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Abstract

Arterial diseases affect more than 1 in 20 adults in the world. However, our current
knowledge in the mechanisms of arterial disease formation and progression is in-
complete and this creates enormous limitations to clinical diagnosis and treatment.
The urgent need for a better understanding of arterial pathophysiology motivates
different modelling approaches to explore the underlying mechanisms. This thesis
focuses on the development of an in silico model which represents the mechanical
arterial environment, the transport of chemical species, the biology of arterial wall,
and the interaction between them. The concept of chemo-mechano-biology is cru-
cial in this research: mechanical forces and chemical levels of the artery can trigger
the cell signalling which in turn affect the biological behaviour of the arterial tissues,
in both healthy and diseased states. We present a novel fluid-solid-growth-transport
(FSGT) computational framework for modelling arterial disease evolution: it iden-
tifies and quantifies the influence of the arterial mechanical and chemical environ-
ments on the growth and remodelling (G&R) of vascular constituents, elastin and
collagen.

For the development of the proposed computational framework, a conceptual
thick-walled fibre-reinforced tube model is firstly introduced to represent a healthy
vascular structure, in which the physiological stress distribution is determined by
the inclusion of residual stress. Numerical analysis of arterial mechanical response
is validated with analytical solutions. The oxygen concentration within the arte-
rial wall is simulated by a diffusion-only analysis, and the oxygen level is altered
due to the propagation of thrombus layer. To apply the G&R method in this con-
ceptual model, a prescribed elastin degradation causes the radial enlargement and
initiates subsequent collagen adaptation due to the altered mechanical and chem-
ical environments. This workflow is then applied to a 2D axisymmetric fusiform
model to demonstrate the spatial variation modelling behaviour of this computa-
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tional framework. Lastly, a sophisticated FSGT framework is applied to a 3D patient-
specific aneurysm geometry. Results from this in silico framework can provide in-
sights into the underlying mechanisms of aneurysm evolution with the quantifi-
cation of mechanical and chemical stimuli. Additionally, this simulation workflow
is fully integrated into ANSYS engineering software which would allow its clinical
translation by global healthcare technology industries for maximum clinical impact.
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CHAPTER

INTRODUCTION

This chapter introduces the aneurysm disease, the need for modelling this disease,
and the fundamentals for modelling aneurysm structure (Section 1.1, 1.2 and 1.3).
Studies of arterial biomechanics and mechanobiology (Section 1.4) are essential
for modelling the evolution of aneurysm. Existing aneurysm models are all based
on these studies. Recent researches have been focused on the biochemical trans-
port which is deemed to play a vital role in arterial diseases (Section 1.5), however,
there were not many studies regarding to the evolution of aneurysm. Therefore,
this research aims to couple the biomechanical and biochemical influences with
the application of patient-specific aneurysms. Literature review of the develop-
ment of computational models can guide us to construct the simulation process
and identify what is needed for further improvements (Section 1.6). Summary of
this thesis (Section 1.7) gives the general idea of each chapter and a step-by-step
procedure to achieve the research goal.

1.1 MOTIVATION

The rupture of aneurysmes, i.e. intracranial aneurysms (IAs), represents the leading
cause of devastating, spontaneous subarachnoid hemorrhage in the world. Accord-
ing to statistics from NHS (National Health Service) in the UK, it could be as high as
1 in 20 people be affected by brain aneurysms each year in 2017. If aneurysms rup-
ture, it could lead to severe strokes and disabilities and the fatal rate is high (80%)
(Holzapfel et al. (2004); Etminan and Rinkel (2016)) However, there are only a mi-
nor portion (<1%) of detected IAs rupture each year (Mandaltsi,|2016). The default
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management for detected aneurysms is open surgery which also brings unneces-
sary risks and costs to remove the stabilised IAs. Therefore it is of great interest
to develop diagnostic tools to predict aneurysm progression and identify between
stabilised and risky aneurysms. The most challenging part would be the physiolog-
ical mechanism of the initiation, growth and rupture of aneurysms, all of which still
remain unclear. In engineering fields, many researchers attempt to use computa-
tional models to simulate the biological responses of arteries (Gasser et al. (2006);
Humphrey and Taylor (2008); Watton and Ventikos|(2009) ;Humphrey and Holzapfel
(2012)). Growth and remodelling (G&R) of soft tissue such as arterial wall has been
studied for several years but it still requires a more comprehensive representation

of the complex cell/tissue mechanobiolgy.

Based on previous studies on vascular biology, this research will provide a com-
putational framework to model the vascular mechanics, biochemical transport,
cellular biology and the interaction among them. It aims to build a novel com-
putational tool coupling the influence of mechanical and chemical environments
on the progression of aneurysm. Hypotheses of vascular growth and remodelling
(G&R) will be implemented in the computational framework that can be com-
pared with available experimental data to improve current understanding of vas-
cular mechanobiology. Furthermore, in order to be more widely accepted, this sim-
ulation workflow will be fully integrated into a commercial engineering software to
allow for clinical translation by global healthcare technology industries and thus

have meaningful impact.

1.2 ANEURYSM DISEASE

An aneurysm is a localised, blood-filled balloon-like bulge in the wall of blood ves-
sel. Aneurysms can occur in any blood vessel with three of the most commonly
observed aneurysms being classified in terms of location: cerebral/intracranial
aneurysms (IAs), thoracic aorta aneurysms (TAAs) and abdominal aorta aneurysms
(AAAs). Among these three types of aneurysms, IA and AAA are more frequently
discussed in clinical research. Although there are differences between the types
of aneurysms due to their positions in the arteries, they still share some common
characteristics in the pathogenesis: elastin degradation and collagen adaptation
(Humphrey and Taylor, 2008).

2 A novel Fluid-Solid-Growth-Transport framework for modelling the evolution of arterial disease
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Saccular Aneurysm Fusiform Aneurysm

Figure 1.1: Two main types of intracranial aneurysms (image adapted from https:
//www.quora.com/What-is-a-brain-aneurysm-and-why-is-it-deadly).

Aneurysms can also be classified in terms of their general form and shape. Tak-
ing IAs for example, there are two main types of IAs in terms of form: saccular and
fusiform, as illustrated in Figure For saccular IAs (90% of IA cases
), they are in spherical shape with a neck connecting to the parent vessels, and
often filled partially or fully by a thrombus. For fusiform IAs, they are elongated,
spindled-shaped dilation of arteries, in which the localised circumference of the
vessel is distended. Note that the shape of an aneurysm is not specifically related
to certain diseases of arteries but it randomly appears. The precise aetiology of IA
inception, development, and potential rupture is still unknown, yet it is assumed
to be affected by multiple factors (Caranci et al.,|2013). Smoking (Schievink, |1997),
older age (Inagawa and Hirano, 1990), female (de Rooijj et al.,[2007), and hyperten-

sion (Tateshima et al., 2007) have been found to increase the risk on aneurysm for-

mation and enlargement. Furthermore, the sites of IAs are generally located at bi-
furcations and sharp curvatures, especially occurring at the anterior region of the

Circle of Willis, which is an anastomotic system of arteries that sits at the base of

the brain (Brisman et al., [2006). However, most IAs remain asymptomatic which

increases the difficulty for IA detection and prompt treatment before it is too late.

The detection and identification of IAs are generally conducted by modern

imaging techniques: computed tomography (CT), magnetic resonance imaging

(MRI), and intracranial angiography (Forsting and Wanke, 2008). For a detected

IA, relevant treatments normally involve immediate intervention with endovascu-

lar or open surgery to stop the blood supply to the aneurysm (Brisman et al. (2006);
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(d)

Figure 1.2: Options for treatment of saccular IAs: (a) clipping; (b) coiling;
(c) flow diverting stent deployment; (d) combination of coil and stent de-
ployment (images adapted from http://web.behindthegray.net/articles.
html/general/endovascular-coiling-r161/ and https://neupsykey.com/
endovascular-stenting-of-intracranial-aneurysms/).

'Wong et al|(2011)). Major treatments for detected IAs can be categorised in four

options as illustrated in Figure In Figure[I.2((a), clipping of the aneurysm from
the neck by an MRI-compatible alloy is shown, which excludes the aneurysm from
blood circulation in the brain (Brisman et al., [2006). Figure [I.2(b) shows an en-

dovascular approach of coil embolisation, which uses a microcatheter to advance

into the aneurysm and to place detachable coils to occlude the blood flow from
filling the aneurysm (Alshekhlee et al., 2010). The above two methods have been

applied to clinical cases for years, and studies have shown that the coiling approach
is associated with higher survival rate and better cost-effectiveness compared to
clipping (Van Rooij and Sluzewski| (2006); Greving et al.| (2009)). However, the de-

cision of treatment still depends on aneurysm morphology, clinician’s expertise,

and patient’s preference (Keedy,[2006). Figure[1.2](c) and Figure[1.2d) demonstrate
two stent-based approaches. Figure [I1.2c) shows the deployment of a flow divert-

ing stent, which redirects the blood flow from the aneurysm sac, and allows tissue
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overgrowth across the aneurysm neck (Pierot, [2011). In Figure [1.2d), the stent is
deployed as the scaffold to reinforce the coils to be delivered and placed in the
aneurysm sac more stable and effectively (Akpek et al., 2005). These stent-based
methods are suggested to be suitable for wide-necked and possibly fusiform IAs
(Wong et al., 2011).

However, it is of note that approximately 80% of detected aneurysms do not rup-
ture during a person’s lifetime (Brisman et al., 2006). Current indicator for clini-
cal decision of rupture risk still relies on statistical observations. For example, it
is assumed that there is higher potential of rupture when IA is larger than 10mm
(Wiebers et al., |2003). This is clearly insufficient for assessing the risk of rupture
on this complex disease. Ideally, it is preferred not to treat aneurysms that are un-
likely to rupture to avoid unnecessary risks from surgical interventions (6% mor-
bidity, Park et al.| (2005)) as well as expensive costs. Therefore, there is an urgent
need for an improved aneurysm management by developing a standard method to
differentiate the stable aneurysms from those likely to rupture, for both health and

economic benefits.

1.3 ARTERIAL STRUCTURE IN HEALTH AND DISEASE

To investigate the evolution of aneurysms, it is essential to understand the change
of biological structure in healthy and diseased arteries. Experimental observations
of the biological changes of aneurysms allow us to postulate important factors on
aneurysm development and potential rupture. Therefore, the essential first step is
to understand the biology of the healthy arterial wall, especially since the arterial
tissue is a dynamic living entity, which can adjust itself to changing environments.
This section will firstly introduce the arterial biology in healthy state and then pro-

vide experimental observations on the changes of arterial structure in IAs.

1.3.1 Architecture of the healthy arterial wall

It is of note that this section focuses on the biological perspective on arterial his-
tology, while more details of the mechanical perspective on arterial structure will
be presented in Section [2.1| to construct the vascular model in the computational
framework. Figure illustrates the structure of a healthy artery, which generally

consists of three different layers: intima, media, and adventitia, from the lumen
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The structure of the wall of an artery
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Figure 1.3: Structure of the healthy arterial wall which generally consists of: tunica
intima, internal elastic membrane, tunica media, external elastic membrane, and
tunical externa (image adapted from http://www2.highlands.edu/academics/
divisions/scipe/biology/faculty/harnden/2122/notes/cvbv.htm).

towards the external surfaces respectively. Each layer has its own function and dif-

ferent cells embedded in.

The innermost layer is the tunica intima layer which normally consists of a
monolayer of endothelial cells (ECs) and subendothelial connective tissue, and is
supported by the internal elastic membrane. The ECs are directly in contact with
the lumen area, and the alignment of ECs is influenced by the blood flow direction,
whereby controls the passage of material between the vessel lumen and the arte-
rial wall (Langille and Adamson, [1981). The ECs also regulate various biochemical
pathways for maintaining vascular homeostasis such as the balance between va-
sodilators and vasoconstrictors, and the reaction to inflammaton and angiogenesis
in wound healing (Traub and Berk| (1998); Eroschenko and Di Fiore|(2013)).

The tunica media is the middle layer and generally the thickest among the three
main layers. This middle layer generally consists of smooth muscle cells (SMCs),
which are surrounded by the extracellular matrix (ECM). The ECM is comprised of

various types of elastin, collagen fibres, and proteoglycans. The elastin and collagen

6 A novel Fluid-Solid-Growth-Transport framework for modelling the evolution of arterial disease


http://www2.highlands.edu/academics/divisions/scipe/biology/faculty/harnden/2122/notes/cvbv.htm
http://www2.highlands.edu/academics/divisions/scipe/biology/faculty/harnden/2122/notes/cvbv.htm

I-Tung Chan 1.3. Arterial structure in health and disease

fibres are the load-bearing vascular constituents that contribute significantly to the
mechanical strength of vessel wall (Shadwick;,|1999). The main function of SMCs is
to regulate the diameter of the artery and maintain ECM structure. SMCs contract
or relax actively to change the vessel’s diameter for maintaining vascular mechani-
cal homeostasis in blood flow and redistributing the blood to areas where needed.
Moreover, SMCs synthesise and secrete the elastin constituent to the ECM, which is
deemed to have structural impact on aneurysm formation and enlargement (Kondo
et al. (1998); Lee et al.| (2001)).

The tunica externa layer (adventitia) is the outermost layer and mainly com-
posed of fibroblast cells, collagen fibres, and ground substance. Fibroblasts regulate
the production of collagen fibres, which help to maintain the structural integrity of
vascular tissue. Hence the collagen synthesis is also deemed to play a key role dur-

ing aneurysm evolution.

To summarise, the primary function of SMCs and fibroblasts within the vascular
layers is to maintain the structure of the artery. The communication between ECs,
SMCs, and fibroblasts also plays a critical role in the structural regulation in healthy

and diseased arteries.

1.3.2 Aneurysm structure

Figure illustrates the structural difference between healthy and diseased cere-
bral arteries. It is of note that the media layer and the SMCs are almost replaced by
collagen fibres after the development of an IA. This histopathological characteristic
is based on a general observation in cerebral aneurysm tissue (Zhang et al. (2003);
Brisman et al. (2006)). The abnormal structure within the aneurysm wall shows
a lack of elastic membrane and supporting tissue, and the elastin is sparsely dis-
tributed or completely lost (Finlay et al.},[1998). The collagen turnover rate is deemed
to be an important factor in the assessment of rupture risk, as collagen fibres be-
come the main load bearer in the aneurysm structure (Mitchell and Jakubowski,
2000), e.g. newly formed aneurysms may have higher risk of rupture because new
collagen is not attached to the ECM in time to compensate the loss of previous de-

stroyed collagen.

Furthermore, Frosen et al. (2004) indicated that the identification of the
histopathological profile of aneurysms would be the key for the assessment of po-
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Figure 1.4: Structural comparison between the healthy arterial wall and aneurysm
wall (image adapted from [Etminan et al.|(2014)).

tential rupture. Some aneurysm groups were still found with layers of SMCs and
intact endothelial layer, while others showed a dispersed network of SMCs or a sig-
nificant decrease in SMCs. However, aneurysm disease is generally associated with

many other vascular pathologies, including intramural haemorrhage, immunodefi-

ciency, and trauma (Krings et al., 2011), thus it is also crucial to identify important

biological features with the bio-complexity for the development of aneurysms.

1.4 ARTERIAL BIOMECHANICS AND MECHANOBIOLOGY

This section introduces the biomechanical characteristics of arterial tissue and the
interaction between vascular biology and mechanics, which need to be considered

when modelling the evolution of aneurysms.

1.4.1 Biomechanics of the vessel wall

Arteries have very unique and different mechanical properties compared to com-
mon solid materials such as steel. This is mainly due to the fact that vessels are dy-

namic and living tissues consist of vascular constituents and vascular cells, which
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continuously deposit and degrade during life time. Therefore, from a mechanical
perspective, vascular structure can be considered as a fibre-reinforced composite
material, which would react to local conditions and changes over time. The specific

mechanical properties of the arterial wall can be categorised as follows:

* Nonlinearity

The nonlinear mechanical response of an artery is the consequence of the
composite contribution from different types of load-bearing constituents. At
lower strain, the elastin constituents are the main load bearer and govern
the mechanical response in a linear manner. The collagen fibres are initially
crimped and not bearing the load at lower strain. While at higher strain, the
collagen fibres are stretched and begin to bear the major load, which present

an exponential stiffening effect (Shadwick, 1999).

* Anisotropy

The mechanical behaviour of vessel wall is commonly deemed to be
anisotropic with respect to the axial and circumferential directions with ex-
perimental evidence on both humans and animals. From a modelling per-
spective, this anisotropic behaviour is characterised by the orientations of the
collagen fibres for the resistance to stretch at high pressures in different direc-
tions (Holzapfel et al.,|2000).

¢ Residual stress

Experiments on arterial tissue ((Chuong and Fung, 1986); Fung and Liu
(1992)) have shown that when an unloaded artery is cut transversally it con-
tracts along the axial direction, which proves the existence of an internal stress
field in the physiological state. Also, when the cut is made longitudinally in an
arterial ring, it opens releasing circumferential stresses. These experimental
observations imply the existence of residual stresses within the arterial wall,

and the load-free state of an artery is not in a zero-stress state.

* Heterogeneity

The heterogeneity of an artery is due to the specific layered mechanical prop-
erties within the vessel wall. The media and adventitia layers are the primary
load-bearing components, while each layer has individual material modulus

of elastin and collagen (Holzapfel et al., 2000). The media is normally stiffer
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than the adventitia at lower strain with greater elastin modulus. While at
higher strain, both layers respond similarly with more collagen fibres being
stretched and contributed to the mechanical equilibrium (Sommer, 2008). It
is of note that the material properties of vascular constituents vary in differ-
ent types of arteries, and also adapt to the changes of physiological conditions

such as intense exercise, age, and disease.

* Incompressibility

For a healthy artery, it is a common assumption that the arterial material is
incompressible due to the high water content within the wall (70% ~ 80%)
(Sommer, 2008).

¢ Viscoelasticity

The arterial tissue exhibits elastic and a certain level of viscous characteristic
when undergoing deformation. This is demonstrated by experiments on ar-
terial creep and stress relaxation, as well as hysteresis in arteries under cyclic
loads (Gasser et al.,|2006).

¢ Active mechanical response

The elastin and collagen constituents provide the passive mechanical re-
sponses of the vascular structure. Additionally, SMCs would actively contract
or relax to change the diameter of vessel in order to maintain the vascular

homeostasis of local blood pressure.

Overall, the mechanical behaviour of arteries generally show the characteris-
tics of nonlinearity, anisotropy, heterogeneity, and incompressibility in a spatial
layered-specific manner. These characteristics are essential to be included when

modelling the arterial structure, in both healthy and diseased states.

1.4.2 Arterial Mechanobiology

Mechanobiology is the study of the effects of physical cues such as applied forces on
cell behaviour. In arteries, growth and remodelling (G&R) involve activation of in-
tramural cells by chemical and mechanical stimuli such as blood pressure and shear
stress, leading to deposition and degradation of tissue components (Humphrey,
2008). G&R processes are invoked by developmental, physiological (maintenance

and ageing), pathological phenomena (disease and injury) and even environmental
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Figure 1.5: Activation of cellular signalling pathways in response to the extracellular
mechanical triggers (image adapted from|Chien| (2007)).

adaptations. Many of the aforementioned processes are associated with alterations
in arterial loads, suggesting the involvement of mechanical homeostasis. Hence,
it is important to investigate the mechanobiology in both healthy condition and
aneurysm disease, not only for a better understanding of the aetiology of the dis-

ease but also for establishing more accurate and reliable diagnostic criteria.

The arterial wall is a highly dynamic tissue with remarkable capabilities such
that through genetic and biochemical processes, its properties can adjust to main-
tain or restore vascular homeostasis (Robertson and Watton, |2013). Cells in these
tissues play a major role in the G&R processes (Humphrey et al.,[2015). Mechan-
ical stimuli can be transduced from ECM to cells via receptors, which then acti-
vate cellular signalling pathways essential for homeostasis regulation. Such process
is termed mechanotransduction (Figure[1.5). Since haemodynamic and biological
stimuli interrupt with the local arterial homeostasis as well as the arterial remod-
elling needed for the restoration of homeostasis (Humphrey, 2009), the failure to
maintain or restore mechanical homeostasis may potentially contribute to progres-

sion of aneurysm.

ECs are important in vascular physiology and pathophysiology (Nerem, 1993).
Just like many other types of cells, ECs are surrounded by a complex mechanical
loading environment. The endothelium forms the inner lining of the arterial wall
and is directly exposed to blood flow, hence experiencing direct influences from

hemodynamic forces. Cyclic strain due to vessel wall distension, and shear stress

A novel Fluid-Solid-Growth-Transport framework for modelling the evolution of arterial disease
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resulting from frictional forces caused by blood flow, i.e. wall shear stress (WSS), are
pivotal mechanical forces that influence the structure and functions of EC (Wang
and Thampatty, 2006). Differential EC responses to WSS have been demonstrated,
such that WSS of different magnitudes, directions, and even spatial and temporal
gradients, can alter the EC form and functions (Hoffman et al.| (2011); Meng et al.
(2011)). Interestingly, studies have suggested the effect of the direction of WSS and
cyclic stretch on EC morphology. Alterations in morphology in turn influence the EC
permeability (Cummins et al., 2007). Disturbed flow could produce an inflamma-
tory effect on the arterial wall, in which the altered permeability of EC allows greater
penetration of macromolecules (Chiu and Chien|(2011);|Chien/ (2007)). Notably, al-
terations in molecular homeostasis have been linked to aneurysm disease (Kassam
et al., 2004). On the other hand, SMCs are mainly influenced by cyclic stretch result-
ing from pulsatile changes in blood pressure (Haga et al.[ (2007); |Li and Xu/ (2007)).
Adventitial fibroblasts are surrounded by ECM and are more prone to strains during
the cardiac cycle (Wang and Thampatty, 2006). Structural protein collagen is the
most abundant component of ECM. It is also one of the many components of ECM
produced by fibroblasts. There are indications that WSS heterogeneities might have

a local effect on collagen production (Rodriguez-Feo et al., 2005).

1.5 ADAPTIVE RESPONSES TO BIOCHEMICAL TRANSPORT

THROUGH THE ARTERIAL WALL

1.5.1 Motivation

Most G&R models of aneurysms have focused either on the mechanical clues or
the haemodynamics within the lesion (Humphrey and Taylor| (2008); Wilson et al.
(2013)). However, very few studies look into the biochemical influence on the evo-
lution of aneurysms (Holland| (2012); |Virag et al. (2015); /Aparicio et al. (2016)). Due
to the chemo-mechano-biological complexity of an aneurysm, it is essential to con-
sider multi-factorial and multi-physical factors when modelling the aneurysm evo-
lution. Therefore, the goal of this research is to develop the first computational
framework to predict the aneurysm evolution by quantifying the interrelationship of
biomechanical responses and biochemical transport on arterial tissues. This inte-
grated G&R model has the promise to improve our understanding of the underlying

mechanisms of aneurysm growth, to encourage the design of experiments on vas-
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cular tissues, and to advance the prediction of aneurysm enlargement and risk of

rupture.

Most studies related to biochemical transport in arteries have been focused on
atherosclerosis, where the continuing accumulation of LDL and the adaptive SMCs
proliferation create a plaque which leads to the chronic stenosis of the lumen (Guy-
ton and Klemp, |1989). Consequently, modelling the mass transport of correspond-
ing molecules has become the leading trend of the study. The density of LDL (Wada
and Karino (1999); [Ueda et al. (2004); Sun et al.| (2007)) and oxygen (Back| (1976);
Moore and Ethier (1997); |Qiu et al.| (2000); Kaazempur-Mofrad et al. (2005)) in the
arteries are deemed to play key roles in the formation of atherosclerosis. These stud-
ies suggest and provide the fundamental of solute transport modelling in arterial
diseases, as the arterial constituents are highly regulated by the local level of bio-
chemical substances. Motivated by the transport modelling of atherosclerosis and
the review of AAA growth (Wilson et al.} [2013), the idea of combining the effect of
chemical transport with previously proposed G&R models of the evolving mechan-

ical behaviour of aneurysm wall is studied in this thesis.

1.5.2 Mass transport within arterial wall

Tarbell (2003) reviewed and analysed mass transport in arteries and the localisation
of atherosclerosis. Four mechanisms of mass transport (blood phase controlled hy-
poxia, leaky endothelial junctions, transient intercellular junction remodelling, and
convective clearance of the subendothelial intima and media) are critical for eval-
uating the localisation of atherosclerosis. Endothelial permeability is controlled
by the first three mechanisms such that transport of larger molecules, e.g. LDL,
is highly regulated, while transport of smaller molecules, e.g. oxygen, is relatively

more permeable through ECs.

The development of computational modelling of mass transport began with a
fluid-wall modelling applied on an axisymmetric geometry to determine the LDL
accumulation (Wada and Karino! (1999); [Ueda et al.| (2004); |Sun et al. (2007)). Fur-
ther studies focused on the application of clinical geometry for the evaluation of
EC permeability (Malek et al.| (1999); Himburg et al. (2004)) and the comparison be-
tween the modelling results and the in vivo data for the location of atherosclerosis
(Diaz-Zuccarini et al.| (2014) ;Di Tomaso et al. (2015)). For the application of trans-

port modelling on aneurysms, |Sun et al.| (2009) presented a computational analysis
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of oxygen transport in a patient-specific model of AAA with intraluminal throm-
bus. Intraluminal thrombus which is found in 75% of all AAAs has been shown to
substantially attenuate oxygen transport from lumen to aneurysm wall, resulting in
further degeneration of aneurysm. A blood-thrombus-wall model was developed to
demonstrate the profound influence of the presence of thrombus on oxygen con-
centration in the wall. Result shows that oxygen supply is reduced by 80% from lu-
men to the wall if thrombus thickness is greater than 5mm. Promising results from
these studies suggest the potential to improve the therapeutic strategies for arterial
diseases. Additionally, mass transport modelling is important in medical applica-
tion. An example is drug delivery. Transport modelling has recently can be utilised
in the design of drug-eluting stent to prevent restenosis after stent placement (Pon-
trelli and de Monte, |2007).

1.5.3 Adaptive responses to hypoxic environments

The influence of oxygen availability on the adaptive response of arterial tissue is set
up as the example of biochemical influence for the development of the computa-
tional framework throughout this thesis. This section introduces an unfavourable
environment, hypoxia, which significantly affects the functionality of arterial cells
and tissues, and motivates the consideration of oxygen effects during aneurysm
evolution. The blood flow circulation transports nutrients and oxygen to cells and
tissues in the body and takes away metabolic products by a diffusion-based ex-
change mechanism. In the cardiovascular system, oxygen plays an important role
as arterial cells are particularly sensitive to fluctuations in oxygen availability and
have a corresponding mechanism to restore the normoxic condition. If the hypoxic

condition continues, this could result in cell dysfunction or ultimately death.

All physiological mechanisms require aerobic and metabolic reactions for gen-
erating energy to function. Under an intermittent hypoxic condition, cells will ad-
just the metabolic respiration in order to achieve oxygen conformance, which is a
decrease in oxygen consumption within cells. In other words, the demand for cel-
lular energy is downgraded to a minimum requirement as an adaptive response to
the hypoxic condition (Rissanen et al., 2006). More importantly, low oxygen lev-
els have a significant effect on cell functionality. An experimental observation (Ray
et al., 2008) found that when the rat aortic SMCs are continuously exposed to a low

oxygen environment, the rates of SMC proliferation and apoptosis increase. Also,
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hypoxia would affect SMC functionality in collagen synthesis. Pietild and Jaakkola
(1984) observed that rabbit aortic SMCs would decrease their collagen synthesis rate
to approximately 50% in the hypoxia compared to the control group in normoxia.
Furthermore, the production of collagen by fibroblasts was downregulated after 48

hours exposure to low oxygen level (0-2%) (Steinbrech et al., 1999).

Therefore, the hypoxic condition could lead to cell dysfunction, excessive SMCs
apoptosis, and reduction in collagen deposition, which could have the potential to
influence vascular adaptation on aneurysm evolution. Vorp et al.| (2001) suggested
that intraluminal thrombus within an AAA would possibly attenuate oxygen diffu-
sion to the arterial wall causing localised hypoxia or wall weakening. This thesis
would address this hypothesis that the presence of thrombus layer leads to cellular
hypoxia and diminishes the wall strength, which may further result in wall weaken-

ing and increased potential for rupture.

1.6 REVIEW OF THE in silico MODELLING

Experimental models (in vivo, in vitro) on vascular tissues have provided valuable
information on arterial physiology and pathophysiological mechanobiology, how-
ever, the underlying mechanisms are still poorly understood. To represent and
quantify the local mechanical responses of the arterial wall, mathematical and com-
putational (in silico) models are a useful tool. With the representation of mechanical
responses, further applications of the computational models involve simulations of
the adaptation and evolution in vascular structure and cell functionality, and the in-
ception and growth of arterial diseases. In this thesis, we focus on the development
of computational modelling on the progression of aneurysms. Therefore, it is im-
portant to investigate what has been achieved with in silico approaches in aneurysm

evolution.

A mathematical approach to describe the biomechanical instability in aneurysm
rupture with nonlinear elastic analysis was proposed by (Akkas, 1990). For me-
chanical modelling purposes, the strain energy function (SEF) term was imple-
mented in a 1D model to illustrate the mechanical behaviour of the arterial wall.
The mathematical analysis was validated with experimental data of axisymmetri-
cally inflated biomembranes for measuring mechanical strains under various pres-

sures (Hsu et al., 1995). This approach was then updated by using finite element
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methods (FEM) to study the local properties for the anisotropic characteristic of ar-
terial tissue (Seshaiyer et al.,2001). Both analytical (Humphrey and Kyriacou (1996)
;Haslach and Humphrey| (2004)) and numerical (Shah and Humphrey, |1999) meth-
ods were applied to investigate the dynamic stability of aneurysm enlargement with
spherical models. For realistic applications on clinical aneurysms, a methodology
of nonlinear, anisotropic, and static structural analysis was developed in order to
achieve a more accurate estimation of wall stress in the 3D geometry of saccular IAs,
and to study the potential role of wall stress in aneurysm rupture (Ma et al.,[2007).
Furthermore, the concept of regional variation in remodelling of material parame-
ters of an aneurysm was proposed by the hypothesis that collagen remodels in an
attempt to restore its local stress field to a homeostatic value (Ryan and Humphrey,
1999).

Watton et al.| (2004) developed the first mathematical framework to model
aneurysm evolution with the application of AAA, in which the evolution of vascular
microstructure and composition is simulated under the assumption that new col-
lagen fibres are deposited to the ECM with an attachment stretch. This framework
has also been applied to model the evolution of IAs (Watton and Ventikos| (2009);
(Watton et al., 2009b)), and extended to couple the G&R in response to local haemo-
dynamic stimuli (Watton et al., 2009a) to form a fluid-solid-growth (FSG) compu-
tational framework as illustrated in Figure This FSG framework was integrated
into physiological aneurysm geometries, and the G&R approach was further linked
to the cyclic stretch (CS) stimuli (Aparicio et al. (2014); Selimovic et al. (2014)), the
volumetric changes (Eriksson et al., 2014), and the transmural variation through ar-
terial wall thickness (Grytsan et al., 2015).

In soft tissue modelling, Humphrey and Rajagopal (2002) proposed a con-
strained mixture theory for G&R under the basis that new constituents are likely
to be deposited with a level of "deposition stress". A subsequent study was con-
ducted by a 2D model for the adaptation of collagen constituents with different
evolving properties and configurations to represent the aneurysm growth (Glea-
son Jr and Humphrey, 2005). This mathematical G&R algorithm has been further
implemented in theoretical models: the enlargement of idealised fusiform IAs (Baek
et al., [2006), cerebral vasospasm (Baek et al., 2007), and arterial adaptation of al-
tered blood flow and pressure (Valentin and Humphrey, 2009). A multilayered wall

model (Karsaj and Humphrey,|2012) was proposed to suggest other important met-

16

A novel Fluid-Solid-Growth-Transport framework for modelling the evolution of arterial disease



[-Tung Chan 1.6. Review of the in silico modelling

‘ Cyclic stretch

( (i) CFD \ / (iv) Growth & Remodeuing\

(iif) Mechanical environment of vascular cells

<— stretch ——

\_

(i) Structural analysis

diastole systole J
=

J

Figure 1.6: Fluid-Solid-Growth (FSG) framework for modelling the mechanobiol-
ogy of vascular disease evolution (image adapted from Aparicio et al. (2014)): Mod-
elling cycle- (i) structural analysis solves systolic/diastolic deformation fields; (ii)
AAA geometry is integrated into a larger physiological domain. The volume domain
is automatically meshed with ANSYS ICEM; physiological boundary conditions are
applied; flow solved with ANSYS CFX. (iii) CFD/structural analyses export spatial
distributions of the mechanical stimuli; (iv) G&R algorithms simulate cells respond-
ing to mechanical stimuli. The constitutive model of the tissue evolves. The cycle
(i-iv) continues and as the tissue adapts an AAA evolves.

rics such as residual stress and transmural variation inside the arterial wall, which

are fundamental to mechanical homeostasis and response to changes.

The G&R approaches mentioned above all focused on the mechanics of arte-
rial wall and its relation to the G&R of vascular constituents. Recently, research has
been focused on the biochemical influence and its interplay with mechanobiology
on vascular diseases, especially on modelling the mass transport of biomolecules
and its relation to cell behaviour and vascular tissue (Lambrechts et al.[(2012); Bjork
et al|(2012)). Wilson et al.| (2013) reviewed the diffusion of biochemical transport in
AAA binding to EC permeability. He suggested that the intraluminal thrombus in-

side AAA is biological active and the evolving mechanics of the wall highly depends
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on biochemical effects of the adjacent thrombus. An extended study (Virag et al.,
2015) presented a mathematical model to couple biomechanical and biochemical
effects of intraluminal thrombus on the enlargement of AAAs, which supports the
idea that ILT is biologically active (i.e. release of proteases). The G&R approach of
this model adapts the constrained mixture method coupling with the effect of pro-
tease diffusion within the wall. Additionally, Virag et al.|(2018) investigated parame-
ter values under physiological range for the potential of different model predictions.
The extended parameter study is useful to recognise the important features of AAA
evolution and the key factors of the risk of rupture. |Aparicio et al.| (2016) also pro-
posed a mathematical model of arterial chemo-mechano-biology to describe the
complex interplay between biomechanical and biochemical stimuli with the appli-
cation of aneurysm growth. The collagen remodelling is based on Watton’s stretch-
mediated G&R method. While the collagen growth is represented by a biochem-
ical pathway model, in which the fibroblast properties are regulated by the level
of key biomolecule (TransformingGrowthFactor(TGF)-f). The mechanotransduc-
tion of TGF-f is influenced by the deviation of mechanical stretch from homeostatic
level. Results of this model demonstrate different modes of aneurysm growth. More
importantly, the enlargement of aneurysm is stabilised with the increasing level of

collagen promoting TGF- 8, which is consistent with the experimental observation.

These chemo-mechano-biological models mentioned above focused on the
coupling between the mechanical responses and molecular level within the tis-
sue, while EC permeability is an import aspect when modelling molecular trans-
port from endothelium to the wall. |Goodman et al. (2016) proposed a mathe-
matical model to relate the WSS-dependent endothelium permeability, low-density
lipoprotein (LDL) transport, and intimal thickening (hyperplasia) of arterial wall to-
gether. The main concept is that the hyperplasia occurs as a result of excess oxi-
dised LDL, which then interrupts with blood flow, influencing the endothelial per-
meability through WSS. The model investigated the fluctuations of the lesion shape
over time, and how this influenced WSS, influx rates of LDL as well as how sensitive
these processes were to the oxidation parameters. Findings showed a downstream
propagation of the lesion caused by high and low WSS, which lasted for a certain
period of time after the disappearance of the hotspot, providing plenty of time for
additional pro-atherogenic processes. For applications on patient-specific geome-
tries, Alimohammadi et al.| (2017) presented a mathematical model to understand

atherosclerosis formation such that a multifactorial multiscale modelling approach
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was employed to estimate the locations of vessel wall calcification and plaque for-
mation. Remodelling of arteries occur during atherogenesis, leading to lipid accu-
mulations (LDL cholesterol) known as plaques in the inner lining of arteries. Indi-
cations have demonstrated an association of the lipid accumulation with the site of
endothelial mechanotransduction, a complex process involving biomechanical and
biochemical processes. In view of this, the model provided by Alimohammadi et al.
offered a comprehensive way to demonstrate an integrated framework explaining
the interplay between mechanics and biology. Notably, a combined index called
HOLMES was used to underscore locations with highly oscillatory, low-magnitude
WSS, and results were in line with other findings (Alimohammadi et al., 2016) which
suggested the detrimental effects of such WSS environment on the endothelium.
The model also successfully identified the majority of both the plaque regions and
plaque-absent regions obtained from computed tomography (CT) scan. Therefore,
another key message delivered by this model is that instead of merely focusing on
the mechanics or the biology, mathematical modelling which takes into account the
biological multiscale, multifactorial processes and mechanisms, is a more effective

way to simulate cardiovascular diseases.

A detailed review of arterial multiphysics is done by Marino et al.|(2017a), where
the importance of molecular transport phenomenon affecting the tissue inflamma-
tory state and biological structure is emphasised. Marino et al.| (2017b) then pro-
posed a state-of-the-art chemo-mechano-biological framework which accounts for
the remodelling of arterial tissue and the diffusion of molecules involved in cell-
cell signalling pathways. This model utilises a simple axisymmetric geometry for
analytical solutions to introduce the coupling framework. The biochemical trans-
port within the arterial wall is defined as an advection-diffusion-reaction problem
for each active molecule, i.e. matrix metalloproteinases (MMPs) and TGF- 3, which
regulate ECM degradation and deposition. The remodelling mechanism is driven
by the alteration of structural feature (arterial radius) and molecular concentration
from the homeostatic state. Volume fraction of elastin and collagen, collagen fibre
radius, and structural stiffness are remodelled based on this strategy. Despite the
simplified geometry setting, this model addresses a case study which shows the ef-
fect of vascular remodelling induced by molecular transport and mechanical equi-
librium. More importantly, the result is able to capture the arterial dilation as a
consequence of change in biochemical environment, in which shows the potential

to be applied on modelling aneurysm diseases.
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To summarise, in the development of in silico aneurysm models, many efforts
are focused on simulating the adaptation and composition of arterial structure dur-
ing the evolution of vascular diseases. These models are used to elucidate vascular
mechanobiology and to quantify mechanical factors on remodelling the vascular
structure. Nonetheless, it is essential to point out current limitations of the exist-
ing aneurysm models to address the direction of further improvements. Major lim-
itations of the state-of-the-art computational framework for modelling aneurysm

evolution are listed as below:

* Most mathematical frameworks on modelling aneurysm structure utilised ei-
ther conceptual geometries, membrane formulations or simplified axisym-
metric motions. The limitation of a membrane model is that it assumes con-

stant properties in each layer which is not true in real cases.

 Existing FSG methodologies focused on the mechanical responses on arterial
tissues (e.g. wall stress, fibre stretch, and flow condition), while there is very
few in silico models investigate the biochemical effect on aneurysm progres-

sion.

e There is no chemo-mechano-biological framework applied on a patient-
specific aneurysm geometry. The state-of-the-art coupling framework de-
veloped for modelling aneurysm evolution utilised simple geometries for the
demonstration of the G&R method.

¢ The evolution process of healthy-to-pathological state of aneurysm is difficult
to obtain. In clinical cases, most aneurysms remains asymptomatic until the
physical condition of the patient is severe or the final rupture. Therefore, al-
though the FSG model provides a useful tool to understand the underlying
mechanisms for the aneurysm development, it is inadequate to assist thera-

peutic schemes in clinical applications.

This thesis would target on these issues to establish an advanced computational

framework specifically designated for modelling the aneurysm progression.
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1.7 OVERVIEW OF THESIS

This section briefly introduces the main components (by chapters) to develop a
novel chemo-mechano-biology computational framework, which takes into ac-
count the influence of local mechanical responses and chemical levels on aneurysm
evolution. As mentioned in the previous section, most in silicomodels of aneurysms
focused on the mechanical effect, thus the novelty of this research is to include
the chemical effect, i.e. oxygen level, into the G&R approach and with the appli-
cation on an anatomical aneurysm geometry. Furthermore, the whole workflow of
the computational framework is fully integrated in the ANSYS engineering software,
which enables the direct interplay and communication between the mechanical

and chemical environments. The outline of each chapter is presented below:

* Chapter[2; A two-layered thick-walled fibre-reinforced tube structure is es-
tablished to represent a healthy artery, which is based on the constitutive
framework for arterial wall mechanics proposed by Holzapfel et al.|(2000). The
residual stress is included to represent the physiological stress distribution
within the vessel wall, whereby the zero-stress, load-free, and loaded config-
urations of the arterial model are defined. The influence of residual stress on
the mechanical response is characterised by the opening angle method (Fung
and Chuong, 1983). This model is integrated into the ANSYS software and the
result is validated with analytical solutions in pressure-diameter relationship.
Different mechanical cases are conducted to investigate the influence of ma-
terial parameters and blood pressures on the mechanical response within the
arterial wall. In this thesis, the aneurysm development begins with the mi-
crostructural change of the healthy arterial model, and the G&R method is

associated with the disturbance of the physiological stress level.

* Chapter[3; Oxygen concentration within the arterial wall is used as the exam-
ple for modelling the chemical influence on aneurysm evolution for the pro-
posed computational framework. Therefore, this chapter introduces the mod-
elling of oxygen transport through a diseased (thrombosed) arterial model.
The oxygen transport properties are based on the review of experimental ob-
servations in healthy and thrombosed arteries (Vorp et al.,[2001). A diffusion-
only analytical derivation is conducted to describe the oxygen concentration

through the thrombus layer and arterial wall in a steady state analysis. The nu-
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merical simulation of oxygen transport is implemented in the diffusion model
in ANSYS and the numerical results are validated with the analytical solution.
A further investigation of the influence of thrombus thicknesses and oxygen
transport properties on oxygen distribution is conducted in the ANSYS nu-

merical model.

