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Abstract

The total number of annual deaths caused by cardiovascular diseases (CVDs), aortic aneurysms
(AAs) and aortic dissections (ADs) is more than from any other cause. Most CVDs are a result of
atherosclerosis, in which a fibrous cap covered lipid-rich plaque is formed in the arteries. The
fibrous cap can rupture, blocking the artery and limiting the flow of blood to vital organs. AAs and
ADs manifest as localised dilatations of the aorta, while simultaneously weakening the aortic wall.
In atherosclerosis, AAs and ADs disruptions of the fibrous network and incorporation of

microstructural defects make the artery vulnerable to rupture.

This dissertation is aimed at describing the relationship between microstructure and mechanical,
including fracture behaviour of arterial tissue. Unnotched and notched mechanical tests were
performed on tissue samples from aneurysm-affected aortas. Mechanical parameters of ultimate
material strength and extreme extensibility were measured, showing arterial layer and direction
dependent differences in both unnotched and notched test. Similar differences were observed in
fracture parameters of J-integral and crack tip curvature at failure. Interestingly, aneurysmal tissues
were found to be notch-insensitive as the notched samples did not fail at a low stretch level.
Histopathological analysis was performed on the mechanically tested tissues to investigate the
influence of collagen, elastin, macrophage and glycosaminoglycan (GAG) contents, as well as
collagen fibre dispersion on the mechanical and fracture behaviours. Both collagen and GAGs were
associated with tissue strength, while higher GAG deposition was found to result in larger local

collagen fibre dispersion in media and adventitia layers, but not in the intima.

Stress-stretch behaviour of healthy, aneurysmal and atherosclerotic tissues were characterised with
the modified Mooney-Rivlin constitutive material model. Curve fitting was used to compute the
corresponding values of the model constants for each tissue type. Fitted material constants were
found to differ amongst distinct types of tissue, while histological analyses showed that material
constants were associated with waviness and dispersion of collagen fibres. To study the stretch
driven microstructural reorganisations of the fibrous network, tensile tests with unnotched and
notched tissue strips from porcine carotid arteries were performed while imaging with multiphoton
microscopy. In general, fibres rotated towards the direction of stretch, where in notched samples,
fibres rearranged themselves to redistribute loads away from the notch tip. Finally, a complete
microstructural component based finite element model of the arterial tissue was developed, which
consisted of the collagen fibres and the other structural entities such as elastin and GAGs. The
collagen fibres were modelled as discrete entities within the model, where all the other structural
entities were modelled in the form of ground matrix. The developed model was used to study the

influence of distinct microstructural parameters on the mechanical behaviour of arterial tissues.
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Chapter 1

Introduction

1.1 Overview

Acrterial diseases such as AAs, ADs and atherosclerosis are amongst the most costly and
deadly diseases. AAs are most common in men, with approximately 8% of those aged 65
years or older experiencing the condition in the remainder of their lifetime, while the
condition usually remains asymptomatic until it causes a clinical event!. On the other hand,
ADs can occur in up to 30 people in a million per year, depending on the population

considered?.

AA:s are localised and permanent dilatations of the aorta that cause its diameter to exceed its
normal size by more than 50%, where a healthy aorta has a diameter of ~2.1 cm and AA are
considered to be clinically relevant when their diameters exceed 4 cm?. ADs occur when a
tear in the intimal layer allows blood flow between various arterial layers of the aorta,
causing the arterial layers to separate. The separated arterial layers allow continuous flow of
blood in between them, facilitating formation of a true and a false lumen either with or
without communication?. Enlargement of the formed false lumen continuously dilates the
aorta and increases the amount of blood that is directed away from the true lumen, therefore
decreasing the flow of blood into arteries that branch off from the aorta. The decreased blood
flow in the aortic branches results in ischemia, which may cause temporary or permanent
damage to the organs that feed from the affected aortic branches®3. Both AAs and ADs have

mortality rates over 80%, which are caused by the rupture of the dilated aorta’=.



Along with AAs and ADs, it has been projected that atherosclerosis will continue to be the
leading cause of death until 2020*°. Coronary artery disease, which is caused by
atherosclerosis, is the number one killer in developed countries®’. Atherosclerosis causes
fatal clinical conditions by either completely blocking or limiting the flow of blood to the

heart or the brain®8.

In atherosclerosis, AAs and ADs the arterial wall becomes prone to rupture mainly as a result
of disruptions of the fibrous network and incorporation of microstructural defects. Under
physiological conditions, the diseased artery wall is subject to structural loading by the blood
pressure and flow. From the mechanical point of view, when the applied loading leads to
structural stress concentrations that exceed the ultimate material strength of the wall, cracks
initiate and propagate, leading to rupture. Therefore, it is critically important to understand
the structural features that manifest within diseased arteries, as well as the mechanisms by

which they weaken the arterial wall structure.

This project is aimed to identify the key pathophysiological changes that occur within the
arterial wall microstructure and their corresponding influences on the mechanical behaviour
and structural integrity. Unnotched and notched tensile tests, immunohistochemical analysis,
constitutive modelling, multiphoton microscopy, as well as microstructural component based
finite element modelling were used to study the relationship between microstructure and

mechanical, as well as fracture behaviours of the arterial tissue.

The following literature review provides a thorough understanding of the key microstructural
components and their healthy organisation within the artery wall. The main contributors of
mechanical properties and the various forms in which they are found within the wall structure
are explained to provide a complete explanation of the physiological microstructure and
mechanics relationship of arteries. Descriptions of the systems that are used to classify AAs
and ADs are provided next, which is followed by explanations of the pathophysiological
changes that occur with developments of AAs and ADs. The pathophysiology, progression
and classification of atherosclerotic plaques are also explained. Literature reviews of the
architecture and load driven reorganisations of the arterial fibrous network, as well as
mechanical modelling of arterial tissues are also provided. The introduction is then finalised

with project aims and an outline of the following dissertation chapters.



