3

Cyclic (1 =0) A% 1.1
Pressures (Watton and H111:2009)

Systolic Pgys 16kPa

Diastolic Piia 10.67kPa

Unloaded thicknesses (t = 0) (Holzapfel et al., 2000)

Total H=1iR | 0.5mm
Medial Hy=%H | 0.333mm
Adventitial Hy= %H 0.167mm

Fibre orientation (unloaded configuration) (Schriefl et al., 2012b)

Media YMm 30°

Protective sheath (adventitia) Ya 60°
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Figure 6.2: WSS vectors and OSI evolution for pulsatile simlation in rabbit aneurysm

model (reconstructed geometry).

Table 6.3: Parameters to define prescribed media degradation and OSI drivern
elastin degradation for the 3D FSG simulations of the rabbit aneurysm case.

Parameters for degradation

Media prescribed degradation
Time to minimum prescribed (elastin,collagen) T 0.5(in years)
Minimum elastin density by time T m’% 0.5
Minimum medial collagen density by time T mg 0.5

OSI driven elastin degradation
Low threshold for degradation OSI;ow 0.1
Upper threshold for maximum degradation OSTiax 0.2
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Table 6.4: Growth and remodelling and material parameters for the 3D FSG simula-
tion of the rabbit aneurysm case.

G&R and material parameters

Recruitment rate parameters

Media ay, | 0.01(years™")

Protective sheath (adventitia) @a, | 0.01(years™ 1
Growth rate parameters

Media p M, | 0.1 (years_l)

Protective sheath (adventitia) Ba, | 0.1 (years™})
Material parameters

Medial elastin KE 133.8kPa

Medial collagen KAC/[ 1.96kPa

Collagen (protective sheath, adventitia) Kg 10MPa

(with an accompanying steady flow simulation solved and its result used as an ini-
tial guess for the pulsatile CFD simulation). For the purposes of the illustrative set
up, elastin and medial collagen mass density are initially prescribed to 0.5 for the
first half year of the simulation, defined within a circular area where the secondary
aneurysm is located and indicated in Figure [6.1]i) (factors of the cylinder’s radius
in the unloaded configuration were defined with values of 0.7 and 0.8 in order to
determine the inner and outer radius of the circular degradation area respectively):
prescribed degradation is defined in Table Following the first half year of the
simulation, a link between elastin degradation and high OSI values is illustratively

proposed for this specified area.
The definition of the degradation factor from Chapter[4]is used:

omE

S = ~FoDmaxn® (6.4)

The degradation factor is subsequently defined to linearly increase from 0 (no

degradation) for low values of OSI to 1 (maximum degradation):
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0 OSI < OSIjy
Fp(OSI(64,0s,1) = ()S‘)I'Srrz"—‘f‘j{égw OSI1p1 < OSI < OSIpmax (6.5)
1 OSI= OSImax

The physiological threshold for OSI is taken to be 0.2, suggested in Glor et al.
(2004), as an indicative value above which EC damage is thought to be initiated.
The thresholds for the OSI driven elastin degradation are determined in Table
Since the focus of this simulation is to display the implementation of pulsatile flow
in the proposed FSG framework and observe the evolution of OSI in the evolving
secondary aneurysm geometry, the focus does not lie on the G&R algorithms, which
were the subject of investigation in Chapter [5| (the initial recruitment and attach-
ment stretches for medial and adventitial collagen fibres follow Table[5.3). G&R is set
low with rate parameter values of 0.01 and 0.1 respectively and material parameters
are calculated similarly to Chapter [5] (these parameters are outlined in Table [6.4).
For the duration of the presented simulation, the adaption of the adventitial col-
lagen attachment distribution is not represented. It should be noted that the t=0
reference configuration for this simulation refers to an already distorted geometry
and following an initial dilation, the focus lies on a more local weakening of the ar-

terial wall.

Simulations were performed on a 64BIT desktop PC (Intel Xeon CPU E31245
@3.3 GHZ, 16 GB RAM) running Windows 7 Enterprise. A complete 3D FSG sim-
ulation consisting of 200 solid steps (corresponding to five years), with structural

and CFD data collected every 10 steps, takes approximately seven hours.

6.2 RESULTS

Figure[6.3|shows the evolution of the average WSS vectors (Figure[6.3|i)) and of OSI
(Figure|6.3(ii), illustrated for every year of the simulation. The flow is low within the
arterial branch compared to the parent vessel and there is a change in the pattern of
the OS], as the secondary aneurysm develops at the distal side of the arterial branch.
OSl is high at the distal side of the whole RCCA (approximately 0.3) at the beginning
of the simulation and subsequently there is a decrease around the area of the devel-
oping secondary aneurysm (¢ = 1 to ¢ = 4). By the end of the simulation, it has again

increased slightly, to a value of around 0.25 in the aneurysmal area. OSI at the dome
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6.2. Results
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Figure 6.3: Spatial distribution of the evolution in WSS vectors and OSI for a pulsatile
FSG simulation in a rabbit aneurysm model, where t =0, 1,2, 3,4 years.
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Figure 6.4: Spatial distribution in the degradation factor Fp and normalised mass
density of elastin m* for a pulsatile FSG simulation of a rabbit aneurysm model.
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of the RCCA remains constantly high, in the range of 0.3 to 0.5, throughout the sim-
ulation. Additionally, observing the magnitude of WSS vectors in Figure [6.3](i), this

is confirmed to be a region of low flow (WSS) along the arterial branch.

The direction of the flow is depicted upwards in the results of the computational
domain presented. Figure illustrates in parallel the evolution of the degrada-
tion factor Fp that is determined by current values of OSI (Eqn. (6.5)) and of the

E around the area of defined sec-

resulting normalised density of elastin fibres m
ondary growth along the computational domain, for every year of the simulation.
The pattern of degradation changes in the course of the years and a patch of high or
maximum (Fp = 1) degradation is noticed at the bottom of the aneurysm (closest to
the parent vessel) at ¢ = 2 years migrating towards the upper part of the secondary
aneurysm by the end of the simulation. Accordingly, the degradation of m* can be
observed: during the first year of the simulation, elastin degrades to 0.5 and from
then onwards, there is gradual decrease in the density in the whole of the defined
aneurysm area, reduced to approximately 0.35 by the end of the simulation (with an

area at the top left of the the aneurysm of even lower density at a value of 0.15).