* Chapter [4 This chapter presents a novel chemo-mechano-biological com-
putational framework with the application on a simple 1D cylindrical model,
which focuses on the solid-growth-transport (SGT) interaction in aneurysm
evolution. The mechanical and chemical environments for the healthy vascu-
lar model are defined as the homeostatic conditions as the adaptive basis for
vascular G&R. A prescribed elastin degradation along the axial direction ini-
tiates the radial enlargement of the model, and the thrombus propagates to
deter the oxygen delivered to the arterial wall. The hypothetical G&R method
is implemented to model the adaptive response of collagen constituents, in
which the collagen parameters are remodelled according to the stress devia-
tion from the homeostatic level and the collagen growth rate is affected by the
local oxygen level. Results demonstrate the modelling behaviour of the SGT

framework including localised responses through the arterial wall.

* Chapter [5; This chapter extends the SGT framework on a 2D axisymmetric
fusiform model to emphasise the spatial variation of the G&R response. The
fusiform aneurysm is formed by a prescribed axisymmetric elastin degrada-
tion in the axial direction of the arterial tube model. Due to the geometri-
cal effect, the mechanical and chemical environments are characterised with

spatial variation in both axial and radial directions.

* Chapter[6; This chapter demonstrates the FSGT framework with the applica-
tion on a clinical aneurysm geometry. The G&R methodology is integrated
from previous chapters with an update in the representation of cell/tissue
interaction. A thrombus is generated on the aneurysm geometry in order
to investigate its influence on oxygen transport and the associated effect on
aneurysm progression. Illustrative results of the FSGT model present poten-

tial indices to examine the stability of the aneurysm.

* Chapter [7; The final chapter summarises the findings from previous chap-

ters and discusses potential improvements to the computational framework
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in order to have a more comprehensive tool for investigating the underlying

mechanisms of arterial diseases.
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CHAPTER

STRUCTURAL MODEL OF ARTERIAL WALL

This chapter presents the constitutive model of an arterial wall with the simulation
of mechanical responses in a continuum mechanics base. A general description of
arterial histology of vessel wall is provided in Section 2.1. Section 2.2 describes the
essential findings of residual stresses existing in the vessel wall and emphasises its
importance on the physiological homeostatic state of arteries. The opening angle
method (Chuong and Fung, (1986) is introduced to quantify the amount of resid-
ual stresses within the vessel wall and demonstrated in the later sections. Follow-
ing the introduction of arterial structure and its mechanical behaviour, the arterial
model is constructed in Section 2.3 based on the mechanical properties of biolog-
ical tissues treated from the continuum mechanical perspective. A specific strain
energy function which describes the nonlinear and hyperelastic characteristics of
mechanical responses in arterial layers is presented. Section 2.4 shows the imple-
mentation of the mathematical model presented in Section 2.3 to the numerical
model developed in the ANSYS software. A thick-walled cylindrical model which
takes into account the transmural variation through the wall thickness is built in
the modelling framework. This thick-walled model is then applied with different
opening angles to illustrate the influence of residual stresses on the circumferential
stress along the radial position of arterial wall. A series of sensitivity analyses on ge-
ometrical mesh and mechanical behaviour for the ANSYS model is conducted. As
aresult, this computational framework provides a general platform which enables
the representation of realistic distributions of mechanical forces in arteries.

Objective: the objective of this chapter is to model the mechanical responses of
the arterial structure by the numerical implementation of ANSYS software. This vas-
cular solid model will then be coupled in the proposed G&R framework to simulate

the mechanical structure of the aneurysm wall in each time step during aneurysm
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evolution. The change of mechanical stress responses within the aneurysm wall is

the key for the G&R approach of the computational framework.

The whole modelling framework begins with building a healthy artery based
on the mathematical description proposed by Holzapfel et al.[|(2000). The artery is
modelled as a thick-walled, non-linearly elastic cylindrical tube consisting of mul-
tiple layers. Each layer is treated as a fibre-reinforced material with the fibres cor-
responding to the collagenous components. With a reliable constitutive model, we
summarise the theoretical framework to be used as the background for the descrip-
tion of the arterial mechanics. It is of note that the artery is not stress-free in the
absence of the applied loading. A load-free state including the residual stress is car-
ried out by characterising an opening angle in the natural reference configuration.
Different natural reference configurations of load bearing constituents need to be
integrated and investigated for accurately estimating the pre-stress state which is

essential to model the mechanical environment in the arterial wall.

2.1 ARTERIAL HISTOLOGY

Efficient constitutive descriptions of the arterial wall require a fundamental knowl-
edge and understanding of their entire histology. Here, the focus will be on the mi-
croscopic structure of an elastic arterial wall composed of three layers: the intima,
the media and the adventitia. The constituents of the arterial wall from a mechani-
cal perspective are discussed here, and particular emphasis is placed on important
factors that govern the mechanical behaviour of the material. An overview of the

layered structure of an artery is shown in Figure[2.1]

2.1.1 Intima

The intima is the innermost layer of the artery. It consists of endothelial cells lining
the arterial wall that rest on a thin basal membrane. In healthy young arteries, the
intima is very thin and makes an insignificant contribution to the mechanical prop-
erties of the arterial wall (Holzapfel et al., 2004). However, it should be noted that
the intima thickens and stiffens with age, so that the mechanical contribution may

become significant over time (Lasheras, 2007).
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Figure 2.1: Schematic of arterial wall layered structure (adapted from Holzapfel et al.|

(2000).)

2.1.2 Media

The media is the middle layer of the artery and consists of a complex three dimen-
sional network of smooth muscle cells, elastic connective tissues and various types
of collagen. The media is separated from the intima and the adventitia by the inter-
nal elastic lamina and the external elastic lamina. The interconnection and the ori-
entation of the elastic and collagen fibres, elastic laminae and smooth muscle cells
together construct a continuous fibrous helix. The fibres are almost circumferential
oriented in the helical structure of the media. This structural arrangement gives the
media high strength, resilience and the ability to resist loads in both longitudinal

and circumferential directions. The media is generally the thickest one of the three
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layers and contributes significantly to the mechanical strength of the vessel.

2.1.3 Adventitia

Surrounding the media, the adventitia is the outermost layer of the artery and com-
posed primarily of ground substance, elastin and collagen fibres. The thickness of
the adventitia depends strongly on the type (elastic or muscular) and the physio-
logical function of the blood vessel, for example, in cerebral blood vessels the ad-
ventitia is very thin (Brisman et al., |2006). Its mechanical function is to prevent
over-distension of the blood vessel wall. The wavy collagen fibres are arranged in a
helical structure and serve to reinforce the wall. Especially at higher levels of pres-
sure the adventitia changes to a "jacket-like" tube to prevent the artery from over-
stretch. This is due to the helical structure in the adventitia generally having a rel-
atively greater pitch than in the media, so that the collagen fibres in the adventitia

would reach their straightened lengths in advance to the collagen in the media.

In our vascular model, it is assumed that the mechanical response of the artery
is due to the media and the adventitia; the intima is assumed to not contribute to

the mechanical response.

2.2 RESIDUAL STRESSES

2.2.1 Significant effect of residual stresses within the vessel wall

With a general understanding of vascular structure, another critical aspect of blood
vessel behaviour is residual stresses. Existing stresses within the solid structure un-
der no-load state are called residual stresses. Early research on biomechanics (Fung
and Chuong, [1983) assumed the arterial wall is in a zero-stress state without exter-
nal loads, i.e. blood pressure. If the blood pressure is re-applied on the zero-stress
solid arterial wall, it is expected that there would be higher circumferential stress
concentrations at the inner wall that would gradually decrease towards the outer
wall. Thus, there is transmural variation of the mechanical responses through the

arterial wall.

Fung (1983) challenged the hypothesis that the vessel wall is in zero-stress state
at its natural configuration by pointing out the importance of residual stresses af-

fecting the stress distributions in living organs in working condition. In living or-
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gans, the working function is highly dependent on the level of internal stress and
strain. For example, the contraction of vascular smooth muscles in the vessel wall
is stimulated by the instant response of stress and strain within the muscle cells.
Moreover, the function of muscle cells would have influence on the metabolic ac-
tivity, flow of oxygen and carbon dioxide through the wall, and thus are also related
to the stress and strain values. If there are/were no residual stresses within living
organs, the internal mechanical response would be solely determined by the ex-
ternal load resulting in a non-uniform cell functionality through the vessel wall. A
stress concentration at the inner wall implies there is a higher demand of energy
consumption which is not an optimal condition for the arterial structure. Hence,
the introduction of residual stresses is important to model the physiological state
of the vessel wall. Furthermore, for living tissues, cells proliferate and decay with a
turnover rate: the connective tissues are continuously synthesised by age. Hence,
if the living organs were not subjected to external loads, they could not maintain a

zero stress state with the constant response of tissues over the years.

Chuong and Fung (1986) first showed the existence of circumferential residual
stresses which reduce the transmural difference of stress and strain within the vas-
cular wall. This is based on experiments whereby several cuts were made on rab-
bit’s arteries and left ventricles resulting in the immediate opening of the structure.
This phenomenon contradicts the hypothesis that the unloaded configuration of an
artery is in the zero-stress state. Chuong and Fung then applied a mathematical ap-
proach to include the 'opened-up’ characteristic into a vascular model, in which the
results showed that the circumferential stress concentration is reduced. Almost si-
multaneously, [Vaishnav and Vossoughi (1987) investigated similar results leading to
the same conclusion. Fung and Liu (1992) then made further experimental exami-
nations of residual stresses by cutting rabbit arteries into rings, and rings into sec-
tors shown in Figure[2.2] The zero-stress state is characterised by the opening angle
of each sector. By measuring and comparing the strain in experimental and com-
putational models at the zero-stress state, unloaded state, and loaded state, results
showed that even the opening angles vary with types and longitudinal positions of
arteries, whereby the general function is to enhance the stress and strain to be uni-
formly distributed in normal loaded conditions (with homeostatic blood pressure).
This is the first evidence that demonstrates the implication of residual stresses of

arteries in the in vivo state.
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Figure 2.2: Three different states of the artery: in vivo state, no-load state and
zero-stress state (adapted from Fung and Liu/ (1992) and modified by http://www.
umich.edu/ " bme332/chaplibloodvessel/bme332bloodves.htm).

For modelling purposes, it is vital to understand the zero-stress state (with an
opening angle) as all the calculations of mechanical stress and strain are in reference
to this initial state. In addition, according to the review of residual stresses in blood
vessels (Fung, 1991), the change of stress has significant influence on the growth
or resorption in tissue. Thus it is essential to include the residual stresses when
modelling the mechanical response for the vessel wall. More importantly, this work
aims to build up a computational framework to simulate the evolution of arterial
diseases, which requires as a starting point, a model that can accurately represent
the mechanical environment before applying a hypothetical G&R approach. Note
that residual stresses may change over time during the growth of arteries, but this is
beyond the scope of this thesis. The work presented herein focuses on modelling the
homeostatic condition of arteries in the loaded state and the subsequent influence
on the stress deviation from the homeostatic level. Further detail will be presented
in Chapter[4]

To summarise, residual stresses are present in a large variety of biological tissues
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and organs. They have a significant impact on the mechanical response of biolog-
ical tissues to external loads. In the case of arterial tissue, when an artery is cut
transversally it contracts along the axial direction, showing the existence of an auto-
balanced internal axial stress field in the physiological state. Also, when the cut is
made longitudinally in an arterial ring, it opens releasing circumferential stresses.
Figure[2.2]adapted from [Fung and Liul (1992) shows that different amounts of resid-
ual stress present in different rabbit arteries. Subsequent studies (|Liu and Fung
(1988) ;Han and Fung (1991); Taber and Humphrey (2001);|Cardamone et al. (2009))
have demonstrated the importance of the introduction of residual stresses on arte-
rial models to get an accurate calculation of the stress distribution throughout the
arterial wall. The main effect of this stress field is to reduce the transmural gradi-
ent of circumferential stresses under physiological loads. Therefore, the inclusion
of residual stress optimises the mechanical environment inside the vessel wall and
provides a favourable and uniform condition for cell functionality throughout the

domain.

2.2.2 Opening angle method

To apply residual stresses within an arterial model, Chuong and Fung (1986) sug-
gested the opening angle of the vascular sample is the measurement to quantify the
residual circumferential deformation of the vessel. This is a popular standard due
to its simplicity. Especially we focus attention on the thick-walled cylindrical model
which considers the transmural difference along the wall thickness, and so it is es-
sential to employ residual stresses in order to have a realistic mechanical environ-
ment. In addition, the adaptive response of biological tissue is highly dependent on
mechanical loads. As arteries react to the imposed loads, variations in the circum-
ferential stress distribution through the wall play an important role in the adaptive
processes. Applications with the influence of residual stresses on vascular mechan-

ics is presented in Section |2.4.3

The opening angle can be measured by image-analysis of physiological geome-
tries. Figure[2.3|adapted from |Guo et al. (2005) shows the opening angles measured
in porcine coronary arterial trees. The vessels are carefully dissected and cut trans-
versely into rings, then the radial cut is made to release the residual stresses. The
image shows two segments from the arterial rings with the morphological measure-

ment of opening angle 0, which is defined by the two ends of open sector connecting
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Coronary: 8<180°  Coronary: 6>180°

Figure 2.3: Photos of coronary rings cut radially to reveal sectors with opening an-
gles 6 <180° (left) and >180° (right) (adapted from|Guo et al.|(2005)).

Figure 2.4: Diagram defining the opening angle (adapted from |Avril et al.| (2013)):
The open sector is cut radially from the no-load configuration of arterial ring and
assumed to be the stress-free undeformed configuration. ¢ is the opening angle
determined from the central point of the open sector; R; and R, are the inner and
outer radius of the zero-stress configuration.
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Figure 2.5: Illustration of the corresponding positions of stress-free configuration
(blue) and load-free configuration (pink) denoted by the opening angle ¢, reference
radius R;, load-free radius r;, and a shift of central point x;.

the midpoint of the inner wall. The opening angle could be less or greater than 180
degrees depending on the longitudinal position of the porcine arterial model. How-
ever, from a modelling perspective, the basic definition of opening angle as defined
in Figure[2.4)is applied for a simple cylindrical model. The diagram depicts a stress
free configuration where the opening angle is determined from the central point
of the open sector connecting the two radii ends. Although the opening angle def-
initions are different between the experimental measurement and the cylindrical
model, a correlation can be made for the implementation of an experimental open-
ing angle on a computational model. Figure |2.5 shows a more detailed definition
of opening angle for modelling purposes. The load-free configuration (pink circle)
denotes the target model for the zero-stress configuration (blue arc). We first define
the geometry of the target model, then apply an opening angle for constructing the
geometry of an open sector in zero-stress state. Hence the known values are the tar-
get radius r; and the opening angle ¢, whilst the unknowns are the reference radius

R; and the curvature x of the open sector. Since the circumferential lengths of the
2n—¢)

arterial rings in both configurations are meant to be the same: 2nr; = 27R; ( o

21
2n—¢

) and the curvature of the open sector is kK = +

the value of R; is equal to r; ( ot
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In Figure[2.5} there is a shift (x; = R; — r;) of the central point between the load-free
configuration (O) and the stress-free configuration (O’). The shift and the curvature
are essential in order to calculate the nodal position of the arterial model for the
open sector presented in Section[2.4]detailing the structural analysis. The open sec-
tor will gradually close up towards the load-free configuration to induce the residual

stresses.

2.3 MECHANICAL BEHAVIOUR: CONTINUUM MECHANI-

CAL FRAMEWORK

In this section, we follow Holzapfel’s mathematical description of deformation def-
inition and provide the general continuum description of the deformation to the
material with hyperelastic stress response (Holzapfel et al.,[2000). We also outline
the basic tools from continuum mechanics: kinematics, deformation invariants,
elasticity, strain energy and stress-deformation relations to model an arterial tube
structure. As a basis for reporting the performance of the constitutive models, we
consider the mechanical response of a thick-walled cylindrical tube model. Follow-
ing the overview of the ingredients of continuum mechanics needed in soft tissue
biomechanics and the phenomenological description of material properties, a two-
layered thick-walled model is presented in Section[2.3.7}

2.3.1 Description of deformation

Here we provide descriptions of both the deformation of reference configuration
and the deformed configuration shown in Figure Let Qo be a (stress-free)
reference configuration of the continuous body of interest: we use the notation
x : Qo for the deformation, which transforms a typical material X € Q) to a position
x = y(X) € Q in the deformed configuration, denoted Q. Further, let F(X) = 0y (X)/0X
be the deformation gradient, and Jacobian determinant /(X) = detF > 0 be the local
volume ratio. We base the kinematic formulation on a multiplicative split of defor-
mation gradient

F=('"°DF 2.1)

where J'/3I is associated with volume-changing deformations and an isochoric de-
formation gradient F whereby det(F) = 1 is associated with volume-preserving de-

formations of the material.
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Kinematics
X
Reference Deformed
configuration configuration

Figure 2.6: Illustrative model for the description of deformation in continuum me-
chanics.

We use the right and left Cauchy-Green tensors, denoted C and b respectively,

and their modified counterparts, denoted C and b respectively, associated with F.
Right C=F'F=J*°C, C=F'F 2.2)
Left b=FF' =*°b, b=FF" 2.3)
For polar decomposition, the deformation gradient can also be described as
F=RU=VR (2.4)

where R is the rotation tensor, U and V are the positive definite symmetric tensors.
Eigenvalues of U and V are the principal stretches A; > 0 (i = 1,2,3), and eigenvalues
of b and C are )Lf. In addition, we introduce Green-Lagrange strain tensor E and its

associated modified strain tensor E.
1 _ 1 -1 -
E:E(C—I):]2’3E+§(]2/3—1)I, EZE(C—I) (2.5)

where I denotes the second-order unit tensor.

2.3.2 Governing equation

The equilibrium equation without any body forces is
div(o) =0 (2.6)

where div(-) denotes the material divergence of the spatial tensor field and o is the
Cauchy stress tensor which can be derived from strain energy functions defined in
Sections[2.3.3]land [2.3.4]
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2.3.3 Specific form of strain energy function

A strain energy function is now introduced, suitable for arterial tissue which consists

of a volumetric and an isochoric term, i.e.
Y(E,A;, ... A,) =U()) +‘?(E,A1,...An) 2.7

where the function U is a purely volumetric contribution and VW is a purely isochoric
contribution to the free energy ¥. We employ a set {A;,...A;} of (second order) ten-
sors to characterise the arterial structure with fibre reinforcements. The volumetric
changes may be associated with increasing or decreasing in mass over a long time
scale. However, on a short time scale, arterial tissues may be considered nearly in-
compressible. For an incompressible material (/ = detF = 1), the constraint is there-

fore J — 1 = 0 to ensure incompressibility of a hyperelastic material that U(1) = 0.

However, when solving the problem numerically, the idea is that the material
would not be perfectly incompressible, instead it would be slightly compressible.
This leads to a penalty method for the volumetric strain energy U (J) by using a large
value of bulk modulus to enforce incompressibility. More details about the penalty
method can be found in section 8.3 of|[Holzapfel (2000), in which a simple form for

U (J) often used in numerical computations can be adapted:
K 2
ui= 5(]— 1) (2.8)

where « is the bulk modulus (penalty parameter) for the penalty function. The
implementation of this penalty method for the computational framework is intro-
duced in Section

2.3.4 Hyperelastic stress response

In order to describe the hyperelastic stress response of arterial walls, we apply the
chain rule of differential calculus on equation (2.7), the second Piola-Kirchhoff
stress tensor S = 0W/0E is given by

] oU Y
S=8,01+S, with Syol:%, Sza—_ (2.9)

The standard results of the chain rules are required

Y _jc' and a—E:]‘2’3(A—

= Al
°E 3E CeC ) (2.10)
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From tensor analysis, where A denotes the fourth-order identity tensor which has
the form (A);jxr = (01x6;1+611.07x)/2, and 617 being the Kronecker delta. With
these results, equation is substituted into with the introduction of the
hydrostatic pressure p = dU/d]J.

0¥
_ -1 -2/3
S=pJC +] Dev( P ) (2.11)

where the material deviatoric operator Dev( - ) is defined by

1 R
Dev(-)=(-)-[(-):€]C ! 2.12)
A Piola transformation of equation enables the Cauchy stress tensor ¢ =
J7'FSFT to be put in the decoupled form

_ 0V _
O=0y01+0, With o, =pl, 0= ]_ldeV(Fa—EFT) (2.13)
where the operator dev(-) is defined by

dev(~):(-)—%[(-):l]l (2.14)

2.3.5 Geometric model of artery

We consider the artery as an incompressible thick-walled cylindrical tube subjected
to axial stretch and internal pressure. In Figure[2.7} it is known that load-free config-
uration Q. is exercised from the body and not subjected to any loads. Thus, when
a cut is made longitudinally in an arterial ring, it opens releasing circumferential
stresses and becomes stress-free reference configuration Q. Current configuration
Q is the deformed geometry after applying the loads to the load-free configuration
Q.5 as depicted in Figure[2.7]

In terms of cylindrical polar coordinates (R, ®, Z), the geometrical region Qg of
the tube is defined by
Ri<R<R,
0<O=<Q2r—¢) (2.15)
0<Z<L
where R;, Ry, ¢ and L denote the inner and outer radii, the opening angle and the

length of the undeformed tube, respectively.

The deformation gradient F, which takes Qj into the current configuration Q,

is the composition of the deformation F;,s. and F;,,4. As indicated in Figure
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Reference configuration

(stress-free) R :
0.l R Current configuration
Eﬁ \i/ (Homeostasis) ,
L F

T ot
Ty TR

l:‘load!
Load-free §
Conﬁguratlon ‘ F=F 05 " Fioaa ‘

(Residual stresses)

Figure 2.7: Arterial ring in the stress-free reference configuration, the load-free con-
figuration and the current configuration.

Fjoqaq generates the load-free configuration Q,.s associated with residual stresses,
while F;,,4 is associated with physiological loads such as axial elongation and in-
ternal pressure that leads to the final configuration Q. In terms of cylindrical polar

coordinates (1,0, z), the geometry of the deformed configuration Q is given by

0<0<2m (2.16)

O<z=<l

where r;, rp and / denote the inner and outer radii, and the length of the deformed
tube, respectively. The deformation gradient F, which is taken to be isochoric, can
be written in the form:

F=re, +ze, (2.17)

with reference to the basis vectors {e;,ep,e.} associated with the cylindrical polar
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| R2—R?
— i 2
r= kA, + ri

010 (2.18)

coordinates (r, 0, z), where

z2=A,Z
A, is the axial stretch, the parameter k = 27/ (271 — ¢) is a convenient measure of the

opening angle of the reference configuration.

2.3.6 Constitutive model for the artery layers

In this section we propose a potential model of the artery as a fibre-reinforced com-
posite. The material parameters involved may be associated with the histological
structure of arterial walls such as fibre orientation. This model is based on the the-
ory of the mechanics of composite material and contains the symmetries of a cylin-

drically orthotropic material.

The thick-walled model of the artery is considered as a composite reinforced
by two families of collagen fibres which are arranged in symmetrical spirals. We
assume each layer with similar mechanical characteristics and use the same form

of strain-energy function, but a different set of material parameters.

We consider an incompressible material in our model and the strain energy
function ¥ consists of an isotropic term ¥;, and an anisotropic term W ;,,;5,. The
V¥, term is associated with the mechanical response of elastin constituents which
we assume to be isotropic. The anisotropic response is characterised by the orien-
tation of the collagen fibres for the resistance to stretch at high pressures. Hence,

the two-term potential is written as
W= "Piso(jl)+“ilaniso(j4,i) (2.19)

where the deformation invariants I; and Iy ; are associated with deformation mea-

sure C and collagen structure A;, {i = 1,2} for two directions of collagen fibres.
L =C:I=tr(C), I;;=C:A; (2.20)

Note that the invariant I, ; is the square of the stretches in the direction of vector
api,{i = 1,2}. We include structure tensors with the formulation in Sections[2.3.3]and
2.3.4, and the set {A} of collagen structure is defined as the tensor products A; = ay; ®
ap;. The anisotropy then only arises through the invariant f4, ; which is sufficient to

capture the typical features of arterial response.
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Finally, the strain-energy functions W50 and W 4,,i50 must be particularised to fit
the material parameters in order to observe the arterial response. For the elastin, we
use a modified Neo-Hookean model to determine isotropic response in each layer,
ie.

ke -
Piso= ?e(h -3) 2.21)
where k, > 0 is a stress-like material parameter of elastin modulus.

For the collagen, an exponential function form is used to describe the energy
stored in the collagen fibres, so as to capture the strong stiffening effect that occurs
at high pressures. The constants k; and k, are associated with the anisotropic con-

tribution of collagen to the overall response.
- k -
W aniso = z_klz{exp[kZ(I4,i - 1)2] - 1} (2.22)

where k; > 0 is a stress-like material parameter and k, > 0 is a dimensionless pa-
rameter. An appropriate choice of k; and k, enables to highlight the behaviour of

collagen fibres in the high pressure domain.

All the equations above are for determining an expression of stress. By substitut-
ing (2.13) into the particularised strain-energy functions (2.21) and (2.22), we obtain
the isochoric stress ¢ to the Cauchy stress tensor,

a\ijaniso

G = k.dev(b) + 2—2%% dev(ay; ® ay;) (2.23)
0ly,;

where a; = Fay; is the Eulerian counterpart of ao;.

2.3.7 Arterial model as a two-layered thick-walled tube

In order to report the performance of the proposed constitutive model, we apply the
model to a two-layered thick-walled tube structure. For this case the intima layer of
the artery is not of mechanical interest, and we therefore focus on modelling the

two remaining layers: media and adventitia.

The isochoric term of the strain-energy function for the two-layered problem is

given by:
PSR R
V= m Wi+ mp¥

iso aniso

(2.24)

Where j = {M, A} relates to the layers: M for media and A for adventitia; mé, mé are

the normalised mass densities of the elastin and collagen respectively. The initial
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Parameter | Symbol Value
Initial geometry

Load-free radius o 2 (mm)

Axial length Lyef 20 (mm)
Applied boundary conditions

Internal pressure on arterial wall p 125 (mmHg)

Axial pre-stretch Az 1.3

Radial pre-stretch Ao 1
Fibre orientation

Media ay 30°

Adventitia aa 60°
Wall thickness

Total H 0.375 (mm)

Media Hy H

Adventitia Hy }1 H
Elastin modulus

Media kM 143.2 (kPa)

Adventitia k2 0.1kM
Collagen modulus

Media kM 3.84 (kPa)

kM 40
Adventitia ki 0.96 (kPa)
ki 40

Table 2.1: Geometrical and material parameters for the arterial wall model (Based
on Watton et al.[ (2004), Watton et al. (2009a) and |Grytsan et al. (2015))

values of normalised densities are equal to 1, i.e. mIJE =1, mé = 1. However, the val-
ues could increase or decrease to simulate growth/decay of individual constituents.

Particularised forms of the strain-energy function for each layer can be written as

‘I’M:mM%(I_ —3)+mMﬂ{ex (1% -1] -1}, inmedia  (225)
E—, U1 CZkéV’ Pl Ko Uy, ’ :

pA = Ak?l_ 3 A K KA(TA —1)?| =11, in adventiti 2.26
_mE?(l_ )"‘mcﬂ{e@[z(&i— )]— }, in adventitia (2.26)

This model uses 6 material parameters, ké"f , k{w , ké‘/[ for the media and k;“, kf, ké“
for the adventitia. The constants k2 and kZ' are associated with the elastin con-
stituents, which describe the isotropic response of the tissue. The constants k',

ké"f and kf‘, ké“ are associated with the anisotropic contribution of collagen to the
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overall response. The material parameters are constants and do not depend on the

geometry, opening angle or fibre orientation.

The deformation invariant [ i »J =1{M, A} associated with the media and the ad-
ventitia are defined by fii =C:A;j; (i ={1,2},j = {M, A}). The tensors A; ; charac-

terising the collagen structure of the media and adventitia are given by
Ay j=ao,j®do1j, Azj=ap;®an,; Jj={M,A}. (2.27)

whereby the components of the direction vectors have in matrix notation:

0 0
ao,j = | cos(a;) |, aozj= cos(aj) |, j={M, A (2.28)
sin(a) —sin(a;)

and « are the angles between the collagen fibres and the circumferential direction
in the media and adventitia. Because of the wavy structure of collagen, it is regarded
as being unable to support compressive stresses. We therefore assume the fibres are
active in extension and inactive in compression so as to satisfy the condition: I ii >1
in the strain-energy function. If i ; is less or equal to 1, the response of the artery is

purely isotropic.

Figure demonstrates the pressure-diameter relationship derived from a
membrane arterial model proposed by Watton et al. (2004). Although this mem-
brane model simplified the transmural difference along radial direction, it still can
give us a sense of the mechanical response of the artery. Note that the residual
stress is not included in this membrane model and the normalised mass densities of
elastin and collagen (mg, mc) in each layer are all equal to 1 for homeostatic condi-
tion. The artery is subjected to blood pressure p, axial stretch 1, and radial stretch

Ag with undeformed radius ry. The force equilibrium based on membrane approxi-

2
COS (X]}

(2.29)

where H; is the thickness of each layer and the invariant I/ = AZsin?(a;) +

mation can be written as

k(1)

oH kK (1 -1
Agag)Jrj:%_A ik (1] -1)exp

/lz cos?(a i { j=M, A} for media and adventitia, respectively. Geometrical and ma-
terial parameters are listed in Table 2.1} A more detailed derivation of the simplified

model can be found in Appendix[Al The resulting pressure-diameter relationship
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Figure 2.8: The pressure-diameter relationship for the membrane model of the
artery including the contribution from elastin and collagen (Note: residual stress
is not included (zero opening angle)).

shows that the exponential form of the strain-energy function in collagen is char-
acterised that the collagen fibres bear more loads at high strains. The mechanical
response of the artery at higher strains is governed chiefly by the collagenous con-
stituents that are anisotropic, while at lower strains it is governed by the elastin that

responds isotropically.

2.4 ANSYS IMPLEMENTATION

2.4.1 Finite element arterial model

The previous section demonstrates the analytical method on solving a simple mem-
brane model on arterial mechanical response with a pressure-diameter relation-
ship. For solving a more complex or arbitrary geometry, the analytical method is
not applicable. Therefore, a numerical approach is introduced here for further de-

velopment on modelling the arterial structure and the iterative simulation on arte-
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rial G&R presented in Chapter[4 The numerical model is solved based on the finite
element method (FEM) in the engineering software ANSYS Mechanical 16.1 version
on the basis of solid mechanics. The FEM method firstly subdivides the whole do-
main into discrete number of elements (meshes) and assigns material parameters in
each element. To solve the problem, the solving equations are represented in ma-
trices by nodal degrees of freedoms within elements, material stiffness, boundary
conditions, and loads. The known values yields the approximated unknown values
by solving the simple equation in these finite elements. The solution of the original

system is then assembled by the solutions from elements.

Based on the model description in the last section, the mechanical behaviour
of the arterial wall is highly nonlinear and anisotropic hyperelastic. For the struc-
tural analysis in ANSYS, a built-in exponential-function-based strain energy poten-
tial (equation (2.30)) is available to describe the SEF presented in Section[2.3.7}

W= i ai (I —3)"+i by (F2 =3+ {exp[ea (L= 1)°] - 1}+ - {exp ez (Fs - 1)°| -1
= =t 20 2e;

(2.30)
where W denotes the strain energy potential; (ai, bj,cy,co,e1, ez) are the material
constants; (I, I, I, Is) are the deformation invariants. This built-in SEF is cate-
gorised for modelling anisotropic hyperelasticity of elastomers with reinforcements,

and suitable for biomaterials such as arteries.

To implement this exponential anisotropic strain energy potential to the discrete
elements within the model, an input file is needed for applying the material param-
eters for each element. In ANSYS, the TB,AHYPER command is for defining mate-
rial modulus, material direction, and volumetric part for anisotropic hyperelasticity
specifications (AHYPER). The input formats of the corresponding parameters for

each element in ANSYS modelling are described as follows:

TB,AHYPER,, EXPO
TBDATAyl)alyaZra3)bl!bzyb3
TBDATA,?,Cl,Cz,el,ez

* The EXPO command is specific designated for the SEF in equation (2.30). The
corresponding material modulus of elastin (k.) and collagen (ki, k») can be
translated from equation (2.25) and (2.26) to (2.30) that (a; = % i1 =ky; ¢ =
k). The rest of the parameters (b i»er, eg) in (2.30) are set to O to fit in the
arterial model.
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TB,AHYPER,,,AVEC
TBDATA,A1,A2,A3

TB,AHYPER,,,BVEC
TBDATA,B1,B2,B3

¢ The AVEC,BVEC commands define the material direction constants. For the
arterial model, each command represents the orientation of one family of col-
lagen fibres in relevant to the angle a ; for both layers j = {M, A} in (2.28). Col-
lagen fibres in both layers are assumed to be oriented in a double helical pitch
(£a;). Therefore, Constants sets of [A1,A2,A3] and [B1,B2,B3] denote the unit
vector of the angles +a; and —a; respectively in both layers. The unit vector
is calculated in the (x,y,z) direction of the global system based on the angle « ;
to the circumferential direction in each element corresponding to the global

coordinate.

TB,AHYPER,,,PVOL
TBDATA, d

e The command PVOL defines the volumetric potential. The volumetric strain
energy is given by: U(J) = é( J—1)2, where d is the incompressible parameter
and the bulk modulus x equates to % corresponding to the penalty function
(2.8). As the bulk modulus « is considered to exceed the material modulus
for insignificant volumetric response, x is chosen to be 3 orders of magnitude
higher than k., in numerical models (Holzapfel and Gasser, 2007). Hence, d is

given by 1% (1/MPa) to enforce incompressibility in each element.

Next, to implement the constitutive model in elements, we specify the element
type to be SOLID185 which is used for 3D modelling of solid structures and available
for the implementation of EXPO strain energy potential. The element of SOLID185
is defined by eight nodes (hexahedral element) having three degrees of freedom at
each node: translations of x,y,z directions. This element type has hyperelasticity,
large deflection, and large strain capabilities suitable for modelling the extensive
elasticity of the vessel wall. It also has mixed formulation capability for simulating
deformations of fully incompressible hyperelastic materials to prevent shear and
volumetric locking. The sparse direct solver (default solver in ANSYS) is applied for

solving the nonlinear properties of the arterial model.
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To apply boundary conditions and specific positions on vascular G&R, full con-
trol of the element location and order is needed. Therefore, the mesh of the model
is not automatically generated by ANSYS with a random element order but rather
defined by a sequential numbering of nodes of the elements which correspond to
positions for the purpose of full control. With the brick shape of the SOLID185 el-
ement, it is easy to organise the element order to be inserted in the simple tube
arterial model. A detailed description on the assignment of the nodal number and

element order can be found in Appendix[B}

An illustrative example of the mesh set-up is shown in Figure[2.9} in which there
are 8 elements along the radial direction, 60 element along the circumferential di-
rection, and 30 elements along the axial direction. As the focus of this work is to
investigate the transmural variation inside the vessel wall, a mesh sensitivity anal-
ysis was carried out for the numerical model, the results of which are discussed in
Section With 8 elements through the wall thickness, the inner 6 elements de-
note the media layer whilst the outer 2 elements denote the adventitia layer based
on the layer description in Table[2.1] The model is constructed in an open sector to
include the residual stresses by closing it to the target tube model. By calculating
the curvature and the corresponding positions to the target tube model, the nodal

positions of elements for the open sector can be defined.

As demonstrated in Figure the open sector is the reference configuration
in zero-stress state, while the closed sector with residual stresses is the load-free
configuration, then the inner blood pressure and axial stretch are applied for the
current (loaded) configuration. Figure[2.10]shows the reference configurations with
three different opening angles (0°,60°,180°) for the ANSYS model. The boundary
conditions are defined differently in the reference configuration and the load-free
configuration. For the reference configuration with an opening angle, the nodes
in the middle point of the opening sector are fixed as demonstrated in Figure[2.10]
From the fixed plane, nodes on both sides of the sector are moving gradually to-
wards the target positions to close the opening sector in order to generate residual
stresses. For the unloaded configuration, we release the boundary restraints of the
fixed plane and apply symmetric boundary conditions with the closed tube. For
the loaded configuration, one end of the tube model is fixed in the axial direction
and the deformation of one-third the length of the model (1, = 1.3) is applied at

the other end to force axial stretch (Monson et al., 2003), while the normal systolic
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ANSYS

R16.1
Academic

Academic

Adventitia

Figure 2.9: Mesh of the arterial model: The whole geometry of the mesh is built
in the reference configuration (open sector) in a zero-stress state. The mesh of
the model consists of 60 elements along the circumferential direction (elC=60), 8
elements along the wall thickness (elR=8) and 30 elements in the axial direction
(elZ=30). Hence the total number of elements is 14400. According to the layer de-
scription in Table 2.1, 3/4 of the thickness towards the inner surface is the media
layer; 1/4 of the thickness towards the outer surface is the adventitia layer. Hence 6
elements along the radial direction from inner surface is the medial element, whilst
2 elements along the radial direction from outer surface is the adventitia elements
according to the setting (elR=8) in ANSYS.
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Model A, 0° Model B, 60° Model C, 180°

Fixed plane Fixed plane

Initial configuration = wireframe ; Closed configuration = grey solid

Figure 2.10: Different opening angles for FE model and target position.

blood pressure (p = 125 mmHg = 16.67 kPa) is applied at the inner surfaces. The
balance condition of the current configuration is defined as the homeostatic state.
Mechanical responses such as stress and strain can be exported as element-based
data for further use on the hypothetical G&R approach. Once there is disturbance of
the mechanical environment, the original values of mechanical responses in each
element can be set to the standard in order to restore the homeostatic condition.
Applications of the element-based G&R will be presented in Chapter [4/and Chap-
ter[Bl

Note that the simulation in ANSYS is executed in batch mode by reading in a se-
ries of input files containing the nodal position, element order, material parameters,
boundary conditions, and solving steps. These input files are written in MATLAB
on the basis of Fortran language which is the only computational language recog-
nised by ANSYS. The batch mode processing allows an automated modelling start-
ing from the reference configuration to the current configuration without manual
intervention which can highly increase the efficiency of the whole computational
framework. In general, ANSYS reads in the input files generated from the MATLAB
editor to simulate the mechanical environment of the arterial model and export the
data. For the iterative G&R process, ANSYS keeps resolving equilibrium with up-
dated material parameters to restore homeostatic values. This adaptive process is
also included in the batch mode with a loop structure generating more time steps
for G&R. More details of the G&R workflow will be presented in Section 4.1

Figure shows the results from the ANSYS implementation of the arterial
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Figure 2.11: Comparison between the analytical and numerical solutions on the
pressure-diameter relationship of the arterial model.

model described in Figure We apply the same parameters in the ANSYS thick-
walled model to have a validation of the numerical method and to compare the re-
sults with the analytical solution of the membrane model. The radial deformation in
the mid-plane of the ANSYS model is compared with the responding diameter of the
membrane model under the same internal pressure. It shows that the results from
the ANSYS model are in good agreement with the results of the membrane model,
and the ANSYS model is slightly stiffer on preventing dilation of the artery under the
same pressure. Overall the ANSYS numerical model shows the ability to duplicate

the analytical model and the potential for further extension in a 3D domain.

2.4.2 Sensitivity analysis of the number of elements

As we emphasise the transmural variation of the thick-walled model, the efficiency
and sufficiency to present the different mechanical responses through the radial
position are important for our simulation. Illustrated in Figure is the circum-

ferential stress distribution in the normalised radial position simulated with differ-
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Figure 2.12: Influence of element number (elR) through the wall thickness on stress
distribution (p=125 mmHg; 17 = 1.3; opening angle= 60°).

ent number of element in radial direction (elR) of the ANSYS model. Note that the
stress output from ANSYS is the true Cauchy stresses in the global coordinate system
which are computed from second Piola-Kirchhoff stresses as described in Section
The geometrical and material parameters are based on Table[2.1|with a given
opening angle of 60°. A greater number of elements in the radial direction indicates
more data points through the wall thickness, which can increase the accuracy of the
approximated value in each element. Additionally, the number of elements (elR)
should be a multiple of 4 to well represent the fraction of layers: (1/4) H is adventi-
tia; (3/4) H is media, H is the total wall thickness.

Figure shows that the overall stress distribution varies very little within the
layers. However, compared to the elements within the layers, the circumferential
stresses in the innermost and outermost elements show a more obvious difference
between elR results. Therefore, we compare stress values at the innermost element
and the outermost element between different elR numbers to examine the accuracy

and efficiency of the computational model. Comparisons of stress values, as well as
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elR | Innermost stress (kPa) \ Error (%) \ Outermost stress (kPa) \ Error (%)

4 90.514 -3.87 54.018 -3.02
8 92.734 -1.51 54.706 -1.78
12 93.388 -0.82 55.121 -1.03
16 94.161 0 55.698 0

Table 2.2: Comparison of stress values at the innermost and outermost elements
with different number of elements (elR) of the ANSYS arterial model.

error percentages are listed in Table Results from the greatest number of ele-
ment elR=16 is deemed as the standard to investigate the accuracy. From Table[2.2]
as it is expected elR=4 has the lowest accuracy with more than 3% deviation from
elR=16. Although the error percentage is already low for the elR=4 case, while for
elR=8 and elR=12, the deviation is less than 2% in both innermost and outermost
elements giving a better performance. Moreover, elR=4 implies only one element
representing the adventitia layer without transmural difference, while elR>=8 pro-
vides at least two elements to describe the radial difference within this thin layer.
In addition, eIR=8 saves more than 60% in computational time when compared to
elR=16. As we will model the evolution of an aneurysm, each time step requires
another structural analysis for the G&R process, which will significantly increase
the computational time. Hence to achieve a balance between computational cost
and result sufficiency, we choose elR=8 to obtain the adequate information from
the numerical model to develop the whole computational framework for aneurysm

modelling.

2.4.3 Influence of opening angle on stress distribution

According to the description of residual stresses in Section the circumferen-
tial stresses are uniformly distributed through the wall thickness as an optimised
balance condition in the biological perspective. For the implementation within AN-
SYS, if we apply physiological loads in the thick-walled model excluding the residual
stresses, the stresses vary along the radial position with a higher stress concentra-
tion at the inner layer. Therefore, the opening angle method is applied to include
residual stresses in order to adjust the stress distribution to the biological homeo-

static condition.