1.2 Physiological microstructure and mechanics relationship of
arteries

Arteries are tubular channels that carry blood from the heart to the tissues and organs. The
structure of a particular artery and, therefore, its biomechanical behaviour is highly dependent
on its location within the arterial system. The arterial system consists of two main types of
arteries, which are referred to as the pulmonary and the systemic arteries® 2, The pulmonary
arteries are low pressure vessels that carry deoxygenated blood from the heart to the lungs for
oxygenation, while the systemic arteries are high pressure arteries that carry oxygenated
blood from the heart to the rest of the body®*2. Arterial diseases, such as AAs, ADs and
atherosclerosis, cause malfunctioning of the systemic arteries much more frequently than the
pulmonary arteries. Therefore, most of the research effort has been concentrated on
understanding the microstructure and mechanics relationship of high-pressure systemic
arteries. Examples of systemic arteries include aorta, coronary arteries that feed the heart
muscles, carotid arteries in the neck and the cerebral arteries that supply oxygenated blood to

the brain3-16,

1.2.1 Organisation of microstructural components in the arterial wall

All systemic arteries consist of three concentric layers, which are the intima, media and the
adventitia, as illustrated in Figure 1.1. The intima is the innermost arterial layer and consists
of a single layer of endothelial cells that lie on an underlying ~80 nm thick basal lamina,
which is an extracellular matrix (ECM) membrane that consists mainly of highly cross-linked

collagen, laminin, perlecan and entactin proteins'?.
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Figure 1.1. Cross-sectional view of a human arterial wall that is perpendicular to its
longitudinal direction.

The intima is separated from the middle arterial layer media by the internal elastic lamina
(IEL), which is a fenestrated sheet that is made up of tightly interwoven elastin fibres®*!. The
arterial media is a fibrous network that consists primarily of collagen, elastin and GAGs. The
medial fibrous network is embedded with spindle-shaped smooth muscle cells (SMCs), which
are positioned in the form of two intermingling helices that surround the arterial lumen®2,
The basic microstructural unit of systemic artery medias differ depending on the location and
function of the artery. As the systemic arteries recede away from the heart, the amount of
blood and pressure that they have to accommodate continuously change. The systemic
arteries are divided into three categories depending on their location and function, which are

the elastic arteries, muscular arteries and the arterioles®.

Elastic arteries are those that accommodate the blood coming directly from the heart, where
the main example of an elastic artery is the aorta. Following its ejection from the heart, the
surged blood is initially contained within the elastic arteries. The stretched arteries then recoil
and push the blood into the muscular arteries. The coronary, carotid and cerebral arteries all
fall under the muscular arteries category. The amount of blood that is delivered to each tissue
and organ is controlled by the contractions and relaxations of the muscular artery walls,
depending on the demand. The arterioles are relatively small blood vessels whose luminal
diameter is <300 um. They deliver the blood from the muscular arteries to the capillaries® .
The elastic and muscular arteries are the main systemic arteries that develop AAs, ADs and

atherosclerosis'®16.



One of the main constituents of the elastic artery medial fibrous network are ~3 um thick
fenestrated sheets of densely interwoven elastin fibres, whose structures are similar to that of
IEL. These fenestrated sheets of elastin are referred to as the elastic laminae. The number of
elastic lamina and SMC layers within the elastic artery media increase with an increase in the
luminal diameter'1-1°, Fenestrations of elastic laminae allow radial passage of the
connective tissue across the arterial wall to make connections that tie the adjacent concentric
entities of the wall together. The media is separated from the outermost adventitial layer of an
elastic artery by the external elastic lamina (EEL), which also consists of tightly interwoven
elastin fibres, but is thicker compared to the other medial elastic laminae®**. The scanning
electron microscopy image of an aortic wall section in Figure 1.2 shows the architecture of
elastin features within its media. It is evident that, in addition to the elastic laminae, elastin
fibres are organised into two other distinct forms, which are the interlaminar elastin fibres

and elastic struts?®.
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Figure 1.2. A: Scanning electron microscopy image of an aortic wall section, where EL, IEFs
and ES stand for elastic lamina, interlaminar elastin fibres and elastic strut, respectively. B:
Changes in the primary vascular matrix components in the different arterial layers. Dashed

lines on the histology image represent the internal and external elastic lamina. (Adapted with

permissions from?*&:20),



The interlaminar elastin fibres are groups of distinct numbers of elastin fibres that bundle
together and protrude from the top and bottom concentric elastic laminae surfaces, randomly
towards both the circumferential and the radial directions. The interlaminar elastin fibres
terminate between the two elastic laminae, within which they start to protrude, where they
assist formation of a fibrous frame®18, On the other hand, the elastic struts establish direct

radial links between adjacent elastic laminage*®.

Another key constituent of the elastic artery media and one of the main structural proteins
that dictate the mechanical behaviour of an artery is the collagen. The medial collagen exists
in the form of individual fibres, as well as thick and thin fibre bundles interspersed between
the elastic laminae of an elastic artery. The individual and bundled collagen fibres are
grouped into separate parallel layers, which are arranged concentrically across the thickness
of the elastic artery media, adjacent to the elastic laminae surfaces. The preferred collagen
fibre orientation of each layer differs from the collagen fibre orientation of the adjacent

parallel layerst:12:17.1821-23

The media of muscular arteries consist of a thick circular fibrous network of collagen and
elastin, which is embedded densely with SMCs® !, The medial fibrous network of a muscular
artery is less dense compared to that of an elastic artery with fewer number of concentric
elastic laminae and predominantly parallel arranged layers of cross-linked collagen fibres.
The IEL and EEL are also present at the intima-media and the media-adventitia borders of

muscular arteries, respectively!!.