6.3 DISCUSSION

The motivation behind this illustrative study is the incorporation of the experimen-
tally calculated boundary pulsatile flow conditions in the proposed FSG computa-
tional framework. This more realistic and case-specific representation of arterial
haemodynamics helps us think about the potential links between pulsatile flow and
the biology of the arterial wall. Several CFD studies have inspected the role of WSS
vectors and OSI: with relation to atherogenesis (Cebral et al. (2002), Birchall et al.
(2006)) as well as aneurysms (IAs; Isoda et al.| (2010), Omodaka et al.| (2012), and
AAAs; (Les et al., 2010)). It has been proposed that low WSS and high OSI can lead
to an upregulation of the endothelial surface adhesion molecules, causing dysfunc-
tion to the flow-induced nitrous oxide, which results in increased permeability of
the endothelium and can in turn promote atherogenesis, inflammatory cell infiltra-
tion and intimal dysplasia ((Nixon et al.,|2010), (Malek et al., 1999)). This cascade
of mechanobiological events results in the weakening of the wall which can also
increase the risk of rupture. This study manages to reflect well on the actual pro-
gression of the disease in the rabbit, especially in terms of the geometric change of
the observed secondary aneurysm growth. It should be noted that even though in
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the presented aneurysm geometry there are other areas of high OSI (for example
the dome of the occluded arterial branch), no further aneurysm growth is observed
in those locations. Due to the illustration purposes of this simulation focusing on
the secondary growth at the basis of the arterial branch and the fact that signifi-
cant growth is not expected in the forced occluded dome, further growth is not pre-

scribed in any other high OSI areas.

The rabbit aneurysm model provides the opportunity for a controlled experi-
mental environment, where the introduced elastase guarantees the initial degrada-
tion of elastin fibres, but subsequent differential geometric distortion can help us to
further understand about the mechanobiology of further arterial dysfunction and
aneurysm growth. The current algorithms for the mechanobiology of the arterial
wall within the FSG framework do not give an explicit representation of the func-
tionality (permeability and proliferation) of the endothelium and the consequences
that a pulsatile flow induced dysfunctional endothelium might have on the arterial
wall (elastin degradation, SMC apoptosis or migration, thrombus formation, im-
balance in the production of collagen). This introduction of pulsatile flow haemo-
dynamics in the FSG framework and the constitutive models creates the basis for

future modelling.

Finally, it should be noted that for future application of CFD in the FSG mod-
elling framework to the elastase-induced rabbit aneurysm model, certain further
modelling points will have to be considered. There have been investigations about
the sensitivity of CFD to the proportion of the surrounding vasculature used for the
simulations. The surrounding vasculature could include the LCCA, the aortic arch
and further downstream vasculature of the parent vessel. There is a clear trade-off
between a more realistic and accurate representation of the vasculature and com-
putational time. Zeng et al.| (2010) carried out several CFD studies to point out that
the sensitivity of the results depends on the haemodynamic parameter on which
you are focusing (bulk measurement of WSS magnitude, local sensitivity of WSS
and OSI). Given that the WSS vector plays an important role in the G&R of physi-
ology and pathophysiology, this concern needs to be taken into account. Another
criterion that appears to influence CFD studies is the aspect ratio. The aspect ra-
tio for the rabbit model (defined as the height of the occluded arterial segment to
neck width) is considered high for values higher than 2.4 and low for values lower

than 1.6 (the presented case is one of high aspect ratio). It appears to be an impor-
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tant factor in influencing the haemodynamics within the aneurysm branch of the
elastase-induced models (Kadirvel et al.[(2010), Ding et al. (2007)). For example, dif-
ferences are observed in the haemodynamics between the proximal and distal areas
of the aneurysmal branch between the two experimental configurations. It is thus
important to take this factor into account in any future computational cases of the

rabbit aneurysm model.

6.4 CONCLUSIONS

This chapter concluded the simulations on the application of the FSG framework
in realistic 3D geometries, by introducing pulsatile flow modelling and its poten-
tial importance in the progression of aneurysm disease. As has been mentioned
throughout this thesis, in order for models of aneurysm evolution to become more
sophisticated, they need to create more explicit descriptions of arterial mechanobi-
ology. The presentation of a pulsatile FSG simulation motivates this, as the effects
of varying WSS direction over the cardiac cycle, in combination with magnitudes of
WSS, have been known to affect the proliferation of the endothelium and its func-
tion, which is crucial to the biology of the arterial wall and consequently to health
and (aneurysm) disease. The following chapter presents the concluding remarks
of the thesis, outlining the main themes of the research and suggesting future di-
rections for improving mechanobiological representations in models of aneurysm

evolution.
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CHAPTER

SUMMARY AND FUTURE DIRECTIONS

7.1 THESIS SUMMARY

The main aim of the research presented in this thesis has been to determine, math-
ematically represent, and test important mechanobiological hypotheses in in silico
models of aneurysm evolution, while proposing a framework of continuous inter-
action with in vivo and in vitro modelling. Novel sophistications to current mathe-
matical models were introduced motivated from the important mechanobiological

notions of:

1. spatial and temporal endothelial heterogeneity and mechanical WSS home-

ostasis;

2. SMC active mechanical stress response and apoptosis.

Chapter [2l modelled these two concepts within a conceptual mathematical 1D
framework and concluded that incorporating these mechanobiological relations in
my proposed mathematical models of aneurysm evolution can affect the rate of
aneurysm enlargement (1.) or even result in significant differences in predicted
aneurysm growth (2.). It is thus very important to continue the research for explic-
itly representing the function and form of the endothelium as well as the mechanical

and biological role of SMCs in health and disease.
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Vascular mechanical homeostasis is central to the function and dysfunction of
the arterial wall and need to be explicitly linked to the G&R hypotheses. The arterial
wall has a remarkable capacity of adapting to changing conditions and this capac-
ity was represented by a fundamental hypothesis that the G&R mechanisms aim
to drive the arterial mechanical system to (old and new) homeostatic states. Def-
initions of vascular mechanical homeostasis employed throughout this thesis are

summarised as follows:

¢ WSS homeostasis;
¢ fibre stretch homeostasis;

e cyclic stretch homeostasis.