In order to demonstrate the influence of residual stresses, we compare the cir-

A novel Fluid-Solid-Growth-Transport framework for modelling the evolution of arterial disease 51



2. STRUCTURAL MODEL OF ARTERIAL WALL [-Tung Chan

0.105 4

01

0.095

=)

o=}

w
T

0.085

=)

[}

(=]
T

0.075

Circumferential stress (MPa)

_E_ 3[‘]:
_*_ EU:
_e_ 9[‘]:
0.065 150

=

=1

-l
T

0.06

0 0.1 0.2 0.3 04 08 06 0V 08 09 1
MNormalized position of elements along wall thickness(from outer to inner layer)

Figure 2.13: Different opening angles for single layered vessel wall with only elastin
constituent.

cumferential stresses along the radial direction for different opening angles. The
whole model reaches a mechanical equilibrium after applying the internal pressure
(p = 125 mmHg) inside the arterial wall and the axial stretch (17 = 1.3) in the axial
direction. In Figure the arterial structure is a simplified single-layered artery
with only elastin constituents for which the elastin modulus is 0.1 MPa. As 0 de-
gree opening angle indicates there is no residual stress, the stresses have the min-
imum value at the outermost layer and increase almost linearly to the innermost
point which satisfies the force equilibrium. The residual stresses can be adjusted by
the opening angle, and it is shown that for 60 degree the vessel wall has relatively
uniform stress distributions with the interference of residual stresses. On the other
hand, 180° is an extreme case of applying excessive residual stresses which leads
to opposite stress distributions in the case of 0°. Despite the simplicity of the arte-
rial structure, this single-layered elastin-only model provides an initial idea of the

influence of the opening angle method.

Next, the opening angle is applied to the two-layered arterial model consisting of
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Figure 2.14: Different opening angles for two-layered vessel wall with collagen and
elastin constituents.

both elastin and collagen constituents. The constitutive parameters of elastin and
collagen in each layer are also based on Table Note that the elastin modulus
of the media is 10 times the value of the adventitia. Figure shows the same
effect within the different layers: the stress distribution for a 60° opening angle
has a greater uniform state than other opening angles. Thus, 60° is the most ef-
fective opening angle to reduce the transmural variation of circumferential stresses
through the wall thickness of the two-layered arterial model. The opening angle
may vary for different arterial structures, nonetheless for the rest of our simulation

of this specific two layered model we will apply a 60° angle.

2.4.4 Mechanical behaviour of the ANSYS model

Previous sections give a general example of modelling the gross mechanical re-
sponses of a specific two-layered arterial model in the homeostatic state. However,
it is of note that there is a high diversity between the studies on the mechanical

properties of layers inside vessel wall. Before modelling the evolution of aneurysm
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Parameter \ Case MECH1 MECH?2 MECH3 MECH14

Elastin

KMk 10/1 1/1 1/10 2.13/1
kM (kPa) 143.2 91.4 14.32 99.3
k2 (kPa) 14.32 91.4 143.2 46.6

Collagen

kM &t 4/1 1/1 1/4 6.04/1
kM (kPa) 3.84 2.02 2.1 1.74
ki (kPa) 0.96 2.02 8.4 0.29

kM1 kgt 1/1 1/1 1/1 1/5.83
KM 40 40 40 47.6
k3! 40 40 40 277.7

Table 2.3: Mechanical cases

structure, it is essential to investigate the influence of mechanical properties, fibre
orientations, and blood pressure on the mechanical behaviour of the homeostatic

arterial model.

2.4.4.1 Modelling cases

It is important to accurately model the mechanical response of individual layers of
the vessel wall as the basis to predict the adaptive response during arterial diseases.
However, due to the inconsistent picture of mechanical properties of arterial layers,
different types of distinct layer properties must be examined in the ANSYS model
to demonstrate different types of mechanical behaviours for potential development
and application. To achieve this aim, we follow up the numerical study proposed
by Schmid et al. (2013) and select 8 modelling cases of the arterial wall which have
almost identical pressure-diameter relationships divided by 2 groups but with dif-
ferent layer-specific mechanical properties. We construct the 8 different modelling
cases by using the combination of 4 cases of elastic mechanical properties (MECH)
and 2 cases of fibre alignments (FIB). The geometrical setting for the reference con-

figuration is the same in all cases.
Mechanical cases: MECH

As mentioned previously, there is a huge diversity in the investigation of the me-

chanical properties within the media and adventitia layers. Even with the same type
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and the same location of arteries, the elastic modulus could differ remarkably. A
common assumption is that the media is stiffer than the adventitia at lower strain,
while at higher strain the adventitia becomes stiffer and acts as the protective sheath
(Humphrey and Na| (2002); Holzapfel et al.| (2004); Holzapfel and Gasser| (2007)).
Some experimental observations have found that the media is 10 times stiffer than
the adventitia over the whole strain domain (Pandit et al., 2005), while some found
that the media is actually weaker than the adventitia (Holzapfel et al., 2005). Since
the experimental results did not give a clear and consistent conclusion on layer-
specific mechanical responses, 4 mechanical cases to simulate the mechanical be-
haviour of the media (M) and the adventitia (A) were created in our ANSYS model.

Details of the material parameters for the 4 mechanical cases are listed in Table[2.3]

(1) MECH 1: M > A, this is the reference case based on Table[2.1Jlwhich is the exam-
ple model we will apply to the G&R simulation. Note that the material parame-

ters of the media are up to 10 times greater than those of adventitia.

(2) MECH 2: M = A, all material parameters in the media layer and the adventitia
layer are identical as an intermediate case to be compared with other cases.

(3) MECH 3: M < A, an opposite case to MECH 1 as the elastin modulus of the
adventitia is 10 times greater than that of the media, while the ratio of collagen
modulus k; between the layers is also exchanged from MECH 1. This case is

motivated by the experimental observation made by Holzapfel et al.|(2005).

(4) MECH4: M / A, the media bears the major load at lower strain, while at higher
strain, the adventitia "kicks in" earlier as the protective sheath with greater k»
value and bears the major load (Holzapfel et al. (2004); |Holzapfel and Gasser
(2007)).

Fibre cases: FIB

There are substantial differences in fibre orientations for different types of arter-
ies (Canham| (1989); Holzapfel et al.| (2000); Rowe et al.| (2003)). We include 2 general
fibre cases to simulate the effect of fibre orientation to the layer-specific and overall

mechanical responses:
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(1) FIB1: ap; = 30° and a4 = 60°, the reference case of fibre orientations in Table[2.1]
based on the studies in rabbit carotid arteries by|Watton et al. (2004) and Schmid
et al.|(2010).

(2) FIB 2: ap = 0° and a4 = 40°, the comparative case is given by the studies of
human arteries by Rowe et al.| (2003) and Holzapfel (2006).

Figure shows the pressure-diameter relationships of different modelling
cases. In Figure [2.15(a), as the set of MECH 1 and FIB 1 is the target model, the
estimations of material parameters for other MECH cases are adjusted to fit the
MECH 1 pressure-diameter curve. Consequently, the curves of different MECH
cases between the normal systolic and diastolic blood pressure (125/80 mmHg) are
almost identical, but the variations between curves increase at higher pressures.
Figure[2.15|(b) shows the pressure-diameter curves for the FIB 2 case. The variations
between MECH cases are slightly greater than the FIB 1 case but generally identical
in the range of normal blood pressures. Note that the collagen fibres "kick in" ear-
lier with smaller fibre orientations as the curve is steeper due to the influence of the

exponential term of collagen in SEE

Figure[2.16|demonstrates the influence of modelling cases on stress distribution
through the media and adventitia under a blood pressure of 125 mmHg. In Fig-
ure[2.16|(a), MECH 1 is the example model; it was previously shown in Section[2.3.7]
that the media is bearing the major load from the lower strain. For MECH 2, the
stress distribution is nearly uniform over the whole radius, which is not surprising
as the material parameters in the media and the adventitia are the same except for
fibre orientations. For MECH 3, the dominant layer becomes the adventitia as the
ratios of material parameters are swapped from MECH 1. For MECH 4, although
the elastic moduli of elastin and collagen in media are still greater than those in the
adventitia, the greater ké“ value allows the collagen in the adventitia to "kick in" ear-
lier as the main load-bearer. If we compare cases (a) and (b) in Figure FIB 2
decreases the transmural variation between layers for MECH 1 and MECH 4, but in-
creases it for MECH 2 and MECH 3 in comparison to FIB 1. Overall, the role of the
adventitia becomes more important when applying the loading condition of the FIB

2 case.
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Figure 2.15: The pressure-diameter curves for the FIB cases: (a) FIB 1: a; = 30°%
aa = 60°% (b) FIB 2: ap = 0°% aa = 40° (shown under pressures between 0~300
mmHg).
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Figure 2.16: Influence of mechanical cases on stress distribution through the wall
thickness: (a) FIB 1: ajs = 30°%; a4 = 60°; (b) FIB 2: ajs = 0°; a4 = 40° (shown under

pressure of 125 mmHg).
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2.4.4.2 Influence of blood pressure

The normal systolic and diastolic blood pressures are in the range of 120-140
(mmHg) and 70-90 (mmHg) respectively. In our current development of the mod-
elling framework, a systolic pressure of 125 (mmHg) is selected to be the normal
blood pressure. However, under abnormal conditions, the blood pressure could rise
up to extremely high levels of 480 (mmHg) (Haykowsky et al.,|1996). Sudden stressful
events such as weight lifting, heavy work, and blowing your nose could also lead to
hypertension. In addition, according to experimental observations (Isaksen et al.,
2008), the sites of aneurysm rupture are usually corresponding to areas with high
wall tension. On the other hand, low blood pressure, also known as hypotension,
is when the blood pressure is abnormally low. Although hypotension is assumed to
be less harmful to the human body, it still indicates a restricted supply of blood flow
to the brain and vital organs. Therefore, it is of great interest to model the effect of
blood pressure on mechanical stress in the vessel wall for further development of

modelling the mechanical behaviour of vascular diseases.

Figure (a) shows the stress distribution through the wall thickness under
higher and lower blood pressures of the two-layered example model in the case of
MECH 1 and FIB 1 whereby the media is defined as being stiffer than the adventi-
tia. With higher pressures (250 and 480 mmHg), the stress concentration is at the
inner layer, and the overall stress level increases significantly in the media layer. For
the normal diastolic pressure (80 mmHg) and the low blood pressure (40 mmHg),
both the stress levels and the stress variation decrease through the layers. Especially
for the 40 mmHg case: stresses in the adventitia layer are greater than in the media
layer as the residual stresses have more impact on the stress distribution. In general,
stresses in the adventitia layer are stable during the blood pressure change, while the
media layer reacts more actively to the change due to the greater stiffness. To rep-
resent different types of layer-specific mechanical behaviour, Figure[2.17] (b) shows
the stress distribution when the adventitia is set as the stiffer layer (MECH 3 and FIB
1). The variation between the layers is low when the blood pressure is lower. At the
range of normal blood pressures (125/80 mmHg), the adventitia bears most of the
load. Even at the higher pressure, the adventitia is still the dominant layer. However,
when the blood pressure reaches an extreme value of 480 (mmHg), stress concen-
tration in the media also increases significantly at the inner layer. Results from these

models could indicate the weakest point inside the individual layer, which could be
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Figure 2.17: Influence of blood pressure on stress distribution through the wall
thickness: (a) MECH 1 and FIB 1; (b) MECH 3 and FIB 1.
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interpreted as the location at which wall stress exceeds the wall strength and could

therefore lead to potential rupture under different physiological circumstances.

2.5 DISCUSSION AND CONCLUDING REMARKS

This chapter presents the implementation of the arterial structure into the ANSYS
computational model. A simple tube-like, thick-walled model is used as an example
for modelling a healthy artery. The mechanical responses are solved numerically
based on the SEF proposed by Holzapfel et al. (2000), which are matched by the
EXPO function of anisotropic-hyperelastic material in ANSYS. Moreover, a critical
feature of the in vivo state of the vessel wall, the residual stress, is introduced into
the numerical model. By rightly defining the zero-stress state, load-free state, and
loaded state of arteries, the cylindrical thick-walled model can induce the resid-
ual stresses within the vessel wall by sealing an opening angle from the reference
configuration. The ANSYS model investigates the influence of the opening angle
on the circumferential stress distribution through the wall thickness. Comparison
between the results of different opening angles helps to optimise a uniformly dis-
tributed stress field inside this specific cylindrical model. The purpose of this opti-
misation is to mimic the favourable physiological mechanical environment for the
vessel wall in normal conditions (homeostatic state). Furthermore, different types
of mechanical behaviours for the layer-specific responses are also demonstrated by
the ANSYS model.

This whole framework for modelling the arterial structure is executed in the AN-
SYS engineering software in an automated manner, and the parameters can be up-
dated with any available experimental data by updating the input files generated
within the MATLAB editor. The advantage of this computational framework is to
systematically simulate the mechanical environment of this arterial example whilst
simultaneously validating any boundary changes on physiological loads. Hence the
interaction between the in vivo, in vitro, and in silico models can enhance our un-
derstanding of vascular biomechanics. In addition, biological tissues tend to stay
in a homeostatic stress/strain range. If the values of stress/strain inside tissues are
beyond the range of homeostasis, this will lead to an adaptive procedure to regulate
the tissue structure. This computational framework provides a basis for an updat-
ing potential in order to model the disturbance of the mechanical environment and

subsequently the G&R process of constituents (e.g. elastin and collagen) within the
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tissues. Application to the modelling of aneurysm evolution will be discussed in
Chapter[4]and Chapter[5]
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CHAPTER

ADVECTION-DIFFUSION MODELLING OF
OXYGEN TRANSPORT THROUGH THE
ARTERIAL WALL

This chapter presents a preliminary study of oxygen transport modelling in a cylin-
drical vascular model with the presence of thrombus. It is assumed that the throm-
bus layer increases the resistance of the oxygen delivery from the lumen-thrombus
interface resulting in the disturbance of the oxygen homeostasis within the arte-
rial wall. Section 3.1 gives a general motivation for adding the influence of oxy-
gen transport on modelling arterial diseases. In Section 3.2, a description of the
conceptual two-layered (thrombus and wall) model is provided with the review
of physiological values on transport properties. In Section 3.3, the diffusion-only
analytical derivation is presented to describe the oxygen concentration across the
thrombus and arterial wall in the steady state. In Section 3.4, numerical results
from the implementation of transport modelling in ANSYS are compared with the
analytical solution, which show a good agreement between the two approaches.
Thus the ANSYS implementation of oxygen transport is ready to be incorporated in
the computational framework on modelling the evolution of aneurysms in Chap-
ter 4 and 5. Parametric simulations involving the influence of thrombus thickness,
cellular respiration rate and diffusivity within the wall on oxygen distributions are
demonstrated in Section 3.5.

Objective: the objective of this chapter is to model the distribution of oxygen

concentration through the aneurysm wall by the numerical implementation of AN-
SYS software. This model will then be coupled in the proposed G&R framework to

simulate the alteration of oxygen transport within the thrombosed aneurysm wall in
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each time step during the aneurysm evolution. The change of oxygen level within
the wall would have influence on the collagen synthesis thus affect the aneurysm

structure.

3.1 OXYGEN MASS TRANSPORT IN ARTERIES

Transport of blood-borne materials by the artery is not only delivering materials to
surrounding tissues but also essential to maintain the arterial wall physiology. Dis-
turbance of the transport of such materials may lead to the pathogenesis of vascular
diseases. One major study among the transport of blood-borne materials is that of
oxygen delivery, since it is important for cellular metabolic activity. Most studies
on oxygen transport are associated to the progression of atherosclerosis as arterial
wall hypoxia has been suggested as one important factor to its formation (Crawford
and Blankenhorn| (1991); [Kojda and Harrison| (1999); Harrison et al.| (2003); Kaneto
et al.[ (2010)). However, the limited research into the influence of oxygen variations
on vascular aneurysms (Vorp et al., |1996) motivates our work to investigate their

correlation based on atherosclerosis studies.

Although the atherosclerotic formation is not fully understood, it generally oc-
curs at bifurcations and locations in response to haemodynamic WSS (Irace et al.
(2004); Cunningham and Gotlieb| (2005)). [Himburg et al. (2004) proposed a leading
hypothesis that the observed locations of low WSS related to wall hypoxia, which
could lead to increased endothelium permeability and allow the accumulation of fat
molecules into the vessel wall, and hence resulting in the progression of atheroscle-
rosis. Consequently, this hypothesis has led to the development of mass transport
modelling of various molecules in arteries, such as low-density lipoprotein (LDL)
(Wada and Karino| (1999);Ueda et al. (2004);Sun et al. (2007)) and oxygen (Back
(1976);Moore and Ethier (1997);Qiu et al. (2000);Kaazempur-Mofrad et al.| (2005)),

which are deemed to play key roles on vascular pathophysiology.

As the focus here is the oxygen transport in arteries, analysis is normally com-

plicated by two parts, blood-side and wall-side:

Blood-side: Oxygen is carried in the blood by free dissolved oxygen in the
plasma and oxygen bound to hemoglobin (Hb) within red blood cells, where high
percentage of oxygen (98.5%) in the blood is transported by the Hb. The binding
of oxygen to Hb is highly nonlinear due to the nonlinear dependence of Hb-oxygen

64
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saturation on plasma oxygen partial pressure (Moore and Ethier, 1997). As the oxy-
gen partial pressure increases, the Hb-oxygen saturation also increases. In addition,
carbon dioxide level, blood pH, body temperature, and diseases could also affect the
carrying capacity and delivery of oxygen in the blood. From the modelling perspec-
tive, both the axial and radial profiles of oxygen concentrations in the blood can be

solved by the convection-diffusion equations at the lumen/wall interface.

Wall-side: Oxygen transport within the arterial wall is solved by steady state dif-
fusion modelling for the radial direction through the wall thickness. Each layer in
the wall may have different oxygen diffusivity and consumption terms due to vari-
ous cells embedded in. The diffusive flux is deemed to be continuous at each inter-

face and boundary.

Moore and Ethier| (1997) concluded that oxygen transport is primarily deter-
mined by wall-side effects, by means of the oxygen consumption by wall tissue
and the resistance of oxygen diffusion through the wall. Hence, for the develop-
ment of our computational framework for modelling aneurysm disease, we empha-
sise the wall-side effect of arteries and investigate the influence of oxygen diffusion
and consumption parameters as they may change during aneurysm evolution. Fur-
thermore, the G&R framework would focus on the solid model for the illustrative
purpose of linking oxygen concentration to aneurysm evolution in later chapters.
Flow-side effects on oxygen transport can be simulated as a boundary condition of

concentration at the interface of lumen/endothelium or lumen/thrombus.

The following sections investigate the mass transport of molecules by modelling
the oxygen transport within the arterial wall, in healthy and thrombosed arteries.
The comparison between analytical and numerical approaches will be discussed in
Section[3.4

3.1.1 Oxygen transport in healthy arteries
3.1.1.1 Pioneering analytical models

The pioneering analytical model of oxygen mass transport in 2D axisymmetric large
arteries is proposed by Back (1975). The model focused on analytically solving blood
flow domain by Navier-Stokes flow equations for the oxygen mass transport bound-
ary at the lumen/wall interface. The transmural transport of oxygen across the ar-

terial wall was not taken into account. An improvement of the model was made

A novel Fluid-Solid-Growth-Transport framework for modelling the evolution of arterial disease

65



3. ADVECTION-DIFFUSION MODELLING OF OXYGEN TRANSPORT THROUGH THE ARTERIAL

WALL

I-Tung Chan

by Backl (1976) to include a single layer wall for transport modelling. The contin-
uous diffusion flux boundary condition is applied at the lumen/wall interface for
connecting the effects on both phases, blood flow and arterial wall. An oxygen con-
sumption term in the wall was introduced to represent the utilisation of oxygen by
the cells. Therefore, an analytical model solving for oxygen transport across both
the blood-side and the wall-side was developed. Results demonstrated that flow
pulsatility had a minor effect on the oxygen concentration near the lumen/wall in-
terface hence we only conduct steady state results for the simulation. Additionally,
oxygen distribution is highly affected by the endothelial permeability and cellular
respiration in the wall which emphasise the importance of including the wall-side
mass transport in the modelling (Schneiderman and Goldstick (1978);Schneider-
man et al. (1982)). It is of note that the wall-side is the dominant term of oxygen

mass transport modelling.

Furthermore, Buerk and Goldstick (1982) carried out an in vivo experiment of
a dog thoracic aorta whereby measured transmural oxygen partial pressure profiles
which were compared to analytical diffusion calculations across the wall. Curve fit-
ting of experimental data to analytical solutions led to the speculation that vascular
transport properties (diffusion coefficient and consumption rate) are spatially var-

ied through the vascular layers (intima, media, and adventitia).

3.1.1.2 Computational modelling of oxygen transport

Advancements in computational models using the finite element approach have led
to the emergence of numerical transport modelling of 3D patient geometric arter-
ies (Rappitsch et al.,[1997). A major focus of the numerical model is on linking the
haemodynamics, i.e. wall shear stress (WSS), to the endothelial permeability (Qiu
et al. (2000); Tarbell (2003); Tada and Tarbelll (2006)), especially at the bifurcation
and marked curvature in the arteries. It is believed that the WSS has great influence
on the endothelial transport barrier for the permeability of large molecule such as
LDL (Tarbell,|1993). However, for gases such as oxygen, the permeation is very high
through the endothelium (Liu et al.,|1994). Therefore, the consideration of endothe-
lial permeability of oxygen may be too restrictive. Nonetheless, the flow condition
is still in a strong correlation with the oxygen diffusion. A 2D stenosis model (Rap-
pitsch and Perktold, |1996) demonstrated an oxygen reduction at downstream of a
stenosis which may limit the oxygen transport in both the fluid-side and wall-side.

In addition, Ma et al. (1997) computed the influence of low WSS on the spatial vari-
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ation of oxygen levels within the lumen by simulating a CFD model of a carotid bi-

furcation.

Moore and Ethier|(1997) carried out a two-side simulation on a 2D axisymmetric

stenosed artery:

* For the fluid-side, the convection and diffusion of oxygen is solved within the
lumen. As mentioned previously, the nonlinear saturation of Hb-oxygen is

considered.

 For the wall-side, the transport of oxygen is determined by the diffusive flux
and the oxygen consumption rate by the cells. Both terms remain constant

across the wall in this model.

The two-phase model was then compared with a fluid-phase only model with a con-
stant boundary condition at the lumen/wall interface. Comparison between the
two models suggested that the resistance of the oxygen transport in the wall-side is
much greater than the resistance in the flow-side. The local oxygen level is mainly
controlled by the oxygen demand from the wall-side due to the prescribed oxygen
consumption term. Moreover, the variation of wall thickness has great effects on the
transmural oxygen distribution across the wall, but has no effect at the boundary of
lumen/wall interface. This work highlighted the importance of taking into account

the wall-side effect on oxygen transport.

On the other hand, numerous numerical studies have focused on 3D arterial
models to investigate the influence of geometric effect on fluid-side oxygen trans-
port (Qiu et al.| (2000); Kaazempur-Mofrad and Ethier| (2001); [Tada and Tarbell
(2006); Coppola and Caro| (2008)). Although these models provided significant evi-
dence that the blood flow patterns have a great impact on the oxygen transport, the
lack of wall-side effect (especially the oxygen consumption term) cannot fully rep-
resent the oxygen concentration in a physiological domain of arteries. [Tadal (2010)
then conducted a coupled fluid-wall model in a 3D idealised geometry of carotid
bifurcation from the fluid-side only model (Tada and Tarbell, [2006). Comparison
between these two models revealed that the fluid-side effect is dominated by the
wall-side consumption term, while the wall-side oxygen transport is also limited by

the blood flow condition.
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3.1.2 Oxygen transport in diseased arteries: thrombosed

aneurysms

Wolf et al.| (1994) carried out a series of clinical observations on 80 AAAs in the time
period of 8 years. They compared the geometry of AAAs and the thrombus volume
within (commonly observed in AAA ~75% (Harter et al.,|1982)): a significant correla-
tion was found between thrombus development and aneurysm evolution. Based on
this observation, Vorp et al.| (1996) proposed an initial hypothesis that the thrombus
layer increases the resistance of oxygen diffusion from the lumen to the arterial wall
resulting in the aggressive weakening of the aneurysm wall. This hypothesis was
then applied to an idealised axisymmetric AAA model to investigate the effect of
thrombus thickness on oxygen distribution (Vorp et al., 1998). The AAA model was
simulated for steady state diffusion of oxygen with a constant oxygen level at the
lumen/thrombus boundary, while the thrombus layer is a homogeneous layer in
diffusivity, and a continuous diffusion flux at the thrombus/wall interface is driven
by the consumption rate in the wall. Although this model has simplified boundary
conditions, it still demonstrated that the thrombus thickness has great influence on
the oxygen level at the thrombus/wall interface, and consecutive effect in the wall.
Boundary conditions of the transport modelling presented in this chapter is primary

based on this study.

Sun et al.| (2009) conducted a numerical study of a coupled fluid-wall model
on a patient-specific geometry of a thrombosed AAA. The CT scan only provided
the geometries of lumen and thrombus, thus a uniform thickness of arterial wall
is artificially created on the thrombus to model the wall-side effect. Flow through
the thrombus is deemed negligible, thus the thrombus layer is modelled as another
solid wall layer. Results shown that there is insignificant spatial variation of oxygen
concentration at the lumen/thrombus interface. However, the thickness of throm-
bus layer appears to be a strong factor on the impedance of oxygen transport to the
arterial wall. If the thrombus thickness is greater than 5 mm, the oxygen supply can

be reduced by 80% from the lumen to the thrombus/wall interface.
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3.1.3 Potential influence of oxygen concentration on aneurysm

evolution

The goal of this research is to extend current Fluid-Solid-Growth (FSG) frame-
work with diffusion modelling to investigate the oxygen trasnport and its link to
aneurysm evolution. Existing G&R frameworks focus on the influence of mechan-
ical stimuli acting on the vascular structure. Very few studies concentrate on the
influence of chemical transport during the evolution of arterial diseases. Thus, we
develop a computational framework to link the disturbance of the chemical envi-
ronment (i.e. oxygen concentration) on cellular functionality, and consequently on
the G&R of the vascular structure. Holland (2012) studied the effect of thrombus
on the delivery of oxygen to an arterial wall and the consecutive influence on the
G&R of collagenous constituents therein. Base on this study, we propose a compu-
tational G&R model integrated into ANSYS to include the influence of biochemical
transport, and to build up a computational platform for modelling aneurysm evo-
lution. More details on quantifying the influence of oxygen concentration on G&R
within the aneurysm models are described and illustrated in Chapter[4|and Chap-
ter[dl

3.2 MODEL DESCRIPTION FOR OXYGEN TRANSPORT

3.2.1 Artery geometry

The simple tube model consists of two layers: (i) a thrombus layer of constant thick-
ness through the length of the model (ii) a homogeneous arterial wall as shown
in Figure Note that the arterial wall is described as a two-layered constitutive
model (with media and adventitia) in Chapter[2} yet in this conceptual tube model,
the diffusion property within the arterial wall is assumed to be homogeneous. The
geometric attribute is taken from the anterior communicating artery where 30% of
IAs are observed (Brisman et al., 2006). The physiological dimensions of the arte-
rial tube model are the approximated numbers obtained from Moore et al.| (2006)
demonstrated in Figure[3.1] A "healthy" artery is defined when there is no thrombus
formation to interfere with the oxygen transport to the endothelium of the artery.
Here we implement a thrombus layer with the same thickness as the arterial wall to
model the "diseased" artery. Further comparison of the influence between different

thrombus thicknesses on oxygen transport will be presented in Section|3.6.1
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Arterial Wall
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Figure 3.1: Illustrative cylindrical model of a thrombosed artery for oxygen transport
modelling.

3.2.2 Oxygen transport properties

The oxygen diffusion properties of the artery are adapted from Moore and Ethier|
(1997), who proposed a 2D fluid-mass transfer model within the arterial lumen and

wall. We focus on the solid part (wall and thrombus) of oxygen diffusion to be im-

plemented in the G&R framework on arterial constituents.
Arterial wall

The oxygen through the arterial wall is firstly in contact with the endothelium.

As the endothelial permeability to oxygen is very high (Tarbell and Qui, 2000), we

assume the oxygen molecules are 100% passing through the first interface of the
arterial structure. According to experimental measurements from Back and
'Tedgui and Lever (1984), the filtration velocities through the wall are in the range of
1x1072 to 1 x 10~3(mm/s). A simple evaluation made by Moore and Ethier| (1997)

showed that the diffusivity can be represented as the following equation:
Dw: VDX Hw (3.1)

where D, is the diffusivity of wall; Vp is the filtration velocity; H, is the wall thick-

ness. The diffusivity D,, is defined as a rate of diffusion, in this case, it repre-
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sents the driving force of oxygen distributing within the wall. Higher diffusivity
results in faster spread through the wall domain. For the particular values of Vp =
5x1073(mm/s) and H,, = 0.2(mm), the diffusivity D,, equates to 1 x 1073 (mm?/s) or
1x1072(m?/s). Additionally, based on the experimental measurement from Schnei-
derman and Goldstick| (1978), the diffusivity coefficient of oxygen in the arterial wall
is 0.9 x 107%(m?/s), which matches the mathematical approximation from equation

(3.1).
Thrombus

Research (Adolph et al., 1997) shows that the thrombus layer is more permeable
than the arterial wall. Further correlations between the structural properties in the
thrombus and the clot permeability are revealed by Diamond (1999). According to
the experimental data from Murray| (1971), the diffusivity coefficient of oxygen in
the thrombus layer is 2.4 x 107 (m?/s) which is two or three times greater than the

diffusivity in the arterial wall.

3.2.3 Oxygen consumption rate

Arterial wall

The metabolic activity of oxygen is primarily conducted by the SMCs in the me-
dia layer and the fibroblasts in the adventitia layer. The oxygen consumption rates,
based on experimental measurements in physiological models, are summarised in
Table[3.1] It can be seen that the respiration rates differ by species and type of artery.
This may be due to the cellular wall composition inside the artery. One important
finding (Buerk and Goldstick, |1982) is that the consumption rate varies along the
radial direction through the arterial wall. More importantly, a slightly greater con-
sumption amount is observed in the media layer due to the SMCs embedded within
which require a greater level of energy to maintain cellular functionality. However,
in this preliminary study of oxygen transport, we model the arterial wall as a homo-
geneous layer with a constant consumption rate. The variations in consumption
rates will not be demonstrated but the overall distribution of oxygen across the ar-
terial wall is shown. For modelling purposes, in order to choose one specific param-
eter for the respiration rate of the arterial wall, we take into account the value from
the human aorta Q,, = 9.3x10~*(mol/m?3/s) in Table As this value is very close to

the consumption rate Q,, = 1 x 103 (mol/m3/s) for a pig carotid artery, for the para-
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Artery Consumption rate(mol/ m3/s) \ Reference
Human aorta 9.3x1074 Kirk et al. (1954)
Rabbit aorta 1.6x107* Whereat| (1961)
Dog femoral artery 58x1073 Crawford et al.| (1983)

Pig carotid artery SMCs 2.8x1074 Barron et al. (1996)

Pig carotid artery SMCs 1.0x1073 Pittman and Duling (1973)

Pig carotid artery SMCs 1.8x107* Krisanda and Paul (1984)

Table 3.1: Experimental values of oxygen consumption rate in physiological models

metric study conducted in Section to analyse the influence of consumption
rates, it is more convenient to use an integer value. Thus the oxygen consumption
rate in the wall, Q,, = 1 x 10~3(mol/m3/s), is implemented in the conceptual tube

model and further studies in Chapter 4 and 5.
Thrombus

Cells embedded in the thrombus layer are mostly circulating cells such as T-cells
and macrophages such that the respiration rate is relatively low according to exper-
imental observations (Adolph et al., |1997). Therefore, we assume the amount of
oxygen consumed in the thrombus is negligible. In terms of transport modelling,

the oxygen consumption rate in thrombus Qyy, is set to be 0.

3.3 THEORY AND METHODOLOGIES

3.3.1 Steady-state oxygen diffusion through thrombus and wall

The oxygen distribution is deemed to be a steady state diffusion-only transport
through the thrombus and arterial wall. Theoretical solution of diffusion is gov-
erned by Fick’s law (Bird et al., 2015):

{J} =-[DIVC (3.2)
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It is also governed by the mass balance equation:

V{J} + o¢ =Q (3.3)
ot
where {J}=diffusion flux; [D]=diffusivity matrix; C=concentration of substance;
Q=diffusion substance generation rate; V is the gradient operator. Note that Q is a
negative value as we define it as consuming the oxygen. For the steady state diffu-
sion equation, only the stabilised condition is considered and independent of time.
Thus the oxygen transport equation for a cylindrical model of radius r can be writ-
ten as:
Di (rO_C) =-rQ (3.4)
or\ or
3.3.1.1 Oxygen through the thrombus

It is suggested that very little amount of oxygen is consumed within the thrombus

layer, so that the governing equation from (3.4) can be modified as:

Dthi (rac”’) =0 (3.5)
or or

where the C;;, and Dy, are the concentration and diffusivity for the thrombus
layer respectively. The mathematical representation of concentration in thrombus

can be yielded from (3.5):
Cin(r)=Ailnr + By (3.6)

where A; andB; are real parameters which can be determined by the boundary con-

ditions.

3.3.1.2 Oxygen through the wall

The arterial wall consumes the oxygen with a consumption rate Q,, by cells, so that
the governing equation from (3.4) can be modified as:
0 ( 0Cy

Dwa 7‘?) = _rQw 3.7)

where the C,, and D, are the concentration and diffusivity for the arterial wall
respectively. The concentration of oxygen through the wall corresponds to the radial

direction which satisfies the following equation:
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er
Cylr)=- aD

w

w

+ Aslnr + By (3.8)

where A, andB, are real parameters which can be determined by the boundary con-

ditions.

3.3.2 Boundary conditions

Two types of boundary conditions for the derivation of oxygen transport are pre-

sented here:

¢ Case 1: fixed concentrations at the inner and outer surface

(a) Fixed concentrations at the inner and outer surfaces of the artery;
(b) Continuous concentration at the interface of two layers;

(c) Continuous diffusion flux at the interface of two layers.
* Case 2: free diffusion flux at the outer surface

(a) Known concentration at the inner surface only;
(b) Continuous concentration at the interface of two layers;
(c) Continuous diffusion flux at the interface of two layers;

(d) Free diffusion flux at the outer surface.

Both cases are applied for mathematical representation to depict the oxygen dis-
tribution across the two-layered model. Case 1 is for modelling the stabilised con-
dition when concentrations are known inside and outside the artery. Case 2 is for
modelling the steady state when only the oxygen concentration inside the fluid is
known initially. The cross-section of the tube model and the geometrical indices
are shown in Figure[3.2]

3.3.2.1 Fixed concentrations at the inner and outer surfaces

This section shows Case 1 boundary condition with known concentrations at the
inner and outer surfaces, and derivative analytical solutions for the concentra-
tion through the two layers. Taking into account the concentrations at the lu-
men/thrombus (r = r;;,) and adventitia (r = r,;) boundaries imply the following
equations:
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Mass transport properties

Lumen oxygen concentration C; 0.1076 mol/m?
Adventitial oxygen concentration Cy 0.054 mol/m3
Diffusivity of oxygen in thrombus Dy, 24%x107° m?/s
Diffusivity of oxygen in wall D,, 0.9x10° m?/s
Consumption rate in thrombus Qen 0 mol/m? /s
Consumption rate in wall Qw  —1 %1073 mol/m*/s
Inner radius Teh 0.6 mm
Thickness of thrombus Hip 0.2 mm
Thickness of wall lzly, 0.2 mm

Figure 3.2: Cross-section of arterial geometry (left); Parameters of geometrical, ma-
terial and transport properties, and boundary conditions (right).

Cen(rp) = C1 C1 = Ailnry, + By (3.9)
raQu

Cuylirg)=0C Cy=— + Azll’lra + B> (3.10)
4D,,

where C; and C; indicate the oxygen concentration at the lumen/thrombus inter-

face and the outermost layer respectively.

At the thrombus/wall interface (r = r,), continuous concentration yieds the
equation (3.11) and continuous diffusion flux yields equation (3.12).

2
r
Cin(re) =Cypl(re) Ailnr,+ By =— e Qu + Axlnr,+ By (3.11)
A reQ A
Nilr=r, = L2lr=r, Dthre(_l):Dwre(_ : w+_2) (3.12)
Te 2Dy, Te

C; and C, are known constants of the concentrations at the boundaries which leave
four unknowns: A;, Ay, B, B defined in the consecutive boundary equations (3.9),
(3.10), (3.11), and (3.12). By rearranging and solving the above boundary equations,
the unknown parameters can be expressed with C; and C, as follows:

(Co=C1) = 2 (12 = 12) - B (e ) n e

e Ta

A= ~ Dy, \ 2Dy, Te (3.13)
2= Ta Dy r .
ll’lr—e — D_thlaneh
D r2
A ==% (— e Qu + Ag) (3.14)
Dyp 2Dy
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Hence A; and A, can be replaced in (3.9) and (3.10) to define B; and Bo:

Bl = Cl - Allnrth (3.15)

raQu
w

Substituting the above parameters back to equation (3.6) and (3.8) yields the analyt-
ical solution of oxygen diffusion in radial position across the thrombus and arterial

B, =Cy— Aslnrg + (3.16)

wall for Case 1 boundary conditions.

3.3.2.2 Free diffusion flux at the outer surface

This section derives the analytical solutions for Case 2 boundary conditions: only
the oxygen concentration inside the fluid is known initially. Taking into account the
concentration at the lumen/thrombus interface (r = r;;,) and free diffusion flux at

the outer surface of adventitia (r = r;) imply the following equations:

Cin(rn) =Gy Ci=Ailnry, + By (3.17)
r A

]2|r:ra:0 _Dwra(_&‘l‘_z)zo (3.18)
2D, 14

At the thrombus/wall interface (r = r,), continuous concentration yields the
equation (3.19) and continuous diffusion flux yields equation (3.20).

2
r
Cth(re) = Cw(re) Allnre +Bl = - eQw +A21nre +Bg (319)
4D,
A r A
]llrzre:]Zer:re Dthre(_l):Dwre (_ eQw +_2) (3.20)
Te 2Dy, 1.

Free diffusion flux in equation (3.18) automatically generates A, value:

2
.
Ay = TaQu (3.21)
2D,

then substituting A, into equation (3.20) yields A;:

Qw (2
Al = re—r 3.22
1 2Dth ( a e) ( )
Hence B; and B, can be defined with the given values of A; and A in (3.22) and
(3.21)
By =Cy - Ajlnryy, (3.23)

76 A novel Fluid-Solid-Growth-Transport framework for modelling the evolution of arterial disease



I-Tung Chan 3.4. ANSYS implementation

rgQw

w

B, = Ailnr,+ By + — Aglnre (3.24)

Substituting the above parameters back to equation (3.6) and (3.8) yields the
analytical solution of oxygen diffusion in radial position across the thrombus and

arterial wall for Case 2 boundary conditions.

3.4 ANSYS IMPLEMENTATION

This section demonstrates the implementation of diffusion fundamentals in ANSYS
diffusion modelling. It basically follows the theoretical derivations in Section
Substituting (3.2) and (3.3) produces the second Fick’s law:

g_f =[DIV?C+Q (3.25)

where V? is the Laplacian operator. As this work solves for steady-state diffusion
modelling, the applicable boundary conditions and loads are: (1) specific concen-
tration; (2) specific diffusion flux acting on a surface; (3) diffusion substance gener-

ation rate Q. The concentration is determined over the finite element as follows:
C={N}{C} (3.26)

where {N} is element shape function; {C,} is nodal concentration vector. The finite
element approximation is generated by substituting (3.26) in (3.25):

[CUUCe} + [KN{Ce} = {RE™} + {RE} (3.27)
where [C9] = [, {NHN}TdV is an element diffusion damping matrix; [K%] =
Iy (V{N}T)T[D] (V{N}T)dV is an element diffusion conductivity matrix; {RZ lx} =
J5{QsHN}TdS is an element diffusion flux vector; {RS} = [,{QHNIT AV is an ele-

ment diffusion substance generation load vector.

The matrix equation is solved for the nodal concentration vector {Ce},
then the diffusion gradient {g} and the diffusion flux {J} are evaluated in nodal ma-
trix as follows:

{g}=VvC (3.28)

{7} =-[D]{g} (3.29)
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thus the nodal solutions of C, {g}, and {J} are computed using the finite element
method.

Note that the element type for the finite element model is SOLID240 which is a
3-D, 10-node tetrahedral element with only one degree of freedom, concentration
(CONQ), at each node. This element is applicable to the steady-state and transient
diffusion analyses where this work focuses on steady-state solutions. The volume
mesh is generated automatically in conformity with element size. The solution out-
put associated with the element is primarily in the form of nodal concentration ac-
cording to the nodal position within the element.

To start the ANSYS modelling, in addition to the input of material properties, the

input of boundary conditions are given by the following:

¢ Nodal loads are defined with the D command in CONC;
¢ Surface loads are defined with the SF command in diffusion flux (DF);

* Bodyloads are defined with the BFE command in the diffusing substance gen-

eration (DGEN) to represent the consumption rate of each element.