The adventitia layer of both the elastic and the muscular arteries consists primarily of a dense
collagen fibre network that is mixed with elastin fibres and embedded with fibroblasts. The
collagen fibres of the adventitia are primarily orientated in the longitudinal direction of the
artery, which assist the medial collagen fibres in preventing overstretching of the arterial wall
to prevent structural failure during its extensions® %, The adventitia accounts for ~10% and
~50% of the arterial wall thickness of elastic and muscular arteries, respectively. The thinner
elastic artery adventitia surrounds the medial layer of the elastic arterial wall with a relatively
thin layer of primarily collagenous matrix, allowing the elastic arteries to expand sufficiently
to accommodate large volumes of surging blood. On the other hand, the relatively thick
adventitias of muscular arteries reinforce their arterial walls, allowing them to maintain a

relatively stable rate of blood flowing into the downstream tissues and organs®*2,



1.2.2 Microstructure and mechanics relationship of arteries

In the media, the preferred collagen fibre orientation of the parallel collagen layers is always
closer to the circumferential direction than the longitudinal direction of the artery, so as to
assist the arterial wall in supporting the physiological loads!'*2178 Collagen fibres are
considered to be the main load bearing microstructural component of arteries. The collagen
fibres are also the smallest microstructural component, whose mechanical properties can be
quantified directly with sufficient accuracy. A collection of collagen molecules organise into
a staggered array and covalently cross-link to form a collagen fibril, where several collagen

fibrils bundle together and cross-link to form a collagen fibre'?23-27,

The terms collagen fibril and collagen fibre are commonly utilised interchangeably in
literature, therefore, it is of critical importance to clarify that, collagen fibrils are filamentous
assemblies, whose diameter range from ~20 nm to ~40 nm, where the collagen fibres are
microstructural components, whose diameter range from ~0.2 pum to ~12 um. The collagen
fibres are formed by lateral packing and cross-linking of several collagen fibrils??427, The
identified collagen fibril and collagen fibre diameter ranges were utilised to differentiate
between the two collagenous structures in the literature, so as to retrieve the correct

information on the mechanical behaviour of collagen fibres.

The arterial wall is a composite material that behaves in a nonlinear manner upon loading.
For large extensions, the integrity of the arterial wall is preserved by transmission of the
tension within the wall through the network of cross-linked collagen fibres'1221-23 The
typical nonlinear mechanical response of a tensile tested arterial tissue strip is illustrated in
Figure 1.3. For relatively small values of stress, the arterial tissue maintains a linear
mechanical response, after which the increasing value of stress is accompanied with a
corresponding increase in the arterial stiffness, until the value of stress reaches the end of the

elbow region of the curve in Figure 1.3.
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Figure 1.3. Typical nonlinear mechanical response of a tensile tested arterial tissue strip

(Adapted with permission from?).

The elbow region of the curve is followed by the second and stiffer response of the arterial
tissue until failure!t122122 Analysis of the stress versus stretch ratio curve of an arterial tissue
strip is commonly based on six parameters, which are the rupture stress, or and stretch, Ag,
middle elbow region stress, ce and stretch, Ae, low linear stiffness, E and the high linear

stiffness, En, as illustrated in Figure 1.311:12:21.22.28

In the initial low linear stiffness region, the load that is applied to the arterial tissue is carried
by the network of elastin fibres. This is confirmed by the fact that, upon selective enzymatic
digestion of collagen, the arterial tissue does not enter the high stiffness region, exhibiting a
mechanical behaviour that is similar to that of the elastin fibres. Experiments using selective
enzymatic digestion have also identified that, upon removal of elastin, the mechanical
behaviour becomes relatively similar to that of the individual collagen fibres. Typical stress
versus stretch ratio curve changes that are obtained by tensile testing after enzymatic

removals of collagen and elastin are illustrated in Figure 1.4232%30,



The elbow region of the control curve corresponds to the load transfer from the network of
elastin fibres to that of the collagen. Therefore, both the elastin and the collagen fibres are
loaded within the elbow region, where further increase in the stress enhances load transfer
from elastin to collagen, resulting in continuous recruitment of collagen fibres within the
fibrous network!11221-23.29.30 "1 the body, the mechanical stress within the arterial wall is
never equal to zero. In its unloaded state, the arterial wall is always under continuous tension,

which is referred to as being under residual stress!!1221-23,

160
E Elastin-digested
£ 120 g
(%)
o i
Q
s
n B Control
e 80
o o
o I
-]
(g°)
© a0t

Collagen-digested
—
e N | N )

1 1.25 1.5 1.75 2
Stretch Ratio, A

Figure 1.4. Typical stress versus stretch ratio curve changes that are obtained by tensile

testing after enzymatic removals of collagen and elastin (Adapted with permission from3?).

Although the overall stress versus stretch ratio curve shapes of the intima, media and
adventitia layers are similar, their rupture stress and stretch, beginning and end points of the
elbow region, as well as the low and high linear stiffness values are relatively different, as
illustrated in Figure 1.5. Nevertheless, the cross-linked collagen fibre network is the common
major load bearing component of intimal, medial and adventitial arterial tissue
microstructures, when each tissue is loaded within and beyond the elbow region of its stress

versus stretch ratio curvell1221.2228
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Figure 1.5. Typical stress versus stretch ratio curves of the intima, media and adventitia

layers (Adapted with permission from32).

Consequently, the changes in mechanical behaviour of the arterial wall are mainly a result of
variations in the density of collagen and its integrity within the fibrous network. The
distribution of collagen fibre orientations in the arterial layers is also a critical determinant of
mechanical behaviour. The density and integrity of the collagen fibres often undergo
significant structurally detrimental changes, which are accompanied by local randomisation
of their orientations, during developments of clinical conditions, such as AAs, ADs and

atherosclerosis!12:17:18.21.22

1.3 Classifications of aortic aneurysms and aortic dissections

This section describes the classification systems that are used to categorise AAs and ADs
based on their location in the aorta, shape, extent, pathophysiological state and severity in the

clinical setting.
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1.3.1 Classification of aortic aneurysms

AA:s are classified under 4 categories, which are the location of the aneurysm on the aorta,
shape and size of the developed aneurysm, as well as involvement of the aortic wall layers in
the aneurysmal dilatation of the aorta®>'#%, The aorta is divided into 6 segments that are
illustrated in Figure 1.6. It initiates with the aortic root, which connects the aorta to the heart

and ends with the abdominal aorta®101433,
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Figure 1.6. Segments and main branches of the aorta (Adapted with permission from*).
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In location-based classification of AAs, each aneurysm is assigned to a distinct category
depending on the aortic segment at which the aneurysm has developed. For instance, an AA
that has developed at the ascending thoracic aorta is referred to as an ascending thoracic

aneurysm (ATA)3143,

In shape-based classification, AAs are divided into two categories, which are fusiform and
saccular. In the case of a fusiform AA, the whole circumference of the affected aortic
segment expands outwards, resulting in the formation of a cylindrical dilatation, as illustrated
in Figure 1.7. On the other hand, saccular AAs develop only on part of the affected aortic

segment circumference, in the shape of an oval or spherical cyst3!31433,

Fusiform Aortic
Aneurysm

Saccular Aortic
Aneurysm

Figure 1.7. Schematics of fusiform and saccular AAs (Adapted with permission from*?).