In Chapter 2| both temporally non-adaptive and adaptive definitions of WSS
homeostasis were defined, in order to represent the 'nature versus nurture’ argu-
ment of the endothelium’s heterogeneity. It was hypothesised that elastin degrada-
tion can be driven by deviations of WSS from homeostatic levels and studied the
effect of the definitions on the in silico 1D model. This hypothesis was also trans-
ferred to the 3D setting of the FSG framework in Chapter |5, which further allowed
the inclusion of spatial heterogeneity in the WSS homeostatic definition. The 1D
and 3D results emphasised that the definition of WSS homeostasis can has an effect
on distinguishing between a healthy stabilising or a wall degrading response of the
endothelium and is therefore crucial to be included in in silico models of aneurysm
evolution. Fibre stretch homeostasis was represented by the attachment stretch, be-
ing the state of stretch fibres aim to retain or return to, driving G&R. The definition
was utilised in the in silico models throughout the thesis: in Chapter 2] as a single
value and in Chapter [3|updated to a distribution of stretches motivated from the
variable fibre waviness of collagen fibres experimentally observed in the unloaded
configuration of arterial tissue. Driven by the importance of the difference between
the systolic and diastolic mechanical configurations of the arterial wall and exper-
imental indications of physiological and pathophysiological levels of cyclic stretch,
the evolution of cyclic stretches was observed in the 1D models (Chapter[3) and a
link between collagen growth and cyclic areal stretch was investigated in Chapter|[5|
The study demonstrated the importance of incorporating the impact of cyclic areal
stretch to collagen growth in maintaining tissue homeostasis for the entirety of the

geometrical domain.
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The main load-bearing constituents within the arterial wall retaining mechani-
cal equilibrium in the mathematical models have been the elastin and collagen fi-
bres. The proposed mechanisms of aneurysm inception (elastin degradation) dis-
turb the load-bearing distribution among the fibres due to the degradation of the
media (assumed to be a frequent event during IA progression), resulting in G&R of
the remaining fibres. Specifically, there has been a focus on investigating the role of
adventitial collagen as the initially protective sheath of the arterial wall, whose in-
creased load-bearing role during aneurysm development can affect the remodelling
process and eventual growth. The representation and study of important biology of
the fibrous intramural network was central to in the models (both 1D and 3D) by

incorporating mathematical representations of:

1. the gradual recruitment of collagen fibres to load bearing;
2. fibre orientation;

3. adaption of adventitial collagen fibres from a protective sheath to a primary

load-bearing role.

Chapter 3| first applied (1.) by incorporating a distribution of recruitment
stretches. Fibre orientation (2.) was taken into consideration for the mathemati-
cal fit of uniaxial mechanical testing data of aneurysmal tissue to the 1D constitu-
tive model (Chapter [3). The adaption of the adventitial collagen fibres to the main
load-bearing constituent (3.) was mathematically expressed by a distribution of at-
tachment stretches that temporally evolves to a new distribution that represents a
new arterial mechanical equilibrium. These expressions built a more realistic rep-
resentation of the collagen fibrous network, which was crucial for the comparisons

against in vivo and in vitro data.

These biological and mechanobiological concepts describing mechanisms of
aneurysm inception and development, the arterial wall structure and its evolution
in disease, and the G&R of collagen fibres driven by the arterial mechanical sys-
tem’s attempt to remain at homeostasis were all employed to a proposed modelling
workflow that aimed to parameterise the mathematical and computational mod-
elling frameworks with the aid of available experimental data for a specific patient
aneurysm case. In Chapter [3|a value for the material parameter of the adventitial

collagen was approximated by fitting experimental uniaxial data of aneurysmal tis-
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sue to a constitutive mechanical model of the collagenous aneurysmal wall. Given
provided information on the in vivo clinical 3D geometry and ex vivo measurements
of the aneurysmal tissue thickness, a 1D conceptual configuration of the cylindri-
cal arterial geometry was employed to approximate values for the loaded thickness
of the tissue, a range of cyclic stretches and indications of the distribution of at-
tachment stretches for the adventitial collagen. The approximations developed a
description for the 'new’ homeostasis of the aneurysmal tissue. This approach in-
formed the 1D model of aneurysm evolution where a process of transitioning from
a load-bearing media to a lost media with a load-bearing adventitia was illustrated.
Given the calibration of the model (in terms of the dimensions of the healthy artery,
the material parameter for the adventitial collagen and the evolution of the ad-
ventitial attachment stretch distribution), Chapter [ implemented the FSG frame-
work for aneurysm evolution on the in vivo 3D geometry of the clinical case (after
it was reconstructed to a healthy geometrical state) and allowed comparisons be-
tween 1D and 3D investigations (in terms of the remodelled aneurysm thickness,
cyclic stretch magnitudes, adventitial collagen increased mass and the distribution

of cauchy stresses) for the proof of consistency within the models.

The proposed workflow suggests a strong modelling framework that takes full
advantage of the available clinical and experimental data, promoting a comprehen-
sive and self-reinforcing cycle of interaction between in vitro, in vivo, and in silico
modelling. Within this context, applications in 3D are particularly important for
the thorough representation of aneurysm evolution and understanding of the un-
derlying biology. Utilising real geometries for the application of the FSG framework
in both Chapter [fland Chapter|[6|allowed for a more realistic representation of the
3D wall structure, resulting in observations of spatial heterogeneities that can illus-
trate important differences in G&R. In Chapter|[5 the links between WSS homeosta-
sis and elastin degradation, and the G&R algorithms resulted in a heterogeneous
pattern of degradation within the aneurysmal area, and a different distribution of
cyclic areal stretches between the aneurysmal area and the immediately neighbour-
ing arterial wall respectively. The haemodynamics of the complex 3D geometries are
key to reliably determining important mechanics of the arterial wall that affect the
mechanobiological algorithms. This was particularly important in Chapter[6, where
specific knowledge of the pulsatile flow boundary conditions offered the opportu-
nity to investigate the evolution of WSS vectors during the cardiac cycle, since they

have been identified as potential mechanical triggers to biological sequences of ar-
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terial cell and fibre degradation. These investigations motivate current and direct
future work on the mechanobiology of IAs, which should aim to develop new cycles

of in silico (1D and 3D) modelling interacting with in vivo and in vitro analyses.

The models presented in this work aimed to explore mechanobiological
links that can help elucidate the differences between stability and instability of
aneurysms: an adaptive (temporally and spatially) mechanical homeostasis can al-
low the artery to reach a new stabilised state (and a non-adaptive one could result
in instability); SMC active stress response allows a short-term mechanical reaction
to stretch changes that can help with long-term stabilisation (and the lack of this
response could result in instability); the changing mechanical role of the adventitia
from a protective sheath to a load-bearer can have a significant effect in attaining a
new arterial state of stabilised equilibrium (and its inability to do so could lead to
unstable aneurysm growth). For the clinical case, the evolving saccular aneurysm
reached target wall thickness (consistent with the experimental data) with the con-
tribution of the adaptive adventitial collagen. For the rabbit aneurysm case, the
work focused on representing the secondary aneurysm growth, which morphologi-
cally resembled the one observed in the rabbit, while introducing the link between

a pulsatile flow metric and G&R.