Numerical solution of oxygen transport is generated from the ANSYS imple-
mentation mentioned above. Computational codes for transport modelling can be
found in Listing D.3 of Appendix [D] Initial setup involves creating the simple ge-
ometry of cylindrical model with defined diffusivities D and consumption rates Q
in each layer. For both analytical and numerical simulations, we apply the same
constitutive model and boundary conditions. All geometrical, material and trans-
port properties, and boundary conditions are summarised in Figure Diffusion
simulation of the two-layered cylindrical model needs to satisfy the two boundary
conditions described in the last section. Results of analytical and numerical solu-

tions in two boundary conditions are compared as follows:
Case 1 boundary condition

The result of Case 1 boundary condition is shown in Figure The oxy-
gen concentrations are fixed at the lumen area and outside the artery as C; =
0.1076(mol/m3) and C, = 0.054(mol/m3) in Figurerespectively. The fixed value
of lumen oxygen concentration C; is taken from the observation of a flow-mass oxy-
gen transport model proposed by Holland| (2012) that the oxygen concentration in
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contact with the inner surface (lumen/wall or lumen/thrombus) is stabilised of that
set based on the transport properties stated in Figure The given concentration
at the outer surface C, is an anticipation for approximately half of the oxygen supply
is consumed by the arterial wall. The thrombus is considered not to be consuming
oxygen and with higher diffusivity. The arterial wall is homogeneous when diffusion
modelling, with an oxygen consumption rate Q,,. Figure|3.3|shows the comparison
between the analytical and numerical results, which shows a good agreement be-
tween the two modelling approaches. Oxygen concentration within the thrombus
layer decreases linearly from inner surface to the thrombus/wall interface with a
zero respiration rate. At the interface, the concentration drops approximately 45 %
from the deviation between the fixed concentrations C; and C,. Oxygen concentra-
tion within the arterial wall reduces in an exponential curve from the interface and

stabilises towards the given concentration (C,) at the outer surface.
Case 2 boundary condition

The result of case 2 boundary condition is shown in Figure[3.4} which also shows
a good agreement between the analytical and numerical solutions. Only the inner
surface is fixed with the concentration C;. A free diffusion flux (DF=0) at the outer
surface is given to determine the concentration when the transport model reaches
a steady state. The concentration at the outer surface achieves a constant value
0.0619(mol/ m®) under this boundary condition. The overall oxygen distributions
for boundary conditions in Case 1 and Case 2 are identical. Additionally, the values
of the fixed concentration C, in Case 1 and the stabilised concentration in Case 2
are with minor variation (less than 9% to C;). This indicates that C, is a feasible

prediction of the concentration at the outer surface.

Under both boundary conditions, the numerical method is validated to repre-
sent the analytical solutions with this simple 1D model. Thus, the transport mod-
elling in ANSYS is ready to be implemented to the computational framework for
simulating the chemical environment and its effect on aneurysm progression which
will be presented in Chapter[d}
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Figure 3.3: Radial profiles of oxygen concentration for Case 1 boundary condition (a
fixed concentration (C,=0.052 mol/m?) outside adventitia).
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Figure 3.4: Radial profiles of oxygen concentration for Case 2 boundary condition (a
free diffusion flux B.C. (DF=0) outside adventitia).
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Smart Size | Number of meshes \ Average error (%) to analytical solution \

1 8329 0
3 6819 0
6 4915 0.06
9 2603 0.5

Table 3.2: Comparison of the numerical result generated by different number of
elements in oxygen transport modelling.

3.5 SENSITIVITY ANALYSIS OF THE NUMBER OF ELE-

MENTS

For the oxygen transport modelling in ANSYS, a sensitivity analysis of the number of
elements is also conducted to examine whether the number of meshes is adequate
to represent the analytical solution. In ANSYS, mesh control is defined by the smart
size from 1 to 10, where smaller number indicates fine mesh and larger number de-
notes coarse mesh. The mesh generation in ANSYS is based on the geometric shape.
For this simple 1D tube model, the mesh is symmetric along the axial direction. We
compare results of smart size equal to 1, 3, ,6, and 9 for the sensitivity analysis with
the application of case 2 in previous section. Note that the result of case 2 is with the
setting of smart size equal to 6, which gives a very consistent result with the analyt-
ical solution. In order to compare the data from each smart size, a path is depicted
from the inner surface of thrombus to the outer surface of the arterial wall. There
are 10 corresponding points along the path to be interpolated as the concentration
data. The comparative result of different number of elements is presented in Ta-
ble with the quantification of error percentage. The error percentage of each
smart size is the average number of the variation from each 10 points to its analyt-
ical solution. For smart size 1 and 3, there is no variation to the analytical solution;
for smart size 6 and 9, the error percentage is extremely low. Overall, it shows a great

consistency in each smart size due to the simplicity of the 1D model.
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3.6 INFLUENCE OF THROMBUS THICKNESS, OXYGEN
CONSUMPTION RATE AND DIFFUSIVITY ON OXYGEN

TRANSPORT

The following results are solved with ANSYS modelling for Case 2 boundary con-
dition with a free diffusion flux at the outer surface. The oxygen transport models
reach steady state following perturbations to thrombus layer thickness, respiration
rate, and diffusion coefficients. The concentrations at the outer surface (C,) are in-
fluenced by these changes in geometric and material properties. This section illus-
trates and investigates in detail the radial profiles of oxygen distribution through the
layers due to these changes. The main purpose is to understand the essential fac-
tors of oxygen transport, and possibly mimic the changing environment of oxygen
levels with propagating thrombus and cellular adaptive response during aneurysm

evolution.

3.6.1 Thrombus thickness effect

Figure |3.5|compares the oxygen transport through different thrombus thicknesses.
Material parameters for thrombus and arterial wall remain the same as in Figure[3.2}
while the thrombus is propagating towards the centre line of lumen. Figure [3.5(a)
shows a healthy artery without thrombus layer. The oxygen concentration is re-
duced to 79% at the outer surface across the only layer (arterial wall). The balance
condition of the healthy artery is defined as the homeostatic state in oxygen trans-
port.

Figure[3.5|(b) is the original geometrical configuration for the two-layered model
in Figure The thrombus layer has the same thickness (0.2mm) as the arterial
wall. The reduced amount of oxygen is approximately 20% in both thrombus and
wall layers. There is only 80% of oxygen passing through the thrombus/wall inter-
face, hence the oxygen level at the outer surface drops to 59%.

Figure 3.5(c) doubles the thickness of the thrombus in Figure [3.5(b). The oxy-
gen level within the thrombus goes down more rapidly compared to plot(b). At the
thrombus/wall interface, the oxygen concentration is down to 51%, while the wall
still depletes around 21% of oxygen. Thus, only 30% of oxygen is left at the outer

surface when having reached steady state for the thrombus thickness H;j, = 0.4mm.
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Figure 3.5: Influence of different thrombus thicknesses on normalised oxygen
level inside arterial wall: (a) no thrombus (healthy artery); (b) H;,=0.2mm; (c)
ch:0.4mm; (d) ch:0.6mm.

Figure[3.5((d) triples the thickness of the thrombus in Figure[3.5{(b). It can be seen
that the thrombus increases the resistance of oxygen passing through this domain
significantly. Only a very little portion (3%) of oxygen penetrates through the throm-
bus/wall interface. Inside the arterial wall, there is basically a hypoxic environment

with a thick thrombus layer (H;,=0.6mm).

Overall, the arterial wall with a fixed thickness (H,,=0.2mm) consumes a con-
stant amount of oxygen (~20%) regardless of the thickness of thrombus layer.
The slope of oxygen distribution curve increases across the radial positions as the
thrombus thickens. With a thicker thrombus layer, there is an obvious reduction in
the transmural oxygen level and an extreme condition whereby a zero oxygen level

could be reached within the wall.
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Figure 3.6: Influence of different oxygen consumption rates Q,, in arterial wall on
normalised oxygen concentration across the two-layered model; zero oxygen con-
sumption in thrombus layer.

3.6.2 Consumption rate effect

Figure[3.6/shows the influence of oxygen consumption rate to the oxygen transport
through the two-layered model which is based on the model described in Figure[3.2]
The only changing parameter is Q,, : (mol/m?/s). While Q,, = 1 x 1073 is the de-
fault consumption rate given by the brief summary in Section we compare
this default value with the two other consumption rates, which are 2 times smaller
(Qw=0.5x 1073) or greater (Q, =2 x 1073) than the original set-up. With a smaller
consumption rate in the wall (Q,, = 0.5 x 1073), the oxygen is allowed to diffuse
slowly throughout the domain and stabilised at 80% at the outer surface. Only a very
little amount of oxygen is required by this low respiration rate in the wall (~10%),
hence the oxygen level stays high in both the thrombus and the wall. Note that with
the consumption rate reduced to half (Q,, changes from 1 x 1073 to 0.5 x 1073), the
consuming amount of oxygen inside the wall is decreased from 20% to 10% which
is proportional to the degree of Q,, change. Whilst with a greater consumption rate

in the wall (Q,, = 2 x 10~3), the oxygen level instantly drops to 16% at the outer sur-
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Figure 3.7: Influence of different diffusivities in thrombus layer D;;, on normalised
oxygen concentration across the two-layered model.

face and the amount of oxygen consumed by the wall is more than 40%. Although
there is still remaining oxygen inside the arterial wall, the average oxygen concen-
tration is reduced to approximately only 35% to maintain the tissue functionality.
In addition, we model a lower bound of consumption rate which is 5 times greater
than the default value (Q,, = 5 x 10~3) for the zero oxygen condition (hypoxia) inside
the arterial wall. There is not enough oxygen content to be consumed by the arte-
rial wall resulting in a hypoxic environment with the presence of 0.2(mm) thickness

thrombus.

3.6.3 Diffusivity effect

Figure illustrates the influence of diffusivity within the thrombus (D;j,:m?/s) on
oxygen transport. We compare the prescribed value of D;, =2.4x 107% in Figure
with the other two values 4.8 x 107 and 1.2 x 1079, which are 2 times greater or
smaller than the default value. Different values of D, allows different amounts of
oxygen to pass through the thrombus layer in a certain time step. With a greater dif-

fusivity of D, = 4.8 x 107, it renders a lower resistance of oxygen transport through
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Figure 3.8: Influence of different diffusivities in arterial wall D,, on normalised oxy-
gen concentration across the two-layered model.

the thrombus and the oxygen level at the thrombus/wall interface remains high at
91%. Whilst with a smaller diffusivity of D;, = 1.2x 1079, it increases the impedance
of oxygen transport within the thrombus layer and the oxygen level is reduced to
59% at the interface which allows less amount of oxygen diffusing into the wall com-
pared to the other two cases. Overall, even with different oxygen levels entering
from the thrombus/wall interface to the wall, the oxygen consumption amount in
the wall still stays around 20% in each case. Also we examine the lower bound of
Dy, for generating the zero oxygen environment inside the wall. When Dy, is one
order of magnitude smaller than the default value (D;;, = 4.8 x 10719), the thrombus

layer perfectly obstructs any oxygen transport to the wall with this low diffusivity.

Figure illustrates the influence of diffusivity in arterial wall (D,,:m?/s) on
oxygen transport. Again, we conduct a parametric study of D, in comparison to the
prescribed value D, = 0.9 x 10~7, with the two other values 1.8 x 107% and 4.5x 10~ !¢
which are also 2 times greater or smaller than the default one. The concentration at
the thrombus/wall interface remains constant (79%) among the 3 cases irrespec-

tive of the difference in D,,. A greater D,, (1.8 x 10~Y) allows a greater amount of
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oxygen to penetrate through the wall at one time point. When reaching the steady
state, there is a rich enough average oxygen content within the wall (76%) for the
metabolic activity. For a lower D, (4.5 x 10719, it increases the resistance of OXy-
gen diffusing through the wall and the average oxygen concentration in the wall
drops to 54%. A zero oxygen condition inside the wall happens when D, equates to
0.9 x 107! which is 2 orders of magnitude smaller than the default value resulting
in a sudden drop of oxygen level from 79% to 0% at the interface. The deficiency of
oxygen transport leads to a hypoxic environment and there is not enough oxygen to
meet the requirement needed for the metabolic activity inside the wall.

To summarise, this section investigates the influence of an individual parameter
on the overall oxygen concentration. For a living tissue, this dynamic structure may
adjust itself to overcome the hypoxic condition to maintain its function, which leads
to the G&R hypothesis presented in Chapter[4]

3.7 DISCUSSION AND CONCLUDING REMARKS

This chapter introduces a preliminary study on the implementation of oxygen trans-
port through a thrombosed artery in ANSYS modelling. Physiological values of dif-
fusion properties and consumption rates are given based on experimental observa-
tions. We utilise the experimental data and apply it to a 1D model to demonstrate
oxygen diffusion modelling. Comparison between the results from analytical and
numerical methods of the 1D model shows a very good agreement of the solutions.
However this simplified 1D model only considers the uniform thickness of throm-
bus and transmural oxygen distribution throughout the domain. To apply the diffu-
sion modelling on 3D clinical cases, the ANSYS numerical approach is essential to
take into account the spatial variation of oxygen distribution in an aneurysm with
a more complex geometric shape. Thickness of the arterial wall and the thrombus
may vary within the aneurysm structure resulting in the spatial difference in oxygen
levels. The goal of implementing ANSYS on a 3D model is to be able to simulate
the variation in concentration throughout the domain representing the artery us-
ing the finite element method. More work is required for simulating diffusion in 3D
models, nonetheless, the validation of a 1D model shows the potential for further
development of oxygen transport modelling in ANSYS. The mechanical model of
an artery described in Chapter 2| and the diffusion model presented here are both
simulated by ANSYS. Hence these can both be integrated into the computational
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frameworks proposed in Chapter[4]and Chapter[5|for modelling the mechanical and
chemical environments with a conceptual model of an aneurysm. Consequently
the aneurysm modelling platform is built on the basis of engineering software AN-
SYS to achieve industrial translation in order to be widely used or updated by other

researchers.

The parametric studies conducted in this chapter demonstrate that the throm-
bus thickness (H;j), oxygen consumption rate (Q,,), and diffusion coefficients (D,
D;p) have evident influences on the transport of oxygen through the layers. The
greater the thrombus thickness, the greater the resistance of oxygen delivery to the
thrombus/wall interface. Conversely, the greater the diffusivity in the thrombus
and the wall, the lower the obstruction of oxygen penetrating through the layers.
For the oxygen consumption rate demonstrated in Figure a low respiration rate
(Qu = 0.5x10"3mol/ m?/s) of the wall allows the high distribution of oxygen through
the wall regardless of the presence of the thrombus, yet there is not enough oxygen
delivered to satisfy the higher cellular demands in the wall imposed by a greater

consumption rate (Q,, = 5 x 10~3mol/m?/s).

In clinical application to aneurysms, the thrombus formation may thicken over-
time to impede the oxygen transport to the wall, whilst the respiration rate and dif-
fusivity of the wall may differ overtime due to cellular composition and decomposi-
tion during aneurysm progression. The parameters examined by the 1D model pro-
vide a general idea of oxygen transport through the layers in different conditions. To
model the evolution of aneurysms, these parameters may be updated due to con-
stitutive G&R. The arterial wall is a highly dynamic tissue which is in response to
the changing environmental conditions. For perturbations such as a hypoxic con-
dition, the adaptive response of artery is an attempt to restore the healthy/homeo-
static state to maintain cellular functionality (Rissanen et al., 2006). A hypothetical
method on linking the cellular functionality and the oxygen level will be discussed

in the simulation of aneurysm evolution presented in Chapter[4and Chapter[5

Overall, this simplified model cannot fully interpret the accurate physiological
oxygen concentration within the artery. Yet this is the initial step of framework de-
velopment for the implementation into the coupled fluid-solid-growth-transport
(FSGT) model of a 3D aneurysm geometry. Without specific statement as to whether
the thrombus induced hypoxic condition leads to cell death in the perspective of

vascular biology, results presented in this chapter still demonstrate the ability to
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simulate the impact of propagating thrombus and cellular respiration rate on the
impairment of oxygen transport to the arterial wall by the means of computational

diffusion analysis.
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CHAPTER

A NOVEL
CHEMO-MECHANO-BIOLOGICAL

MATHEMATICAL FRAMEWORK WITH THE

APPLICATION ON A 1D CYLINDRICAL
MODEL

Present herein is the coupled solid-growth-transport (SGT) framework on a simple
1D cylindrical vascular model. The concept of chemo-mechano-biology is crucial
in this research: mechanical forces on the artery can trigger the chemical signals
which in turn affect the biological behaviour of the arterial tissue, in health and
disease. We focus on the development of an in silico model which represents the
mechanical arterial environment due to blood pressure, the transport of chemical
species within the wall, the biology of arterial wall, and the interaction between
them. The model enables the representation of realistic distributions of mechani-
cal forces and chemical concentrations and their link to aneurysm evolution. Ad-
ditionally, this simulation workflow is fully integrated into the ANSYS engineering
software which would allow its clinical translation by global healthcare technology
industries for maximum clinical impact.

Objective: the objective of this chapter is to bring together the vascular solid

model and the oxygen transport model from previous chapters, along with the pro-

posed G&R method to form the computational framework for modelling the evo-

lution of aneurysms. All the numerical processes of this framework are integrated
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Figure 4.1: Workflow of the 1D SGT framework: (a) structural model of arterial wall;
(b) prescribed elastin degradation and transport simulations; (c) results from me-
chanical and transport simulations provide inputs to the G&R algorithms; (d) chem-
ical and mechanical stimuli are inputs to growth and remodelling algorithms which
update the constitutive model of the tissue.

in the ANSYS software to achieve computational communication between the solid
and transport models. A simple 1D model is demonstrated in this chapter to explore

the computational behaviour of this G&R framework.

4,1 OVERVIEWOF 1D SGT MODEL

This novel mechanistic model of arterial/aneurysm tissue mechanobiology is
formed by the coupling of a Solid-Growth framework and advection-diffusion simu-
lation. It is to identify and quantify the influence of mechanical and chemical stim-
uli to the G&R of vascular constituents. The mechanical stimuli are the disturbance

of physiological state such as the change of stresses within the arterial wall. The
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chemical stimuli are the distribution or concentration of nutrients inside the arte-
rial wall affected by the adaptive response of vascular constituents. Figure4.1|gives
a general idea of the interaction between solid, diffusion and growth of aneurysm
evolution modelled by the novel SGT framework with the application of a simple
1D model. The structural model of the arterial wall is introduced in Chapter |2} a
thick-walled model is implemented to consider the transmural difference through
the wall thickness; the opening angle method is induced to include the residual
stresses so as to represent a realistic physiological condition inside arterial wall. The
mechanical environment is simulated in ANSYS: mechanical APDL for the arterial
wall responses. The chemical environment is modelled by the transport simulation
presented in Chapter|3| Here the local oxygen level is presented as the illustrative

case of chemical stimuli in the SGT framework.

The aneurysm formation is initiated by a prescribed elastin degradation to cre-
ate an imbalanced condition inside the arterial wall. Vascular cells sense the al-
teration and respond to it with a G&R process to adapt this structural change and
restore the homeostatic condition of the vascular structure. A stress-mediated G&R
method is brought out in Section[4.2.3|to put into practice the SGT workflow.

4.2 GROWTHAND REMODELLING

The screening is very costly and it requires intensive patient monitoring protocol to
follow the growth of the vascular diseases. Therefore, a G&R which can accurately
predict the patient-specific growth rate of the artery is desirable and needed. Previ-
ous research (Watton et al.| (2004); Baek et al. (2006); Watton and Hill (2009); Watton
et al.| (2009a)) has produced a membrane model to simulate AAAs and IAs evolu-
tion from the healthy artery. However, the membrane model neglects the transmu-
ral variation along the radial direction of the vessel wall and it still requires a more
sophisticated model to have a more detailed understanding inside the arterial ele-
ments. The constitutive models need to be improved to enable a G&R formulation
to be implemented. Thus, we consider a thick-walled G&R framework of the artery
structure which takes into account the transmural difference inside the vessel wall.
The G&R framework is generally applied to vascular diseases with the deposition
and degradation of constituents, but here we focus on updating the nature of mate-
rial parameters. We do not have many details of how the vessels restore homeosta-

sis from external changes, so we update the material parameter from a mechanical
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point of view to simulate the process of remodelling in order to maintain homeo-

static condition.

For implementation of the G&R in the ANSYS computational framework, we first
recall the SEF presented in Chapter[2}

J— ol i iyl
V= mE\Piso-’-mC\Paniso (4.1)

where j = {M, A} are relating to the layers, M for media and A for adventitia; m!, m]C
are the normalised mass densities of the elastin and collagen respectively. The initial
values of normalised densities are equal to 1 which can be increased or decreased

to represent the growth and decay of the vascular constituents.

Current knowledge on the pathophysiology of aneurysm growth is still limited.
We present the G&R computational framework in order to compete with experimen-
tal observations and hypotheses. Previous studies focus on modelling the effect of
mechanical forces on aneurysm tissues. The novelty of the G&R approach presented
here is to couple the influence of mechanical and chemical environments on vascu-
lar constituents. At this stage, we attempt to use a simple 1D model to explain the
hypothetical concept of the computational framework and hopefully to have avail-
able experimental data in the future. Subsections below describe the initiation of an

aneurysm and the subsequent G&R responses of the artery.

4.2.1 FElastin degradation

The enlargement of an aneurysm is accompanied by the loss of elastin. The half-
life of elastin is normally in 50 years but may intensify during aneurysm develop-
ment. To date, the particular mechanism that leads to the degradation of elastin in
aneurysms is not well understood. However, clinical observations (He and Roach
(1994); Shimizu et al. (2006)) provide valuable information stating that the elastin
constituents slowly degrade during the evolution of an aneurysm and sometimes
there is complete loss. In the SGT 1D model, we prescribed an elastin degradation
to create structural change of the artery and the G&R process will response to this
structural change. The degrading function proposed by Watton et al. (2004) is ap-
plied in this model to describe the process of elastin loss:

Me(t) = (Cmin) T (4.2)

Cmin is the minimum value of mass density of elastin; T is the total time period and

t is the time step to the total time T. Normalised mass density of elastin mg drops
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towards c;;;, in an exponential curve over time. The prescribed elastin degradation
induces the enlargement of the aneurysm. The loss of elastin weakens the struc-
ture of the arterial wall and dilates the arterial radius when under the same blood

pressure.

4.2.2 Propagation of thrombus layer during aneurysm growth

In the SGT model for thrombosed aneurysms, we make an assumption that the
thrombus layer deposits following the geometric change of the artery so as to re-
tain the blood flow domain. The lumen diameter is fixed during the evolution of
IAs. This is a reasonable assumption as the scale of an IA is very small so that the ra-
tio between wall thickness and radii can be neglected. However, for AAAs, the aorta
diameter is much greater than IA’'s and the ratio of wall thickness and radii would

have great impact on thrombus formation and oxygen transport.

For the simple 1D model, the thrombus layer fills in the gap between the inner
surface of arterial wall and the lumen volume as illustrated in Figure Therefore,
the thickness of the thrombus layer can be written in the deviation of radius change

during the enlargement of the aneurysm:
H,;,=R-R; (4.3)

where Hyy, is the thrombus thickness; R is the current inner radius of the vascular
model; Ry is the inner radius at homeostatic condition. In addition, without chang-
ing the blood flow condition, the influence of an evolving thrombus layer on oxy-
gen transport would be solely examined. Steady state oxygen diffusion modelling
through two layers, thrombus and wall, is implemented in each iteration of the G&R
model. The oxygen concentration inside the wall is exported and associated with
the growth rate of collagenous constituents. As described in Chapter 3} the thick-
ness of the thrombus layer has great influence on the substance diffusing through
the wall. The fixed lumen area and the enlarging aneurysm formulate the growing of
thrombus thickness. Thus, the alteration of oxygen level inside the wall is foreseen

during the G&R process.

4.2.3 Collagen adaption

During the aneurysm development, along with the weakening wall, the collagen fi-

bres are assumed to adapt and compensate the loss of elastin. Different approaches
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Arterial wall

Healthy artery without thrombus Aneurysm enlargement with thrombus formation

Figure 4.2: Thrombus formation: the healthy artery without thrombus layer is
shown on the left, and the inner surface of wall is in contact with the lumen at the ra-
dius position R = R;; on the right, the thrombus fills in the gap between the lumen
and the expanding arterial wall, while the inner surface of thrombus is in contact
with the lumen at the fixed radius R;.

((Watton et al., 2004), (Baek et al., 2006)) were proposed on collagen G&R with a
strain or stress based method to restore the mechanical homeostatic state. As we
focus and emphasise the physiological stress distribution within the arterial wall
as presented in Chapter [2] the hypothetical stress-mediated G&R model is imple-
mented for the development of the SGT framework. The novelty is the collagen
growth method coupling with the oxygen transport modelling. In Section 4.2.3.1|
the collagen parameters are remodelled based on the deviation of stresses to reduce
the stresses on collagen. In Section[4.2.3.2} the mass density of collagen is regulated

by the variation of oxygen concentration due to the presence of the thrombus layer.

4.2.3.1 Stress-mediated G&R method

The purpose of the G&R model is to update the constitutive model to adapt the
changing mechanical environment in the artery, i.e. remodel the collagen parame-
ter inside the vessel wall during the evolution of aneurysm. To be more specific, we
update the collagen parameter k», in each element according to the stress distribu-
tion. As illustrated in Figure by decreasing the collagen parameter k,, the ex-
ponential curve of the strain energy function is shifting to the right and the stresses
in the collagen fibres would be reduced for a given pressure without changing the

reference configuration and the material modulus k. and k; of the constituents.
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Figure 4.3: Illustration of the influence of k, change on pressure-diameter relation-
ship of arterial model.

We first have the homeostatic stresses from a balance condition set as the standard
towards which the stress is remodelled back to. Then the elastin degradation is trig-
gered as the initiation to alter the stress distribution of the artery. The remodelling
of k; is on the basis of the deviation of circumferential stresses from current and

homeostatic values described below:

0k, B o(t)—oy
Y = )f( o )kz (4.4)
kz([+5t)=k2(t)+%5[ (4.5)

where o (t) is the current stress field; o, is the stress field at homeostatic condi-
tion which is defined as the balance condition under physiological loading; v is the
growth parameter. Time step ¢ = 0 implies o(f = 0) = 0, and k(¢ = 0) is the initial
value of k, defined in each element. Time increment §¢ is equal to 1 to give one
increment of a year and denote one cycle of G&R in the simulation. The purpose

of the remodelling process is to maintain the stability of the internal environment
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of arteries in response to the structural changes (elastin degradation). The stresses
are supposed to be downgraded to homeostasis in order to maintain the stress level
inside the arterial wall. However, the stress-strain relationship of the constitutive
model is right-shifting due to k, decreasing, so the aneurysm diameter is actually

increasing.

At this stage we only update one individual parameter k, in each material ele-
ment to investigate the influence to this framework. A stability analysis of this re-

modelling approach is conducted in Appendix|C|

4.2.3.2 Collagen growth: Influence of oxygen level on fibroblast functionality

Steinbrech et al| (1999) investigated the functionality of fibroblast cells in a hy-
poxic environment. Experimental observation found that the collagen synthesis
was downgraded after 2 days exposure to low oxygen level (0-2%). Based on these
findings, the collagen growth rate f is linked to the local oxygen level and imple-
mented in the SGT model. Holland|(2012) proposed a mathematical model to depict
and quantify the oxygen influence on collagen in the current time step ¢ by suggest-
ing that the average oxygen concentration C,,(f) throughout arterial wall is linked

with growth rate §(¢) of collagen according to

B(£) = o+ (Bmin— Bo)

(Cw(®) = (Cwo ) (4.6)

(Cw)min— (Cuwo

where fy is the initial growth rate; 3,5, is the minimum growth rate; (Cw)o is the
initial oxygen concentration; (C,)min represents the least oxygen level required by
the artery. The mass density of collagen m is updated with the stress-mediated
G&R and modified growth rate f for each iteration of the SGT framework:

omc B o(t)—oy,

1 ﬁ(l‘)(—ah )mc 4.7)
amc

me (t+61) = me(t) + —=67¢ (4.8)

ot
Thus, collagen growth is regulated by deviations in both the stress levels and oxygen

levels.

Overall, the adaptive response of collagen in the SGT framework is simulated by

the k, remodelling and the collagen growth in response to oxygen levels. Material
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4.3. Tllustrative cases of SGT
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Figure 4.4: Iteration loop of the coupled G&R and oxygen transport model.

parameters and boundary conditions are provided in Section[4.3|and[4.5]to show il-

lustrative examples to give a complete picture of the in silico modelling of aneurysm

development.

4.3 ILLUSTRATIVE CASES OF SGT

The components of aneurysm G&R are thoroughly described in Section 4.2| Fig-

urel4.4|interprets the whole workflow and the relationship between the models. Ar-

terial structural model is presented in Chapter[2} Normalised mass density of elastin

mpg and collagen m¢, constitutive parameters k,, ki, k» in SEF define the overall me-

chanical responses. The initiation of an aneurysm is stimulated by the loss of elastin

and its continuous degradation. A prescribed elastin degradation forces the arterial

model to reach a new mechanical equilibrium which leads to two changes: arterial

deformation and stresses inside the wall. The thrombus layer fills in the interval be-

tween the enlarging arterial radii and the fixed blood flow spaces. As a result, oxygen
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transport inside the vascular wall is disturbed by the presence of the thrombus layer.
The descending oxygen concentration from the baseline level affects the collagen
synthesis on the growth rate . For the G&R process, the collagen parameter k; is
remodelled based on the deviation of stresses from homeostatic condition. The re-
modelling parameter y is set up to be a constant here. The growth of the normalised
mass density of collagen is regulated by a growth rate f and deviations in stress.
Growth rate f is not a constant and controlled by the oxygen transport through the
wall. Therefore, the collagen growth is influenced by both the mechanical stimuli
(stresses) and the chemical stimuli (oxygen concentration). The updated constitu-
tive variables (k2, mc) consequently trigger another step on structural modelling
to achieve mechanical equilibrium. The arterial geometry and stresses inside the
wall are then revised resulting in the next G&R process. This iterative loop structure
forms the 1D SGT framework. Table provides the details of the setup of mate-
rial parameters and boundary conditions for a simple G&R model. The result of this

illustrative case of the coupled SGT numerical model is shown in the Section 4.5

4.4 SOFTWARE IMPLEMENTATIONS

This section briefly introduces the required software to be implemented in the
framework for the iterative G&R modelling on aneurysm evolution. Simulations
are performed on a desktop PC with processor: Intel(R) Core(TM) i5-2320 CPU @
3.00GHz 3.00GHz with 4 GB RAM and 64-bit Operation system, which takes an av-

erage of 40 minutes to complete one iteration.

4.4.1 PERL

A custom-written routine was developed using PERL programming language to en-
able communication between external programs. We utilise the PERL script as the
central control to call MATLAB and ANSYS to execute at certain step for structural
analysis and diffusion modelling. Driven by the altered environment, the PERL
script is executing a loop structure to call a MATLAB script for remodelling the ma-
terial parameters. The loop structure will run the number of iterative steps we enter
in the PERL script.
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4.4. Software implementations

Parameter \ Symbol Value
Initial geometry
Opening angle in reference configuration ) 60°
Target radius in load-free configuration r 2 (mm)
Circumferential curvature in reference configuration K 15—2
Radius in reference configuration R %
Axial length Lyef 20 (mm)
Applied boundary conditions
Internal pressure on arterial wall p 125 (mmHg)
Axial pre-stretch Az 1.3
Fibre orientation
Media ay 30°
Adventitia aa 60°
Wall thickness
Total H 0.375 (mm)
Media Hy H
Adventitia Hy Ti H
Elastin modulus
Media kM 143.2 (kPa)
Adventitia k2 0.1kM
Collagen modulus
Media kM 3.84 (kPa)
kM 40
Adventitia ki 0.96 (kPa)
k3! 40
Oxygen transport boundary condition
Lumen oxygen concentration C 0.1076(mol/ m®)
Oxygen diffusivity
Arterial wall Dy, 0.9 x 1072(m?/s)
Thrombus Dy, 2.4 x107%(m?/s)
Oxygen consumption rate
Arterial wall Qu 1x1073(mol/m?/s)
Thrombus Q:n 0
G&R parameters
Remodelling parameter of collagen Y 0.5
Initial collagen growth rate Bo 1
Minimum collagen growth rate Bmin 0.1
Minimum average oxygen concentration in the wall (Cw) min 0.1(Cyp)o

Table 4.1: Parameters used for modelling the aneurysm evolution on the 1D thick-

walled model.
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4.4.2 MATLAB

The main task of using MATLAB2016 program is to generate input files for ANSYS
to build the structure of the artery, and to update the solving step for each itera-
tion. The main MATLAB script defines a structural mesh within the model which is
demonstrated in Appendix [B] This main script also generates the constitutive files
of elastin and collagen to be modified by a secondary MATLAB script with the result
files from ANSYS after each iteration. The secondary MATLAB script reads in the
solution files from ANSYS and deletes irrelevant descriptions to save only the data

of mechanical stress and oxygen concentration for the G&R purpose.

4.4.3 ANSYS

We use ANSYS Mechanical 16.1 to model the artery on the basis of solid mechanics

and diffusion modelling as presented in Chapter[2Jand Chapter[3|respectively.

4.5 RESULTS

Figure[4.4]shows the iterative cycle of the computational framework where each pa-
rameter is highly dependent on each other: i.e. the thickness of thrombus is de-
pendent on the evolving inner radius of the wall; oxygen level inside the wall C,, is
controlled by the thrombus thickness, and further on the growth rate f; the change
of normalised mass density of collagen mc is linked to § and stress o; the remod-
elling of collagen parameter k, is fully dominated by stress . A new set of m¢ and
k, updates the inner radius of the wall. Therefore, the results should be presented
in alinear manner to demonstrate the consequential relationship from one variable
to the next. This is starting with the elastin degradation to force the vascular diam-
eter changes. Following the diameter changes and the presence of thrombus, the
results of the oxygen level in the wall C,, and the growth rate 8 are shown. Lastly,
the growth of collagen m¢ and the remodelling of k; are calculated and turned into

the change of diameter, thus completing the cycle.

4.5.1 Case 1: uniform elastin degradation across the arterial wall

The results of an illustrative, simple cylindrical model applied with the SGT are
shown below. Figure|4.5[shows a time-dependent, prescribed elastin degradation in

an exponential curve mentioned in Section 4.2.1. The time scale for the modelling
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Figure 4.5: Prescribed elastin degradation over 10 years (Case 1).
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purpose of aneurysm evolution is set to be 10 years. The elastin degradation is uni-
form in both axial and radial directions of the tube model and mg keeps decreasing
towards the minimum value 0.1 at the end of the modelling time (7= 10 years). The
diameter of the artery is enlarging over time due to the loss of elastin in each time
step. In Figure[4.6} the solid line shows the radial expansion of the cylindrical model
with a dynamic collagen growth rate  confined by the G&R approach, where the
evolution of f§ is plotted in Figure[4.8] The diameter goes up quickly at the first few
time steps (¢ = 0 ~ 4 years) and inclines to be steady at the end. To understand the
influence of collagen growth on arterial diameter, two other cases are also depicted
here: with a fixed growth rate (f = 1), there are more collagen growth to compen-
sate the loss of elastin, thus the enlargement of the model is stabilising faster than
the G&R model; if there is no growth on collagen (f = 0), the enlargement of the
model continues without stabilisation compared to the other two. Following results
shown stay with the approach of § with G&R. The increasing diameter comes along
with the deposition of the thrombus layer and its thickness is directly proportional
to the diameter. Oxygen concentration inside the vascular model is altered due to
the presence of thrombus. The thicker the thrombus is, the lower the oxygen level
inside the wall. In Figure[4.7] the presence of the thrombus layer (¢ = 1 year) displays
an obvious reduction on normalised oxygen value C,, from its original condition
(t = 0). Due to the growing of thrombus layer, oxygen level C,, is gradually decreas-
ing to the last time step (# = 10 years). The collagen growth rate § is affected and
sharply correlated by the oxygen concentration through the wall C,, as formulated
in equation (4.6). To this point, the plotting curves for the remodelling of growth
rate  shown in Figure |4.8/and the reducing oxygen level C,, shown in Figure are
identical.

For the oxygen transport modelling, the wall and the thrombus are represented
individually as homogeneous layers. For the 1D SGT framework, it is assumed that
fibroblasts sense the change of average oxygen level within the wall and the conse-
quential synthesis of collagen responds uniformly through the whole vessel. There-
fore, the growth rate § is calculated from the average oxygen concentration C,,
which disregards the spatial and transmural difference of the model. On the con-
trary, for the G&R of arterial constitutive structure, the transmural variation through
the wall thickness is taken into account which is a great improvement from existing
FSG membrane model. Figure 4.9 and Figure depict the G&R of parameter k;
and the mass density of collagen, respectively, along the normalised radial direction
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Figure 4.7: Average oxygen concentration C,, at each times step during aneurysm
growth and thrombus propagation (Case 1).
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Figure 4.8: Collagen growth rate § changes over time (Case 1).
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at each time step.

In Figure the material parameter k, is solely controlled by the deviation of
circumferential stresses as formulated in equation (4.4). The results show that the
media and the adventitia layers are performing oppositely during the G&R. This is
due to the difference in their natural structure: the adventitia is a weaker compo-
nent of the model than the media. The media layer is the main load-bearing layer
with stronger elastin and collagen constituents. The uniform elastin degradation
forces the enlargement of the vascular diameter and the stress increasing in the me-
dia layer resulting in k, decreasing. However, k, values in the adventitia are increas-
ing due to the descending stresses within. The degradation of the weaker elastin
coefficient in the adventitia reduces the stress significantly that even the enlarge-
ment of the diameter cannot catch up the loss in mechanical equilibrium. The ad-
hesion between media and adventitia inhibits further enlargement of the individual
adventitia layer in reaction to the loss of elastin. As a result, stresses in the adventitia
are actually going lower than the homeostatic values during G&R process. Based on
equation (4.4), this leads to the increasing of k, in the adventitia layer. Conversely,
stresses in the media are going up leading to the decreasing of k,. Note that the
stress deviation does not vary that much due to the structural G&R resulting in geo-
metric deformation to achieve a new force equilibrium. Nevertheless the accumu-

lation of the G&R processes still demonstrates a significant update on the variables

in Figure[4.9]and Figure

In Figure the normalised mass density of collagen m is controlled by the
stress deviation and growth rate 8 as formulated in equation (4.7). The growth rate
in each time step is uniformly distributed throughout the model, providing a scale
to regulate the collagen concentration. For the k, remodelling, it is negative pro-
portional to the stress deviation; for the growth of collagen mass density, on the
contrary, it is positive proportional to the stress deviation. The collagen produc-
tion is significantly increasing in the higher stress layer (media), especially at the
innermost surface of the tube model which proliferates to 5.5 times from the origi-
nal value. Yet, the normalised collagen mass density m¢ is downregulated to almost

zero in the lower stress layer (adventitia).

Figure and Figure emphasise the transmural variation through the wall
thickness during the G&R of collagen parameter k, and normalised mass density

mc, respectively. In Figure|4.11} it compares the k, remodelling between the three
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Figure 4.11: Comparison of the k, evolution between the elements at the innermost
layer, outermost layer, and the media-adventitia interface (Case 1).
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Figure 4.13: Circumferential stress deviation (o(¢) —oj)/0}, at each time step and
the comparison between the innermost layer, outermost layer, and the media-
adventitia interface (Case 1).

different positions through the layers. The results show that in the innermost layer
and the interface, k, is continually decreasing after the initiation of elastin degra-
dation; while in the outermost layer, k; is continually increasing to more than three
times of the original value at the last time step. Figure shows the results of
the G&R on the normalised collagen mass density mc. For the innermost layer and
media-adventitia interface, collagen keeps growing towards the end of time and the
difference between the two layers increases without stabilisation. This implies that,
even when the decreasing oxygen level downregulates the growth rate of collagen,
the layers still demand more collagen production to maintain the strength of arterial
structure, especially at the innermost layer. On the other hand, for the outermost

layer, collagen keeps decreasing in response to the decreasing of stresses within.

Note that the G&R of k, and m are all related to the stress deviation, but linked
to different parameters. The k; remodelling function is multiplied by a con-
stant parameter (y = 0.5); the growth function of collagen is multiplied by a
dynamic growth rate f associated with the average oxygen concentration. In Fig-
ure the least value of 8 is approximately 0.65 which is still larger than the con-
stant parameter (y = 0.5). Therefore, the curve for the accumulation of mi is steeper

than the curve for the decreasing k,. Even though the stress deviation is stabilising
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at the innermost layer and interface (Figure [4.13), the difference of collagen mass
density is still growing due to the growth rate (8 > 0.5) multiplied with the value of

collagen mass density in the previous time step in each layer.

Figure displays the stress deviation at the three different positions across
the wall during G&R. It provides more detail of the mechanical responses within the
arterial model and the critical correlation to stimulate the G&R procedure in previ-
ous figures. When ¢ = 0 year, it represents the balance condition (homeostasis), thus
the stress deviation is zero. From ¢ = 1 year, initiated by the elastin degradation,
stress deviation goes up at the innermost layer and the interface, but goes down at
the outermost layer. This implies that the collagen G&R cannot fully recover the
homeostatic condition from the loss of elastin. From ¢ = 6 years, the deviation at
the innermost layer begins to stabilise with the assistance from collagen G&R, while
the deviation at the outermost layer increases more in a negative value. In addi-
tion, the difference in stress deviation between the innermost layer and the media-
adventitia interface increases in the first few years, yet decreases from the middle to
the end of simulation time. The transmural variation in stress in the media layer is
reduced with collagen G&R as of ¢ = 6 years which is reflected in the stabilisation of

aneurysm diameter shown in Figure

4.5.2 Case 2: non-uniform elastin degradation across the arterial
wall

Results shown in Case 1 are based on the uniform elastin degradation in the media
and adventitia layers, in which it shows a negative growth of collagen mass den-
sity in the adventitia. However, from histological observations, the adventitia layer
should be acting as a protective sheath to restrict the radial expansion from the loss
of elastin. During the aneurysm progression, the loads are transferred from the
elastin to the collagen fibres due to the elastin degradation and the higher strain
state. The collagen constituents are assumed to adapt the structural change for the
loss of load bearing elastin, especially in the adventitia which has the majority of
fibroblast cells. Furthermore, the media layer is the main load bearer at homeosta-
sis due to greater elastin modulus as described in Table[4.1} while the portion of the
overall mechanical response for elastin inside the adventitia is limited due to the
lower elastin modulus. It was also shown that the mass density of elastin is lower in

the media layer and higher in the adventitia from aneurysm examples (Sokolis et al.,
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Figure 4.14: Different prescribed elastin degradation in the media and adventitia
layers over 10 years (Case 2).