The AA classification that is dependent on the involvement of aortic wall layers in the
aneurysmal dilatation of the aorta, divides the AAs into two categories, which are referred to
as true and false AAs. True AAs are formed by simultaneous dilatations of all aortic wall
layers into a circumferential fusiform or a sac, as illustrated in Figure 1.8. On the other hand,
a false AA develops by disruptions of either all or the intimal and medial aortic wall layers,

as a result of a trauma or an infection314:33,
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Figure 1.8. Schematics of true and false AAs (Adapted with permission from*2).

Size dependent classification of AAs categorises the rupture risk, and therefore, the
likelihood of fatal clinical event occurrence'®!433-35_ A very sharp increase in the probability
of AA rupture to ~31% was identified for ATAs, whose aortic segment diameter exceeded 6
cm, where a similar increase to ~43% probability of rupture was identified for descending
thoracic aneurysms, whose aortic segment diameter exceeded 7 cm. These probabilities were
found to be significantly higher than the death risk of <10%, which is associated with the
complications that can arise during surgical repair of AAs. Consequently, a surgical repair
referral threshold of 5.5 cm aneurysmal diameter was set for patients with dilated aortic

Segment813,l4,33—35
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1.3.2 Classification of aortic dissections

ADs are mainly classified with two different classification systems. The first type of
classification is based on the location of initiation, as well as the direction and extent of
progression of an AD. The second type of classification is based on the pathological event
that triggers development of an AD and the pathophysiological changes that are undergone
by the aortic wall during its development?314343637 The most comprehensive location of
initiation, as well as direction and extent of progression-based classification system is the
DeBakey classification, which divides ADs into three main types. The first, DeBakey Type I
ADs are those that initiate with an intimal tear at the ascending thoracic aorta, develop into a
dissection and propagate through the aortic arch into the descending thoracic aorta. The
DeBakey Type 1l ADs also initiate with an intimal tear at the ascending thoracic aorta but
remain confined and develop at the same location. The third, DeBakey Type Il ADs initiate
with an intimal teat at the region between the left subclavian artery inlet on the aortic arch
and the beginning of the descending thoracic aorta. After the intimal tear, the first class of
DeBakey Type Il ADs, which is called Type Illa, propagate from the location of the intimal
tear into the descending thoracic aorta and stop propagating before they reach the diaphragm,

whereas, Type I11b continue through the diaphragm into the abdominal aorta®3437,

ADs are also divided into 5 distinct classes, which are called Class 1, 2, 3, 4, and 5, based on
the triggering pathological event and the pathophysiological changes that are undergone by
the aortic wall during their development. The 5 pathophysiologically distinct classes of ADs
are illustrated in Figure 1.9%'43437 In Class 1 ADs, the aortic wall layers separate and result
in formation of a false lumen within the wall, therefore separating the original aortic lumen
into true and false sections. The true and false Class 1 AD lumens can form both with and
without luminal communication, while the fresh blood flow from the heart into both lumens
is always maintained. In Class 2 ADs, an intramural haematoma is formed as a result of
bleeding into the aortic wall without an observable flap tear or other form of disruption
within the aortic intima. The Class 3 ADs initiate with intimal tears and develop in the form
of subtle and discrete outpouches on the aortic wall, while the Class 4 ADs develop from
ulcerations of aortic atherosclerotic plaques, following their rupture. Unlike the other four
classes, the Class 5 ADs are induced by trauma to the intimal layer, which is commonly

caused by careless aortic catheterisation®1437,
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Figure 1.9. Schematics of the pathophysiologically distinct classes of ADs (Reprinted with

permission from'4).

1.4 Pathophysiologies of aortic aneurysms and aortic dissections

The main difference between the pathophysiologies of AAs and ADs is the initiation by
spontaneous tearing of the intimal layer in ADs, which does not occur in the beginning of an
AA33 The intimal tears that initiate ADs occur within the regions that experience greater
levels of surface shear and structural stresses, as a result of undergoing larger fluctuations in
blood pressure compared to the rest of the aorta®>3’. While hypertension and generalised
atherosclerosis are the main risk factors that are shared by AAs and ADs, the exact
pathophysiological mechanisms that lead to development of AAs and ADs have not yet been
established 3373, Aortic dilatation has been identified to be the key morphological
manifestation that is shared by AAs and ADs. Consequently, significant research effort has
been invested in understanding the changes undergone by the aortic tissue, as it dilates during

developments of AAs and ADs®3%%7,
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1.4.1 Changes in microstructural components with disease

This section summarises the key findings in literature on the disease-driven changes in
concentration, integrity and organisation of main aortic tissue microstructural components.
The dilatation of the aortic wall during developments of AAs and ADs is generally
accompanied by local imbalances in the homeostatic turnover, as well as local changes in
organisation of collagen and elastin fibres within the aortic tissue, which causes the aorta to
undergo local changes in mechanical properties®394>596162 GAGs are also key ECM
constituents as they act as a water-based filler between the other ECM constituents, enabling

the tissue to resists compressive forces’6162,

14.1.1 Changes in collagen

Panek et al. performed a biochemical study to understand the changes in collagen turnover
upon development of AAs®®, In their study, AA tissues were collected from random aortic
locations of 10 male patients who underwent open aortic repair surgeries. A control set of
healthy aortic tissues were also collected from a separate set of 10 males. The diseased and
healthy aortic tissues were biochemically assessed to determine the dry weight of collagen in
their structures. The collagen content in each aortic tissue sample was also separated into two
groups as intact tissue collagen and collagen degradation products. Results of their
biochemical analysis showed that, while the total dry weight of collagen was similar in
diseased and healthy aortic tissue samples, the percentage of total dry weight that corresponds
to collagen degradation products was approximately three times larger in AAs (44.9% >
16.6%). Their data indicated that, although the total collagen content may remain unchanged
in the aortic tissue upon development of an aneurysm, a big part of the remaining collagen is
degraded and broken away from the intact fibrous network, therefore, degrading the

mechanical properties of aortic tissue>®.