7.2 THESIS LIMITATIONS

There have been certain limitations to the availability of relevant biological infor-
mation that could have better informed the models in this thesis. The importance
of SMC apoptosis in the progress of aneurysm disease has been identified (Kondo
et al.| (1998), Geng (2000)) and illustrated in the 1D modelling framework of Chap-
ter 2l However, more specific experimental information on this event, and on its
relation to further wall degrading events (such as elastin degradation) prevented a
more explicit representation of SMCs and their link to collagen production. Such in-
formation would have formed a more biologically relevant 3D representation of the
arterial wall in Chapter[4] Moreover, combining processed MPM images of aneurys-
mal tissue to quantify the fibres recruited to load bearing at different stages of the
tissue’s mechanical testing would have rendered quantitative estimations of the re-
cruitment stretches of the adventitial collagen in the aneurysmal tissue driven by
specific experimental data. These estimations could have more accurately estab-

lished the approximation on the material parameter of the adventitial collagen in
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Chapter|3| Similarly, the vessel reconstruction process would have been more reli-
ably validated if there was more information on the initial geometry (immediately
post ligation) for the rabbit case. Such information for the clinical case could only
have been circumstantial. This is experimental information that can be collected
and is recommended for a future standardised work flow for the interaction of com-

putational and experimental modelling (refer to for further recommendations).

Further sophistication from the current representations of the arterial biology
would certainly include more explicit expressions of signalling pathways on a cel-
lular and molecular level. A system including the biochemical processes of the
transforming growth factor (TGF)-f, for example, could represent the fibroblast-
mediated collagen growth, describing a crucial signalling pathway of matrix depo-
sition with specific mathematical expressions for collagen-producing enzymes and
their inhibitors (Aparicio et al., under review). Such modelling frameworks are im-
portant for exploring the more fundamental biological mechanisms represented at
a larger scale within the arterial wall, but their increased parameter complexity re-
quires specific experimental settings that would allow the model’s calibration, fol-

lowing a similar workflow to the one suggested in this thesis.

The G&R hypotheses in the mathematical and computational models implic-
itly emphasise the significance of the endothelium’s functionality (endothelial het-
erogeneity in WSS homeostasis and elastin degradation, effect of cyclic stretch on
collagen growth). However, in order for the models to reliably represent the trans-
mission of mechanics to chemical activity within the wall, the endothelium needs
to be explicitly modelled. Figure|7.1|illustrates the type of intracellular processes of
endothelial mechanotransduction due to the cell’s cytoskeleton (via direct deforma-
tion of the luminal surface, junctional signaling, adhesion sites or lamin-induced
nuclear deformation). Modelling the transmission of those forces and their effect
on the form and function of the endothelial cell (EC), as well as on the neighbouring

ECM is the natural next step in the in silico investigations.

The research in this thesis proposes the basis for a fully-integrative approach
to IA evolution that requires a realistic, reliable and representative FSG frame-
work. Within that context, an area of possible improvement regards the CFD mesh-
ing technique used. There are suggestions in the literature on anisotropic adap-
tive finite element methods for resolving complex 3D pulsatile flow dynamics in
aneurysms (Prakash and Ethier (2001), Miiller et al.| (2005), Sahni et al. (2006)) and
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Figure 7.1: Mechanisms of endothelial cytoskeletal mechanotransduction: direct
deformation of the luminal surface, junctional signalling, adhesion sites signalling,
lamin-induced nuclear deformation (image adapted from Robertson and Watton|
(2013), David and Humphrey| (2003)).

they should be considered in future computational studies. Improvements in mesh-
ing methods will allow a better representation of a range of complex and more re-
alistic aneuyrsm types, in terms of their neck and dome size and shape. As was
described in Chapter |4, the current FSG methodology involves the placement of
a cylindrical segment along the area of aneurysm development. This allows the
framework’s automation and its quick application on a range of aneurysm cases.
However, the strictly cylindrical shape for the computational domain currently lim-
its the ability of the FSG methodology to be implemented for some aneurysm cases
with a more complex arterial geometry, such as bifurcation aneurysms. An update
for more options on the computational domain’s shape will enable a wider applica-
tion of the proposed 3D model. Furthermore, the current computational modelling
assumption for a thin arterial wall needs to be upgraded to represent a thick-walled

non-linearly elastic cylindrical tube (preliminary work within the FSG framework
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has been introduced by |Grytsan et al.| (2015)). This would allow both the effect of
transmurally nonuniform fibre strain that would render possibly tortuous (more re-
alistic) geometries, and the modelling of transmural transport of, for example, oxy-
gen and the representation of thrombus formation in the current models of G&R
(Holland, 2012).

The investigations in this thesis suggest a parallel patient-specific study that
could be of biological and clinical significance. The clinical case that was presented
was that of a young patient and the experimental information indicated that the vir-
tual loss of the aneurysm arterial wall’s media has led to the increasing mechanical
role of the adventitial collagen. A mechanobiological investigation (and its compu-
tational representation) on the different responses of the adventitia to a degrading
media relative to age, based on a statistically big group of patients (such as the one
in Robertson et al. (2015)), could shed some light on the mechanisms of aneurysm

stabilisation and have an affect on clinical assessments of rupture risk.

7.3 OUTLOOK AND FUTURE DIRECTIONS OF in vivo-in

vitro-in silico MODELLING OF IAS

This thesis introduced the work that will eventually lead to a fully integrative multi-
disciplinary approach that combines in silico, in vitro and in vivo modelling. In IAs
this approach is essential, as clinical observations provide limited insight into the
mechanobiology of the disease: once an IA is detected it is generally intervened,
so follow-up imaging snapshots of evolving aneurysms are not available, nor are
histologies. Whilst experimental models differ from the aetiology of human IA, the
underlying biological mechanisms that control arterial mechanobiology are simi-
lar and thus they can provide fundamental insights into the remodelling processes
driving enlargement and stabilisation. However, experimental models alone are in-
sufficient to provide full insight given the strong role that mechanics has to play
in the disease. In silico models can quantify the mechanical stimuli that act on
arterial cells and other microstructural parameters that cannot be measured with
current in vivo techniques, and so these are necessary in order to explore and un-
derstand IA mechanobiology. Moreover, in silico models assist in the interpretation
of experimental data, the identification of questions that need to be addressed by

experiments and the design of the experiments themselves. In return, in vivo and
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in vitro models can be used to sophisticate, calibrate and validate in silico models.
The framework proposed in this thesis can therefore be generalised as illustrated
in Figure and proposes a future modelling framework for the ideal integration

between in vivo, in vitro and in silico modelling.