2012). Therefore, the elastin degradation mainly happens within the media layer. To
achieve this point, the concentration of elastin in the media and adventitia is pre-
scribed to downgrade to a different level of its original value. The model follows the
setting:

M =01 b, =1 (4.9)
where the minimum value of the normalised mass density of elastin in the media
nﬂfm is 0.1 and in the adventitia layer cﬁl inis 1, which indicates no elastin loss

in the adventitia. The exponential degradation of elastin in each layer is displayed
in Figure

layer ¢

The purpose of the non-uniform elastin degradation in the media and adventitia
is to compute different G&R behaviour of the model, particularly on the regulation
of the collagen adaptation in the adventitia layer. Figure[4.15shows the results of the
expanding diameter under uniform and non-uniform elastin degradation over time.
It is prospective that the enlargement is reduced with no loss of elastin within the
adventitia which demonstrates its function as a protective sheath. The thrombus
thickness is thinner with the reduced expansion of aneurysm diameter. Therefore,
in Figure the corresponding normalised oxygen concentration C,, and colla-
gen growth rate f with non-uniform elastin degradation are greater than those with

uniform degradation in Case 1 during G&R.

In Figure [4.17} the collagen parameter k, in the adventitia is remodelled lower
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Figure 4.15: Influence of the uniform and non-uniform elastin degradation on
aneurysm diameter (Case 1 vs Case 2).

than the original value under non-uniform elastin degradation condition. For Case
1 with uniform elastin degradation, parameter k, in the adventitia increases be-
cause current stresses are lower than the homeostatic level. For Case 2 with non-
uniform elastin degradation, current stress in the adventitia goes beyond its value
at homeostasis with the diameter expansion and no elastin degradation in the ad-
ventitia. The portion of elastin in the adventitia is still bearing the loads which con-
trols the mechanical equilibrium in response to the k; remodelling. For Case 2, the
remodelling behaviours in the media and adventitia layers are similar as k, in both
layers are remodelled lower than the initial values. However, k, values in the adven-
titia are remodelled to almost zero at ¢ = 10 years, while the average value of k; in
the media is reduced to half of the initial value at the last time step. This implies
the stresses in the adventitia increase more than those in the media during G&R.
A larger scale of k» remodelling is due to a greater stress deviation within. For the
media layer, the amount of k; reduction is greater at the inner point than the outer
point in correlation with greater stress deviation towards the inner surface of the ar-
terial wall. Figure demonstrates the result of the growth of normalised collagen
mass density in Case 2 elastin degradation. The collagen constituents are growing
in both the media and adventitia layers because of the increasing stresses within.
However, collagen growth in the adventitia layer is much more evident than those
in the media layer. The normalised mass density of collagen in the adventitia mé

proliferates to more than 200 times the initial value 1 at the last time step, while the
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Figure 4.16: Under non-uniform elastin degradation (Case 2): (a) Normalised oxy-
gen concentration C,, at each times step during aneurysm growth and thrombus
propagation; (b) Collagen growth rate § changes over time.
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Figure 4.17: Collagen parameter k, along the wall thickness changes during G&R
with non-uniform elastin degradation in each time step (Case 2).
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Figure 4.18: Normalised mass density of collagen along the wall thickness changes
during G&R with non-uniform elastin degradation in each time step (Case 2).
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Figure 4.19: Comparison of the k; evolution between the elements at the innermost
layer, outermost layer, and the media-adventitia interface (Case 2).

maximum growth of mg’ in the media is approximately 3 times. It can be foreseen
from the k, remodelling in Figure [4.17|that the stress deviation is greater in the ad-
ventitia. As a result, the collagen growth is more stable in the media compared to
the growth in the adventitia.

Figures4.19, 4.20, and 4.21 depict and emphasise the continual change over time
of the transmural variation of k, remodelling, collagen mass density growth and
stress deviation respectively. The innermost layer, the media-adventitia interface
and the outermost layer are included and compared to examine the G&R behaviour
through the wall thickness. The dominant term (stress deviation) for the G&R is
shown in Figure Note that the deviation in the outermost layer is almost con-
stantly increasing during aneurysm enlargement. In Figure[4.19} the difference of k;
between the innermost layer and the interface becomes constant from ¢ = 6 years as
the stress deviation of the two layers narrows in Figure At the outermost layer,
the k, remodelling is slowing down as of ¢ = 6 years as k» is already downgraded to

almost zero.

In Figure [4.20} for the Case 2 elastin degradation, the normalised collagen
growth is up to 3.1 in the innermost layer and 2.4 at the interface. While for the Case
1 elastin degradation in Figure 4.12} the normalised collagen growth is up to 5.5 in
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Figure 4.20: Comparison of the growth of normalised mass density of collagen
between the elements at the innermost layer, outermost layer, and the media-
adventitia interface (Case 2).
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adventitia interface (Case 2).
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the innermost layer and 3.4 at the interface. The difference of the collagen growth
between the two cases is in response to the different elastin degradation in the ad-
ventitia layer. For the outermost layer (basically the adventitia layer) in Figure
the collagen growth is continuously accumulating to 200 times the initial value at
t = 10 years due to significant stress increase. The major load bearer is gradually
transferred from the media to the adventitia for Case 2 elastin degradation. As for
the Case 1 uniform elastin degradation, the adventitia is an even weaker structure
than the media, resulting in the adhesion of the two layers restricting the adven-
titia from further expansion, thus the stress inside the adventitia is lower than the
homeostatic level. Too much elastin loss in the adventitia layer softens the structure
and fails to support the media layer. However, based on physiological observations,
the adventitia should act as a "jacket" to restrain the radial expansion of the artery.
In addition, the majority of elastin constituents reside in the media layer. There-
fore, less or no elastin loss in the adventitia layer is a more reasonable simulation

assumption for modelling the G&R of aneurysm structure.

4.6 DISCUSSION

This chapter presents a simple 1D SGT example to link the mechanical stress and
oxygen level to the G&R of vascular collagen constituent. During the aneurysm pro-
gression, the load bearer is transferred from the elastin to collagen fibres due to the
loss of elastin and the higher strain state. The remodelling of the collagen parame-
ter k; is right-shifting the stress-strain relationship, yielding the decrease of stresses
inside the wall under the same pressure. Meanwhile, the mass of collagen is grow-
ing to prevent further enlargement. If k, stays constant without remodelling, the
diameter will expand less but with higher stresses inside the wall. In the proposed
computational model, the stress is the primary indicator to aneurysm G&R process.
Although the 1D model is relatively simple, it provides a basic chemo-mechano-
biological scheme on how to model the mechanical and chemical environments
of the arterial wall and the link to aneurysm evolution. Further clinical data and
phenomenological information are desired for the improvement of the mechanical-
mediated standard for the simulation of aneurysms. This framework initiates the
setup of a model to be implemented in clinical cases and enables the interaction

between in silico, in vivo, and in vitro models.

The key aspect of the SGT framework is linking the oxygen concentration to the
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synthesis of collagen. The decline in collagen growth rate f is defined by equation
(@.7), whereby the oxygen concentration is downregulated by the propagation of the
thrombus layer. A faster decrease in f could possibly slow down the increase in col-
lagen. The growth of collagen constituents retains the model from further radial
expansion. If there is no new collagen deposition (8 = 0), the thrombus layer prop-
agates more and creates a possible hypoxic environment. On the other hand, if the
collagen mass density keeps growing without restriction (§ = 1), the corresponding
synthesis of cells could also lead in hypoxia by excessive cell respiration. This in-
dicates the critical consideration of the oxygen transport and its further influence
on cell functionality. Fibroblasts require a minimum amount of oxygen in order to
function. Thus, under the anoxic condition, the balance between the fibre deposi-
tion, cells respiration and local oxygen level is essential to maintain the health and
strength of arterial wall. The SGT model utilises the growth rate  corresponding
to the oxygen concentration to imply the functionality of fibroblasts for stimulat-
ing the growth of collagen. Although the extreme condition (C,, = 0) is not shown
here, we demonstrate the potential of modelling the possible deleterious effects of

thrombus on aneurysm evolution.

It is also important to point out the limitations of this conceptual 1D G&R.
Firstly, the oxygen consumption rate inside the wall stays constant, which may not
be true as the cell proliferation and turnover rate are not considered. Oxygen within
the arterial wall is mainly consumed by the SMCs in the media and fibroblasts in
the adventitia. As the aneurysm evolves, the concentration of SMCs and fibroblasts
varies over time. Thus, the adaptive response of cellular components to the de-
scending oxygen level is the correlation between the oxygen consumption rate and
the cell concentration. This correlation requires further definitions and experimen-
tal data to enhance our physiological understanding. Holland (2012) proposed a
hypothetical mathematical model to represent the oxygen consumption rate to be a
function of average oxygen tension, and the normalised mass density of elastin and
collagen. This method could be implemented in the SGT framework, but the focus

here is to include the influence of oxygen level to aneurysm progression.

Also, the thrombus formation is simply defined by the radial expansion of the
artery and the fixed lumen diameter. The assumption made here resembles the ex-
perimental observation (Weiss et al. (1986); Nesbitt et al.| (2009); Bowker| (2010)) that

the formation of a thrombus is intrinsically associated with local wall shear stress
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(WSS). The greater diameter of aneurysm leads to lower WSS resulting in a faster
thrombus deposition rate. The difference in the proposed SGT is that the flow dy-
namics is not disturbed with a fixed lumen diameter and a geometrical specification
is applied to develop the thrombus. The oxygen transport modelling in the SGT pro-
vides a hypothetical stabilising result to recover the WSS back to the normal condi-
tion of a healthy artery. Although this formulation displays the dynamic progression
of thrombus during aneurysm growth, its oversimplification cannot demonstrate
the biocomplexity for the deposition of a blood clot. In the oxygen transport model
developed by|Holland| (2012), thrombus growth velocity V;j, is linked to local WSS:
1

Vi = f(m) (4.10)
With a lower WSS due to the enlargement of aneurysm, the thrombus layer accu-
mulates faster. As the lumen diameter is recovered by the thrombus progression,
the propagation velocity reduces with greater WSS values. This could be potentially
applied in the SGT model to compete with thrombus formation hypothesis in the

future.

In Appendix |C} a stability analysis of the stress-mediated G&R process is con-
ducted on a single-layered tube model. Results of this analysis indicate that the
radial stretch and the k; remodelling are not able to stabilise under the G&R based
on the total stress presented in this chapter, however, they are able to stabilise un-
der the G&R based on the collagen fibre stress. This is due to the significant increase
of stress in elastin during the dilation of the model. In this chapter, the total stress
G&R is applied on the two-layered tube model consisting of different material pa-
rameters in each layer. The stabilisation of stress deviation and k, remodelling in
the media of Case 2 is due to the adherence of the two-layered structure and the
non-uniform elastin degradation to restrict its radial enlargement. While in the ad-
ventitia of Case 2 and both layers of Case 1 demonstrate an unstabilised condition

of k, remodelling. This is in agreement with the stability analysis in the appendix.

To summarise, the purpose of k, remodelling is to reduce the stresses on the col-
lagen, while the collagen growth is to support the strength of the structure and pre-
vent excessive enlargement of the aneurysm. The stabilisation of the diameter not
only avoids further radial expansion, but also retains a steady oxygen level within
the vessel wall for a settled thrombus thickness. The focus of the approach pre-
sented here is to study the interactions between the mechanical and chemical re-
sponses to the cell and tissue levels by this 1D SGT framework. Although the G&R
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method is relatively simple, it provides a novel multi-scale and multi-physics com-
putational framework to couple the mechanobiology and the influence of chemical
transport within a diseased artery. A more comprehensive G&R method requires
further physiological data which can be implemented in this framework when it is

available.

4.7 CONCLUSION: THE BENCHMARK OF THE 1D MODEL

An extra thought of the proposed SGT model compared to previous aneurysm evo-
lution models is linking the average oxygen tension within the wall to the growth
rate of collagen fibres. The oxygen level is disturbed by the presence of a throm-
bus layer which is commonly present in AAAs (Harter et al., 1982) and also specu-
lated to have the same effect on IAs (Lasheras (2007); Humphrey and Taylor (2008)).
Therefore, it is crucial to model the propagation of the thrombus layer and how the
fibroblasts and arterial structure respond to oxygen deficiency during the progres-
sion of the aneurysm. This SGT framework provides a very basic and general com-
putational tool to simulate the connection between the thrombus propagation, the
oxygen level, and the growth of collagen. Furthermore, it considers the transmural
variation in a thick-walled model where the G&R of collagen constituents in differ-

ent layers and positions through the wall thickness are taken into account.

The example of the SGT model illustrated here is implemented with a stress-
mediated G&R method which can be replaced and computed with other G&R meth-
ods for further improvement. The dominant term of this stress-mediated G&R
method is the stress deviation which influences both the remodelling of k, and the
growth of collagen mass density. For the diffusion modelling, the decreasing oxy-
gen level decelerates the growth rate of collagen, represented as the functionality
of fibroblasts. This is a simple illustrative case for the cell functionality in the SGT
framework. It still requires more physiological definitions on the connection be-
tween the fibroblasts, the cellular respiration rates, and the turnover of collagen to

be implemented in the SGT.

Although, the variables within the 1D model are based on previous computa-
tional research, it still demands further improvements to be applied on a patient-
specific aneurysm model. The mechanical and chemical stimuli merit better repre-

sentations in order to correspond to spatial variation in genuine aneurysm geome-
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tries. Nevertheless, this novel chemo-mechano-biological model is a step further
towards modelling a realistic aneurysm development time frame, from its initiation

and evolution, to the possibility on bursting.
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CHAPTER

APPLICATION ON 2D SGT FUSIFORM
MODEL

This chapter introduces an axisymmetric fusiform aneurysm model implemented
in the SGT framework to investigate the spatial variation in both axial and radial di-
rections. For the idealised fusiform model, the axisymmetric characteristic is initi-
ated by the dimensional variation of elastin degradation in axial direction from the
tube-like healthy artery. Moreover, due to the geometrical influence of the axisym-
metric deformation, the thickness of thrombus deposition varies along the axial
position resulting in the non-uniform oxygen concentration through the length of
the model. To link the influence of spatially distributed oxygen level to collagen
synthesis, an element-based projection between the vascular mechanical mod-
elling and transport modelling is developed. Therefore the localisation of mechan-
ical and chemical stimuli in relation to the G&R of individual element is achieved.

Objective: the objective of this chapter is to extend the application of the pro-
posed G&R framework on an idealised aneurysm geometry to investigate the spatial
variation of the G&R responses. Due to the difference in radial enlargement and oxy-
gen distribution, the localisation of mechanical and chemical stimuli in relation to
the G&R process can be observed.

5.1 2D SGT FUSIFORM ANEURYSM

This section introduces the geometrical setup of the fusiform model and how to

project the concentration data from transport modelling on the structural mesh of
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the aneurysm.

5.1.1 Axisymmetric elastin degradation (Fusiform aneurysm)

The SGT framework utilises a mathematical formulation to simulate the elastin
degradation in response to time. The 1D tube model in the last chapter demon-
strates the modelling behaviour of the SGT in a uniform response along the axial
direction. However, from clinical observations, although the shape of an aneurysm
seems arbitrary, it is generally in a fusiform or a localised destruction (2). The 1D
model disregards the variation through the length of the model. Therefore, in order
to illustrate the spatial degradation of the aneurysm structure, we apply a simple
axisymmetric degradation function according to Watton et al. (2004) on the
cylindrical model. A rate of elastin degradation is presented to describe the varia-

tion in axial direction over time:

o2
me(a, f) =1- ((1— (cmmﬁ)e"”l(Llle e ) (5.1)

where x; denotes the axial position of the model from 0 to L, which is the axial
length of the model; ¢ indicates the time step with in total time T’; ¢;;;;, is the min-
imum concentration of elastin at £ = T. Note that m,; controls the degree of locali-
sation of the degradation of elastin in the axial direction: increasing the value of m;
renders the degradation more localised to the centre point of the model; decreas-
ing the value of m; means that the degradation behaves more uniformly through
the axial length of the model. If m; = 0, it yields a uniform degradation through-
out the axial domain as introduced by the 1D model in Chapter[4] In addition, the
transmural difference through the wall thickness is also included in the fusiform
model. As mentioned in Section[4.5.2] the loss of elastin mainly occurs in the media
layer. Given different minimum values of the normalised mass density of elastin in
the media and adventitia layers, the portion of elastin degradation varies in layers

over time. Two minimum values ¢/

and ¢/ . follow the definition in equation
to represent the minimum elastin concentration in the media and adventitia
respectively. For the fusiform aneurysm model, the minimum values of elastin only
happen at the pivot of the model and exponentially increase towards the two ends

to reach the initial value of 1.

Figure[5.1|shows an illustrative example of an axisymmetric fusiform aneurysm
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Figure 5.1: Illustration of the axisymmetric fusiform aneurysm on the tube model
(different colours indicate different levels of radial deformation).

Figure 5.2: Illustrative models with different degree of the localisation in elastin
degradation (m;): red colour indicates the radial deformation is more than 15% of
the original diameter; blue colour indicates the deformation is less than 15%.
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model. Due to the primary loss of elastin in the central region, the maximum de-
formation happens at the same location, while the other two ends remain in their
initial positions. Therefore, the deformed geometry is symmetric with respect to
the centre section and the corresponding mechanical responses within the arterial
wall change according to the position. In Figure the influence of different val-
ues of the localised parameter m; on the shape of the fusiform model is illustrated:
the red part in the model indicates that the radial deformation at that point is more
than 15% of the original diameter; the blue part indicates the deformation is less
than 15% of the original diameter. It can be seen that when m; = 0 the enlargement
of the model is even, while with the increase of the m; value, the red part is more

concentrated towards the central point.

Note that the G&R hypothesis introduced in Section [4.2]is also implemented in
the fusiform model to test the effect of the spatial variation during aneurysm pro-
gression. Results will be shown in Section in which the boundary condition
and constitutive parameters are based on Table while the elastin degradation
in equation is applied for non-uniform deformation along the axial position.
The focus is to demonstrate how the SGT model adjusts and reacts to non-uniform
mechanical responses. A longer time frame is applied here (¢ = 15 years) with more
time steps of G&R to investigate the modelling behaviour of the fusiform model,
especially for the significant variation in its axial direction. Therefore, with more
applications of different scenarios on G&R, this SGT framework can be modified
for modelling the spatially distributed mechanical responses with a more complex

geometry.

5.1.2 Mesh projection between solid model and transport model

In Chapter[4} the collagen growth rate f is associated with the average oxygen con-
centration and uniformly distributed in the 1D model. However, for the fusiform
model, the local oxygen level differentiates not only through the radial direction but
also along the axial direction. This is due to the non-uniform deformation result-
ing in different thickness of thrombus propagation along the length of the model.
A thicker thrombus layer blocks more oxygen transport through the arterial wall.
Thus, it can be conceived that the lowest local oxygen level is taken place at the

peak of the deformed geometry.

For the 1D model, we assume the collagen growth rate is at the same pace
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Figure 5.3: Meshes for the mechanical model and transport model of the arterial
wall.

throughout the domain as the oxygen level is in a general response along the ax-
ial direction. However, for the fusiform model, the oxygen concentration is spatially
distributed due to various thicknesses of thrombus layer. Fibroblasts sense the vari-
ation of oxygen level within the space, thus the collagen synthesis shall regulate dif-
ferently according to the position inside the arterial wall in relation to the localised
oxygen deficiency. A mathematical representation is derived to interpret the influ-
ence of local oxygen level on local collagen growth. Equation is modified from
equation which links the growth rate to average oxygen concentration in the
1D model: _ .

(Cr, (1) = (Cyo
(Ci)min = (Cl)o

where i denotes the mesh number of the mechanical model; C{U(t) is the oxy-

B'(0) = B+ (Bhuin— BD) 5.2

gen tension within the corresponding position of the ith element of the mechan-
ical model in time ¢; (C’)o is the initial oxygen concentration of the ith element;
(Cl)min is the minimal required oxygen level of the ith element. Thus, the growth
rate is spatially and transmurally different in response to the current and local oxy-
gen level within the arterial wall.

The SGT framework is fully integrated in the ANSYS software, whereby the solid
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structure and the oxygen transport are simulated separately with different mod-
elling packages. The main issue when linking the corresponding oxygen level to
the collagen growth rate at individual positions in the arterial wall is the projection
of the oxygen concentration on mechanical meshes. For the 1D G&R model, we
only need one value from the transport modelling which is the average oxygen con-
centration in each time step. However, for the fusiform aneurysm model, oxygen
concentrations throughout the arterial wall are exported and associated with the
growth rate 8 in each element. As presented in Chapter 2]and Chapter 3} the me-
chanical model and transport model of the arterial wall are simulated with different
element types in ANSYS APDL. For the arterial mechanical model, the mesh ele-
ment is SOLID185 (3D 8-node Hexahedron) with a self-defined ordering on mesh
number; for the oxygen transport modelling, the mesh element is SOLID240 (3D
10-node tetrahedral diffusion solid) with an unstructured mesh in ANSYS APDL.
SOLID240 only has one degree of freedom in concentration and cannot interplay
or translate the data to SOLID185 which only has degrees of freedom in the nodal
X, y, z directions. In addition, the mesh type and numbers in the mechanical model
and the oxygen diffusion model are different to each other as shown in Figure
thus the concentration data in the transport model cannot be directly transferred to
the mechanical model. Therefore, we need to develop a systematic process to map

the concentration on each SOLID185 element during the aneurysm G&R.

To be able to translate the information from transport to solid, we begin with
the output of the oxygen transport results. In the post-processing of the oxygen
diffusion model, the results are exported by naming the user-defined paths from
the outer surface to the inner surface of vascular wall. The oxygen data inside the
thrombus layer is ignored as we only require the oxygen level within the wall for
G&R. Each path is defined by multiple nodes through the thickness of the arterial
wall and the corresponding nodes are located according to the nodal positions from
the inner surface to the outer surface of mechanical mesh. As there are 8 elements
along the radial direction in the mechanical model, 9 nodes along one path are de-
fined from the inner surface to the outer surface. As there are 30 mechanical el-
ements in the axial direction and 60 elements in the circumferential direction, 31
paths on one axial plane and a total number of 1860 paths are given. The 9 nodal
concentration data on one path are projected on the radial positions of the mechan-
ical nodes. The nodal solutions of concentration in the transport model are then

exported for the mechanical model.
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Figure 5.4: Definition of nodes and paths along the radial direction.

Note that the G&R method is an element-based algorithm to update the material
parameters within. Therefore, for remodelling purposes, an element-based concen-
tration is needed for updating the collagen growth rate § in equation (5.2). For the
3D mechanical model, one element is a brick element formed by 8 nodes whereby
every 2 nodes are on one path from the transport model. Therefore, to find all the
nodal concentrations in the relevant 8 nodes of one brick element, it needs to iden-

tify the associated path number and the corresponding two nodes as illustrated in

Figure

Element 1: Element 8:
Path 1: node 1 & 2 Path 1: node 8 &9
Path 2: node 1 &2 Path 2: node 8 &9
Path 32: node 1 & 2 Path 32: node 8 &9
Path 33: node 1 & 2 Path 33: node 8 &9

Path 1 and Path 2 are on the same axial plane, whilst Path 32 and Path 33 are
on the other axial plane. All 4 paths collect the corresponding two nodes to form
the brick element. Thus, the 4 paths and the 2 nodes on each path provide 8 nodal

concentrations in one element. The average value of the 8 nodal concentrations is
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taken to represent the concentration for the mechanical element. In addition, the
element number sequence formed by the designated nodes for the path in the trans-
port modelling is identical to the element order of the mechanical model. Therefore
the element-based concentration can be directly transferred for the element map-
ping between mechanical and transport models in the SGT framework. A simulta-
neous update of the element-based growth rate  according to the element-based
oxygen concentration is developed. Consequently, the growth rate is not linked to
the average oxygen concentration as in the 1D model but to the individual oxygen
level in each element. Therefore the collagen growth rate varies along the axial and

radial position due to the corresponding oxygen concentration.

For the fusiform model, the thickness of thrombus varies along the axial direc-
tion due to the axisymmetric elastin degradation resulting in the spatial difference
of oxygen concentration and subsequently the growth rate . It can be expected
that the oxygen level is diminished the most at the centre with the thickest throm-
bus, while at the two ends of the model, the oxygen level is less disturbed because
of the extremely thin layer of thrombus. Subsequent influence of the non-uniform
thrombus layer to the collagen growth will be demonstrated in the results section.
As existing aneurysm models focus on the mechanical stimuli to the G&R of arte-
rial constituents, the proposed SGT framework includes the oxygen transport with
the localised effect during aneurysm evolution. The oxygen concentration mod-
elling renders an example of molecular transport through the aneurysm domain
and addresses its influence on collagen adaptation when there is disturbance from

the homeostatic condition.

5.2 RESULTS

The parameters for the fusiform aneurysm model are based on Table [4.1| from the
1D model and required additional setup in Table which gives the minimum
elastin concentration in the media and the adventitia, the degree of the localisation
on elastin degradation, and the minimum requirement of the oxygen concentration
in an element-based approach. The non-uniform elastin degradation within the
arterial wall is applied to the cylindrical model based on the assumption stated in
Section[4.5.2)that the major elastin loss happens in the media layer. However, in or-
der to amplify the scale of the diameter change within the central region and to de-

crease the excessive collagen growth in the adventitia as shown in Case 2 1D model,
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Parameter Symbol Value
Minimum normalised mass density of elastin in media cf;l/[l. " 0.1
Minimum normalised mass density of elastin in adventitia 02 in 0.25
Degree of localisation on elastin degradation my 3
Minimum requirement of oxygen level in each element (ci),... 0.1(Ci),

Table 5.1: Parameters used for modelling the evolution of fusiform aneurysm.

we also apply an axisymmetric elastin loss in the adventitia layer for the fusiform
aneurysm. Figure |5.5/shows the prescribed elastin concentration within the media
layer every 5 years; Figure|5.6/shows the prescribed elastin concentration within the
adventitia layer every 5 years. In both layers, the central point of the model loses
more elastin as described by equation and the variation through the axial di-
rection is illustrated in these figures. The difference in elastin concentration at the
axial positions increases during aneurysm progression, especially between the cen-
tral region and the two ends. As to be expected, the largest radial deformation of
the model happens at the lowest elastin concentration during aneurysm progres-
sion. Figure[5.7]focuses on the central region of the fusiform model with the cross-
section along the axial direction at ¢ = 15 years. The arterial wall (the blue part in the
figure) undergoes an axisymmetric radial deformation from the central line of the
model, while the thrombus layer (the purple part in the figure) is deposited between
the inner surface of the wall and the lumen diameter. Consequently, the thickness
of the thrombus layer is thickest at the centre and decreases towards the two ends.
Thus the oxygen distribution within the arterial wall could be spatially influenced by
the non-uniform thickness of thrombus formation. Figure|5.8/shows the diameter
changes over time at the centre of the model where the major dilation happens. The
diameter keeps increasing during the G&R process while the other two ends almost

stay in their original positions.

Figure|5.9 shows that the oxygen concentration varies along the axial and radial
direction due to the presence of the thrombus layer. The thicker the thrombus layer
within the model, the lower the oxygen concentration is. As a result, the least oxygen
level in the three different layers in Figure[5.9|always occurs at the peak deformation,
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Figure 5.5: Axisymmetric elastin degradation in the media layer.
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Figure 5.6: Axisymmetric elastin degradation in the adventitia layer.
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Figure 5.8: Maximum diameter of the fusiform aneurysm at each time step.
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Figure 5.9: Oxygen concentration in different layers along the axial direction during
the aneurysm progression: (a) innermost layer; (b) middle layer; (c) outermost layer.
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which is the centre of the model. Furthermore, it can be seen that the outermost po-
sition is with the lowest oxygen level in every time step compared to the innermost
and middle positions. Thus, the corresponding collagen growth rate f is lower at
the adventitia layer, especially at the central region of the model. In Figure
the transmural variation of the growth rate f at the central region of the model is
demonstrated at different time steps. Due to the fact that oxygen concentration is
transmurally and spatially different, as shown in Figure 5.9} the growth rate associ-
ated with the local oxygen level in equation is non-uniform within the arterial
wall. The overall tendency is that the oxygen level is higher at the inner surface and
gradually decreases towards the outer surface which reflects on the growth rate of
B in Figure With the higher oxygen level at the inner surface the growth rate
is greater, while with the lower oxygen level at the outer surface the growth rate is
lesser. When comparing different time steps during the aneurysm progression, all
the growth rates through the radial direction are reduced proportionally from pre-
vious time step in correspondence with the thrombus propagation. The growth rate
is highly dependent on the local oxygen level in its position within the wall. There-
fore, the collagen synthesis is not only controlled by the element-based stress de-
viation but also the element-based oxygen concentration. This is an improvement
from the 1D model which assumes a uniform collagen growth rate throughout the
whole model. The fusiform model demonstrates the geometrical influence on oxy-
gen transport and accounts for the spatial variation of the mechanical and chemical

responses into the G&R process.

Figures 5.11, 5.12, and 5.13 show the k, remodelling process over time in 3 dif-
ferent radial positions: innermost, outermost and media-adventitia interface layers
respectively, through the wall thickness. The innermost layer can be the represen-
tation of media layer for the general response, while the outermost layer can be the
representation of the adventitia layer. The interface layer shows the transitional re-
lation between the two load-bearing layers. The k, remodelling is dominated by the

deviation of circumferential stresses as demonstrated in Chapter[4]

In Figure for the media layer, the decrease of k, at the central region indi-
cates the major increase of stresses is located in the middle of axial position dur-
ing the development of the fusiform aneurysm. At ¢ = 15 years, k; at the centre is
decreased to almost 10% of the original value, which reflects the fact that the nor-

malised elastin density is degraded to 0.1 by that point. The stresses around the two
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Figure 5.10: Collagen growth rate f§ along the wall thickness over time at the centre
of the fusiform model.
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Figure 5.11: k, remodelling at the innermost layer over time of the fusiform model.
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Figure 5.12: k, remodelling at the outermost layer over time of the fusiform model.
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Figure 5.13: k, remodelling at the media-adventitia interface over time of the
fusiform model.
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ends are relatively stable due to the very few elastin losses there, resulting in the
smaller reduction in ky. Consequently, the difference of the k, value between the
central point and the two ends is increasing over time as more elastin losses con-
centrate towards the centre. Overall, the k, remodelling behaviour of the innermost

layer is generally similar to the medial elastin degradation shown in Figure[5.5

In Figure for the adventitia layer, the decrease of k, generally arises at the
central region, which is also demonstrated at the media layer in Figure How-
ever, the reducing amounts of k, parameters in the adventitia layer are much less
than those in the media layer. The least value of k; is around 16 at ¢ = 15 years in the
adventitia layer, whilst the least value of k; in the media layer is around 4. This is
due to the stress deviations in the adventitia layer are less than the deviations in the
media layer, which implies that the medial stresses increase more than the home-
ostatic level during the evolution of aneurysm. The adventitia layer requires less
collagen remodelling to reduce the stress deviation. Moreover, a significant event
happens in the central region of the model at ¢ = 15 years: the least value of k; is no
longer in the centre but the two surrounding points. Additionally, the k» parameters
in the centre at £ = 10 and ¢ = 15 years have a minor difference which suggests that
the stress deviation is stabilising. The stresses in the central elements are decreased
during the G&R whereby the surrounding regions still undergo inadequate G&R to
reduce the higher stresses. The maximum stress deviation is at the surrounding two
points of the centre leading to the continual decrease of k, in those regions. Over-
all, the general reducing response of k, enhances the enlargement of the aneurysm,
while the stabilisation of k, remodelling in the middle point may arrest its own ra-

dial expansion from the surrounding area.

In Figure the k, remodelling at the media-adventitia interface is shown,
where the integrated response is identical to the innermost layer in Figure but
with less reduction in ky. The stress deviation increases towards the central point
and the least value of k» is around 7, which implies that the stress deviation at the in-
terface is less than the deviation in the innermost layer. The transition between the
media and adventitia layers shown here demonstrates the transmural variation of
the fusiform model. Consequently, non-uniform collagen remodelling through the
radial and axial directions in response to the localised elastin destruction is demon-
strated here. Overall, the axisymmetric elastin degradation forces the k, remod-

elling are concentrated in the central region.
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Figures 5.14, 5.15, and 5.16 show the normalised mass density of collagen over
time in 3 different radial positions: innermost, outermost and media-adventitia in-
terface layers respectively, through the wall thickness. In Figure as to be ex-
pected, the collagen fibres at the innermost layer are growing significantly in the
central region during the aneurysm progression. The peak value of m is around 13
at ¢t = 15 years at the centre, while m¢ at the two ends remains approximately 1. The
collagen growth is regulated by the stress deviation and the growth rate  which is
associated with the local oxygen concentration. Different from the 1D model, the
growth rate is spatially different due to the fact that the oxygen level is influenced
by the axisymmetric thrombus layer formation. If the growth rate is a uniform value
based on the average oxygen level in each G&R iteration, the collagen growth would
increase more at the central region. Additionally, the collagen growth from ¢ =10 to
t = 15 increases massively in the innermost layer compared to the outermost layer
and the interface shown in Figure and Figure The higher stress deviation
and the higher local oxygen level in the innermost layer lead to greater growth of
collagen mass density. Although fibroblasts synthesis is not directly demonstrated
in the SGT model, the increase of collagen mass refers to an active fibroblasts func-
tionality within the arterial tissue which may consume more oxygen resulting in the
extreme hypoxic condition. The potential of including the influence of cell respira-

tion rate will be introduced in the discussion section.

In Figure[5.15| the amount of collagen growth in the outermost layer is much less
than the amount in the innermost layer. The difference between the outermost and
innermost layer in m, is even greater than in k. It can be assumed that both the
growth rate and the stress deviation are lower in the outermost layer. With the lower
oxygen level close to the adventitia layer, the lower growth rate f goes towards the
outermost layer at the same time step. This demonstrates a great transmural differ-
ence here from the 1D model which assumes the collagen growth rate is uniformly
distributed through the whole model.

The modelling characteristic shown by k, remodelling is also shown here as the
peak value of m, arises in the surrounding points of the centre. Note that at the
central point, the difference of the m, in £ = 10 and ¢ = 15 is very small which indi-
cates that collagen synthesis stabilises at the central point. The stresses are reduced
from a higher level to the homeostatic level, while the growth rate is downgraded to

0.65, which corresponds to the current normalised oxygen level 0.65 at the central
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Figure 5.14: Normalised collagen mass density at the innermost layer over time of

the fusiform model.
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Figure 5.16: Normalised collagen mass density at the media-adventitia interface
over time of the fusiform model.

point at ¢ = 15 years shown in Figure[5.10] The outer layer retains its functionality as
a protective sheath to the media layer as the mechanical response within the layer
is reaching a new homeostasis, especially within the central region. The reduced
amount of elastin degradation and collagen G&R in the adventitia layer inhibit the

radial expansion of the fusiform model.

Figure shows the transitional interface of the normalised collagen mass
density between the media and adventitia layer. It displays a similar trend of col-
lagen growth in the innermost layer, but the overall values of m, are approximately
half the values in the innermost layer. The difference between the innermost layer
and the interface is greater in m, than in k», because for the collagen growth mod-
elling, there is an additional term g linking to the transmural different oxygen con-
centration. Note if we compare the updating curve between the k, and m,, it is
evident that the increase in m, is more centralised than k, reduces during the G&R.
This is due to the multiplication by the growth rate and the stress deviation when
modelling the collagen growth. Both terms are axisymmetric and centralised to-
wards the centre. Additionally, this centralising characteristic is even more obvious
in the innermost layer with greater axial variation in oxygen level and stress devia-

tion between the centre and the two ends.
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Figure 5.17: Influence of the opening angle on the k, remodelling in different layers:
(a) outermost layer (b) innermost layer (c) middle layer.
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Results shown above are according to a 60 degree opening angle when con-
structing the tube model of an artery. Here, we recall the opening angle method
and investigate its influence to the G&R on the fusiform model, especially to the
stress responses on k; remodelling. The influence of opening angle is shown in
Figure [5.17) with three different opening angles (0°, 60°, 120°) in three different ra-
dial positions (innermost, middle, outermost layer) at the time step ¢ = 10 years.
If there is no opening angle, k, is reduced more in the outermost layer but less in
the innermost layer compared to the other two opening angles. The k» remodelling
behaviour for a 0° opening angle indicates the stress deviation is significantly in-
creasing in the outer (adventitia) layer. If the opening angle is 120°, k, is reduced
more in the innermost layer but less in the outermost layer compared to the other
two opening angles. The stress deviation in the adventitia for a 120° opening angle
is relatively low among the three opening angles. If the opening angle is 60°, the k»
remodelling is approximately the average of the two other cases. Therefore, for the
adventitia layer, a greater stress deviation is given by a smaller opening angle result-
ing in a greater reduction in k; for the media layer, the remodelling behaviour is
opposite to the adventitia layer given that the greater stress deviation is given by a
larger opening angle. For the middle layer of the arterial wall, the stress deviation is
not affected by the opening angle as it is located at the neutral line. Note that the
influence of the opening angle is more significant in the outer layer than the inner
layer which implies the opening angle has great influence on the protecting sheath

(adventitia) to prevent/enhance further enlargement.

5.3 DISCUSSION OF FUSIFORM MODEL

This fusiform model demonstrates an axisymmetric G&R behaviour of the SGT
framework. The collagen synthesis corresponds to individual position, localised
mechanical response and chemical influence (oxygen concentration) within the ar-

terial wall.

With regard to the implementation of G&R approach, the main technical issue
is the communication between the vascular solid model and the oxygen transport
within. The projection between the mechanical model and transport model ren-
ders a methodology for the interaction of chemical signal and collagen synthesis.
An interpolation scheme between two meshes is coupled in the SGT framework.

The transmural and spatial variation of chemical level is taken into account to sim-
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ulate the G&R in each element within the mechanical model of the artery. More-
over, the advantage of this projection is recording the mechanical and chemical re-
sponses in every corresponding element of the vascular structure during the evolu-
tion of aneurysm. For the fusiform model presented here, the stress and oxygen data
in each element are exported and ready for further development on G&R. Oxygen
transport is used as the example for chemical influence on aneurysm progression.
Other enzyme or chemical substances related to vascular biology, i.e. lipoproteins
(intermediate-density lipoprotein (IDL) (Shoji et al., 1998); low-density lipoprotein
(LDL) (Witztum and Steinberg,(1991), (Kenjeres and de Loor,|2014)) and TGFf (Lin-
dahletal.,2002), are deemed to have impact on the cellular signal pathway (Aparicio
et al., 2016) and can also be implemented in the SGT with a defined mathematical

application.

The element-based G&R in the SGT framework confers a one way connection to
link the oxygen transport to regulate the collagen synthesis. However, the oxygen
conformance (Rissanen et al.l[2006) is not included, a definition of the cellular res-
piratory rate is in response to the falling oxygen availability. The cell respiration is
determined by the metabolic activity within the arterial tissue. If the oxygen ten-
sion is lower than a critical value (Schumacker et al.,|1993), the artery would adapt
the hypoxic environment by reducing the metabolic activity and energy demand
to increase the resistance to the low oxygen supply. Thus, the bio-complexity of
aneurysm evolution may not be directly triggered in one way, but possibly in a two-
way interaction between oxygen consumption rate and collagen adaptation, which
could be applied in the SGT in a later case with validated experimental data. Con-
sequently, the multiscale modelling involving the cell and tissue level would have a
more explicit description of the interaction between the vascular constituents and
cells embedded in the vascular structure.

The fusiform aneurysm model emphasises the variation of elastin degradation
in the arterial wall domain and shows a non-uniform modelling behaviour along
the radial and axial positions. Note that the results draw an attention to the central
point in the adventitia layer where it restores the balance with the stabilising colla-
gen parameters k, and m. before the surrounding areas. This provides a potential
thought on the indication of possible localised weak points in the aneurysms based
on the evolving parameters. If the model is able to differentiate the stabilised and

unstabilised points within the aneurysm structure, it could assist with the monitor-
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ing process and make clinical decision whether to have necessary intervention or
not. In the case of the proposed fusiform model, the collagen G&R arrests the en-
largement at the central point, but the surrounding points are still expanding. The
localised and dimensional effect demonstrated with this specific model provides
a general instruction for the potential functionality on analysing and targeting the
possible location on rupturing. Although this still needs further improvement to
describe the complex biological system, the preliminary results demonstrate a com-
putational tool to investigate the spatial changes of mechanical response within the
wall during aneurysm progression. Overall, this fusiform model demonstrates the
spatial variation of G&R in the whole domain, which has the potential to model the

heterogeneity of physiological responses in a more complex geometry.

5.4 CONCLUSION

In this chapter, we have described and investigated a 2D model representing the
arterial structure for the description of aneurysm evolution. The mechanical and
chemical environments are simulated and their effects to aneurysm evolution are
examined in a localised manner. Although there are limitations, it still shows the
advantages of individual components of the computational framework to improve
the current basis of modelling the G&R of the aneurysm wall. Two important factors,
stress deviation and oxygen concentration in relation to the mechanical stimuli and
chemical stimuli, are incorporated to collagen adaptation. Moreover, the spatial
variation of oxygen availability is simulated in both radial and axial directions of the
fusiform model. The collagen growth rate §§ in each element is influenced by the cor-
responding position of local oxygen level. Therefore, this fusiform aneurysm model
provides a conceptual idea of the heterogeneous modelling of the G&R within a vas-

cular wall according to its local mechanical and chemical environments.
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CHAPTER

APPLICATION ON 3D FSGT
PATIENT-SPECIFIC ANEURYSM

This chapter integrates methodologies from previous chapters and applies the
FSGT workflow to patient-specific intracranial aneurysm geometry. Furthermore,
the collagen growth and remodelling is sophisticated: collagen remodelling acts
to maintain fibre stress towards a homeostatic value; collagen growth is linked
to stretches experienced by fibroblasts, where the fibroblasts continually remodel
their attachment to the extracellular matrix to maintain a preferred stretch relative
to the loaded geometry. A thrombus is generated on the geometry and the impact
of oxygen concentration with/without thrombus on collagen growth and remod-
elling is illustrated.

Objective: the objective of this chapter is to build the first chemo-mechano-

biological aneurysm model with the application of patient-specific geometry.

6.1 3D FSGT FRAMEWORK

This section introduces the integrated FSGT computational framework and its ap-
plication on a clinical intracranial saccular aneurysm. The clinical IA model was
provided by our collaborator, Professor Anne Robertson, in the University of Pitts-
burgh. This specific case was part of a study (Robertson et al., 2015) that investi-
gates the collagen fibre architecture from tissue samples of a group of clinical IAs.