In another study, imbalances in collagen turnover with AD development was investigated by
Whittle et al. on thoracic ADs*. AD tissue samples were obtained from a total of 12 locations
from the thoracic aortas of 10 patients, where healthy control samples were obtained from a
separate set of 10 patients. Two types of samples were obtained from each one of the 12
thoracic AD locations, where one sample was from the actually diseased tissue region and the

other one from a nearby region that was not part of the dissection tissue.
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All samples were biochemically assessed to determine the dry weights of collagen and other
ECM proteins, as well as the concentration of collagen in each tissue. Comparison of the
biochemical analysis outcomes of samples from actually diseased tissue regions and samples
from healthy patient aortas showed that the dry weights of collagen and other ECM proteins
were significantly increased (p < 0.001 for all), while concentration of collagen was
significantly decreased (p = 0.016) in the diseased tissue samples. On the other hand, an
insignificant difference was obtained between the biochemical parameters of samples that
were obtained from nearby an AD and the samples from healthy patients. These results lead
to the conclusion that thoracic ADs cause the aortic ECM to undergo increased local
depositions of collagen and other proteins at the diseased regions, which results in reduction

of the local concentration of structurally viable collagen®®.

The study by Borges et al. investigated the disease-driven changes in percentage area
occupied by collagen fibres, across the thickness of thoracic aortic tissue media>. AA and
AD tissues from thoracic aortas, as well as thoracic aorta samples from healthy aortas were
immunohistochemically stained with Sirius Red to identify collagen fibres. Media of each
tissue was divided into two halves at its centre into internal and external portions, which were
near the intima and near the adventitia, respectively. Percentage area occupied by collagen
was determined separately for each media portion. External portions of AD tissues were
found to have significantly lower (p < 0.01) collagen percentages compared to their internal
portions, where the same trend was also observed in healthy aortic medias with less
significance (p < 0.05). The internal and external portions of AA medias were found to have
similar amounts of collagen. Compared to the healthy aortic tissues, the collagen content was
lower in both internal and external portions of AA and AD tissue medias. These outcomes
indicated that thoracic aortic tissue experienced a decrease in collagen content with
developments of both AAs and ADs, where this decrease is localised to the external portion

of the media in ADs and distributed across the whole thickness of AA tissue medias®®.

In the case of abdominal AAs, Rizzo et al. found that the total tissue protein dry weight
percentage of collagen was significantly increased (p < 0.05) from 24% to 37%*'. On the
other hand, Carmo et al. have used high-performance liquid chromatography to study both

the content and the degree of cross-linking of collagen fibres in abdominal AAs.
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Despite finding a significant increase (p < 0.01) in the cross-linking protein content, Carmo et
al. have observed a significant decrease (p < 0.01) in the collagen content of abdominal aortic
tissues with disease®. Their findings indicate that, although the collagen synthesis
mechanisms in the abdominal aortic tissues are hampered with disease, it is able to develop
compensating mechanisms that can strengthen the existing collagen fibre network by
generation of more cross-links, in an attempt to maintain the physiological mechanical
properties of the tissue. In contrast, the study by Wilson et al. have identified an increase in
collagen fibre turnover with abdominal AA development and related this to the reduced
distensibility of aneurysmal abdominal aortic tisssue*®. Another study by Sobolewski et al.

have reported similar amounts of collagen in abdominal AAs and healthy abdominal aortas®®.

It is evident in the available literature that collagen fibres in thoracic and abdominal aortas
can undergo distinct changes depending on their aortic location with development of AAs
and ADs*474953.5986 | the case of thoracic AAs and ADs, the published studies indicate that
the aortic tissue undergoes local reductions in the concentration of structurally viable
collagen fibres, where the decrease in concentration is localised towards the adventitia in
thoracic ADs and distributed across the whole thickness of the tissue in thoracic AAs***°, On
the other hand, studies on disease driven changes in abdominal aortic collagen concentration
and integrity often yielded contradictory outcomes*>#"4%66 Some studies indicated an
increase in collagen content*’%, where one study showed a decrease in collagen content with
disease*®, while another study found similar amounts of collagen in healthy and diseased
abdominal aortic tissues®®. Despite the differences in collagen content change between
distinct aortic locations and regardless of the different results that are obtained for the same
aortic location by different studies, collagen fibres in the diseased aortic tissue undergo
structural changes and loose the physiological architecture of their fibrous network, therefore,

hampering the native mechanical properties of aortic tissug39:4547:49:53,58,59,62.66

1.4.1.2 Changes in elastin

Busuttil et al. have performed a study with aneurysmal tissue samples from random aortic
locations of 14 patients on the activity of elastase enzyme, which is responsible for
breakdown of elastin fibres in the aortic tissue. They identified correlations between the
aneurysm size and elastase enzyme activity, which were localised to the intima and media
layers of the aorta®. On the other hand, Cattell et al. have performed a study on the content
and structural integrity of elastin in thoracic ADs®’.
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The elastin concentration and degree of elastin fibre cross-linking in thoracic ADs of 10
patients were compared with those of healthy thoracic aortas from a separate set of 10
patients. Tissue samples were also obtained from a region that was remote from the

dissection on each diseased aorta. It was found that, compared to samples from healthy
patient aortas, concentration of elastin in dissected thoracic aorta tissues was significantly
decreased (p < 0.01), where the decrease in elastin concentration was less significant (p <
0.05) in the regions that were remote to the dissected tissue on the diseased aortas. Moreover,
Cattell et al. did not observe any change in elastin cross-linking with disease®’. The studies by
Busuttil et al. and Cattell et al. indicate that, integrity of elastin fibre network is disrupted in
both AAs at random aortic locations and in thoracic ADs, where these disruptions are often

localised to regions of tissue that are most affected by disease®’.

In another study, Paik et al. have investigated the disease-driven increase in the concentration
of nitrite ion in abdominal AA tissue>*. It is known that elevated levels of nitrite ion are
destructive to elastin fibres in the aortic tissue®*>°, After measuring the nitrite ion
concentration in human abdominal AAs and in control samples from the abdominal aortas of
healthy patients, Paik et al. found a sevenfold increase (p < 0.01) in nitrite ion concentration
of abdominal AAs, indicating severe disruptions to the elastin fibre network of the diseased
tissue®*. Another study by Nakashima et al. have looked into the structural disruptions of
elastin fibres in ADs with histopathological analysis on 111 autopsied cases, which involved
ADs from multiple aortic locations. They found that dissected aortic tissue microstructures
were characterised with a decrease in elastin concentration and a corresponding decrease in

interlaminar elastin fibre content*.