In silico

In vivo In vitro

Figure 7.2: Interaction between in silico, in vitro and in vivo modelling. Feedback
between the different research activities is as follows: 1,2: experimental models en-
able the formulation of in silico models and the definition of modelling hypotheses;
1,2’: in silico models can be used to interpret experimental data, simulate experi-
ments, test hypotheses, propose new hypotheses and experiments; 3: in vivo mod-
els guide the design of in vitro experiments to test hypotheses; 3’: in vitro models
help interpret in vivo observations.

7.3.1 Modelling developments

A comprehensive in silico modelling framework of IA evolution would rationally
span subcellular, cellular, multicellular, tissue, and organ scales, and hence pro-
vide further insight into the underlying mechanisms that enable the majority of

aneurysms to stabilise whilst others go on to rupture, with the help from reduced-
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order models of arterial constituents. It should, for example, include a novel mathe-
matical model of the EC representing the structural organisation, morphology, me-
chanics and permeability of ECs as functions of their local mechanical environ-
ment, i.e. WSS and cyclic deformation. Moreover, novel mathematical models of
transmural cells (SMCs, fibroblasts) need to be developed and their interaction with
the ECM need to be expressed.

Focusing on fibroblast functionality, in order to characterise the influence of me-
chanics on fibroblast functionality and the cellular mechanisms with which the cell
controls the adaption of collagen microstructure, preliminary experimental investi-
gations are crucial. In vitro experiments can provide guidance on linking fibroblast
functionality to the local mechanical environment (cyclic deformation, substrate
stiffness). More specifically, experiments can be built to characterise how the biax-
ial cyclic deformation environment on human arterial fibroblasts influences their
morphology. Dynamic stretching experiments can be performed using a biaxial
stretching bioreactor. Human fibroblasts can be transfected to enable the visuali-
sation of actin cytoskeletal networks (Pierce et al., 2015). Fibroblasts can be sub-
jected to variations in magnitude of cyclic deformation and in the degree of biaxial
cyclic deformation (from uniaxial to equibiaxial). Resultant changes in cytoskeletal
and nuclear morphologies under these stimuli can be compared against controls
for the healthy artery. Additionally, experiments can examine the mechanisms with
which the mechanical environment influences cellular expressions of collagen and
elastin synthesis and degradation. This can be implemented by culturing cells and
dynamically stretching them in order to investigate mRNA expression levels related
to the balance between synthesis and degradation of ECM proteins, in response to

uniaxial and biaxial dynamic stimuli.

A nonlinear elastic, mechanobiological model of fibroblast could then be de-
veloped based on experimental evidence to characterise the influence of matrix
stiffness and biaxial cyclic deformation on fibroblast functionality, and in turn the
effect of fibroblast mechanics on the collagen fibre network configuration to the
ECM. Such novel cell models should then be integrated into the computational FSG
frameworks for modelling aneurysm evolution (Watton et al. (2009a), Aparicio et al.
(2014), |Grytsan et al.[ (2015)), extended to account for anatomic geometries (using
a backward incremental approach (Kong et al., 2013)), as well as transport phe-

nomena through arterial wall, by representing permeability of the arterial wall and
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molecular transport (Butler et al., 2002). Tissue remodelling can then be linked to

the heterogeneity of the endothelium and the heterogeneous flow field.

In parallel], specific experiments will also be required to investigate the com-
plicated mechanobiological events to be included in in silico models of IAs. Elas-
tase induced rabbit aneurysms, like the one presented in this thesis, can be ex-
tensively analysed. Both prior to intervention and prior to sacrifice, intra aneurys-
mal flow and pressure should be measured, and 3D rotational angiography should
be performed. This will provide the data for 3D CFD simulations on the healthy
and the aneurysmal arterial segment (and consequently allow for comparisons be-
tween healthy and aneurysmal states). Various aneurysmal tissue samples along
the affected rabbit arterial branch should be collected and at various time points of
the rabbit aneurysm development, for the collection of temporal data. These sam-
ples should be mechanically tested under an MPM compatible planar biaxial test-
ing system, against control samples of the neighbouring vasculature. Histopatho-
logic analysis can be performed using a semi-quantitative analysis. Immuno-
histochemical staining can be performed for identifying ECs, SMCs, cell prolifer-
ation, oxidative stress proteolysis and apoptosis, with the help from image analysis

for the quantification of these constituents.

The collagen architecture should be quantified in MPM stacks to include mea-
surements of: average fibre diameter, fibre tortuosity, fibre orientations, fraction
of projected area with fibres. Additionally, cellular status (ECs, SMCs, fibroblasts)
should be assessed with respect to cell content and distribution, using histology.
Cell function should be examined using molecular biological techniques. For the
experimental analysis of ECs, immuno-stained samples can be imaged en face for
EC coverage using confocal microscopy. The morphology and number of ECs per
unit area can be quantified: the existing ones should be characterised as isolated,
dead or living. Correlations between flow, wall structure and mechanical properties
need to be further examined for specific clinical aneurysms (both ruptured and un-
ruptured), similarly to Pierce et al. (2015), Kong et al.|(2013). Measurements of wall
mechanics and biology can be similar to the aforementioned methodologies for the

rabbit aneurysms.

The mechanobiological model developed can then be applied to specifically
simulate in silico FSG models of rabbit and human aneurysm evolution (with an

onset of elastin degradation). Suitable models of the healthy arterial wall can be
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utilised based on vessel reconstruction methods presented in this thesis (in terms
of geometry) and additional in vitro mechanical testing of healthy tissue samples
(in terms of the healthy arterial mechanical equilibrium). Flow solutions can be di-
rectly parameterised by the in vivo experimental measurements. A huge database
of experimental information, as the one described, can be invaluable both for the
validation and the critique of the in silico model predictions of the evolving solid
mechanics, as well as the structure and composition of the wall. Comparisons on
flow solutions can take place between the CFD simulations within the FSG frame-
work and the CFD simulations using the in vivo healthy and aneurysmal geome-
tries. This way the reliability of both the reconstructed and the predicted aneurysm
geometries can be examined. The predicted morphology of endothelium, the map-
ping of intramural cells and the evolved collagen microstructure (undulation, orien-
tation, dispersion distributions) can be compared with experimental observations
from both rabbit and human models. The additional advantage for the rabbit model
is the comparison of the predicted in silico evolution against the temporal experi-

mental data.