The analysis of these clinical aneurysms were approved by the institutional review
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Figure 6.1: Geometry of intracranial saccular aneurysm.

boards (IRB) along with patient consent at both the Allegheny General Hospital and
the University of Pittsburgh. The IA case demonstrated here is from a 27 year old
male, whose aneurysm was found incidentally and had no signs of drug use, hyper-
tension or diabetes. The 3D geometry of the aneurysm was built from computed
tomography (CT) images and converted to a Stereolithography (STL) mesh file as a
membrane model which is composed of the aneurysm sac, the parent vessel, and
the upstream and downstream connecting regions as shown in Figure[6.1] The sim-
ulation workflow of the FSGT application begins with the structural analysis of the
clinical aneurysm geometry. In previous chapters, the aneurysm model is estab-
lished in a simple cylindrical tube to represent a hypothetical healthy artery. How-
ever, the simple geometry of the tube model cannot reflect the physiological dis-
tribution of haemodynamics and thus the blood flow simulation is not included in
previous modelling framework. Therefore, the significant point of the FSGT frame-
work is the coupling of solid, fluid, and transport simulations based on a realistic

aneurysm domain.

6.1.1 Overview of the FSGT

This novel mechanistic model of arterial/aneurysm tissue mechanobiology is
formed by the coupling of SGT framework presented in previous chapters and blood

flow simulation. Itis to identify and quantify the influence of mechanical and chem-
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Figure 6.2: Workflow of the 3D FSGT framework: this simulation loop includes three
primary simulations: (1) Structural analysis of the arterial wall; (2) Computational
Fluid Dynamics (CFD); (3) Oxygen transport modelling. Results from the mechan-
ical, CFD and transport simulations provide inputs to the G&R algorithms, which
update the constitutive model of the aneurysm wall.

ical stimuli to the G&R of a patient-specific aneurysm. The mechanical stimuli are
the disturbance of physiological forces from homeostatic levels arising from the
flow (wall shear stress) and the mechanics of the wall, e.g. Cauchy stress. The chem-
ical stimuli arise from the concentration distribution of biomolecules inside the ar-
terial wall; these influence the degradation of the wall and/or the adaptive response
of the cells that remodel the tissue. Figure[6.2|gives a general idea of the interaction
between solid, fluid, diffusion and growth of aneurysm evolution modelled by the
novel FSGT framework. The 3D clinical aneurysm model is built from the medical
image shown in Figure|6.1|and separated into two parts: aneurysm sac and healthy
parent vessel. The structural analysis and the transport model are focused on the
aneurysm sac, while the fluid simulation includes both the parent vessel and the
aneurysm sac to yield a realistic blood flow within the sac. Results from these sim-
ulations provide the mechanical and chemical stimuli for the G&R approach. The

code and scripts for the FSGT framework can be found in Appendix D}
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Figure 6.3: Boundary conditions of human intracranial aneurysm: (1) inlet: the flow
rate is 4.38 x 1078(m/s); (2) outlet 1: the pressure is 22.5 mmHg; (3) outlet 2: the
pressure is 22.5 mmHg.
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Figure 6.4: CFD simulation of the 3D IA: WSS distribution.
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6.1.2 Blood flow simulation

In this section, we briefly introduce the blood flow simulation to be integrated in
our computational framework. Inner surface of the aneurysm is imported in the
meshing suit ANSYS ICEM which automatically generates an unstructured tetrahe-
dral mesh for the fluid domain. After meshing, the boundary conditions are applied
(Figure[6.3) and the flow domain is solved by ANSYS CFX. The solver is based on in-
compressible Navier-Stokes equations using a finite volume formulation (Ferziger
and Peric, |2012). The blood flow is assumed incompressible Newtonian with a
no-slip condition at the arterial wall as the geometry is regarded as a rigid wall.
Blood properties are with constant density p = 1,069kgm > and constant viscosity
1 =0.0035Pa-s throughout the flow domain (Oshima et al. (2001);|Chatziprodromou
et al.[ (2007)). We follow the study of Watton et al. (2009a) which solves a steady
flow of systolic pressure within a cerebral aneurysm geometry for the purpose of
connecting the corresponding WSS (Wall Shear Stress) to elastin degradation. The
steady flow of the proposed aneurysm model is simulated based on the boundary
conditions shown in Figure the flow rate at the inlet is 4.38 x 10%(m/s), and a
constant pressure 22.5 mmHg for both outlets is given (Reymond et al., 2009). Fig-
ure shows the simulation result of WSS data for the aneurysm geometry. Note
that the WSS around the aneurysm dome is significantly lower compared to the
healthy parent vessel. The flow-side mechanical influence will be coupled with
the SGT framework from the 1D model to form the FSGT framework for the 3D

aneurysm model.

6.1.3 Structural analysis

The wall structure of the 3D aneurysm is simulated as a thick-walled model. An
uniform thickness of arterial wall (0.2 mm) is given to the aneurysm geometry. On
this complex 3D geometry, we model the wall, as a single-layered, fibre-reinforced
composite. Although with the simplicity of only one single layer of wall, the trans-
mural difference of mechanical responses across the wall is still considered in the
3D model. Furthermore, in order to reduce the computational time and focus on
the mechanical simulation around the aneurysm sac, we make two cuts from the
original aneurysm geometry as shown in Figure Implementation of the single
layer model in ANSYS mechanics basically follows the constitutive description in
Chapter[2]and the parameters for the SEF are specified in Table[6.1} We assume that
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Figure 6.5: The localised region and meshes of the 3D aneurysm model for structural
analysis.

Figure 6.6: Distribution of constitutive modulus on the extracted aneurysm model:
()Aneurysm: k. = 0.1(MPa), k; = 1(MPa); (2)Parent vessel: k, = 1(MPa), k; =
1(MPa); (3)Aneurysm neck: linear interpolation between the aneurysm region and
parent vessel.

the mechanical response of the parent artery is dominated by elastin whereas the

aneurysm sac is modelled as collagenous.
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Parameter | Value
Elastin modulus
ke (aneurysm) 0.1 (MPa)
k. (parent vessel) 1 (MPa)
Collagen parameters
k, (aneurysm) 1 (MPa)
k, (parent vessel) 1 (MPa)
ko (aneurysm) 40
k, (parent vessel) 40

Table 6.1: Material parameters for the 3D aneurysm model.

Note that the aneurysm region and the parent healthy vessel are given different
elastin modulus with a transition area at the neck of aneurysm as shown in Fig-
ure Differentiated by the neck region, the aneurysm part has weaker elastin
modulus (0.1MPa), while the parent vessel has stronger elastin modulus (1MPa)
as the healthy state. The collagen modulus in both parts is identical (1 MPa).
The whole domain of the extracted aneurysm model is meshed with element type:
SOLID187 (3D 10-Node Tetrahedral Structural Solid) as shown in Figure This
element type (SOLID187) is also suitable for modelling incompressible hyperelastic
materials as we use SOLID185 for 1D model. More importantly, SOLID187 element
has quadratic displacement behaviour and is well suited to model irregular geom-
etry. For boundary conditions, a systolic blood pressure of 125(mmHg) is applied
to the inner surface of the aneurysm, while the two openings shown in Figure
are fixed to maintain the position of the parent vessel. The initial stress distribu-
tion of the current configuration (¢ = 0) is defined as the homeostatic distribution

to initiate the subsequent simulation on aneurysm evolution.

6.1.3.1 Fibre orientation

This section briefly introduces the individual implementation of collagen fibre ori-
entation in each element for the patient-specific geometry. For the 1D mode, fibre
orientation is simply assigned with a constant angle in the global coordinate due to
its geometrical simplicity. However, for the 3D aneurysm model with a complex geo-
metrical shape, the orientation of fibres cannot be represented by only one uniform

angle to model the physiological structure. Therefore, we need to define a computa-
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tional algorithm to characterise the fibre orientation in each corresponding position

of elements.

Ma et al.| (2004) considered the relation between the aneurysm shape and the
rupture potential, in which various indices (i.e. maximum diameter, surface area,
principal curvature, and convexity ratio) were developed to characterise the arbi-
trary 3D geometry of aneurysm. A later work by Ma et al.| (2007) postulated that the
collagen fibres are orientated to the direction of the local wall stress which is highly
affected by the surface curvature of a membrane structure. It is assumed that a stiff
fibre aligns to the direction of principal stress, and the direction of principal stress
coincides with the direction of principal curvature. Motivated by the above studies,
we utilise the index of principal curvature in order to define the distinctive feature
of direction on each element according to its geometrical position. The methodol-
ogy on determining the principal curvature on the surface is described in Ma et al.
(2004).

Figure illustrates an example of the definition of principal curvature. At a
random node p on the surface, a local orthogonal coordinate is established with a
unit normal vector n, and two unit vectors («, v) on the tangent plane. The unit nor-
mal vector n is the approximation by the weighted average of unit normal vectors in
the surrounding elements connecting to the node p. A second order bivariate poly-
nomial f(u,v) in the local coordinate is to represent and fit in a quadratic surface

patch connecting by node p and its adjoining nodes:
f(u,v) = au® + buv + cv? (6.1)

and the shape matrix (Gauss-Weingarten map) to define a type of curvature for the

2a 2b
A= (6.2)
( 2b 2c )

surface patch is

The two eigenvalues and two eigenvectors of matrix A are denoted as the principal
curvatures and principal directions at node p respectively. Note that the two planes

of principal curvatures are always perpendicular.

Based on this approach, an on-line resource developed in MATLAB function
(Shabat, 2016) for the calculation of curvature on the triangle mesh is utilised for the
numerical implementation of fibre orientation into the structural model of FSGT

framework. The two principal directions are then defined as the orientations for
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planes normal
of principal vector
curvatures

tangent
plane

Figure 6.7: Saddle surface with normal planes in directions of principal cur-
vatures (adapted from https://commons.wikimedia.org/wiki/File:Minimal_
surface_curvature_planes-en.svg).

Figure 6.8: Distribution of principal curvatures on the surface of aneurysm geom-
etry: red vectors indicate the 1st principal curvature and blue vectors indicate the

2nd principal curvature.
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the two families of fibres in each element. Figure[6.8]illustrates the vectors of princi-
pal curvatures on the surface of patient-specific aneurysm. Note that this analysis of
principal curvature can only be applied on the inner and outer surfaces of aneurysm
geometry. Fibre orientations within the elements across the wall thickness are in-
terpolated by the two boundary surfaces based on the distance. This approach is
conducted by the software TECPLOT360 for an in-built inverse-distance interpola-
tion using a distance based weighting. Therefore, these principal vectors are then
implemented in the ANSYS structural model as demonstrated in Section[2.4]to rep-

resent the fibre orientation in individual elements of the patient-specific aneurysm.

6.1.4 Collagen adaption

Collagen fabric adapts via remodelling (organisational changes) and growth (mass
changes). Here we introduce a novel method to utilise the growth and remodelling
approach of Watton et al. (2004) with an in-built ANSYS constitutive model. The
model simulates collagen fibres remodelling towards a homeostatic value of stress
as aneurysm enlarges and mass changes are explicitly linked to cell stretches; the
stretches of which are defined relative to the current configuration. This is the first
application ofWatton et al.| (2004) to an anatomical aneurysm geometry. The com-
putational codes for modelling collagen adaption can be found in Appendix D] list-

ing 3.

6.1.4.1 Collagen remodelling

Watton et al.| (2004) simulate collagen remodelling by evolving the reference config-
urations that fibres are recruited to bear load such that in the loaded configuration
the fibre stretch remodels towards a constant value, denoted the attachment stretch
AgT. Furthermore, it is assumed that the energy stored in a fibre is a function of
the stretch that it experiences; this implies that the fibre Cauchy stress 0?(/1]9) will
remodel to a homeostatic value, i.e. UJCH = UJC(/liT). Whilst ANSYS does not model
distinct reference configurations of elastin and collagen, we can have an equivalent
remodelling framework to remodel the collagen fibre stress towards a homeostatic
value. In fact, this can be achieved by remodelling material parameters in the colla-

gen fibre strain energy function, i.e.

C C
bk Uj B UjH
=—-« 6.3
ot o€ (6.3)
in
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to remodel the fibre Cauchy stress. Note that, the total collagen stress is weighted

C=mCqsC.

by the mass-density of the fibre distributions o jo;

The collagen fibre stress is not generated by ANSYS. However, I; can be post-
computed from the strain matrix and then the fibre stresses calculated with explicit
equations for stress derived from the collagen strain energy function. The calcula-
tion of collagen fibre stress can be found in equation of Appendix|[C] Note that
the remodelling of k, presented in previous chapters is modified by the remodelling
of k; here; this is found to be numerically more stable as the stress is less sensitive
to changes in k;. The code for the remodelling function is attached in Appendix[D|

listing 4.

6.1.4.2 Collagen growth

We follow |Watton et al.| (2011) and link growth/atrophy of collagen to stretch based
stimuli of fibroblasts. We assume fibroblasts align along the collagen directions and
attempt to maintain a homeostatic attachment stretch to the extra-cellular matrix;
here we assume AZT:I.OS. An initial fibroblast recruitment stretch field is computed

in the initial loaded configuration, i.e.

VI X 1=0)
/lF
AT

for the two families of collagen fibres in the I, and I directions. As an aneurysm

Ap, X, 1=0)= (6.4)

enlarges, the fibroblast stretches at time ¢ are given by

VI XD

6.5
A, X, 1) (©5)

Af X, 1) =

and the fibroblast recruitment stretch field remodels to maintain fibroblast
stretches in the loaded configuration towards their homeostatic values, i.e.
F F F
dAg, X 1) A7 0= Ay

ar 7
dt AL

(6.6)

The code for the remodelling function is attached in Appendix[Dlisting 5. We then

evolve the mass density of the fibre collagen families m]C

dij X, 1)
dt

AT X ) = Ay

6.7)
Aar

= prm§ X, 1)

The code for the growth function is attached in Appendix[D|listing 6.
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6.1.5 Flastin degradation link to low WSS

To implement this computational framework to clinical aneurysms, the distribution
of elastin degradation could be improved depending on the position and environ-
mental effect. Many experimental works (Shimizu et al.| (2006); [Zeng et al. (2010);
Hennig et al.|(2011)) present and compare the CFD simulation of a patient-specific
aneurysm and its evolution in real time domain. Also, the majority of aneurysm
models consider the blood flow conditions such as wall shear stress (WSS) or os-
cillatory shear index (OSI) to have a great influence on elastin degradation (Sho
et al.| (2004); Meng et al. (2014)). Major focus is on investigating the WSS effect on
aneurysm growth and rupture, and whether higher or lower WSS has a greater im-
pact on the change of aneurysm structure. In the SGT model, the deletion of elastin
is prescribed and disregards the physiological change in flow. The prescribed elastin
degradation triggers the aneurysm inception, however, it is suggested that the fol-
lowing elastin degradation within the aneurysm wall is significantly affected by the
flow condition (Sho et al.,; 2004). Based on the above studies, a phenomenological
method has been proposed by Watton et al. (2009a) to describe the relation between
the local WSS and the degree of elastin loss at the inner surface of the arterial wall:
omg
or

where Dy, 4 is the maximum rate of degradation per year, e.g. Dy,4x = 0.75 indi-

=—FpDpmaxMmg (6.8)

cates 75% loss of elastin per year, and Fp € [0, 1] is a spatially-dependent normalised
function of the WSS to be linked to elastin degradation. Furthermore, we follow
the mathematical definition linking the Fp parameter to low WSS proposed by Wat-
ton et al.[ (2011): when the WSS (systolic) is greater than a critical value, 7.,;;, no
elastin degradation occurs (Fp = 0). Lower WSS would encourage the loss of elastin
in the arterial wall. We suppose there is a lower bound of WSS: 7, which gives the
maximum elastin degradation (Fp = 1). In the range between the two WSS values:
Tx < 7T < T¢rit, We use a simple quadratic functional form to interpolate the degree

of elastin degradation, i.e.

0, T=Tcrit
2
_ Terit—T
Fp(t, 0 = (%) , TX<T<Terit (6.9)
1, T<Tx

For the values of 7.,;; and 7, Shojima et al. (2004) observed that the average
WSS (systolic) in the aneurysm region (1.64+1.16 Pa) is evidently lower than in the

158

A novel Fluid-Solid-Growth-Transport framework for modelling the evolution of arterial disease



I-Tung Chan 6.2. 3D patient-specific aneurysm with elastin degradation linked to WSS

healthy region (3.64+1.25 Pa). Based on this study, Watton et al.| (2011) hypothesised
that the 7.,;; = 2(Pa) for maintaining the structure of vessel wall and 7 x = 0.5(Pa) for
leading to the maximum loss of elastin. However, for our 3D aneurysm model, we
assume a greater value of 7.r;;: (T.r;; = 4Pa) to increase the areas affected by the

WSS in order to grow the aneurysm.

Additionally, for the one-layered aneurysm model, we assume the elastin degra-
dation is uniform through the wall thickness for each WSS point. This is achieved
by the interpolation of TECPLOT360. Therefore, the loss of elastin is not only hap-
pening at the inner surface of vessel wall but spreading throughout the 3D domain.
Furthermore, the elastin degradation is restricted above the neck of the aneurysm
and concentrated in the aneurysm dome, while the elastin mass density within the

parent vessel remains constant.

6.2 3D PATIENT-SPECIFIC ANEURYSM WITH ELASTIN

DEGRADATION LINKED TO WSS

This section shows the illustrative result of how the flow condition affects the elastin
degradation of the 3D aneurysm model based on the approach stated in Section
More importantly, to demonstrate the implementation of the fluid simulation
into the SGT framework built in Chapter 4 and 5. Here we focus on the influence
of blood flow and the change of elastin distribution, the G&R of collagen is turned
off during the simulation process. The physiological time domain for the aneurysm
evolution is simulated for 10 years (t = 0 ~ 10 years).

6.2.1 Evolution of WSS and mj

Figure shows the results from CFD simulation with WSS data at ¢ = 0,5, 10 years.
It can be seen that the enlargement of the aneurysm is insignificant, thus the distri-
butions of WSS in each time step are almost identical. Following the hypothesis of
linking flow to elastin degradation in Section[6.1.5} the contour map of WSS data in
Figure[6.9|is in the range of 0 to 4 (Pa). Inside the aneurysm dome, where the WSS
is greater than 4Pa (red regions), the degradation parameter Fp is equal to 0 and
this renders no elastin degradation; where the WSS is smaller than 0.5Pa (deep blue
regions), Fp is equal to 1 and this renders a maximum degradation Dy, .. Other

colours indicate different level of elastin degradation with the quadratic interpola-
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vee

t=0 t=by t=10y

WSSField

Figure 6.9: Spatial evolution of WSS at the inner surface of the aneurysm geometry
at t =0,5,10 years, where the WSS contour range is restricted between 0 to 4 (MPa)
for the indication of elastin degradation.

24,

t=0 t=5y t=10y

Figure 6.10: Spatial evolution of normalised mass density of elastin mpg in the
aneurysm geometry at ¢ = 0,5, 10 years. The degradation region of elastin is linked
to WSS and restricted in the aneurysm sac above the neck of the aneurysm.
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Figure 6.11: Comparison of oxygen concentration at the outer surface of the
aneurysm at ¢ = 0,10 years (Boundary conditions: fixed oxygen concentration at
the inner surface (0.1076mol/ m?>); oxygen diffusivity in the wall (0.9 x 1079m2/s);
oxygen consumption rate in the wall (1 x 10~3mol/m?/s).

tion from equation (6.9). As a result, the corresponding normalised mass density of
elastin mp in the aneurysm geometry is depicted in Figure[6.10] In the duration of
aneurysm evolution, mg in the aneurysm dome reduces due to the WSS influence.
We can observe that the pattern of elastin degradation is consistent with the distri-

bution of WSS, e.g. the lowest mg value corresponds to the location of lowest WSS

data in Figure

6.2.2 Evolution of oxygen concentration

In this FSGT example, a simple oxygen transport model is also included in the sim-
ulation workflow. However, the thrombus layer is not modelled and the oxygen
concentration is not linked to the growth rate of collagen. This FSGT model only
demonstrates the transport modelling as one of the individual process which has
the potential to be linked to the G&R for further development. In the 3D model,
boundary conditions and oxygen transport properties (diffusivity and consumption
term) of the wall are based on Table [4.1] from the 1D model in Chapter [4 but the
thrombus layer is excluded. Figure[6.11shows the oxygen concentration at the outer
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surface of the aneurysm at the initial time step ¢ = 0 and the last time step ¢ = 10, in
which only a slight alteration of oxygen level is observed. As the oxygen distribution
at t = 0 is the homeostatic values, concentration at ¢ = 10 is not disturbed without
the presence of thrombus thus no further impact on collagen synthesis. In the next
section, the thrombus layer is modelled on the geometry and the impact of oxygen

transport to the growth of collagen is illustrated.

6.3 TwWO COMPARATIVE CASES WITH TRANSPORT MOD-

ELLING ON/OFF

This section presents two scenarios of the proposed FSGT framework. The main
difference is the on/off of the oxygen transport modelling linked to the collagen
growth. The purpose of comparing these two cases is to investigate the influence
of oxygen concentration to the growth of patient-specific aneurysm with the pres-

ence of thrombus. The two comparative cases are:

* Case 1: FSGT, collagen growth not linked to oxygen concentration

* Case 2: FSGT, collagen growth linked to oxygen concentration

6.3.1 Model setup

This section introduces the 3D FSGT modelling with two specific configurations to

emphasise the effect of oxygen transport.

A thrombus layer is created within the aneurysm sac in order to alter the distri-
bution of oxygen within the wall. A degradation of elastin and collagen is prescribed
within this region. The tissue can adapt by collagen remodelling and depositing new

collagen mass (growth).
Sphere restriction

Secondary aneurysm blebs are often observed on an aneurysm sac (Brisman
et al. (2006); Lasheras (2007)) and for the case of interest it appears that localised
enlargement is occuring at the side of the aneurysm. We aim to investigate growth
and remodelling in this region driven by a localised degradation. The degradation of

elastin and collagen is restricted within a spherical region of influence ( Figure|6.12).
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Figure 6.12: A spherical coordinate is placed at the aneurysm bulb to restrict the
degradation of elastin and collagen within this region.

Wall

W

Thrombus

Figure 6.13: A thrombus layer is created at the bulb of aneurysm: the thrombus
layer is created within the region of the spherical coordinate that the thickness of
thrombus is thicker towards the centre of the sphere, while a uniform thickness is
given around the aneurysm sac outside the sphere and the parent vessel remains
free of thrombus formation.
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The prescribed degradation function is defined as

_ 4
w) ] (6.10)

-
for |[rc—E,X ) |>r degX,1)=0 (6.11)

for |[re—E,X D) |=T degX, 1) = (

where deg denotes the degradation intensity; r. = (-2,4,4) is the centre of the sec-
ondary bleb formation on the side of aneurysm; r indicates the radius of the sphere;
E, (X, t) is the coordinates of an element centroid. Therefore, the maximum deg is
around the centre of the sphere, while deg is zero at the intersections of aneurysm
and sphere. The mass density of elatin and collagen regulated by the degradation

function can be defined as
m'(X,1)=(1-degX,)(1—-Dpax)"), i=E,C. (6.12)

where E, C denote elastin and collagen, respectively, and D;,,, denotes the max-
imum degradation per year, which is set to be 0.2 in this case. Other parameters

regarding to structural analysis are based on previous chapters.
Thrombus creation

A thrombus is created within the aneurysm sac. This is achieved by calculating
the normal vectors of the aneurysm surface (loaded geometry at £ = 0) and project-
ing the surface inwards throughout the domain in the direction of the normals and

by a specified thrombus thickness Ty,

Ty = Rr(X, 1) - TR + TAM, (6.13)
where
—E, X, 0)]\*
for [re—En(X,0)1<7  Rp((X,0) = (u) . (6.14)
for [re—E,X,t)|>r Rr(X1)=0 (6.15)

T} is the maximum thrombus thickness (which is set to be 2 (mm) in this case);
T;‘I'”' is a uniform thickness outside the spherical region, which is set to be 0.2(mm).
The result of thrombus formation generated by this method is illustrated in Fig-
ure The code for the thrombus formation can be found in Appendix [D|listing
2.
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6.3.2 Results of the two comparative cases

Modelling results of the two cases are presented in the following contents. The ma-
jor difference between these two cases is the coupling with transport modelling. For
Case 1, collagen growth parameter f is a constant value; For Case 2, collagen growth
parameter S is influenced by the local oxygen concentration. The prescribed elastin
and collagen degradation is applied in both cases with the same degradation inten-
sity. Comparisons between the two cases in the geometric deformation, the remod-

elling of k;, the collagen growth, and the effective stiffness are illustrated.

6.3.2.1 Comparison of geometric changes

Figure compare the change of geometry in both cases at their final states, and
the original unpressurised geometry as the indicator for the level of aneurysm en-
largement. It shows clearly that enlargement of Case 2 is greater than that of Case
1 in the spherical region, while other positions of the aneurysm sac are difficult to
be differentiated between these two cases. As the degradation region is localised in
both cases, it is obvious that there is no dilation happening outside the sphere. The
further enlargement of Case 2 is due to the variation in growth parameter g result-
ing in the less compensation from collagen growth. The thrombus layer detains the
oxygen transport through the wall such that low oxygen is associated with low value
of  in collagen proliferation.

6.3.2.2 Elastin and collagen degradation

The degradation of elastin and collagen is prescribed in both cases. According to the
destructive function in equation (6.12), the mass densities of elastin and collagen of
Case 1 and Case 2 at their final state are illustrated and compared with the initial
value at T=0. It is of note that the initial value of the mass density of elastin mp is
different between the aneurysm sac and the parent artery, and there is a transition
area at the aneurysm neck. The elastin mass density of the aneurysm sac at T=0 is
denoted as mg(t = 0) = 0.05 to represent the degenerative structure of the developed
aneurysm sac, while the collagen mass density of the aneurysm sac at T=0 remains
1 (mc(t = 0) = 1) for the representation of normalised collagen growth during the

evolution.

Figure6.15|(a) shows the mass density of elastin mg between the two cases and

the initial state. The range of the contour map of mg in Case 1 and Case 2 is limited
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Case 1

Casel
“

Case 2

Case 2

(A) (L)

Figure 6.14: Comparison of aneurysm enlargements between Case 1 and Case 2
from the anterior view (A) and lateral view (L): it shows that the enlargement of Case
2 is slightly bigger than that of Case 1 at the aneurysm bulb. The most inner geom-
etry is the unpressurised original geometry.

from 0 to 0.05 which is the initial value at T=0. There is no mg change in the parent
vessel and also the variation of mg between the parent vessel and aneurysm sac is
significant, so the parent artery is in blank colour for separation. In both cases, the
mp values decrease corresponding to position within the spherical coordinate and
the lowest value is at the centre of the sphere. Although the degradation rate is the
same in both cases, it is obvious that the distribution of elastin is much lower in
Case 1 than in Case 2. Reason for this situation is that Case 1 ended up at time step
40 for stabilisation, while Case 2 stopped at time step 16. The termination of Case 2

simulation is due to the highly distorted elements in the structural analysis.

Figure [6.15(b) shows the mass density of collagen between the two cases and
the initial state. Here the degradation of collagen is denoted as m; to be separated
from the growth of collagen. The initial mass density of collagen is 1 throughout the
whole geometry. Comparing Case 1 and Case 2, it also shows similar pattern from
the elastin degradation such that the distribution of m; is lower in Case 1 in the

prescribed region with longer simulation loops.
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T=0 Case 1 Case 2

(a)

=0 Casel Case 2

(b)

Figure 6.15: Degradation of elastin and collagen: (a) Mass density of elastin at T=0,
the ending state of Case 1 and Case 2 of the aneurysm model; (b) Mass density of
collagen mc, at T=0, the ending state of Case 1 and Case 2 of the aneurysm model.

6.3.2.3 Collagen Remodelling

Collagen remodelling is the adaptive response stimulated by the change of mechan-
ical environment in order to restore the homeostatic state. The remodelling process
is a protective action to prevent the potential risk of aneurysm rupture. According to
Section|6.1.4.1} in response to the increased stress, k; remodelling will be initiated
to reduce the stress back to homeostatic level. Given that the remodelling is depen-
dent on the stress deviation, the distribution of Cauchy stress at the hoemostasis

(T=0) and its difference with the two cases are illustrated with the two families of

fibres: 1 in Figure[6.16} I in Figure

Figure presents the k; distribution of the first collagen family I, for Case 1

(B) and Case 2 (C). The homeostatic state of Cauchy stress for I is shown in Fig-
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Figure 6.16: Remodelling of first family of collagen fibres I;: (A) Cauchy stress at
T=0 (Homeostasis). (B)-1 illustrates the difference of Cauchy stress between T=0
and Case 1; (B)-2 is the k; remodelling of Case 1. (C)-1 illustrates the difference of
Cauchy stress between T=0 and Case 2; (C)-2 is the k; remodelling of Case 2.

ure [6.16|(A). For Case 1, the overall deviation of Cauchy stress is very low (< 0.09
MPa), which indicates that the stress of the aneurysm sac is successfully down-
graded to the homeostatic level. For Case 2, the stress deviation is higher around
the restricted region, especially at the centre of the sphere that reaches the max-
imum value of 1.7 (MPa). Based on the remodelling equation (6.3), higher stress
deviation would lead to significant reduction of k;. However, the distributions of
the stress deviation and the k; of the two cases are not perfectly matched ((B)-1 to
(B)-2 and (C)-1 to (C)-2). The reason behind this is that the stress deviation of (B)-1
and (C)-1 is the comparison between the final and initial state, while the k; remod-
elling is a cumulating consequence through the G&R process. The common point
of the two cases is that the localised phenomenon of k; decreasing is concentrated
towards the centre of the prescribed region limited by the sphere.

For the second collagen family, Figure shows a very similar pattern with
the result of the first family collagen in Figure such that the stress deviation
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(0)-1 (C)-2

Figure 6.17: Remodelling of first family of collagen fibres Is: (A) Cauchy stress at
T=0 (Homeostasis). (B)-1 illustrates the difference of Cauchy stress between T=0
and Case 1; (B)-2 is the k; remodelling of Case 1. (C)-1 illustrates the difference of
Cauchy stress between T=0 and Case 2; (C)-2 is the k; remodelling of Case 2.

of Case 1 is very low (<0.08 MPa), while the deviation of Case 2 remains high close
to the centre of the sphere( 1.7 MPa). The slower collagen growth rate f§ in Case 2
results in the less compensation of collagen from the loss of elastin. As a result, the
aneurysm model of Case 1 is with a stronger structure to bear more loads than Case
2. Moreover, this high stress deviation of Case 2 promotes the k; remodelling with a
larger low kj region compared to Case 1. Even though the computational iteration
of Case 2 is terminated much earlier than Case 1, the decline of k; of Case 2 is way

more faster than that of Case 1 due to the turning on of the oxygen transport.

6.3.2.4 Collagen Growth

In the proposed FSGT framework, the collagen growth is associated with the fibrob-
last stretch and the local oxygen concentration. The remodelling of the recruitment
stretch of fibroblasts regulates the proliferation of collagen fibres, while the local

oxygen level has an impact on the collagen growth rate. Here, the collagen growth
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of Case 1 is only associated with the fibroblast stretch disregarding the thrombus
effect on oxygen availability, while the collagen growth of Case 2 is dependent on
both the influences from the fibroblast stretch and the oxygen transport.

Figure[6.18shows the fibroblast stretch of Case 1 and Case 2 at the final state with
the two families collagen I, in (A) and I in (B). For both cases, greater stretches are
concentrated towards the centre of the sphere with a maximum value at that spot.
To compare the stretch level between these two cases, fibroblast stretch in Case 1
(maximum: 1.069) is lower than in Case 2 (maximum: 1.25/1.3). This indicates that
stretches in Case 1 are remodelled to the attachment stretch (AgT = 1.05) more suc-
cessfully without the interference of thrombus on oxygen availability. Figure [6.19)
shows the distribution of oxygen at the outer surface in (A) and the correspond-
ing growth parameter § in (B) for Case 2. The oxygen concentration around the
aneurysm sac is altered by the presence of thrombus layer, while the parent vessel
remains oxygen homeostasis. It can be observed that the oxygen concentration at
the aneurysm bulb is very low (very close to zero) with the maximum thickness of
thrombus layer at the spherical centre. Therefore the corresponding growth param-

eter f3 is close to zero around the aneurysm bulb.

Figure[6.20]illustrates the collagen growth of Case 1 and Case 2 with the two fam-
ilies collagen I, in (A) and I in (B). Here the growth of collagen is denoted as mc>
to be differentiated from the degradation of collagen m¢;. In Case 1, the collagen
growth is only associated with the change of fibroblast stretch, so the distribution of
mc; is directly corresponding to Figure[6.18|(A). Consequently, greater stretch would
lead to greater collagen growth. The growth of the mass density of collage mc; in
Case 1 is significant (maximum value: 273 for I;; maximum value: 423 for I). In
Case 2, the collagen growth is controlled by the fibroblast stretch in Figure [6.18|B)
and the growth parameter in Figure [6.19|(B). Although the stretches in Case 2 are
greater than Case 1 around the aneurysm bulb, the collagen growth of Case 2 is in-
significant (maximum value: 4.5) compared to that of Case 1 due to the low oxy-
gen level at that region. It is of note that the collagen growth of Case 2 is concen-
trated around the side of the aneurysm bulb instead of the centre. This is due to the
compromise between the stretch-mediated growth function and the corresponding
growth parameter, however, the increase of the collagen mass density is still much

lower than that of Case 1.
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Figure 6.18: Stretches of fibroblasts in the direction of collagen family I, and Is in
Case 1 and Case 2: (A) shows the stretch of Case 1 in the direction of I, (A)-1 and I
(A)-2; (B) shows the stretch of Case 2 in the direction of I, (B)-1 and I (B)-2.
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Figure 6.19: Oxygen distribution (A) and corresponding growth parameter f (B) for
Case 2 at the final state: oxygen concentration is very low around the aneurysm bulb
resulting in the low growth parameter  at the same region.
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Figure 6.20: Corresponding mass density of collagen fibres m¢, mediated from Fig-
ure[6.18 (A) shows mc; of Case 1 with first collagen family I, in (A)-1 and second
collagen family I in (A)-2; (B) shows m, of Case 2 with first collagen family I, in
(B)-1 and second collagen family I in (B)-2. For Case 1, m¢» growth is only linked
to the fibroblast stretch shown in Figure [6.18(A) so the mc, growth is at the corre-
sponding position of greater stretch, however, for Case 2, m¢, growth is linked to
both the fibroblast stretch (Figure (B)) and the varied growth parameter g (Fig-
ure[6.19|(B)) so the mg; is greater around the side of aneurysm bulb with the balance
between stretch and .
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6.3.2.5 Collective Variation from Collagen Degradation and Growth

This section introduces the collective results for the variation of collagen mass
density and a potential index (effective stiffness) to investigate the strength of the

aneurysm structure.

Figure[6.21|shows the collective collagen mass density for Case 1 in (A) and Case
2 in (B) with the two families of collagen. The collective mass density of collagen
mc is the combination of the collagen degradation m; in Figure (B) and the
collagen growth mc; in Figure[6.20|for the overall collagen response after the G&R.
The collective mass density of collagen can be formulated as

mc = mcy X mMc2 (6.16)

In Case 1, for the first collagen family I, the collagen distribution has the highest
value (~1.6) and the lowest value (~0.5) within the aneurysm bulb which implies
both the positive growth and the negative decay happened in this restricted region.
While for the second collagen family I, the collagen density is generally low (<0.5)
in the aneurysm bulb with a slightly higher collagen density surrounded (~1.12). In
Case 2, both of the two collagen families demonstrate a large region of low collagen
concentration (<0.5) around the aneurysm bulb. This is due to the low collagen
growth in Figure[6.20|B). Note that a positive growth of collagen is around the side
of the aneurysm bulb for the first collagen family in Case 2, while the positive growth

for the second collagen family is close to the dome of the aneurysm sac.

As we have obtained the results of the evolution of the mass density of collagen
and the stress-like collagen parameter k; through the aneurysm progression, these
data can be applied to determine the strength of the aneurysm model as an indi-
cator to evaluate the risk of final rupture. The effective stiffness is defined as the
production of collagen mass density and collagen parameter k; in equation (6.17),
which can be used to represent the mechanical behaviour of the collagen fibres.

Effective stiffness = k; x m¢ (6.17)

Figure illustrates the effective stiffness of collagen fibres in Case 1 in (A) and
Case 2 in (B) with the two collagen families. The blank colour in the contour map
depicts the homeostatic value (= 1) of the stiffness as the initial value of the collagen
mass density and the k; are all equal to 1. Low effective stiffness denotes a weak

structure of the aneurysm.
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Figure 6.21: Collective mass density of collagen fibres mc: (A) shows mc of Case
1 with first collagen family I, in (A)-1 and second collagen family I in (A)-2; (B)
shows m of Case 2 with first collagen family I, in (B)-1 and second collagen family
Is in (B)-2. For Case 1, collagen growth is concentrated at the region with greater
stretches to compensate the loss of elastin and collagen; while for Case 2, due to the
link with the influence of oxygen transport, collagen growth around the aneurysm
bulb is low compared to Case 1.
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Figure 6.22: Effective stiffness of collagen fibres: (A) shows the effective stiffness of
Case 1 with first collagen family I, in (A)-1 and second collagen family I in (A)-2;
(B) shows the effective stiffness of Case 2 with first collagen family I, in (B)-1 and
second collagen family I in (B)-2. The effective stiffness of Case 1 is greater than
that of Case 2 around the aneurysm bulb, which supports the simulation result that
Case 2 is not stabilised and the simulation process is terminated at time step 16
while Case 1 is stabilised towards the end of simulation.
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In Case 2, relatively low values of the effective stiffness (<0.2) are presented in
a large region of the aneurysm bulb for both collagen families. This result is pre-
dictable as the k; values and the collagen mass densities are much lower in Case
2 than those in Case 1 in the region restricted by the sphere. For Case 1, without
the disturbance of oxygen level, the effective stiffness is ranged from 0.4 to 0.8 in
the prescribed degradation region which is much higher than the general stiffness
in Case 2. As a result, the structure of Case 1 is much stronger than that of Case 2

based on the performance of effective stiffness.

6.4 DISCUSSION

The G&R approach for the patient-specific case is updated according to the stability
analysis in Appendix [C] for collagen remodelling, and Watton et al| (2004) for col-
lagen growth function represented by fibroblasts. This modification improves the
drawbacks of the 1D model in which the stress homeostasis is not able to restore,
and also has a physiological interpretation of the cell/tissue interaction that the in-
crease or decrease in the concentration of collagen fibres represents the regulation
by fibroblasts.

This 3D clinical aneurysm model demonstrates a spatial G&R behaviour based
on its geometrical shape, mechanical response, and flow condition. Although the
arterial layer is relatively simple with only one single layer, the implementation of
fibre orientation in principal direction and flow-based elastin degradation improves
the limitation from previous SGT model. The structural analysis in the FSGT work-
flow provides an approach to determine the local fibre orientation in each element
according to its principal curvature. Although in this aneurysm example the fibre
orientation of each element remains its initial orientation through the evolution, it
is of note that if the geometrical change of aneurysm is significant, the principal cur-
vature would be altered and the fibre orientation would need to be updated. During
the aneurysm evolution, the elastin is almost deleted and the main-load bearer is
transferred to collagen fibres. Therefore, for the simulation of clinical aneurysms, it
is important to accurately model the mechanical structure of collagen fibres. This
FSGT framework utilises a potential computational method to present the fibre ori-
entation on arbitrary aneurysm geometry. Another important aspect of the FSGT is
the blood flow simulation and its influence on elastin degradation. In Section|6.1.5}

the elastin degradation is stimulated by low WSS, however there is still discussion on
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other flow indices such as OSI (generated by pulsatile blood flow) which may also
play a crucial role for the elastin loss (Xiang et al.|(2011); Lu et al. (2011)). Different
indices of flow conditions could be implemented in the FSGT framework for further

investigation.

The two comparative cases provide a practical application of the sophisticated
FSGT framework on the clinical aneurysm geometry. Illustrative figures on the 3D
aneurysm geometry give a better visualisation than the 1D and 2D models. Al-
though the influence of blood flow is not included in the comparison, Section [6.2
has demonstrated the pathway to link WSS to elastin degradation. On the other
hand, the prescribed degradation of elastin and collagen mimics the development
of a secondary aneurysm on the aneurysm bulb. Consequently, the G&R of collagen

fibres is concentrated within that restricted region.

The enlargement of the secondary aneurysm is more significant with the trans-
port modelling turning on. In response to the increased stress induced by the en-
largement, the remodelling of k; is aiming to restore the homeostatic stress. The
Cauchy stress in Case 1 is successfully downgraded back to its homeostasis, while
the Cauchy stress in Case 2 remains in a higher level resulting in the termination of
the simulation. Even there is a larger region with lower k; values in Case 2, the re-
modelling process is not able to achieve the task. The collagen growth is mediated
by the stretch of fibroblasts, which would continually remodel their attachment to
the ECM in the altered configuration. In Case 1, the collagen growth is in consistent
with the distribution of fibroblast stretch such that greater stretch presents greater
collagen proliferation. However, in Case 2 with the disturbance of thrombus in oxy-
gen availability, there is no growing of collagen towards the centre of the aneurysm
bulb even there is greater stretches compared to Case 1. The collagen growth pa-
rameter § has a profound impact on the stretch-mediated growth function as it is
acting as an additional rate. Lower value of f in the aneurysm bulb leads to lower
increase in collagen. It shows a more considerable variation between the two cases
with the result of collective mass density of collagen. The collagen distribution in
the prescribed region in Case 2 is downgraded from the initial value 1 to below 0.5,
while in Case 1, it is relatively stable, even with a positive growing of the first collagen
family. Histological studies on aneurysms have proved that the collagen concentra-
tion is very low in ruptured aneurysms (Gaetani et al.| (1998); Vanrossomme et al.