In their study on abdominal AAs, Rizzo et al. have found a significant decrease (p < 0.001) in
elastin content from 12% of total tissue protein dry weight to 1% with disease. They have
also observed the structure and organisation of elastin in arterial tissue microstructure with
immunohistochemical Elastin Van Gieson staining and found that the elastin fibre network
was highly fragmented and disrupted with disease.*’. In a separate study, compared to healthy
abdominal aortic tissues, Carmo et al. have found significant decreases in both the
concentration and the degree of cross-linking of elastin fibres in abdominal AAs*.
Sobolewski et al. and Gandbhi et al. have also found similar results that showed a decrease in

abdominal aortic tissue elastin content upon development of an aneurysm?3.66,
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On the other hand, Minion et al. have found that, although the amount of aortic tissue elastin
can increase with abdominal AA development, since the diseased tissue is also incorporated
with increasing amounts of other structural proteins, the concentration of elastin is always
decreased®’. In another immunohistochemical study with the Elastin van Gieson stain, Campa
et al. have found that, compared to the healthy abdominal aorta, elastin fibres were less
densely positioned and more randomly oriented in abdominal AA tissue. The same study also
showed that, compared to the healthy tissues, the total tissue protein dry weight percentage of
elastin was significantly decreased (p <0.05) from 35% to 8.1% with disease®?. A
histochemical study by Wilson et al. have also found elevated levels of elastin fibre

breakdown in abdominal AAs*.

To sum up, the concentration of elastin was found to decrease at all aortic locations upon
development of both AAs and ADs*>49°1:5254-57.66 Elastin fibres in the diseased aortic tissue
microstructure were also fragmented and their network was disrupted with diseasg*647:52°6:57,
Since the intimal and medial aortic tissue layers often undergo greater levels of disease-
driven pathophysiological changes compared to the adventitia, a localisation of elastin fibre
disruptions in the intima and media layers were also observed>®>’. Concentration of the
interlaminar elastin fibres within the media were also decreased in ADs*®. Along with these
microstructural deteriorations that are experienced by elastin, the significant decrease in
elastin fibre cross-linking with disease further indicates that the integrity of the elastin fibre
network is largely lost*®. The resulting diseased elastin fibre network cannot provide the

necessary physiological contribution to the aortic tissue mechanical behaviour®®?,

1.4.1.3 Changes in glycosaminoglycans

Gutierrez et al. have compared the GAG content of thoracic AD tissue samples from 10
patients with that of healthy aorta samples from 9 patients without any aortic disease®*. They
determined the dry weight amounts of three GAG types, which were chondroitin sulphate,
heparan sulphate and dermatan sulphate in all aortic tissue samples. Although an insignificant
difference was found between the chondroitin sulphate contents of dissected and healthy
aortic tissues, the heparan sulphate and dermatan sulphate contents of thoracic AD tissues
were significantly lower (p < 0.05 for heparan sulphate and p < 0.001 for dermatan sulphate).
Consequently, the total GAG content of thoracic AD tissues was also found to be
significantly lowered (p < 0.001) with disease®*.
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In another study, Cattell et al. have found a highly significant (p < 0.0001) disease driven
increase in the GAG content of thoracic ADs, where the increase in hyaluronan content was
relatively larger compared to those of other GAG types.®’. Despite the observed increase in
GAG content, Cattell et al. showed that the amount of other ECM constituents, such as
collagen and elastin were also increased at the dissected aortic locations, which caused
concentrations of GAGs to remain largely unchanged, except for chondroitin sulphate.
Concentration of chondroitin sulphate was found to decrease significantly (p < 0.05) with
disease. They also found that increases in the contents of hyaluronan and dermatan sulphate
GAG types were localised only at the dissected regions of diseased thoracic aortas. The
collagen and elastin content increases were found to be localised at the same dissected aorta

regions as hyaluronan and dermatan sulphate®’.

The first conclusion that can be deduced from the findings by Cattell et al. is that, although
the GAG content of dissected thoracic aortas may increase with disease, the simultaneous
increases in other ECM constituents often causes the resulting GAG concentration to be
similar to that of the healthy aortic tissue. On the other hand, a decrease in concentration of
only one GAG type and differences in relative increases of others indicate that the
physiological balance between the turnover rates of different GAG types is lost with
development of thoracic ADs. The second conclusion is that selective localisation of
hyaluronan and dermatan sulphate GAG types, along with collagen and elastin at the same
dissected thoracic aorta locations, indicates a functional relationship between these

microstructural components.

In his review on changes in GAG content of diseased thoracic aortas, Humphrey has
concluded that a unique histopathological characteristic of thoracic AAs and ADs is the large
amounts of GAG accumulation in their aortic tissue microstructures, where the increase in
GAG content is localised particularly to the medial aortic layer*. In a separate study,
Humphrey et al. have studied the biomechanical consequences of disease-driven GAG
pooling in the thoracic aorta microstructure. They showed that the increased GAG pooling
can lead to severe stress concentrations within aortic media and, therefore, generate sites that

can act as initiators of ADs*L.
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Achilleas et al. have performed a biochemical study on GAG content of abdominal AAs,
which yielded a 60% decrease in total GAG content with disease®. The corresponding
decreases in heparan sulphate, chondroitin sulphate, hyaluronan and dermatan sulphate GAG
types were 90%, 65%, 73% and 8%, respectively, where the decreases in all GAG types were
statistically significant (p < 0.001). It is evident from these outcomes that the decrease in
abdominal aortic tissue GAG content is also accompanied by variations in metabolic turnover
of distinct GAG types, upon development of an AA%. Studies by Sobolewski et al. and
Gandhi et al. have also observed an overall decrease in GAG content with abdominal AA
development*®®, where Sobolewski et al. have also observed corresponding differences in
the amount of change between distinct GAG types®®. A genetic study by Tamarina et al. has
also identified a significant decrease (p < 0.001) in expression of a gene that regulates GAG
biosynthesis with abdominal AA development®. It is also highlighted in the review by
Humphrey that, abdominal AAs often undergo a decrease in GAG content with disease and

they do not tend to dissect*.