Limitations and criticisms of these comparisons will lead to updates of the in
silico representations and to suggestions for more in vitro experiments that would
further focus the mechanobiological insight for IA enlargement and stabilisation.
The cycle of suggested workflow, presented in this thesis, can be thus continually

developed and updated.

7.3.2 Need for standardisation

It is crucial that the developed computational framework, with the strong evidence
from experimental and clinical data, is fully integrated into standardised engineer-
ing software. This will maximise its availability to academic communities, and assist
its translation to healthcare technology industries and its future integration in the
clinic. Especially due to the rapid advances in imaging technologies and computa-
tional techniques, an integrated imaging-computational modelling suite can now
be envisaged that will assist with clinical management of the disease in real time,
helping to stratify IAs by their stability, on the basis of the geometry (shape, thick-
ness), properties (anisotropy, strength) and applied loads (haemodynamic, perivas-
cular), much further from current criteria of the maximum aneurysm dimension.

Such a tool could provide valuable decision support for those cases where interven-
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tion is indicated.

Simulation workflows, such as finite element (FE) models, can be developed us-
ing both academic (FEAP) and commercial FE software (ANSYS). This will ensure
that project outputs are available for translation by healthcare technology industries
and thus provide the foundation to realise the longer term goals of the research: to
revolutionise IA management and treatment. In the context of the presented frame-
work in this thesis, the eventual full integration of the growth model into ANSYS
Mechanical is recommended. This will require development of customised ANSYS
subroutines to represent the novel nonlinear elastic constitutive models of the soft
tissue (fibre reinforced constrained mixtures and possibly volumetric adaption) into
ANSYS. Furthermore, benchmark ANSYS models of human and rabbit IA evolution
should be integrated into VPH-Share (https://portal.vph-share.eu/). This is
an online environment for the development, construction and storage of biomedi-
cal workflows to facilitate sharing with the academic and industrial community and
it is exactly designed to help researchers, clinicians, and software developers share
resources (data and tools) to build workflows quickly and easily. The models should
link the flow environment to the heterogeneous functionality of the endothelium
and heterogeneous remodelling of the aneurysm wall. This would additionally pro-
vide foundations for simulating the active remodelling response of the wall follow-
ing device deployment. This proposed standardisation would also allow the input
of important data from other platforms. For example, '7Tesla’ imaging data, which
depict permeability of the wall, would provide, within this framework, an input to
the remodelling algorithms.

7.3.3 Towards the clinic

All fields of research around aneurysm evolution (physiology and pathophysiology,
biochemistry, biology and mechanobiology), with experiments and in silico mod-
els, aim to understand more about the mechanisms of this disease and, naturally,
to ultimately transfer and translate such knowledge to clinical tools for the diagno-
sis and treatment of the condition. From the simplest to the most complex models,
research should always consider the ways with which the investigations in basic sci-

ence could become clinically useful.

Assessment of rupture risk for intracranial aneurysms is a principal motivation

for aneurysm research especially because, as it has been mentioned before, there is
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a current lack of reliable and size independent clinical rupture risk criteria. Impor-
tant contemporary research focuses on the mechanobiological analysis on several
levels (tissue, cellular, molecular) given the range of available imaging and tissue
testing techniques. However, the major difficulty in translating such knowledge is
the need to use the maximum amount of possible information in the least invasive
way. For instance, even though histological tissue testing can render indispendible
information about the possibility of rupture, the use of such a technique as part
of the diagnosis becomes too risky (comparable to intervening for treatment), thus
potentially negating the value of the information it can provide. That is why ground-
breaking translational research in this field needs to propose minimally invasive
methods of diagnosis. An interesting example in this direction is work on using dy-
namic contrast-enhanced MR imaging to examine the permeability of a contrast
agent as a measure of rupture risk (Vakil et al., 2015): this work uses a minimally
invasive imaging method taking advantage of past comprehensive studies that have
identified the change in permeability as a potential indicator of endothelial dys-
function leading to an increased risk of inflammation. Aneurysm research can also
have important applications in clinical treatment: virtual stent deployments com-
bined with reliable mechanobiological modelling of the arterial wall could revolu-
tionise clinical intervention; models of biological changes in the arterial wall as a
response to pharmacological drug therapy (for example, with a collagen-promoting
drug) could significantly assist in choosing the most suitable patient specific treat-
ment. In this area of translational research, the criteria for effectiveness set a trade
off between reliability (in terms of imaging and mechanobiological representation)
and computational speed as well as cost. This is therefore the challenge of transla-
tional aneurysm research: investigating biology and mechanobiology with the max-
imum amount of available information but apply it as clinical tools with the least

risky and costly set of useful and relevant information.

7.4 CONCLUDING REMARKS

The work in this thesis builds on the aim to create a multi-scale computational
model of intracranial aneurysm evolution which captures the relevant physics and
biology, based on state-of-the-art experiments on clinical and animal aneurysms.
Even though precise mechanisms by which IAs initiate, enlarge or rupture are not

clear, it has been established that mechanobiology is key for the physiological and
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pathophysiological arterial processes. The work has focused on representing such
relations between the mechanics and the biology of the arterial constituents that
are crucial to the weakening of the wall, as well as to its G&R capacity. The proposed
workflow for interactive modelling creates the basis for the progressive sophistica-
tion of in vivo, in vitro and in silico modelling. The continual renewal and update
of this modelling cycle will have a profound impact on the understanding of arterial
biology in health and disease and, ultimately, on clinical methods for the diagnosis

and treatment of detected IAs.
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APPENDIX

DERIVATION OF STRAIN ENERGY
FUNCTION OF COLLAGEN FIBRES
INCLUDING A RECRUITMENT STRETCH
DISTRIBUTION AND FIBRE ORIENTATION

The general form for the 1°! Piola-Kirchohoff stress for adventitial collagen (to ac-
count for gradual recruitment of the fibres to load bearing, and two symmetric fam-
ilies of fibres at an angle to the circumferential direction), used in the analysis of
Chapter 3} is as follows:

Ay - A
Pc,(A) = — f me, Ve, |——|-p(AR |dAE |, (A.1)
Ca Y:Zh_ Al Cay Cay (Aﬁ}, P( Ay) Ay
where the definition of the stretch in the direction of the fibres is:
1 . 2
Ay(A) = 78Iy + A% cos?y (A.2)

We assume symmetry for the families of collagen fibres (where the angle is sym-
metric with respect to the circumferential direction) in terms of normalised densi-

ties and material parameters: mc,, = mc,_ = mc, and Kc,+ = Kc,- = K¢,
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Given those assumptions on the simplifications for the collagen fibre families,

the general form of Eqn. (A.I) can be written as:

Ay A
f Ve, (ATV) .p(A%,)ark, (A.3)
1 Ay

0
Pc, (M) =2mc, a
The density of fibres recruited at a stretch A (given a triangular distribution for

the recruitment stretches) can be expressed by a piecewise function as follows:

R R,min
0 /1Ay<AAY

z(aﬁy_lﬁyymin)

R,min R R,mode
/lAY < }LAY < JLAY

R,max _ 4y R,min R,mode _ yR,min
) AR ) = (AAY Ay )(AAY Ay ) (A.4)
Ay Z(AR,max_/lR ) .
Ay Ay AR,mode<AR <AR,max

(AR,max_/lR,min) (AR,max_/lR,mode] Ay Ay Ay

Ay Ay Ay Ay

R R,max

0 A Ay > A Ay

. . . __ 2R min __ 2R ,mode __ a2R,max
For simplification we set, a = 1 Ay 1C= A Ay and b=A Ay We can there-

fore express the general stress form as a piecewise function:

fQ) Ay<a
g asly<c
h(A)  c<Ay<b
i(L) Ay2b

Pc,(A) = (A.5)

For the simplification of each part of the piecewise function, we set some con-
venient variables: © ©
€= # o= # (A.6)
(b—a)(c—a) (b-a)(b-c)
We can therefore calculate the stress for each function in Eqn. (A.5). For A, < q,

Pc,(A) = f(A) where

2
0 MKCA AY R

=2 - —_ — 1 .
) =2me, - [ |7 (Aﬁy 0dAR

(A7)
=0
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Fora=< A, <c, Pc,(A) = g(A), where:

2 R _
fﬁy&(ﬂ_l) —Z(AAY a) dAR
a

0
A =2me,  — :

(In(Ap) ~In(@) (A))2 +2a,) - g(wz 20l + ;az (A8)

9
oA
((cln(e)+ (-In(a) -1 c+ a) A, + acln (c) - ¢* + (a— aln(a)) ¢)

=Ce cAZA, !

=2mc, €

where { =2mc, - (2cos? (y) A* — sin? (y))

For b= Ay <c¢, Pc,(A) = h(A), where:

0
h() =2me, - — :

fCKCA (ﬂ_l)Z z(ﬂtﬁy—a) R
a

AR b-a)(c-a) Y

2 R
fAYKCA(M ) Z(b_’lAY) R
+ | ——
c

2 2B ) o-a-o N

2

(n(0) ~In(@) (A, +2aky) + (A, (2 =1) =24y e @) + 5 —ac+ gaz

6‘-

0
:ZmCA‘a

2

b
—20/1Y—bc+%

8-, (A, +2b) (In(©) ~In(A,)) + (A,)? (g +2

(cln(©)+(-In(@-1c+a)dy+acln(c)-c*+(a-aln(a)c
={( |e-
cA?Ay
5 2(cAy +be)In(Ay) + (-2¢In(c) —2¢ = 2b) A, — 2bcIn (¢) + 2¢* + 2be
2cA? Ay

(A.9)
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Lastly, for A, = b, Pc,(A) = i(A), where:

0
l(/l) :2ch-ﬁ

2 R _
fc&(ﬂ_l) —Z(AAY a) dAR
a

2 \AE ) b-a@-a) N

2 _ 1R
+fbKCA(Ay 1) 2(b AAY) o
(o4

) A
2 A4, (b-a)y(b-c) 7
b Ke, [ A 2
+f " 26 (Ty—l) 0dAk,
b 2 Ay
0 2 5 (a c? 3,
=2mc, = |e- | (n(0) - In(@) ((A)* + 2aly) + (1) (E—l)—z/ly(c—a)+?—ac+§a

2

+6 - |- (n(b) —In(0)) (2bA, + (1))?) - (Ay)? (1 - Ig) +2A, (b—c)+ Zlbz —be+ = ]

2

(cln(e)+(-In(@ -1 c+a)Ay+acln(c) - c*+(a-aln(a) c

—o| A2,
5 (cIn(c)+ (-In(b) = 1) c+b) Ay + beln () — ¢+ (b-bIn (b)) ¢
e cA2A,

(A.10)
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APPENDIX

CALCULATION OF REMODELLED
THICKNESS CONSIDERING TWO
COLLAGEN FIBRE GROUPS IN THE
ADVENTITIA

We follow the analysis for volumetric growth from |Chen| (2014) and update it to in-
clude two collagen fibre groups in the adventitia for the purposes of the mathemat-

ical investigations in Chapter|3]

A generalised equation for the volumetric growth of a thin cylindrical surface
can be expressed as:

Rrem(t) = Krem (1) - (B.1)

H
MDA
where the Mti)lz term refers to changes in thickness due to an incompressibility as-
sumption, while k., (?) is the term representing the changes in the mass of the

constituents leading to volumetric changes. We define « .., (f) as:

Mrem(t) _ MremlEM(t) + MremlCM(t) + MremlCA+(t) + MremICA_(t) + MremIGSA(t)

M(0) ME,,(0) + Mc,,(0) + Mc,, (0) + Mc,_(0) + Mgs,(0) ©.2)
2

where M., (?) is the total mass of the arterial wall containing elastin, collagen fibres

Krem(£) =

)

(in the media and the adventitia) and ground substance (GS) and therefore the vol-
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umetric growth ratio is the ratio of the total mass growth at time t to the total mass
growth at ¢ = 0. Expressing masses for each constituent in terms of normalised mass
densities m, initial mass densities p and initial volumes V(0), we can express K ren, (1)

das:

(mg,, (D) pEy, + Mmc,, (D pcy,) VM (0) + (mc,, (Dpc,, + mc,_(Dpc, )Val0)+G

(mg,, (0)pg,, + mc,, 0)pc,,) Vm(0) + (mc,, 0 pc,, + mc, (0)pc, )Val0)+G’
(B.3)

where G represents the mass of ground substance. Due to lack of relevant experi-

Krem () =

mental knowledge, we assume that initial densities of the two families of adventitial
collagen are equal, i.e. pc,, = pc,_ = pc,, as are the normalised densities at time t,
ie. mc,, =mc, =mg,.