(2015)). The stability of aneurysm relies on the competition between aneurysm re-
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pair and degeneration to reach a dynamic balanced condition (Etminan and Rinkel,
2016), in this thesis, it is denoted by the homeostasis of the fibroblast stretch and the
fibre Cauchy stress. The result of Case 1 is in agreement with the above statement.
The collagen G&R in Case 1 demonstrates the evolution process searching for a new
stable condition of the aneurysm according to the original configuration. On the
other hand, Case 2 shows a high possibility of rupture risk with the thrombus forma-
tion which is often presented in aneurysms. Moreover, many experimental studies
have revealed that softer aneurysm wall has higher risk of rupture than the stiffer
one (Sanchez et al.| (2013); Brunel et al. (2017)). The effective stiffness presented in
this chapter is able to quantify the stiffness of the aneurysm wall and also locate the

corresponding position with the risk of rupture.

6.5 CONCLUSION

This chapter presents a sophisticated FSGT framework which is the first model to
investigate the chemo-mechano-biology on a patient-specific aneurysm geometry.
The comparative result suggests that the thrombus is crucial for the stability of the
aneurysm. An index is introduced in this research to identify the stiffness of the

aneurysm wall for the evaluation of rupture risk.
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CHAPTER

CONCLUSIONS AND CONSIDERATIONS
FOR FUTURE DEVELOPMENT

The main focus of this research is to establish an in silico framework to investigate,
numerically quantify, and test important chemo-mechano-biological hypotheses to
model the evolution of aneurysms. The methodology is based on two important

notions:

1. Determination of mechanical homeostasis through the arterial wall and its

hypothetical role in aneurysm evolution;

2. Influence of oxygen concentration on collagen growth in a thrombosed

aneurysm.

7.1 SUMMARIES OF THE STUDY

Chapter[2]introduces the mechanical structure of an artery based on[Holzapfel et al.
(2000) and its implementation in the ANSYS software for numerical modelling. The
hollow cylindrical model is demonstrated as the example to simulate the mechani-
cal stress responses across the wall thickness. The physiological stress condition is
fulfilled by including the residual stresses within the arterial wall, which utilises the

opening angle method in the ANSYS model. The purpose of modelling the homeo-

179



7. CONCLUSIONS AND CONSIDERATIONS FOR FUTURE DEVELOPMENT I-Tung Chan

static stress inside the wall is the basis of the hypothetical G&R approach in order to
simulate the micro-structural change in relation to the change of wall stress during

aneurysm evolution, which is presented in Chapter[4]

Chapter [3 presents the oxygen transport modelling with its implementation in
ANSYS. The model is still a simple tube shape to simulate the steady state oxygen
diffusion through a thrombosed artery. We investigate the influence of thrombus
thickness, oxygen diffusivity, and oxygen consumption rate in the wall on the oxy-
gen concentration through the two-layered model. Based on the finding (Stein-
brech et al., [1999) that the collagen synthesis is associated with oxygen levels, we
use a simple mathematical equation to quantify the influence of oxygen on col-
lagen growth in order to incorporate the chemical transport effect in the chemo-

mechano-biological framework by using oxygen as the example.

In Chapter[4} the SGT model is presented to combine the important concepts in
Chapter[2]and Chapter 3} and their links to aneurysm G&R on the tube model. The
elastin degradation is prescribed along the axial direction thus this is a 1D model
with only transmural variation through the wall thickness. The chemo-mechano-
biological interaction is illustrated by the element-based stress-driven G&R and
oxygen-affected collagen growth rate. The results show the transmural G&R be-
haviour which takes into account the mechanical responses of local positions in
different layers of this thick-walled model. This provides more details of the hetero-
geneity inside the arterial wall which is a great improvement from previous mem-
brane models. However, the influence of blood flow conditions is not included in
the SGT framework for the 1D model due to insignificant alteration in the flow do-

main.

Chapter[5|extends the SGT framework on an idealised fusiform aneurysm by in-
ducing an axisymmetric elastin degradation to examine the modelling behaviour
in a 2D domain. The mechanical stress responses and oxygen concentrations are
spatially distributed in both the radial and axial direction due to the axisymmetric
enlargement and thrombus propagation. An improvement from the 1D model is
the projection of local oxygen level on corresponding mechanical elements. There-
fore the localisation of mechanical and chemical stimuli in relation to the G&R of

individual elements is achieved in the ANSYS model.

Chapter [6 presents the sophisticated FSGT framework on the anatomical
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aneurysm geometry. The structural analysis is updated by a potential approach to
characterise the collagen fibre orientation according to the arbitrary surface cur-
vature of the aneurysm. The degradation of elastin is associated with the physio-
logical change of EC morphology controlled by the blood flow condition. Collagen
adaption is deemed to play a key role for reaching a dynamic balanced condition
in aneurysm progression. The growth of collagen is represented by the fibroblast
stretch, while the remodelling of collagen parameter is governed by the fibre stress.
The oxygen availability to the aneurysm wall regulates the growth rate of collagen.
Results of this 3D model illustrate the evolution of geometric changes, mass density

of elastin and collagen, collagen parameter, and stiffness of the aneurysm structure.

This FSGT framework is fully integrated in the ANSYS software to validate the
vascular structural analysis, blood flow simulation, chemical transport in the wall,
and the interplay among them. The important aspect of this framework is that
we consider the local chemical environment within the wall and its influence on
the aneurysm evolution, while most research focused on the mechanical perspec-
tives. Once there is a feedback mechanism connected with available experimental
data, this FSGT framework provides a platform for the interaction between in vivo,
in vitro, and in silico models, which can inform us of valuable information on the

chemo-mechano-biology of vascular wall.

7.2 LIMITATIONS OF THE PROPOSED FSGT FRAMEWORK

It is vital to reflect the limitations of the proposed FSGT framework for future ad-

justments.

* Blood flow is simulated in a steady state

The blood flow condition in the FSGT framework is simulated as the systolic
flow to describe the relation between the local WSS and the degree of elastin
loss at the inner surface of the arterial wall. This assumption of the WSS-
induced elastin degradation is based on the study of Watton et al. (2009a).
However, the blood flow is not a steady flow and the WSS changes with pul-
satile nature of the flow. Watton et al.| (2011) compared the spatial distribution
of WSS for the steady and pulsatile flow. Although the result indicates that the

WSS distribution of the steady flow is qualitatively similar to the mean value
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from pulsatile flow, the cyclic distension of the ECs is governed by the pul-
satility of the flow acting on the wall (Qiu et al., |2000). Furthermore, a more
comprehensive representation of physiological influence is essential for the

modelling purpose.

* Lack of clinical validations for the G&R hypothesis

As mentioned in Chapter 1 for the limitation of the existing FSG model, it is
difficult to track the mechanical and chemical changes within the aneurysm
wall. Parameters used for this framework are mostly obtained from concep-
tual mathematical models and in vitro experimental observations on arterial
tissues. Therefore, the exact function for the aneurysm growth is not gen-
uinely understood. However, this FSGT framework provides a computational
platform that can be modified and updated according to different methodolo-

gies for the interpretation of underlying mechanisms.

¢ Definition of homeostasis in 3D model

In the 3D case of patient-specific aneurysm, the evolution process is initiated
from the current aneurysm geometry, which is denoted as the homeostatic
state for the remodelling. This implies the stabilisation of aneurysm is aim-
ing to restore the diseased state as it is the original configuration. Ideally, the
homeostasis of the artery is defined in the healthy state prior to aneurysm for-
mation, yet it is not applicable for the 3D case. However, the key issue should
be the definition of homeostasis whether it can represent the criterion for the

adaptive response during aneurysm evolution.

e Simple diffusion model

Oxygen transport in the FSGT framework is simulated in a diffusion-only
formulation. The cell respiration rate is assumed to be constant regardless
of the local cellular composition of the wall layer. However, growth/atrophy
of ECM constituents and migration of vascular cells during aneurysm evo-
lution would alter the consumption of oxygen. Moreover, the influence of
possible convective flux of oxygen through the thrombus is evident when the
thickness of thrombus is thicker (Holland, 2012). As a result, an evaluation
of diffusion, convection, and respiration rate of an organised thrombosed

aneurysm structure is needed.
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* Thrombus is not mechanically contributed

The thrombus layer generated in this research is not considered the mechani-
cal contribution to the overall aneurysm structure. Some studies (Wilson et al.
(2013);|Virag et al. (2015)) indicate that the thrombus is not only biological ac-
tive but also acting as a cushion to hold the enlargement of aneurysm. How-
ever, the adherence of the thrombus to the arterial wall is an important fac-
tor for the transport of mechanical forces (Bowker, |2010). Nonetheless, the
mechanical behaviour of the thrombus should be included in the structural
analysis of the FSGT framework.

7.3 POTENTIAL IMPROVEMENTS TO THE COMPUTA-

TIONAL FRAMEWORK

7.3.1 Multiscale modelling on EC morphology

The proposed computational framework compiles the basic modelling approach
to quantify the mechanical and chemical stimuli in relation to a hypothetical G&R
method for modelling the microstructure evolution in aneurysms. However, a com-
prehensive in silico modelling framework of aneurysms would expand to the multi-
scale level: cellular, tissue, and organ scales, to explore the underlying mechanisms
that affect the development of aneurysms, and subsequently to stabilise or rupture
(Ho etal.,2011).

In the consideration of multiscale modelling, the FSGT model has associated the
fibroblast stretch to the synthesis of collagen for the representation of cell/tissue in-
teraction. For the potential development of the FSGT, which includes the modelling
of the flow domain within the aneurysm, this framework can be enriched with an ex-
plicit representation of endothelial morphology and be associated with the perme-
ability of the oxygen transport modelling. The competing influences of both cyclic
stretch (CS) and WSS will be included to guide ECs shape and alignment (Sinha et al.
(2016); Pakravan et al.| (2016)). The goal is to model the morphology of ECs subject
to competing WSS and CS stimuli and predict EC distribution on a patient-specific
aneurysm. The morphology of ECs determines the permeability of an EC monolayer
which would have further impact on aneurysm evolution. Therefore, the diffusivity

parameter of the inner surface of the arterial wall in transport modelling would not
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be a constant but determined by the flow condition.

Once a better definition of ECs alignment is defined by the mechanical factors
in the ANSYS model, larger molecules such as LDL can be modelled to have broader
application of the FSGT, especially the endothelial permeability is deemed to have
great impact on the transport of this type of large molecule to the arterial wall.
Moreover, the development of a mathematical expression for the functionality of
transmural cells (SMCs; fibroblasts) embedded in the vascular layers is needed and
moreover their interactions with the ECM. This is to specifically characterise the
mechanical and chemical influence on the functionality of SMCs and fibroblasts,
and cellular mechanics which control the adaptation of elastin and collagen mi-
crostructures within the arterial wall. However, this improvement cannot solely rely
on computational models but also needs the assistance from available in vitro ex-
periments which can provide guidance on linking cell functionality to the local en-
vironments and boundary conditions by culturing cells. In return, in silico models
can provide detailed corresponding mechanical and chemical responses to charac-
terise and quantify the change which can be compared against the control group of
healthy arteries. Therefore, the cycle of the interaction between the experimental

data and computational estimates can be continuously developed and updated.

7.3.2 Volumetric change

In the presented FSGT model, we assume non-volume changing (isochoric) dur-
ing the aneurysm progression, while there is mass density changing of the elastin
and collagen constituents. However, as highlighted in the review article (Humphrey
and Holzapfel, 2012), it is important to address the characteristic of thick-walled
and volumetric adaptation for modelling aneurysm evolution. Therefore, the FSGT
framework can be improved under the basis of thick-walled solid model by imple-
menting the volumetric change to form an advanced and comprehensive FS"V"GT

computational model.

Based on the studies of Schmid et al.| (2012) and [Eriksson et al.| (2014), a novel
formulation was proposed to simulate the volumetric changes as a consequence of
local change in mass of constituents. Mass changes could result in the alteration of
either the density or the volume. Different types of mass growth were shown in this

study:
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* Constant individual density (CID): individual density is constant and the in-

dividual volume changes;

* Adaptive individual density (AID): individual density is adaptive and the indi-

vidual volume is constant.

In the FSGT model, we basically follow the AID approach in which the vol-
ume of individual element is constant regardless of the change of mass density.
The changes of the normalised mass densities mg and m¢ determined by the G&R
method directly indicate the mass change of elastin and collagen constituents in
each element without volumetric adaptation. On the other hand, to implement
the CID approach for volumetric change in the ANSYS model, the mass densities
in each element needs to remain constant, thus the G&R of the normalised mass
densities mg and m¢ correspond to the ratio of volumetric change instead of the
mass change. The change of the normalised mass density would be transferred to
the volumetric change in each element of the ANSYS model. Numerical results from
Eriksson et al.[(2014) showed that when modelling the elastin degradation, it is suit-
able to apply the AID approach to avoid the volumetric reduction resulting in the
decrease of arterial radius, while for modelling the collagen growth, it is suitable
to apply the CID approach for volumetric adaptation. However, these numerical
examples assumed an isotropic volumetric change, and this has been recently ex-

tended to anisotropic volumetric growth by|Grytsan et al.|(2017).

7.3.3 Reconstruction of healthy artery

The 1D and 2D SGT models provide insights into how to link G&R to transport pro-
cesses, while the 3D FSGT model presents the physiological influence on subse-
quent aneurysm evolution. Therefore, it is of great interest to connect these impor-

tant concepts by modelling the aneurysm from its "hypothetical’ healthy state.

On the basis of the same clinical IA geometry presented in Section Man-
daltsi (2016) reconstructed a healthy membrane cylinder to replace the aneurysm
region and applied the FSG framework to model the vascular mechanobiology with
a prescribed elastin degradation on the target position of aneurysm. Figure|7.1]il-
lustrates the reconstruction procedure of the hypothetical healthy artery connected
to the upstream and downstream parent vessels in the original aneurysm geometry.

Following this reconstruction algorithm, the thick-walled model presented in Chap-
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Figure 7.1: Reconstruction of the hypothetical healthy artery from the geometry
of patient-specific IA (adapted from (Mandaltsi, |2016)): (a) skeleton of geomet-
rical file of clinical aneurysm; (b) the geometry is clipped to define boundaries
of the (i) upstream parent vessel; (i) aneurysm connecting inlet; (iii) aneurysm
connecting outlet; (iv) downstream parent vessel; (c) Smooth surface is created at
the aneurysm connecting inlet to connect the upstream parent vessel with the re-
constructed healthy cylinder; (d) a transformation of Cartesian coordinate which
converts the z-direction from the inlet boundary to the outlet boundary, while y-
direction is pointing to the aneurysm boundary; (e) replace the aneurysm with the
reconstructed cylinder and create the smooth surface to connect the downstream
parent vessel.
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ter[2|could be the replacement of the healthy state artery, which includes the resid-
ual stresses within the arterial wall for physiological representation of stress distri-
bution. Therefore the FSGT model will be fully integrated with the assumptions
from the 1D, 2D, and 3D models presented in this thesis, which take into account
the transmural variation through the wall thickness and the flow-induced elastin

degradation.

7.4 CONCLUDING REMARKS

An updated FSGT framework is presented to investigate, quantify and elucidate
the influence of mechanical and chemical stimuli on the cell functionality and the
remodelling of arterial tissue. This generates a substantial multiscale and multi-
physics simulation for modelling aneurysm evolution, involving the cell function-
ality and the constitutive synchronisation. In other words, the synthesis and adap-
tation of the cells (fibroblast and ECs) are represented numerically in order to reg-
ulate the constitutive structure (elastin and collagen) inside the aneurysm tissue.
Although this seems to be overambitious and requires further biological study, the
coupling between this modelling framework and potential experimental data could
guide and enhance our current understanding to explore the etiology of aneurysm

disease.
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APPENDIX

RADIAL INFLATION OF A CYLINDRICAL
MEMBRANE MODEL

Following the definition for the mechanical response in a thick-walled cylindrical
model, here we provide a simplified geometry to show the characteristic of mechan-
ical response of constituents in the artery under physiological loading. The artery
is subjected to the internal pressure p, axial stretch A,. The governing equation of
the radial inflation of an incompressible cylindrical membrane subject to a constant

axial stretch of 1, can be written as

- RO/IZ/IQ

H; (aw]') Hj 0Ag (GLUj) H;j (aw]' o, O0w;j ol

= + T ={M,A
Rod, \ OF odg oL, o, T 3L, oy ) T M

(A.1)

where w; is the strain energy function and H; is the wall thickness of each layer,

P= " RoA, OF

j = {M, A} for media and adventitia; Ay is the circumferential stretch with unde-
formed radius Ry; radial stretch is implied by assuming incompressibility of the
membrane. The Green-Lagrange strain E is related to the stretch Ag as follows:
E= % Deformation invariants I; and I, are associated with the stretches and

pitches a of collagen structure:

L=A5+A%+ (A.2)

A2AZ

L{ = /lisin2 aj+/1§cos2 aj, j=MA (A.3)
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The strain energy function follows the definition in section |2.3| characterised the

distribution of elastin and collagen.

kM kM

M _ B 1 MM _1y2] _ - -
w == (I 3)+2k§4{exp[k2 (1" -1) ] 1}, in media (A.4)
k2 kA
A_Ze (1 — e 0 A(rA_1\2] _ . -
w'=- (L 3)+2k§‘{exp[k2 (I3 -1) ] 1}, in adventitia (A.5)

Thus, we can obtain the equilibrium from to determine the stretch Ay corre-

sponding to the pressure p:

= HykM+ HakN (1 - — 2H: K ! -1
P Roﬂz{( Ml ¥ 1A e)( /1%/13)+j=%ﬁ J 1(4 )exp

2

k(1 - 1)2

(A.6)

cos @
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APPENDIX

DEFINE THE NUMBER OF NODES AND
ELEMENTS

Here, we demonstrate how to arrange the order of nodes and elements in the artery
mesh. First, we begin with the coordinate of reference configuration to have a sense
of the geometry. In Figure ¢’ is the reference angle; ¢ is the opening angle,
where ¢ + ¢’ = 21. Given the curvature « for the reference sector, the reference
radius R at the middle plane of the vessel is equal to 1/x. The nodal position r,
inside the thickness of the vessel is from #.¢ to 0 which it is defined from the outer
layer to inner layer (. is the wall thickness of the vessel). The coordinate of each

point at the initial position is defined as below:

X = [(R— trz"f) + rp] cos (6)
v =|(R-5)+1r,|sin @) (B.1)
Z=0~Les

where L. is the axial length of the vessel; 6 is the angle for each node and the range
is from (n - %) to (n + %)

The number of nodes will be setting up by the order of the 3D mesh and the
elements will be defined in terms of their grid location allows for easy correspon-

dence between elements and nodes via local coordinate schemes. Next, we label
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})’

Figure B.1: Reference configuration with an opening angle ¢

Figure B.2: Labelling of nodes of one layer in a 3-D domain with e, =8,e; =3
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the elements with mathematical expression. Given parameters ey, e, e, are the el-
ement numbers of radial, circumferential and axial directions, so the total number

of elements of the vessel is e;e.e;.

The number of element can be expressed as (B.2) based on the order of grid
location.
Em,n,s)=m+er(s—1)+ere;(n—1) (B.2)

where m=1~e;; n=1~e;; s=1~ e,. The first node of element can be written as
G(LEm,n,s)=Emn,s)+(s—1)+n-1(e+e;+1) (B.3)
For the rest of nodes of the element, they can be defined from the first node

G(2,Em,n,s)=G(1,E(m,n,s)+ (e, +1)
G(3,E(m,n,s))=G(1,E(m,n,s)+(e,+1)+(e,+1)(e;+1)
G(4,Em,n,s)=G(1,E(m,n,s)+ (e +1)(e;+1)

G(5,E(m,n,s)=G(1,E(m,n,s))+1 (B.4)
G(6,E(m,n,s)=G(2,E(m,n,s)+1
G(7,E(m,n,s)=G(3,E(m,n,s)+
G(8,E(m,n,s)=G(4,E(m,n,s)+

Expressions in (B.4) can be expanded as (B.5) in the form of element number.

G(LEm,n,s)=Emn,s)+(s—1)+n-1(e+e;+1)
G(2,E(m,n,s))=Em,n,s)+(s+e)+(n—1)(e,+e,+1)
G(B3,E(m,n,s))=E(m,n,s)+(s+e)+(n)(e,+e,+1) +ere,
G4, Em,n,s))=Em,n,s)+(s—1)+ (e +e,+1) +ere,

(B.5)

Or a more detailed representation based on the number of the element along every

direction. An illustrative example is shown in Figure

G(LEm,n,s))=m+n-1D(e,+1)(e;+1)+(s—1)(e+1)
G(2,E(m,n,s))=m+(n-1(e,+1D(e;+1)+(s)(er+1)
G(3,E(m,n,s))=m+(n)(e,+1(e;+ 1)+ (s)(e, +1)

G(4,E(m,n,s))=m+m(e,+D(e;+ 1)+ (s— (e, +1)

B.6
G(5,E(m,n,s)=G(1,E(m,n,s)+1 (56)

G(6,E(m,n,s)=G(2,E(m,n,s)+1
G(7,E(m,n,s))=G(3,E(m,n,s))+1
G(8,E(m,n,s)=G(4,E(mn,s)+1
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Figure B.3: Group the reference nodes (elR=8, elC=100, elZ=3)

/

Groups of nodes: Forming groups of nodes in order to apply displacements in an
easier manner; implies a specific ordering of the nodes. Following the numbering
of reference nodes, two groups of the inner circle and outer circle are assigned in
order to move the nodes to form a closed circle. From the fixed plane on the left
hand side (1801-1809) in Figure the nodes are moving group by group to the
specific position to include residual stresses in the arterial wall. Two planes (1-9)
and (3601-3609) shown in Figure B.3|will be converged to seal the interface.

Figure shows that how the MATLAB scripts number the inner and outer
nodes with a given mesh: elR=8, elC=100, elZ=3. One longitudinal slice includes 36
nodes and with 4 nodes for each inner and outer side. There is a fixed plane at the
left (1801-1809) and separates the upper and lower sector. In the matrix of reference
nodes which is a 50x16 matrix, the first 8 columns are at the inner diameter, column
1 to 4 are at upper sector and column 5 to 8 are the at lower sector. For the outer di-
ameter, column 9 to 12 are at upper sector and column 13 to 16 are at lower sector.
Starting from the fixed plane, a group of nodes of the upper and lower sector (1765,
1773; 1837, 1845) moves towards the target position. Following the displacement of
the first group, the next group (1729, 1737; 1873, 1881) then moves towards its tar-
get position. It takes 50 steps to close the opening cylindrical tube group by group,
because there are 50 nodes along both upper and lower sectors. The last group is (1,

9; 3601, 3609) to seal the opening sector.
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APPENDIX

MATHEMATICAL STABILITY OF THE G&R
FRAMEWORK

Following the stress mediated G&R method presented in Chapter 4, this section
demonstrates and compares different arterial G&R approaches in order to inves-
tigate whether the mechanical response of the aneurysm wall will stabilise or not to
achieve a new homeostatic level. The focus is on remodelling the collagen parame-
ter k, by using a simple 1D single-layered model to show the influence of different
G&R to the overall arterial response during aneurysm progression. The comparison
of different G&R approaches lays on two parts: (1) the influence of k, remodelled
according to the total stress or the collagen fibre stress on the stress-mediated G&R;
(2) the influence of different SEF forms on the mechanical response of aneurysm
wall during G&R. Material parameters of this 1D arterial model follow the parame-
ters of the media layer used in Chapter 4. The normalised mass density of elastin
mg is downgraded to 0.7 at the first time step to force the radius enlargement of the

1D model and initiate the G&R process.

In Chapter 4, the G&R method is mediated by the deviation of the total stress
between its current and homeostatic levels. This is based on the approach proposed
by Baek et al. (2006) that the collagen turnover rate appears to be modulated by the
overall stress. However, the total stress includes the stress within the elastin and

collagen which would continuously increase over the continuing enlargement of
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arterial radius and thus it is not able to restore its homeostatic value. As a result,
the value of k, would keep decreasing and the mass density of collagen m¢ would
keep increasing without stabilisation due to the amplifying stress deviation through
G&R. Therefore, instead of remodelling based on the total stress, the G&R approach
tested here is based on the deviation of collagen fibre stress between current and
homeostatic levels in order to exclude the effect of elastin stress. We recall the SEF
terms presented in Chapter 4 that the mechanical responses of collagen fibres are
associated with the k, parameter. If k, is downgraded, the collagen stress would be
reduced to achieve the mechanical equilibrium. The advantage of the collagen fibre
stress G&R is that it restores the homeostatic value of stress in collagen and deletes
the influence of continuously increasing stress in elastin of the total stress mediated

G&R, which assists the system to reach a new stabilised condition through the G&R.

Figure|C.1|compares two different stress G&R approaches on the 1D model. The
blue lines are remodelled based on the total stress, while the red lines are remod-
elled based on the collagen fibre stress. Results show that the circumferential stretch
and collagen parameter k» both stabilise under the G&R approach mediated by col-
lagen fibre stress, while the stretch under the G&R mediated by total stress keeps
increasing even that k, is very close to zero. We then look into the mechanical stress
response of the arterial model: for collagen fibre stress G&R, both the collagen stress
and the total stress are stabilised towards the end of time such that the whole system
reaches a balanced condition; however, for total stress G&R, both collagen stress
and total stress are not stabilising, they either keep decreasing or increasing due
to the significant increase of stress in elastin. Even though the stress in collagen is
downgraded lower than the homeostatic level, the total stress deviation is still in-
creasing, resulting in the unstabilising k, remodelling. If the computational model
is for modelling a stabilising aneurysm wall, the collagen stress G&R is apparently
more suitable and reasonable for simulation purpose as the overall response goes
to a new steady state. However, although the collagen fibre stress G&R reaches the
stabilised state more efficiently, the expansion of stretch is very limited which is not

able to model the stabilisation of larger aneurysmes.

On the other hand, the main issue of the total stress G&R is that the total stress
cannot be remodelled to the homeostatic value. The increasing deviation in total
stress leads to the unstabilised state of k» remodelling and mechanical responses.
Therefore, if the total stress can be downgraded through the total stress G&R, the
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1D model can potentially reach a new steady state. One way to balance the total
stress is to reduce the collagen stress in each time step as the elastin stress keeps
increasing during aneurysm enlargement. This can be achieved by modifying the

SEF term for modelling the mechanical response of the arterial model.

We recall the SEF for arterial structure presented in Chapter 4 which follows the
HGO SEF proposed by Holzapfel et al.| (2000):

w:mg%(ll—3)+m(;2k712{exp[kg(l4—l)2] —1} (C.1)

The elastin stress o and the collagen fibre stress o ¢ can be derived as the differen-

tial of the SEF against the circumferential stretch (1) of the simple 1D model:

1
OF :/UcE(/l—ﬁ) (C.2)

k
0c=Astexp k(1% - 1)% |2k (A2 - 1)20 (C.3)
2ks
the two k, parameters outside the exponential term of o ¢ will cancel out each other.

For the G&R process, k» is a time-dependent variable and keeps decreasing to
downgrade the stress in collagen fibres to restore the stress balance. For the HGO
SEE k; remodelling only influences the exponential term of the collagen fibre stress
and right-shifting the stress-strain curve of the 1D model. In order to reduce the
unstabilised increase of stress in the G&R mediated by the total stress, we accelerate
and amplify the degrading process of the collagen fibre stress to investigate if the
total stress can be downgraded in a sufficient way. A modified version of the HGO
model keeps the initial parameters of the HGO model but takes into account the

influence of the dynamic variable k;, outside the exponential term of the collagen

stress: P
w* :mE?e(Il—3)+mckik{exp[k2(l4—1)2] -1} (C.4)
where i
* 1
k= 2k, (t = 0) (€3

and the collagen fibre stress can be represented as

06 = Akjexp|ko(A2—1)7| 2ks (A2 - 1)22 (C.6)

The updated ki" is associated with the original k, value at ¢ = 0, thus kf is a con-

stant value through G&R. Therefore, w = w* and o¢ = o only at ¢ = 0, but would

A novel Fluid-Solid-Growth-Transport framework for modelling the evolution of arterial disease
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have differentiation through the G&R with the k, variable effect. We illustrate the
comparison between the HGO SEF and the modified SEF under total stress G&R in
Figure[C.2] Result shows that with this modified approach, although the decrease of
collagen stress drops faster than the HGO model, the total stress is still increasing
significantly and not able to restore its homeostatic level. Thus the modified SEF
fails on the purpose for downgrading the total stress due to greater circumferen-
tial enlargements for achieving the mechanical equilibrium in each time step. The
circumferential stretch of the modified SEF is magnified almost twice the stretch
of the HGO SEF to the end of time. Moreover, the enlargement of the 1D model is
not stabilising and the G&R process is terminated when k, = 0 which means zero
stress in collagen fibres. This case may not be applied as the collagen fibres are
assumed to compensate the loss of elastin and provide mechanical support to the
aneurysm wall. However, this modified SEF shows a potential way to increase the
size of aneurysm, as in Chapter 4 and 5 the enlargements of aneurysms are limited
under the total stress G&R for HGO SEE

Additionally, we compare the results of the two SEFs under collagen stress G&R
in Figure Not surprisingly, the mechanical responses of the two SEFs are sta-
bilised to the end of time, while the modified SEF stabilises slightly faster than the
HGO SEE The k; variable effect assists the decrease of collagen stress in a more ef-
ficient way such that k; of the modified SEF reaches a steady value which is higher
than the steady k; value of the HGO SEF at the end of the G&R. Although the ra-
dius expansion of the 1D model under collagen fibre stress G&R is still restricted,
the modified SEF shows a potential approach to accelerate the stabilisation of the

system without changing the growth parameters.

In order to understand how the decreases of k, values affect the mechanical re-
sponses of the SEFs more specifically, Figure is generated to show the k; influ-
ence on the stress and stretch curves compared with the two SEFs. The k, values
are downgraded gradually from 40 to 5 and the stress-stretch curves of both SEFs
are right-shifted to allow further enlargement under the same loading condition. It
can be observed that the modified SEF right-shifts the stress-strain curve more than
the HGO SEF which could accelerate the G&R process to restore the homeostatic

stress.
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Figure C.1: Comparison of different stress-mediated G&R approaches: (a) cir-
cumferential stretches under different stress G&R: it shows that if remodelled
based on the total stress, the tube model expands slowly at the beginning but
stretches significantly over time without stabilisation; If remodelled based on
the collagen stress, the stretch goes larger at the beginning compared to the
total stress remodelling but stabilises towards the end of time. (b) collagen pa-
rameter ky evolves through G&R: if remodelled based on the collagen stress, k»
is downgraded in an exponential curve to a stabilised value (~15) where the col-
lagen stress is restored to its homeostatic level; If remodelled based on the total
stress, the degradation of k, increases over time, and when k; is very close to
zero the total stress deviation is still significant as shown in (d). (c) collagen fibre
stress through the G&R: if remodelled based on the collagen stress, the collagen
fibre stress is downgraded in an exponential curve towards the homeostatic col-
lagen stress. If remodelled based on the total stress, the collagen stress remains
at higher values at the beginning but drops rapidly at the half time period and
goes even lower than the homeostatic total stress corresponding to the point of
maximum stretch in (a). (d) total stress through the G&R: if remodelled based
on the collagen stress, the total stress is also stabilised towards the end of time;
however, if remodelled based on the total stress, the total stress is unstabilised
and keeps increasing.
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Figure C.2: Comparison of different SEFs on G&R (remodelled based on total
stress): (a) circumferential stretches under different SEFs: the stretches of the
two SEFs increase rapidly close to the end of time, while the modified SEF in-
creases faster than the HGO SEF and stops enlarging at the point where k; is
remodelled to zero shown in (b). (b) collagen parameter k, evolves through
G&R: both k; values of the two SEFs are downgraded rapidly towards the end of
time, while the k, of the modified SEF is remodelled to zero around 8th year so
that the G&R is terminated at that time point. (c) collagen fibre stress through
the G&R: the collagen stresses of the two SEFs are downgraded rapidly to even
lower than the homeostatic value due to the amplifying deviation in total stress,
while the collagen stress of the modified SEF is reduced faster and remodelled
to zero corresponding to k, = 0 in (b). (d) total stress through the G&R: both
total stresses in two different SEFs increase continuously without stabilisation
towards the end of time. The total stress of the modified SEF increases to a
higher level than the HGO SEF through the G&R, while this trend is identical to
the enlargement of circumferential stretch shown in (a).
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Figure C.3: Comparison of different SEFs on G&R (remodelled based on colla-
gen fibre stress): (a) circumferential stretches under different SEFs: the stretch
of the modified SEF increases faster than the stretch of the HGO SEE, while both
are stabilised close to A = 1.22. (b) collagen parameter k; evolves through G&R:
both k, values of the modified and HGO SEFs are downgraded rapidly at the be-
ginning of the G&R process and stabilised towards the end of time, while the k,
of the modified SEF stabilises to a constant value which is slightly greater than
the stabilised k, value of HGO. (c) collagen fibre stress through the G&R: both
collagen stresses in two different SEFs restore the homeostatic stress through
the G&R process, while the collagen fibre stress of the modified SEF returns to
its homeostatic value faster than the HGO SEE (d) total stress through the G&R:
both total stresses in two different SEFs increase continuously and stabilise to-
wards the end of time. The total stress of the modified SEF is slightly greater
than the HGO SEF through the G&R, while this trend can also be seen in the
circumferential stretch shown in (a).
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Figure C.4: Stress against stretch curves of the two different SEF forms right-shift
with decreased k, values: these curves indicate that the modified SEF bears less
loads under the same stretch compared to the HGO SEE while the modified SEF
has larger deformations under the same stress. The modified SEF allows greater
enlargement of the wall under the same mechanical loads which has the potential
to solve the issue of small enlargements shown in Chapter 5. On the other hand,
the modified SEF right-shifts the stress-strain curve to a larger degree than the HGO
SEF which could accelerate the G&R process to restore the homeostatic stress. In
addition, with lower value of k,, the difference between the HGO and modified SEFs

increases.
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APPENDIX

MODELLING CODES AND SCRIPTS

This appendix shows the main scripts to run the demonstrated FSGT computational
framework in this thesis. These modelling codes can be modified to simulate differ-

ent aneurysm geometries and investigate varies G&R hypotheses.

Listing D.1: FSGT (central command script)

#!/usr/bin/perl

use strict;

use warnings;

use File::Copy; # The File::Copy module exports two functions, copy and move

use File::Find; # The File::Find module exports to find the file

use File ::Copy qw(move) ;

#Initialise variables...(if variables are not set to their types/defined
»something funny happens in the while loop)

my $nfiles = 0;

my $FSGTtype = 1;

my $pulsatile = 0;

open (MYDATA, "./controlparameters.dat") or

die("Error: cannot open file ’'controlparameters.dat’\n");

my $theline;

my $number = 0;

while ( $theline = <MYDATA> )

{
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$number++;

$nfiles = &strip_comment($theline) if ($number==1);
$FSGTtype = &strip_comment($theline) if ($number==2);
$pulsatile = &strip_comment($theline) if ($number==3);
}

close MYDATA;

my $step = $nfiles;

print "Run for $step steps.";

print "\n";

print "\n";

if ($FSGTtype==0)

{print "Batch Simulation = Solid Only\n";}
if ($FSGTtype==1)

{print "Batch Simulation = FSG\n";}

if ($FSGTtype==2)

{print "Batch Simulation = FSGT\n";}

print "\n";

print "\n";
HARHAHRBHRHARHRHARARHAR AR HRH AR ARHAB AR AR ARAAHRBHRH AR HRHARARHAR AR H

# Solid Simulation #
RARAHAAARRRHHAAAAARRRAAAATAARRRHAAATAARRRHRAATAARRRHAAAAARRRRHAAAAAA
#-—————copy source to solid documents

chdir "./solid";

find \&wanted, "../source_solid");

#————copy all .m files and .inp files into the target file —————

sub wanted{

if (—f $File::Find::name) {

if ($File::Find::name =~ /\.m$/) {

copy("$File::Find::name"," ../ solid") ||warn "could not copy files :$!" ;
}

if ($File::Find::name =~ /\.inp$/){
copy("$File::Find::name","../solid") ||warn "could not copy files :$!" ;

}

# unlink $File::Find::name ;
}
t

#-—— Run ansys to get the mesh centroid information
print "Ansys mesh generating and output the ’centroid’ information files \n";
print "\n";

print "\n";
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# output the ’element_centorid.dat’ file

print "Run ANSYS to get the mesh information. \n";
print "\n";

print "\n";

system ("ansys150 —b —i run_mesh.inp —o ansys.out");

sleep 10;

#———deal with the element_centroid.dat—transform to tecplot format
print "generating the tecplot_format centroid coordinates\n";

print "\n";

print "\n";

# input ’'element_centorid.dat’ file

# output ’'centroid_tecplot.dat’ file

copy("../ curvature/centroid_tecplot_format.m","../solid") ||warn "could not
»copy files :$!" ;

system ( 'matlab —nosplash —nodesktop —minmize -logfile matlablog.log —nojvm
»—wait -r centroid_tecplot_format’);

sleep 10;

#-———interpolate the principal curvature direction to centroids——————

print "interpolate the principal curvature direction to centroid\n";

print "\n";
print "\n";
# input ‘centroid_tecplot.dat’ ’firstPrincipalCurvatureVector.dat’ '’

»secondPrincipalCurvatureVector.dat’

# output ’'centroid_first_curvature_vector.dat’ '’
»centroid_second_curvature_vector.dat’

copy("../curvature/firstPrincipalCurvatureVector.dat","../solid") ||warn "could
» not copy files :$!" ;

copy("../ curvature/secondPrincipalCurvatureVector.dat","../ solid") ||warn "
»could not copy files :$!" ;

copy("../ curvature/curvature_vector_interplation.mecr","../solid") ||warn "could
» not copy files :$!" ;

system ( "tecplot —-b —p curvature_vector_interplation.mcr");

#———normlize the vector to unit vector———————

print "normalize the principal curvature direction on centroid\n";

print "\n";
print "\n";
# input ‘centroid_first_curvature_vector.dat’ ’

»centroid_second_curvature_vector.dat’
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# output ’'normalized centroid_first_curvature_vector_temp.dat’ ’'normalized
»centroid_second_curvature_vector_temp.dat’

system ( 'matlab —nosplash —nodesktop -minmize -logfile matlablog.log —nojvm
»—wait -r normlize_centriod_prinCurvaDir’);

sleep 10;

HAAARHARBHARRAARBHARHAARBARRHARRHATRHARRHARBHARRAARBAARHAARBAARHH

# Start loop #
Uididdiaiaiadiaiaiddiaiaid diaaiddiaiddaaididaaddaadaaaddaadaaadaadiaadiaadisddsa
B define the loop for different time step

for my $i (1 ..$step) {

print "Run for number $i step. \n";
print "\n";

print "\n";

my $step_file = $i;

my $filel = ’'step_file.txt’;
open(my $f1, ">",6 $filel) or die; # > in writing style
print $f1 "$step_file" ;

close ($f1);

#-——— Matlab to generate input file for ANSYS
#———deal with the different state of the value of K2 and G——

print "produce the changed k,c values file\n";

print "\n";
print "\n";
copy("../ controlparameters.dat","../solid") ||warn "could not copy files :$!" ;

if ($FSGTtype==0)

{print "Batch Simulation = Solid Only\n";

system ("matlab —nosplash —nodesktop -—minmize -logfile matlablog.log —nojvm
» —wait —r growth");

sleep 10;}

else {

if ($pulsatile ==1)

# input ’'element_centroid.dat’ ’centroid_cfd_pulsatile.dat’ ’cauchy_stressl/2.
»dat’

# output ’'c_k_value.dat’

{system ("matlab —nosplash —nodesktop -minmize -logfile matlablog.log —nojvm
» —wait -r growth");

sleep 10;}

else

# input ’'element_centroid.dat’ ’centroid WSS_WSSG.dat’ ’'cauchy_stressl/2.dat’

# output ’'c_k_value.dat’

{system ("matlab —nosplash —nodesktop -minmize -logfile matlablog.log —nojvm

» —wait -r growth");}
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sleep 10;}

print "produce the matHGO.inp\n";

print "\n";

print "\n";

# input 'normlizeCentiod_first_prinCurvaDir_temp.dat’ ’element_centroid.dat’
# input 'normlizeCentiod_second_prinCurvaDir_temp.dat’ ‘c_k_value.dat’

# output 'matHGO. inp’

system ( 'matlab —nosplash —nodesktop —minmize -logfile matlablog.log —nojvm
»—wait -r write. HGO’);
sleep 10;

#matHGO. inp ——record the k2,c value of each element
my $matHGO="./matHGO. inp ’;

my $matHGOTemp="./matHGO' . $step_file. .inp’;

rename ($matHGO, $matHGOTemp)

or warn "Rename $matHGO to $matHGOTemp failed: $!\n";
# rename the c k value

my $ck="./c_k_value.dat’;

my $ck_update="./c_k_value’. $step_file. .dat’;

rename ($ck, $ck_update)

or warn "Rename $ck to $ck_update failed: $!\n";
#-———run ANSYS to do the structural analysis with time—difference material
print "step $i begin\n";

print "\n";

#-———— Matlab to generate input file for ANSYS
print "generating input file for ansys output deformed geometry\n";

print "\n";

system ( 'matlab —nojvm —r output_deformed’);
sleep 10;

#———output the run file ——————

print "Run matlab to write the run file. \n";
print "\n";

print "\n";

# input ’'runl.inp’

# output ’'run(n).inp’

system ('matlab —nojvm —r write_run_file’);
sleep 10;

my $file3= 'run’.$step_file. .inp’;

unlink ('run.inp’);

rename ( $file3 , 'run.inp’)
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or warn "Rename $file3 to run.inp failed: $!\n";

#—— go on the remodelling

# input ’‘run.inp’ ’output_deformed.inp’

# output ’'nlist(n).txt’ ’deformcoordinner(n),txt’ ’strain_element(n).dat’

print "Run ANSYS to do the structural analysis and output the stress and
»deformation. \n";

print "\n";

system ("ansys150 —b —i run.inp —o ansys.out");

my $db_file = ’structural_model’.$step_file. .db’;

while (1) {

last if —e $db_file;

#— change the output stress file format, extract the element number and
» §1 stress ——————

my $strain_element="./strain_element’.$step_file. .dat’;

my $strain_element_temp="./strain_element.dat’;

unlink ("$strain_element_temp") ;

rename (" $strain_element","$strain_element_temp")

or warn "Rename $strain_element to $strain_element_temp failed: $!\n";

print "Run matlab to extract the average strain on each element. \n";

print "\n";

# input ’strain_element.dat’

# output ’'element_averageStrain_Matix.dat’

system ( 'matlab —nosplash —nodesktop -minmize -logfile matlablog.log —nojvm
»—wait -r modify_standard_element_strain’);

sleep 10;

my $element_averagestrain_file = 'element_averageStrain_Matix.dat’;
while (1) {
last if —e $element_averagestrain_file;

B on the basis of different step to deal with the stress file and output
» the averageStress of each element———

print "Run matlab to calculate the cauchy stress for each collagen fiber
»families. \n";

print "\n";

# input ’'element_averageStrain_Matix.dat’

# output ’'stretch_cauchy_stress.dat’

218

A novel Fluid-Solid-Growth-Transport framework for modelling the evolution of arterial disease




I-Tung Chan

system ( 'matlab —nosplash —nodesktop —minmize -logfile matlablog.log —nojvm
»—wait -r I4_cauchystress_calculation’);
sleep 10;

e on the basis of different step to deal with the strain file and output

» the averageStrain of each element———
if ($step_file==1){
my $stretch_cauchy_stress="stretch_cauchy_stress.dat’;
my $stretch_cauchy_stress_temp='stretch_cauchy_stressl.dat’;
rename ( $stretch_cauchy_stress , $stretch_cauchy_stress_temp)

or warn "Rename $stretch_cauchy_stress to $stretch_cauchy_stress_temp failed:

»$!\n";

}

if ($step_file==2){

my $stretch_cauchy_stress="stretch_cauchy_stress.dat’;

my $stretch_cauchy_stress_temp='stretch_cauchy_stress2.dat’;

rename ($stretch_cauchy_stress, $stretch_cauchy_stress_temp)

or warn "Rename $stretch_cauchy_stress to $stretch_cauchy_stress_temp failed:
»$!\n";

}

if ($step_file>2){

my $stretch_cauchy_stress="stretch_cauchy_stress.dat’;

my $stretch_cauchy_stress_temp='stretch_cauchy_stress2.dat’;

unlink (" $stretch_cauchy_stress_temp");

sleep 5;

rename ( $stretch_cauchy_stress , $stretch_cauchy_stress_temp)

or warn "Rename $stretch_cauchy_stress to $stretch_cauchy_stress_temp failed:
»$!\n";

my $element_averageStrain_Matix="element_averageStrain_Matix.dat’;

my $element_averageStrain_Matix_temp="element_averageStrain_Matix . $step_file.