Overall, the majority of the literature showed that the GAG content of thoracic AAs and ADs
increase with disease, which leads to accumulation of GAG pools within the thoracic aortic
tissue microstructure*®®’, where the pooling GAGs were found to generate stress
concentrations within aortic media*!. On the other hand, all of the literature on disease driven
changes in abdominal aortic tissue GAGs demonstrated an overall decrease in GAG content
with disease development#048.60.6566 ‘Moreover, the corresponding disease-driven increase
and decrease magnitudes were different for each thoracic and abdominal aortic tissue GAG
type®4-¢7. It can be concluded that GAGs in aortic tissue microstructure undergo both location
and type dependent changes with disease, while the physiological state of tissue is always lost
and its mechanical properties are hampered regardless of nature of the experienced changes™.

1.4.2 Inflammatory biomarkers

At the cellular and molecular levels, developments of AAs and ADs are a consequence of
inflammation, which leads to pathological aortic tissue remodelling and ECM degradation®-
7>, During the inflammatory process, macrophages infiltrate the aortic tissue microstructure
and start releasing biochemicals that cause unbalanced syntheses and destructions of the
primary ECM components elastin and collagen. This causes the aorta to undergo local
changes in mechanical properties and become susceptible to dilatations and dissections®®6%71-

73,75
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Kuehl et al. and Reeps et al. have used positron emission tomography and computed
tomography to show that patients with severe AA and AD disease symptoms or with other
highly progressed aortic conditions displayed more inflammatory cell activity in their aortic
tissues, compared to the patients that were classified as clinically stable’®,

Amongst all inflammatory biochemicals that are released by macrophages in the diseased
aortic tissue, the matrix metalloproteinases (MMPs) have attracted most of the research effort
on understanding the origin of homeostatic imbalances, which occur during developments of
AAs and ADs33942-4461-63 MMPs are enzymes that are capable of fragmenting the collagen
and elastin fibres within the aortic tissue. Local release of MMPs causes the ECM to undergo
local destructions, which leads to generation of AA and AD prone sites on the aortic wall.
There are currently a total of 26 MMPs that were found to function in human tissues, where
MMP-1, MMP-8, MMP-13 and MMP-18 were found to fragment collagen, while MMP-2
and MMP-9 are responsible for the fragmentation of elastin®3®61-53, Several studies have
identified significant levels of increase in the collagen and elastin denaturing MMPs within

AA and AD tissues compared to control tissues from healthy aortag®3942-44.61-63,

To sum up, the significance of macrophages and their MMPs at the cellular and molecular
levels of the inflammatory process have shifted considerable research effort towards their use
as biomarkers. The ultimate goal of inflammatory biomarker studies is to use the amounts
and activities of macrophages and MMPs in diseased aortic tissue to target the local
impairments in homeostatic maintenances of collagen and elastin, as well as to monitor the

progression of AAs and ADs33%61-63.68,70.71,73-75

1.5 Pathophysiology of atherosclerosis

The exact cause of atherosclerosis initiation is unknown. Nevertheless, many scientists
believe that it is triggered by damage to the inner artery wall. Once damaged, tissues
underlying the inner wall are exposed to blood constituents. Substances transported by blood
such as cholesterol accumulate within the damaged area, planting the seeds of a multicellular

process, which will eventually lead to atherosclerotic plaque formation> 767",
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The schematic in Figure 1.10 illustrates the morphological changes that occur within a

diseased artery and the mechanism of its eventual rupture’”’8,
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Figure 1.10. Schematic illustrating the morphological changes of an artery during
atherosclerosis that leads to its rupture. Characteristic cells of each layer are also schematised

(Adapted with permission from?®).

As illustrated in Figure 1.10, atherosclerosis occurs within the intima®"®7°. Lipids in various
forms are essential to maintain metabolic functions of many human tissues such as the cell
membrane. Most of the lipid in the form of liver-produced cholesterol is transported to the
target tissue by low-density lipoproteins (LDLs). Once the endothelial lining of intima is
damaged, LDL macromolecules can enter the artery wall. The atherosclerotic process
initiates with excessive accumulation of LDL in the wall. After entering the intima, the LDLs
are oxidised, which makes them toxic. The inflammatory process begins once surrounding
cells realise the toxic nature of oxidised LDLs®"8#. Monocytes respond to the inflammation
by migrating from the bloodstream into the artery wall followed by transformation into
macrophages. Inside the artery wall, macrophages engulf and digest the cholesterol rich
oxidised LDLs and transform into foam cells. Afterwards, the foam cells undergo apoptosis
and release their contents, forming a lipid core. In response, the body initiates a secondary

reaction which involves fibrous encapsulation of the growing lipid core!377.788182
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Along with encapsulation, the formed entity is transformed into an actual atherosclerotic
plaque. The fibrous cap forces expansion of plaque into the elastic artery wall, so that it is

stretched circumferentially, as part of the body’s attempt to preserve blood flow?!? 7788182

The bottom left diagram in Figure 1.10 illustrates a diseased artery undergoing plaque
progression, during which SMCs migrate from media to the intima to assist fibrous cap
generation. Once they arrive in the intima, both resident and media-migrated SMCs
proliferate and start producing ECM molecules (collagen, elastin, GAGs, etc.)’881.83,
Advanced lesions occasionally contain cholesterol crystals, where the lesions with relatively
large atheromas also undergo neovascularization, so that cells within the plaque are nourished
sufficiently. Although the atherosclerotic process is initiated to maintain homeostasis by
preserving flow of blood, at times, the morphology of advanced lesion does not develop into
stable structures'®®!, As schematised in the bottom right diagram of Figure 1.10, fibrous caps
of such complicated plaques can rupture, enabling platelets to come in contact with
biochemical factors inside the plaque, resulting in thrombus formation, which could obstruct
the blood flow. Atherosclerotic plaques can progress through various routes and attain several
distinct morphologies, where each characteristic lesion possesses a different level of

vulnerability to rupture’”7881.:83,

Another common morphological feature of atherosclerotic lesions is calcification.
Atherosclerotic calcification is an organised process similar to bone formation, which occurs
only when other aspects of atherosclerosis are also present. Proteins such as osteocalcin and
osteopontin which are respectively involved in transport of calcium out of vessel walls and in
mineralization of bone, have both been identified in calcified atherosclerotic lesions, and
therefore, they are suspected to lead the pathogenesis of calcification in atherosclerotic
plaques® 8. Moreover, calcified human atherosclerotic plaques have also been found to
contain biochemical protein factors that drive osteoblast differentiation, which are cells that
can synthesize bone. These cells are thought to be the ones from which the vascular

calcifying cells are derived’’.