For convenience, we set ratios of densities as follows:

PEu

w)=—— (B.4)
PCy

w, = P (B.5)
Pc,

Consequently, we can re-write the volumetric growth parameter as:

[wimg,, (1) + wamc,, (D1 Va(0) + 2mc, (1) Va(0) + %

Krem(t) = (B.6)

(w1 + w2) Var(0) + 2V, (0) + -5
Pcy

In a generalised form, we assume that the volume of the media is a proportion z

of the adventitia’s volume, i.e.:

VM (0) = z2V4(0) (B.7)

This in turn results in the calculation of x;¢;:

G
zlwymg,, (1) + womc,, ()] +2mc, (1) + 0, Val)

Krem(t) = G (B.8)
zZ(w1 + w2) Var(0) + 2 + pC, Va0

Due to lack of further knowledge on the density of , but an indication that the ra-

G
PCAVA(O)

Therefore, the expression of the volumetric remodelling parameter is updated as:

tio term of is very small, we can assume it can be taken out of the equation.
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zlwymg,, (1) + wamc,, ()] +2mc, (1)
zZ(w, +wy)+2

Krem () = (B.9)
Finally, if we assume, for convenience, that the mass densities of the elastins and
collagens are the same (w; = w2 = 1), we can conclude that our volumetric growth

remodelling parameter x ., can be calculated as follows:

z[mg,, () + mc,, (1) + mc, ()]
6

Krem(t) =

(B.10)
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APPENDIX

FURTHER INFORMATION ON
COMPUTATIONAL FLUID DYNAMICS

In order to solve the fluid flow at each step of the FSG framework, ANSYS CFX solves
the incompressible Navier Stokes equations (a group of partial differential equa-
tions) (Eqn. (C.1)) for the conservation of momentum, heat and mass transfer, con-
sidered as Newton’s second law of motion for fluids for the attainment of equilib-

rium:

9
p(a—l;+u.Vu):—Vp+y-(y(Vuj(Vu)T)z+% (C.1)

1

where p is the fluid density, u is the fluid velocity, p is the fluid pressure, and p is the
fluid dynamic viscosity. Term (1) refers to the inertial forces, (2) to pressure forces,
(3) to viscous forces, and (4) to external forces applied to the fluid. These equations
represent the momentum conservation. The Navier Stokes equations are solved in
combination with the continuity equation (Eqn. (C.2)) for the conservation of mass

of incompressible fluids:

V-(puw) =0 (C.2)
The solution of the equations result in predicting the fluid velocity and pressure
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in a given geometry. Because of the complexity of the geometry, the equations are
discretised and solved numerically (implicit finite volume method). Discretisation
is implemented by meshing the geometries (in tetrahedral elements) and the fluid-
flow equations that satisfy the conservation of mass and energy are then solved for
each control volume. The solutions of interest regard the spatial distribution and

relative magnitudes of specific indices, such as WSS vectors.

The blood flow is modelled as a Newtonian fluid of constant density (p =
1066kgm™3) and constant viscosity (= 0.0035Pa- s). The arterial wall is assumed

to be rigid (no remeshing required to account for wall pulsatility).

For each CFD case, the boundary flow conditions need to also be set. For the
clinical case in Chapter |5, where a steady state flow solution is implemented, the
boundary conditions are set for the internal carotid artery based on an experimen-
tally calibrated 1D model of the arterial tree (Reymond et al., 2009) aimed for its in-
tegration into the software suite @neufuse (Villa-Uriol et al., 2011). The steady-state
boundary flow conditions are illustrated in Figure The fluid mesh in this case
comprises of approximately two million elements with three prism layers lining the
boundary. A file (with the .ccl extension) containing the boundary conditions and
blood flow properties, combined with a file (with the .msh extension) for the ge-
ometry’s fluid mesh automatically create a definition file that is sent to ANSYS CFX

solver that solves the flow for each cycle of the FSG framework.

Nearly all flows in nature, including blood flow, are transient. Steady state meth-
ods in in silico modelling are preferred due to their lower computational cost and
the relative simplicity of post-processing and analysing. For the rabbit aneurysm
case of Chapter@ outlet transient boundary flow conditions (mass flow rate) have

been experimentally calculated, as illustrated in Figure|[C.2]

Transient simulations are solved by computing a solution for many discrete
points in time and for each point the solution must be iterated. The ANSYS .ccl
file is updated to a transient flow analysis and the profiles for the oulet conditions
are expressed as temporal functions by manually inputting points from the exper-
imentally calculated flow conditions. It is important, in order to resolve transient
changes, to have equally spaced solution points, with a time step small enough to
maintain solver stability. For that reason, a large set of equally spaced points are

interpolated from the experimental outlet boundary conditions points (as seen in
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Figure C.1: Illustration of steady flow boundary conditions for the clinical case,
based on a 1D model of the arterial tree (Reymond et al., 2009) which has been in-
tegrated into the software suite @neufuse (Villa-Uriol et al.,|2011).

Figure [C.2). Solution points are set during three cardiac cycles (in order to avoid
artefacts introduced at initialisation): the results are investigated from the final cy-
cle. The total set time duration (for three heart cycles) is 0.999s and the size for each
time step is 0.0066s. It is crucial that the initial conditions are physically realistic. In
this case a converged steady state solution is used as a starting point for the tran-
sient CFD solution of each cycle of the FSG framework (utilising the average outlet
boundary conditions from the experimental data for the solution of a steady state
simulation). A default first-order backward Euler scheme is used as the ANSYS rec-
ommended method in order to solve the transient terms. For each time step there
are also initialisation controls: the automatic option is used in this case, which im-
plies switching between just using the last solution as it is and extrapolating the pre-
vious solution to attempt a better starting point, depending on the chosen time step.
Additionally, ANSYS CFX-pre allows to set the number of iterations used within each
timestep. Primarily adjusting the time step size rather than the number of loops to
achieve convergence, limits between a minimum of one loop and a maximum of ten
loops were set. Finally, it was possible to export transient statistics (running statis-
tics for solution variables) for variables of interest, such as the distribution of WSS
vectors, of the WSS gradient or of the OSI.
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Figure C.2: Illustration of pulsatile boundary conditions for the rabbit aneurysm
model, based on experimentally calculated mass flow rates at the outlets and an
assumed value for the inlet pressure.
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