»'.dat’;
rename($element_averageStrain_Matix, $element_averageStrain_Matix_temp)
or warn "Rename $element_averageStrain_Matix to

»$element_averageStrain_Matix_temp failed: $!\n";

# plot ¢ k1l k2 distribution on solid model
# input 'mesh_connectivity.dat’ ’deformcoordinner_full.dat’ ’step_file.txt’
»'c_k_value(i).dat’

# output ’'centroid_c_k.dat’ ’deformed_element.dat’
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non

copy("../source_solid/mesh_connectivity.dat","../ solid") ||warn "could not copy
» files :$!" ;
system ( 'matlab —nosplash —nodesktop -minmize -logfile matlablog.log —nojvm

»—wait -r element c k’);

sleep 10;

# input ’'centroid_c_k.dat’ ’'deformed_element’

# output ’solid_c_k.dat’

copy("../source_solid/c_k_interpolation.mecr","../ solid") ||warn "could not copy
» files :$!" ;

system ( "tecplot —b —p c_k_interpolation.mcr");

# rename the c k value

my $solid_c_k="./solid_c_k.dat’;

my $solid_c_k_update="./solid_c_k’.$step_file. .dat’;
rename($solid_c_k, $solid_c_k_update)

or warn "Rename $solid_c_k to $solid_c_k_update failed: $!\n";

B run matlab to produce deformed geometry coordinates

print "Run matlab to produce deformed geometry coordinates. \n";

print "\n";

system ( 'matlab —nosplash —nodesktop -minmize -logfile matlablog.log —nojvm
»—wait —r build_new_stl’);

sleep 10;

HAARRHARHHARRHARBHARBHARBAARHARRHATRHARRHARRHARRAARBHARHAARBAARHH

# fluid simulation #
didia diaiaiadiaiaiddiaiaia diaiaiddiaiaid diaiaididadiddaiadiaaddaadaaadadddadddaddiddsa
# output the deformed aneurysm innersurface stl file

if ($FSGTtype>0)

{

if ($step_file==1||($step_file -1)%5 == 0)

{ print "Run matlab to produce py file. \n";

print "\n";

system ( 'matlab —nosplash —nodesktop -minmize -logfile matlablog.log —nojvm
»—wait -r write_stl_py_file_local’);

print "\n" ;

print "generate STL file\n";

print "\n" ;

my $file5 = 'geomagic_stl’.$step_file. .py’

or die "Can’t find the file!";

unlink (' stl.py’);

rename ( $file5, 'stl.py’);

system (’'Studio stl.py’);
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my $file6= 'file.rst’

or die "Can’t find the file!";

my $file7= ’structural model’.$step_file. .rst
or die "Can’t find the file!";

rename ( $file6 , $file7);

’

if ($step_file==1){

my $filed= 'run.inp’;

sleep 3;

rename ( $file4 , 'runl.inp’)

or warn "Rename $file4 to runl.inp failed: $!\n";
}

print "\n";

# Execute fluid perl script
if ($step_file==1||($step_file —-1)%20 == 0)
{ if ($FSGTtype==1)

{chdir "..";

system ("perl fluid.pl");

chdir "./fluid";

my $base_path = AR _tec’. $step_file. .dat’;
while (1) {

last if —e $base_path;

sleep 10;}

chdir "../solid";}

if ($FSGTtype==2)

{

chdir "..";

system ("perl fluid.pl");

system ("perl transport.pl");

chdir "./solid";}

}

}

HAHBHBABAHHARRGAHHAR AR AR HHR ARG RHAHR AR RHAH R AR ARG AR RAR ARG AR AR AR AR HHHH
# End of Loop #
HARH AR AR AR AR ATRH AR ARH AR ARU AR AR ARG AR ARH AR ARG AR ARA AR AR AR AR ARG AR A
sub strip_comment

{

# /+ Get The Parameter Passed To The Function =/

$theline = shift;
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# /+ Search For The First Occurance Of ! =/
my $where = index($theline, "!");

# /+ If We Find No Comment, Return The Entire Line Passed To us +/
if ($where eq —-1) {
return $theline;

}

# /+ Get The Part Of The String Up To, And Including The Colon */
my $goodpart = substr($theline, 0, $where);

# /+ Remove The Colon =/
chop ($goodpart) ;

# /+ Return Only The Portion Of The String Before The Colon =/
return $goodpart;

}

Listing D.2: Thrombus formation

%Morphing Aneurysm
%Coordinates of Sphere of influence for morphing

xmorph=-3.8;
ymorph= 2.5;
zmorph= 3.5;
%Radius of Sphere of Influence
rmorph=3.5;

%Max distance to morph
dmorph = 1.5;

%Min distance to morph
dmorph_min = 0.2;

%Polynomial exponet for morphing

polyexp = 1;
%Wall thickness
wthick = 0.4;

%Potential for variable wall thickness — wall to aneurysm
9%NB Max morphing distance occurs at points at centre of sphere of influence
%Points on radius of sphere of influence don’t move

%Points outside sphere of influence Fixed
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load ('points.dat’)
load (’'connect.dat’)

Ip=length (points) ;

lc=length (connect) ;

count=0;

for i=1:1p

for j=1:3

count=count+1;

x(count) = points(i,3*(j—-1)+1);
y(count) = points(i,3*(j-1)+2);
z(count) = points(i,3*(j-1)+3);

end
end
v(:,1) = x;
v(:,2) =y;
v(:,3) = z;

Ix=length (x) ;

c(:,1)
c(:,2) = connect(:,3)+1;

connect(:,2) +1;
c(:,3) = connect(:,4)+1;

col = z’;

% Find all edges in mesh, note internal edges are

E = sort([c(:,1) c(:,2); c(:,2) c(:,3); c(:,3) c(:

% determine uniqueness of edges

[u,mn] = unique(E, 'rows’);

% determine counts for each unique edge
counts = accumarray(n(:), 1);

% extract edges that only occurred once

O = u(counts==1,:);

%plot3 ([v(O(:,1),1) v(O(:,2),1)]",[v(O(:,1),2) v(O(:,2),2)]",[v(O(:,1),3) v(O

»(:,2),3)]17, =)

% CREATE THE EXTRA CONNECTIVITY MATRIX
lengthO=length (O) ;

for i=1:lengthO

tria=0(i,1);

trib=0(i,2);

repeated

1)
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tric=0(i,1)+1x;
trid=0(i,2)+Ix;
%Triangles connectivity abc, acd
Endcon(2+i-1,1)=3;
Endcon(2xi—1,2)=tria —1;
Endcon(2xi—1,3)=trib —1;
Endcon(2xi—1,4)=trid —1;
Endcon(2*i,1) =3;
Endcon(2xi,2)=tria —1;
Endcon(2+i,3)=tric —1;
Endcon(2*i,4)=trid —1;
end

Ipmat = lxxlinspace(1,1,lc) ’;
connect2(:,1) = connect(:,1);
connect2 (:,2) = connect(:,2)+lpmat;
connect2 (:,3) = connect(:,3)+Ipmat;
connect2 (:,4) = connect(:,4)+lpmat;

connect3=[connect; connect2;Endcon];

%Calculation of unit normals

%Unit normals for elements

for i=1:lc

%Create two vectors in each element (consistent on orientation)
vecl(1)= x(c(i,3))—x(c(i,2));

vecl (2)= y(c(i,3))-y(c(i,2));

vecl(3)= z(c(i,3))—z(c(i,2));

vec2(1)= x(c(i,1))-x(c(i,2));
vec2(2)= y(c(i,1))=-y(c(i,2));
vec2(3)= z(c(i,1))-z(c(i,2));

%compute the cross product

crossvec = cross(vecl,vec2);

normcrossvec = (crossvec(:,1)A2+crossvec(:,2)"2+crossvec(:,2)A72)"0.5;
SCrossvec = Crossvec/normcrossvec;

normvec(i,:)=scrossvec;

end

%UNIT normals for vertices
for i=1:1x

store=[];
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for j=1:lc

if c(j,1) ==1i

store (end+1) = j;
end

if c(j,2) == i

store (end+1) = j;
end

if c(j,3) == i

store (end+1) = j;
end

end

Istore=length (store);
vertvex(i,1)= 0;
vertvex (i,2)= 0;
vertvex (i,3)= 0;

for k=1:Istore

for s=1:3

vertvex (i,s) = vertvex(i,s)+normvec(store (k),s);
end

end
avertvex(i,:)=vertvex(i,:)/lstore;

end

%Associate a unit vector with each vertice
%Case 1 — Morph in z direction

if option ==
for i =1:1x
vecmorph(i,1) = 0
vecmorph (i,2) = 0;
vecmorph(i,3) =1
end

else

%Case 2 — Morph in normal direction

for i=1:1x

mag = (avertvex(i,l)A2+avertvex(i,2)/2+avertvex(i,3)~2)10.5;
vecmorph(i,:) = avertvex(i,:)/mag;

end

end

%Calculate distance of all points from centre of Sphere of Influence
for i = 1:1x
dist(i) = (((x(i)—xmorph)/2)+ ((y(i)-ymorph)~2) + ((z(i)—zmorph)~2))10.5;

end
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%Morph Points by element number

%Loop through elements

%calculate the

%Morph Points

%Condition if points within sphere of influence they can be moved

thrombuspoints =[];

for i=1:1x

if (dist(i)<rmorph & z(i)>0 )

thrombuspoints (end+1)=i;

local_dist = (rmorph—dist(i))/rmorph;

local_dist_fn = local_distA1.5;

local _dist_ang = local_dist_fn=*pi/2; %angle 0 to pi/2

% move = dmorph_min+(dmorph-dmorph_min) *((rmorph—dist (i))/rmorph)’
»polyexp;

move = dmorph_min+(dmorph—dmorph_min) *sin (local_dist_ang) ;

% if (move>dmorph+0.75)
% move = dmorph+0.75
% end

mv(i,1l) = v(i,1)-movervecmorph(i,1);
mv(i,2) = v(i,2)-movexvecmorph(i,2);
mv(i,3) = v(i,3)-movesvecmorph(i,3);
else

move = dmorph_min;

mv(i,1) = v(i,1)-move*vecmorph(i,1);
mv(i,2) = v(i,2)-movexvecmorph(i,2);
mv(i,3) = v(i,3)-movexvecmorph(i,3);
end

end

%Create the external surface from initial surface
for i=1:1x

exv(i,1) = v(i,1)+wthick+*vecmorph(i,1);

exv(i,2) = v(i,2)+wthick+*vecmorph(i,2);

exv(i,3) = v(i,3)+wthick+vecmorph(i,3);

end

figure

%inner wall layer

patch_handlel = patch(’Faces’,c,’ Vertices’, v, EdgeColor’, none’, Edgealpha’
»,1, FaceColor’, 'red’, 'FaceAlpha’,.25, facelighting’, 'phong’)
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hold on

%thrombus/EC inner layer

patch_handle2 = patch(’Faces’,c, ' Vertices’ ,mv, EdgeColor’, 'none’, Edgealpha’
»,1, FaceColor’, ’red’, 'FaceAlpha’,.5, facelighting’, 'phong’)

hold on

%outer wall

patch_handle3 = patch(’Faces’,c, Vertices ,exv, EdgeColor’, none’, Edgealpha’
»,1, FaceColor’, ’red’, 'FaceAlpha’,.1, facelighting’, 'phong’)

daspect([1 1 1]);

set (patch_handlel, ’AmbientStrength’,0.8, DiffuseStrength’,0.5,"’
»SpecularStrength’,0.75) ;

set (patch_handle2, ’AmbientStrength’,0.8, ' DiffuseStrength’,0.5,"’
»SpecularStrength’,0.5) ;

set (patch_handle3, 'AmbientStrength’,0.8, 'DiffuseStrength’,0.5,"’
»SpecularStrength’,0.5);

light (’Position’,[1 1 1]);

view (45 ,45);

axis equal

figure

%thrombus/EC inner layer

patch_handle4 = patch(’Faces’,c, Vertices’ ,mv, EdgeColor’, 'none’,’ Edgealpha’
»,1, FaceColor’, ’red’, FaceAlpha’,.5, facelighting’, 'phong’)

hold on

set (patch_handle4, 'AmbientStrength’,0.8, 'DiffuseStrength’,0.5,"’
»SpecularStrength’,0.5);

light (’Position’,[1 1 1]);

view (45 ,45);

axis equal

%Write out as a vtk file
%reshape matrix

%Outer

for i=1:1lp

startlinel =3xi;

ox(i,1)= exv(startlinel -2,1);
ox(i,2)= exv(startlinel —2,2);
ox(i,3)= exv(startlinel —-2,3);
ox(i,4)= exv(startlinel —1,1);
ox(i,5)= exv(startlinel —1,2);
ox(i,6)= exv(startlinel —1,3);
ox(i,7)= exv(startlinel ,1);

ox(i,8)= exv(startlinel ,2);

A novel Fluid-Solid-Growth-Transport framework for modelling the evolution of arterial disease

227



D. MODELLING CODES AND SCRIPTS

I-Tung Chan

ox(i,9)= exv(startlinel ,3);
end

WOX=0X

%thrombus

for i=1:1p

startlinel =3xi;

ux(i,1)= mv(startlinel —2,1);
ux(i,2)= mv(startlinel —2,2);
ux(i,3)= mv(startlinel —2,3);
ux(i,4)= mv(startlinel -1,1);
ux(i,5)= mv(startlinel —1,2);
ux(i,6)= mv(startlinel —1,3);
ux(i,7)= mv(startlinel ,1);
ux(i,8)= mv(startlinel ,2);
ux(i,9)= mv(startlinel ,3);
end

Wux=ux;

wconnect=connect’;

% open a file for writing

fid = fopen(’'innerwall.vtk’, 'w’);

% print a header line

fprintf(fid, '# vtk DataFile Version 3.0\n’);
fprintf (fid, ’'vtk output\n’);

fprintf(fid, 'ASCII\n’);

fprintf (fid, 'DATASET POLYDATA\n'’);

fprintf (fid, 'POINTS %i float\n’,6Ix);

% two values appear on each row of the file
fprintf (fid, '%f %f %f %f %f %f %f %f %f\n’, wux);
fprintf(fid, '\n’);

fprintf (fid, 'POLYGONS %i %i\n’, lc, 4xlc);
fprintf (fid, '%i %i %i %i\n’, wconnect);
fprintf(fid, "\n’);

fprintf (fid, 'CELL_DATA %i\n’,lc);

fprintf (fid, 'POINT DATA %i\n’,1x);

fclose (fid);

% open a file for writing
osurf = fopen(’ outerwall.vtk’, 'w’);

% print a header line

fprintf (osurf, '# vtk DataFile Version 3.0\n’);

fprintf (osurf, ’'vtk output\n’);
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fprintf (osurf, 'ASCII\n’);

fprintf (osurf, 'DATASET POLYDATA\n’);

fprintf (osurf, 'POINTS %i float\n’,lx);

% two values appear on each row of the file
fprintf (osurf, '%f %f %f %f %f %f %f %f %f\n’, wox);
fprintf (osurf, '\n’);

fprintf (osurf, 'POLYGONS %i %i\n’, lc, 4xlc);
fprintf (osurf, '%i %i %i %i\n’, wconnect);
fprintf (osurf, '\n’);

fprintf (osurf, ’'CELL DATA %i\n’,lc);

fprintf (osurf, 'POINT DATA %i\n’,1x);

fclose (osurf) ;

%Create a final of the thrombus

%Create an stl comprised of both surfaces
%Write out as a vtk file

Jawox=0x";

Javux=ux’;

combinedw=[wux wox];

wconnect3=connect3 ’;

lc3=length (wconnect3) ;

% open a file for writing

fid = fopen(’combinedwall.vtk’, 'w’);

% print a header line

fprintf(fid, '# vtk DataFile Version 3.0\n’);
fprintf (fid, ’vtk output\n’);

fprintf (fid, 'ASCII\n’);

fprintf (fid, 'DATASET POLYDATA\n’);

fprintf (fid, 'POINTS %i float\n’,2x1x);
fprintf (fid, '%f %f %f %f %f %f %f %f %f\n’, combinedw) ;
fprintf(fid, "\n’);

fprintf (fid, 'POLYGONS %i %i\n’, lc3, 4x1c3);
fprintf (fid, '%i %i %i %i\n’, wconnect3) ;
fprintf(fid, "\n’);

fprintf (fid, 'CELL DATA %i\n’,1c3);

fprintf (fid, 'POINT DATA %i\n’,2x1x);

fclose (fid);

%combinedthrombus
combinedw2=[points’ wux];
% open a file for writing

fid = fopen(’combinedthrombus.vtk’, 'w’);
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% print a header line

fprintf(fid, '# vtk DataFile Version 3.0\n’);
fprintf (fid, ’'vtk output\n’);

fprintf(fid, 'ASCII\n’);

fprintf(fid, 'DATASET POLYDATA\n'’);

fprintf (fid, 'POINTS %i float\n’,2x1x);
fprintf (fid, '%f %f %f %f %f %f %f %f %f\n’, combinedw2) ;
fprintf(fid, "\n’);

fprintf(fid, 'POLYGONS %i %i\n’, lc3, 4xlc3);
fprintf (fid, '%i %i %i %i\n’, wconnect3);
fprintf(fid, '\n’);

fprintf (fid, 'CELL_DATA %i\n’,1c3);

fprintf (fid, 'POINT_DATA %i\n’,2x1x);

fclose (fid);

Listing D.3: Growth and Remodelling

%% main functions of this script

% Specify time zones:

% step 1; Material parameters for initial structural analysis ANSYS

% step2; Fibroblast Recruitment Stretch Field

% step >2 Degradation, Growth & Remodelling

% divide the region to 3 parts: aneurysm, transitional region, parent vessel

% 1. considering the collagen mass density

% 2. Elastin degrades with high AR (from step 3)

% 3. collagen degrades with high AR (from step 3)

% 4. collagen mass density regulated by fibroblasts stretch deviation (from
»step 3)

% 5. collagen remodels (k2) with cauchy fibre stress deviation (from step 4)

%% Define modelling paramters here

%Geometric parameters for specification of z—regions for G&R spatial control:

top = 1; % top limitation of transitional region
bottom =-1; % bottom limitation of transitional region
tmb = top-bottom;

% This is cap for stress—based remodelling function of kl
max_stress_diff growth _fn = 0.5; %remodelling rate levels off is deviation

»exceeds 50% of original stress

%Elastin degradation
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prescribedegradation = 0; %if I prescribed, else link to flow.
deg_flow_t0 = 1;
prescribe_el_deg_rate

0.8;
0.8;

prescribe_col_deg_rate

%Region of Degradation

localised = 1;% if prescribed and 1, localise to a specific region of sac.
%Coordinates and radius of Sphere of influence for degradation

sphere_x = —-2; sphere_y = 4; sphere_z = 4; sphere_r = 8;

%Polynomial exponet for spatial degradation

polyexp = 4;

%ELASTIN

% elastin mass density

mEp = 1; %Parent artery
mE a = 1; %aneurysm sac

%Neo—Hookean shear modulus

kp = 4; %Parent artery (MPa)

k_a = 4; %aneurysm sac (MPa)

%Effective shear modulus for ANSYS (Neo—Hookean)
c_p = k_p*mE p; %Parent artery (MPa)

c_a = k_a*mE a; %aneurysm sac (MPa)

9%4COLLAGEN

% collagen mass density

mCp = 1; %parent artery

mC.a = 1; %aneurysm sac

%collagen mass density mCl for degradtion
mCl_I14=1; mC1_16=1; %

%collagen mass density m2 for growth
mC2_I4=1; mC2_I6=1; %

%collagen mass density mC
mC_I4=mC1_I4+mC2_14;%
mC_I6=mC1_I6+mC2_I6;

%kl value

kl_a = 0;%MPa

kl_a I4 = kl_a; kl_a 16 = kl_a; 9%VPa on aneurysm
kl_p = 0; %MPa parent_vessel

kl p 14 = kl_p; kl_p_I6 = kl_p; %\VPa on aneurysm
%Collagen k2

k2_a=0.01;

k2_a_I14 = k2_a; k2_a_16 = k2_a; %k2 value of a0l/a02 collagen families on
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»aneurysm
k2_p = 0.01; %k2 value of a0l/a02 collagen families on parent vessel

%kl values for ANSYS
kl1_mC_a_I4= mCl_I4*mC2_I4xkl_a_I4; %kl in the ANSYS (I4)
kl1_mC_a_I6= mCl_I6xmC2_I6xkl_a_I6; %kl in the ANSYS (I6)

%Flow metric to drive degradation
flowmetricdeg = 1;% %I=0SI, 2=AR, 3=LowWSS, 4 = HighWSS, 5= transWsS

%Thresholds for pulsatile flow stimuli to degrade constituents
%0SI

OSI_crit = 0.075;
OSI.max = 0.1;
%AR metric
AR_crit = 0.5;

AR max = 0.75;
%trans_WSS
transWSS_crit =4;
transWSS_max = 8;
%low mean WSS
Low_WSS_crit = 2;
Low WSS max = 1
%High mean WSS
High_WSS_crit = 4;
High WSS_max = 6;

’

if flowmetricdeg==1
flow_metric_crit = OSI_crit;
flow_metric_max = OSI_max;
elseif flowmetricdeg ==
flow_metric_crit = AR_crit;
flow_metric_max = AR _max;
elseif flowmetricdeg ==3
flow_metric_crit = transWSS_crit;
flow_metric_max = transWSS_max;

end

%Degradation parameters

%at most 10% of the existing elastinous constituents are degraded per year
max_elastin_degradation = 0.5;

Y%enaximum amount of the existing collagenous constituents are degraded per year

max_collagen_degradation = 0.5;
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%Collagen G&R parameters
%Growth (stretch—based stimulus on fibroblasts)
lambda_F_AT 1.05; %attachment stretch of fibroblasts

alpha_F = 0.1; % a numarical parameter indicating the biological response

»to stretch (fibroblast remodelling)

beta_F = 0; phenomenological growth parameter that relates to the rate at

» which the fibroblasts increase or decrease the mass of the collagenous
»constituents in response to deviations of stretch from normotensive

»levels.

%Remodelling (via kI or k2)

collagen_remodelling _rate = 0.1; % used in the collagen remodelling function

%% Files to be imported here

% load centroid coordinates of element and get the z coordinates
step_number=load ('step_file.txt’);

%step_number=2;

IDelement_centroid=load (’.\ element_centroid.dat’);
x=IDelement_centroid (:,2); % x coordinate of each element centroid
y=IDelement_centroid (:,3); % y coordinate of each element centroid
z=IDelement_centroid (:,4); % z coordinate of each element centroid
[row,~]=size (IDelement_centroid) ;

%Define output files here:
fid=fopen(’c_k_value.dat’, 'wt’);

% output data: c, kI_ANSYS_I4,K1_ANSYS_ 16, kI1(16), k2(I6), mE, mC(14), mC(16),

» lambda_F, lambda_F, lambda_F_Rc_I4, lambda_F_Rc_I6,
% mCIl_I4, mCI1_I6, mC2_14, mC_ 16, kl1(I4), k2(I4))

%% the Time 1, original state

if step_number==

for i=1:row

%aneurysm sac

if (z(i)>=top)

fprintf (fid , '%f %f %f %f %f %f %f
»f %f %f %f %f %f %f %f
» %f %f %f\n’ ,...

c_a,mC axkl_a,k2_a,mC axkl_a,k2_a,...

mE a,mC_a,mCa,...

0,0,0,0,...

mCl1_I4,mC1_I6,mC2_I4,mC2_I6, kl_a, kl_a);

%
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%parent artery
elseif (z(i)<bottom)

fprintf (fid , "%f %f %f %f %f %f
»f %f %f %f %f %t
» %f %f %f\n’ ,...

c_p,mC p=kl_p,k2_p,mC p«kl_p,k2_p,...

mE p,mC p,mC p, ...

0,0,0,0,...

mCl_I4,mC1_I6, mC2_I4,mC2_16, kl_p, kl_p);
%transition region

elseif (z(i)>=bottom&&z(i)<top)

zinterp = (z(i)-bottom) /tmb;

%Elastin
mE_t(i) = mE p+((mE_a—mE p)+zinterp) ;
c_t(i) = k_p*mE_t(i);

%Collagen (mcp and mca are equal)

if mC p~=mC_a

mC_t(i) = mC_p+(mC_amC p)*zinterp;

else

mC_t(i) = mC p;

end

%interpolation of kl

k1_T4_t(i) = kl_p+(zinterp*(kl_a_I4-kl_p));
k1_I6_t(i) = kl_p+(zinterp*(kl_a_I6-kl_p));
%stiffness parameter for collagen — product of density«kl
k1 mC_I4_t(i) = mC t(i)+kl_I4_t(i);

kl_ mC_I6_t(i) = mC_t(i)+kl_I6_t(i);
%interpolation of k2

k2_T4_t(i) = k2_p+(zinterp*(k2_a_I4-k2_p));

k2_16_t(i) = k2_p+(zinterp*(k2_a_I6-k2_p));

fprintf (fid , '%f %f %f %f %f %f
»f %f %f %f %f %f
» %f %f %f\n’ ...

c_t(i),mCt(i)+k1_I4_t(i),k2_I4_t(i) ,mC t(i)*kl_I6_t(i),k2_I6_t(i) ,...

mE_t(i) ,mC_t(i) ,mC_t(i) ,...

0,0,0,0,...

mC1_I4, mC1_I6, mC2_I4, mC2_16, k1_I4_t(i), k1_I6_t(i));
end

end

end

%% the Time 2

%f
%f

%f
%f

%f

%f

%

%
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if step_number==2
%ITHIS STEP DEFINES THE FIBROBLAST RECRUITMENT STRETCH FIELD
% load the stretch results

filename = [’stretch_cauchy_stress’,int2str (step_number—1),’ .dat’];
stretch = load (filename) ;

stretch_I4 = stretch (:,1);

stretch_I6 = stretch (:,2);

lambda_F_Rc_I4 stretch_I4/lambda_F_AT;
lambda_F_Rc_I6 = stretch_I6/lambda_F_AT;

for i=1:row

% aneurysm region, highest elastin and collagen degradation

if z(i)>=top

fprintf (fid , '%f %f %f %f %f %f %f %
»f %f %f %f %f %f %f %f
» %f %f %f\n’ ,...

c_a,mC axkl_a I4,k2_a_I4,mC axkl_a_I6,k2 _a_I6,mE a,mC a,mC a,lambda_F AT,
»lambda_F_AT,lambda_F_Rc_I4(i) ,lambda_F_Rc_I6(i) ,mC1_I4,mC1_I6,mC2_I4,
»mC2_16, kl_a_I4, kl_a_I6);

elseif z(i)<bottom

fprintf (fid , '%f %f %f %f %f %f %f %
»f %f %f %f %f %f %f %f
» %f %f %f\n’ ,...

c_p,mC pxkl_p,k2_p,mC p+kl_p,k2_p,mE_p,mC p,mC_p,lambda_F_AT,lambda_F_AT,
»lambda_F_Rc_I4 (i) ,lambda_F_Rc_I6(i) ,mC1_I4, mC1_I6, mC2_I4, mC2_16, kl_p_I4,
» kl1_p_I6 );

% transitional region, no elstin and collagen degradation

elseif z(i)>=bottom && z(i)<top

zinterp = (z(i)-bottom) /tmb;

%elastin

mE_t(i) mE p+((mE_a-mE p) *zinterp) ;

c_t(i) = k_p*mE t(i);

%collagen mCl

mC1_I4_t(i) = mC p+((mC_amC_p)+*zinterp); mC1_I6_t(i) = mC p+((mC_a-mC_p) *
»zinterp);

%Collagen Growth mC2

mC2_I4_t(i) = mC2_I4; mC2_I6_t(i) = mC2_I6;

%k 1

k1_T4_t(i) = kl_p+((kl_a_I4-kl_p)=zinterp); k1_I6_t(i) = kl_p+((kl_a_I6-
»kl_p)=*zinterp);

%k 2

k2_14_t(i) = k2_p+(k2_a_I4-k2_p)+zinterp; k2_I6_t(i) = k2_p+(k2_a_I6-k2_p)+*

»zinterp;
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%Collagen Mass mC
mC_I4_t(i) = mCl_I4_t(i)* mC2_I4_t(i);

mC_I6_t(i) = mC1_I6_t(i)* mC2_I6_t(i);
%ANSYS k1 +mClsmC2
kl1_mC_I4_t(i)=k1_I4_t(i)*mC_I4_t(i); k1_mC_I6_t(i)=k1_I6_t(i)*mC_I6_t(i);
%Output
fprintf (fid , "%f %f %f %f %f %f %f %
»f %f %f %f %f %f %f %f
» %f %f %f\n’ ,...

c_t(i),kl_mC_I4_t(i),k2_14_t(i),kl_mC_I6_t(i),k2_I6_t(i),mE_t(i),mC_I4_t(i),
»mC_I6_t(i) ,...

lambda_F_AT,lambda_F AT,lambda_F_Rc_I4 (i) ,lambda_F _Rc_I6(i) ,mC1_I4_t(i),
»mC1_I6_t(i) ,mC2_I4_t(i),mC2_I6_t(i),

k1_I4_t(i),k1_I6_t(i));

end

end

end

%% the Time 3..... n

if step_number>2

% IMPORT DATA

% read the c, kl, k2, mE, mC value from last step
filename=["c_k_value’,int2str (step_number—-1), ' .dat’];
c_k_last_step=load (filename) ;

c_last_step = c_k_last_step (:,1);

k1_last_step_I4 = c_k_last_step(:,17); k2 _last_step_I4 = c_k_last_step(:,3)
»;

k1_last_step_I6 = c_k_last_step(:,18); k2_last_step_I6 = c_k_last_step (:,5)
»;

mE_last_step = c_k_last_step (:,6);

mC1_I4_last_step
mC1_I6_last_step
mC2_I4_last_step
mC2_I6_last_step

c_k_last_step(:,13);
c_k_last_step (:,14);
c_k_last_step (:,15);
c_k_last_step (:,16);
% recriutment stretch of fibroblasts from the last step
lambda_F_Rc_I4_last = c_k_last_step (:,11);
lambda_F_Rc_I6_last = c_k_last_step(:,12);

% load the stretch and cauchy stress result

cauchy_stressl=load(’./stretch_cauchy_stressl.dat’);
cauchy_stress2=load (' ./ stretch_cauchy_stress2.dat’);
% stretch in the direction of collagen fibres

stretch_I4=cauchy_stress2(:,1);
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stretch_I6=cauchy_stress2 (:,2);

% stretch on fibroblast
lambda_F_I4=stretch_I4./lambda_F_Rc_I4_last;
lambda_F_I6=stretch_I6./lambda_F_Rc_I6_last;

% load the CFD result

if prescribedegradation==0

if (deg_flow_t0 == 1)

centroid_cfd=importdata(’../ source_solid/centroid_cfd_pulsatile_t0.dat’);
else

centroid_cfd=importdata(’centroid_cfd_pulsatile.dat’);

end

% OSI = centroid_cfd.data(:,5);

% AR = centroid_cfd.data(:,6);

% meanWsSS = centroid_cfd.data(:,8);

% transWSS = centroid_cfd.data(:,9);

if flowmetricdeg==1 %0SI
var_flow_metric_deg = centroid_cfd.data(:,5);

elseif flowmetricdeg ==2 %AR
var_flow_metric_deg = centroid_cfd.data(:,6);
elseif flowmetricdeg ==3 %transwss
var_flow_metric_deg = centroid_cfd.data(:,9);
end

end

for i=1:row
% aneurysm region, highest elastin degradation, collagen remodelling

if z(i)>=top

%ALL GROWIH AND REMODELLING IS CONIROLLED HERE and FUNCTIONS at end.

if (prescribedegradation==1)

if (localised==1)

localdegfactor=spatialdeg(x(i),y(i),z(i),sphere_x,sphere_y,sphere_z,sphere_r,
»polyexp) ;

else

localdegfactor=1;

end

el _deg rate =1 + (prescribe_el _deg rate—1)=localdegfactor;

col_deg rate = 1 + (prescribe_col_deg_rate—1)=localdegfactor;

%elastin degradation

mE t(i) = mE_last_step(i)* el _deg_rate;
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%collagen degrades

mCl_I4_t(i) = mCl1_I4_last_step(i)* col_deg_rate;
mC1_I6_t(i) = mC1_I6_last_step (i)* col_deg_rate;
else

%Linking Growth and remodelling with pulsatile flow metric in this region (see
» Function)

[mE_deg i,mCdeg_i]=degradation (var_flow_metric_deg(i) ,flow_metric_crit ,
»flow_metric_max );

%elastin degradation with pulsatile flow metric

mE_t(1) = mE_last_step (i)*(1-mE_deg i*max_elastin_degradation) ;

%collagen degrades with pulsatile flow metric

mCl_I4_t(i) = mCl1_I4_last_step(i)*(1-mCdeg i*max_collagen_degradation) ;
mC1_I6_t(i) = mC1_I6_last_step (i) *(1-mCdeg i*max_collagen_degradation) ;
end

c_t(i) k_a*mE_t(i);

%fibroblast recruitment stretch remodels

lambda_F_Rc_I4_t(i) = Fibroblast_Remodelling (lambda_F_I4(i) ,lJambda_F_AT,
»alpha_F,lambda_F_Rc_I4_last(i));

lambda_F_Rc_I6_t(i) = Fibroblast_Remodelling (lambda_F_I6(i) ,lambda_F_AT,
»alpha_F,lambda_F_Rc_I6_last(i));

% collagen growth mediated by fibroblasts

mC2_I4_t(i) = Fibroblast_Growth (lambda_F_I4 (i) ,lambda_F_AT, beta_F,
»mC2_I4_last_step(i));
mC2_I6_t(i) = Fibroblast_Growth (lambda_F_I6(i) ,lambda_F_AT, beta_F,

»mC2_I6_last_step (i));
%collagen remodelling — ki
k1_14_t(i) = rem_kl_CS(cauchy_stress2(i,3),cauchy_stressl(i,3),
»collagen_remodelling rate,kl_last_step_I4 (i), max_stress_diff growth_fn);
k1_I6_t(i) = rem_kl_CS(cauchy_stress2(i,4) ,cauchy_stressl(i,4),

»collagen_remodelling_rate ,k1_last_step_I6(i),max_stress_diff_growth_fn);

%collagen remodelling - k2 (no remodelling)
k2_14_t(i) = k2_a_I4;
k2_I6_t(i) = k2_a_I6;

% Update Total Collagen Mass Density mC
mC_I4_t(i) = mCl_I4_t(i)* mC2_I4_t(i);
mC_I6_t(i) = mC1_I6_t(i)* mC2_I6_t(i);
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%Update k1 stiffness parameter for ANSYS
kl1_mC_I4_t(i) = k1_I4_t(i)*mC_I4_t(i);
kl1_mC_I6_t(i) = k1_I6_t(i)*mC_I6_t(i);

% parent vessel region
elseif z(i)<bottom
%elastin

mE_t(i) = mE p; c_t(i) = k_p;

%collagen mCl

mC1l_I4 t(i) = mC p; mC1_I6_t(i) = mC p;

%Collagen Growth mC2

mC2_I4_t(i) = mC2_I4; mC2_16_t (i) = mC2_1I6;

%Collagen Mass mC

mC_I4_t(i) = mC1_I4_t(i)* mC2_I4_t(i); mC_I6_t(i) = mC1_I6_t(i)* mC2_I6_t(
»i);

%k 1

k1_T14_t(i) = kl_p; k1_16_t(i) = kl_p;

%ANSYS k1 #mCIl+smC2

kl1_mC_I4_t(i)=k1_TI4_t(i)*mCI1_I4_t(i)*mC2_I4_t(i); kl1_mC_I6_t(i)=k1_I6_t(i)=*
»mC1_I6_t(i)*mC2_I6_t(i);

%kc2

k2_14_t(i) = k2_p; k2_16_t(i) = k2_p;

%Prescribe Fibroblast recruitment stretches to maintain homeostatic fibroblast
» Stretch in this region

lambda_F_Rc_I4_t(i) =stretch_I4 (i) /lambda_F_AT;

lambda_F _Rc_I6_t(i) =stretch_I6(i)/lambda_F_AT;

% transitional region
elseif z(i)>=bottom && z(i)<top
zinterp = (z(i)-bottom) /tmb;

%elastin

mE_t (1) = mE_p+((mE_a—mE_p) *zinterp) ;

c_t(i) = k_p*mE _t(i);

%collagen mCl

mC1l_I4_t(i) = mC p+((mC_amC p)*zinterp) ; mC1_I6_t(i) = mC p+((mC_amC p) *
»zinterp);

%Collagen Growth mC2

mC2_I4_t(i) = mC2_l4; mC2_16_t(i) = mC2_I6;

%Collagen Mass mC

mC_I4_t(i) = mCl_I4_t(i)* mC2_I4_t(i); mC_I6_t(i) = mC1_I6_t(i)* mC2_I6_t(
»i);

%k 1
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k1_T4_t(i) = kl_p+((kl_a_I4-kl_p)=zinterp); k1_16_t(i) = kl_p+((kl_a_I6-
»kl_p)*zinterp);
%ANSYS k1 +mCIsmC2

k1_mC_I4_t(i)=k1_I4_t(i)*mC_I4_t(i); k1_mC_I6_t(i)=k1_I6_t(i)*mC_I6_t(i);

%k2

k2_T14_t(i) = k2_p+(k2_a_I4-k2_p) «zinterp; k2_16_t(i) = k2_p+(k2_a_I6-k2_p)*
»zinterp;

%Prescribe Fibroblast recruitment stretches to maintain homeostatic fibroblast
» Stretch in this region

lambda_F_Rc_I4_t(i) =stretch_I4 (i) /lambda_F_AT;

lambda_F_Rc_I6_t(i) =stretch_I6(i)/lambda_F_AT;

end

%Output

fprintf (fid , "%f %f %f %f %f %f %f %
»f %f %f %f %f %f %f %f
» %f %f %f\n’ ...

c_t(i) mC_I4_t(i)«k1_T4_t(i),k2_TI4_t(i),mC_I6_t(i)*k1_I6_t(i),k2_I6_t(i),mE_t(
»i),mC_I4_t(i) ,mC_I6_t(i) ,...

lambda_F I4 (i) ,lambda_F 16(i),lambda_F Rc_I4 _t(i),lambda F Rc_I6 t(i),mCl1_I4 t
»(i) , mCl1_I6_t(i),mC2_I4_t(i),mC2_I6_t(i) ,...

k1 _14_t(i),k1_16_t(i));

end

fclose (fid);

close all

end

Listing D.4: k) remodelling

function [kl_t]=rem_kl_CS(cst,cshom,rate,b kl_last_step,

»max_stress_diff_growth_fn)

if cst>0

dev=(cst—cshom) /cshom;

if dev<=max_stress_diff_growth_fn
diff = dev;

elseif dev >max_stress_diff_growth_fn
diff = max_stress_diff growth_fn;
else
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diff = 0;

end

kl1_t = kl_last_step—(ratexdiff+kl_last_step);
if kl1_t < 0.001

k1_t 0.001;

end

else
kl_t
end

k1_last_step;

end

Listing D.5: Fibroblast Remodelling

%Fibroblast Recruitment Stretch Remodels

function [rec] = Fibroblast_Remodelling(stretch, att_stretch ,hrate,var_last_step
»)

rec = var_last_step + (var_last_step=*ratex*(stretch—att_stretch)/att_stretch);

if rec<0.1

rec = 0.1;

end

end

Listing D.6: Fibroblast Growth

%Fibroblast Remodelling and Growth Functions
function [mCt]=Fibroblast_Growth (stretch, att_stretch ,hrate,var_last_step)

mCt = var_last_step + (var_last_step=*ratex(stretch—att_stretch)/att_stretch);
if mCt<0.01

mCt = 0.01;

end

end
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