All of these findings indicate that calcification is an active process and not simply a passive
precipitation of calcium phosphate crystals®. In a recent study, Roijers et al. have also
demonstrated that precipitation of calcium rich material at the micrometre scale occurred
before changes in the intimal content of calcification driving proteins, and that such small
scale calcifications may be caused by local events, such as deposition of iron and zinc

atoms’78,
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Although atherosclerosis is a systemic chronic inflammatory disease, atherosclerotic plaques
are distributed throughout the vascular tree in a non-uniform fashion. Studies have
highlighted the importance of low wall shear stress in the development of endothelial cell
dysfunction and atherosclerosis®’~%!. Wall shear stress is defined as the frictional force of
blood exerted against the inner vessel wall. Low levels of wall shear stress increases
permeability of the endothelial cell surface to LDLs, where areas of low wall shear stress also
drive progressive atherosclerosis by stimulating the production of vasoconstrictors, reactive
oxygen species and inflammatory mediators®”-8°. Clinical studies have indicated that vascular
segments with alterations in wall shear stress can lead to atherosclerosis development in site-
specific areas, resulting in non-uniform distribution of atherosclerotic plaques throughout the

vascular tree’”87-89,

Similar to the developments of AAs and ADs, the unbalanced syntheses and destructions of
the primary ECM components collagen and elastin, also occur during the development of
atherosclerotic plaques and drive the changes in local arterial tissue mechanical properties,
elevating the risk of atherosclerotic plaque rupture. Consequently, significant effort has been
invested in identification of the biomarkers that can be utilised to target the local impairments
in homeostatic maintenances of collagen and elastin within atherosclerotic plaques as well®>
%, Analogous to the findings on AA and AD developments, the MMPs were identified to
play a key role in the origination of homeostatic imbalances during atherosclerosis, which
lead to degradation of collagen and elastin within the formed atherosclerotic fibrous cap,

therefore, rendering the developed atherosclerotic plaque vulnerable to rupture’”%2-9%,

Moreover, quantification of GAG and fibrillin contents in healthy and atherosclerotic tissues
has also attracted significant research focus®®-°. The atherosclerotic fibrous caps were found
to have lower GAG contents compared to the healthy arterial tissue, with their ulcerated
fibrous cap centres possessing the minimum GAG density levels®®®’. On the other hand,
fibrillin-1 was found to localise within the plaque during atherosclerosis development, while
impaired forms of fibrillin-1 was found to promote development of rupture prone

atherosclerotic plaque structures’”-%9°,
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1.6 Progression and classification of atherosclerotic plaques

Initial reports on progression of atherosclerosis suggested that plaque growth was always
inwards, decreasing the artery’s inner diameter and therefore, obstructing flow of blood.
Elevation in complete blockage risk as a result of increased obstruction was thought to be the
main driving factor behind fatal clinical events'®. But with subsequent developments in
techniques of non-invasive imaging and histological analysis, researchers identified that
plaque progression was not limited to inward growth of the atherosclerotic plaque. By
comparing diseased cross-sections with healthy cross-sections near the centre of the same
vessels, Glagov et al. and McPherson et al. demonstrated that an atherosclerotic plaque can
also remodel outwards'*1%2, Schematics and histological cross-sections in Figure 1.11

illustrate the difference between inward and outward remodelling’’-103:104,
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Figure 1.11. Schematics illustrating the difference between inward and outward

atherosclerotic plaque remodelling (Adapted with permission from*%).

As illustrated in Figure 1.11, although inward remodelling leads to a significantly narrowed
artery, in the case of outward remodelling, the inner diameter of the artery is relatively well
preserved. The initial conjecture on the theory of inward remodelling dominated plaque
progression has directed clinicians and researchers to use luminal narrowing, as a predictor of

atherosclerosis progression’’100-104,



Along with realisation of outward remodelling, new research and diagnosis methodologies
looking not only at luminal geometry but also at the morphology of atherosclerotic plaque
were adopted!®1%4 Qverall, studies published after this realisation that have investigated the
pathology of vulnerable coronary atherosclerotic lesions have supported its validity, and
highlighted the fact that outward remodelling plaques are morphologically complex and
generally more prone to rupture!®-*1, Rupture of an atherosclerotic plaque could directly
clog the artery on site by thrombus accumulation, or the blood can carry pieces of thrombus
as emboli to a downstream location where the artery is narrowed, blocking the flow at a

remote site’®’7,

There is extensive evidence that both the inflammatory process and multiple plaque ruptures
consisting of healed silent and healed acute plaques may be the factors that drive plaque
remodelling. Silent ruptures are atherosclerotic plaque ruptures that occur cyclically, without
causing discomfort or giving any symptoms throughout the lifetime of a patient. Acute plaque
ruptures are symptomatic ones that may result in unstable angina or myocardial infarction®'?-
115 In a study involving 142 hearts that were obtained from male patients who died suddenly
as a result of coronary artery disease, Burke et al. investigated the consequent morphological
adaptations and prevalence of multiple plaque ruptures. They have stained cross-sectional
slices of dissected coronary arteries to identify healing-related structural adaptations. A

stained histology slice of a ruptured plaque that has healed twice is provided in Figure
1_1277,113,114_

Figure 1.12. Histological cross-section of an atherosclerotic plague that has undergone two
cycles of rupture and subsequent healing. Two yellow stained lipid cores are separated with
red stained collagen fibres. A strand of collagen indicating the more recent rupture site is

identified by an arrow (Adapted with permission from*4).
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Atherosclerotic plagues are commonly classified according to the scheme introduced by
American Heart Association (AHA)8, Although this scheme may not be complete in
enabling accurate vulnerability assessment, it is widely accepted as a descriptor of natural

disease progression'>!16, A committee of scientists have classified the consecutive lesions
into six main categories as schematised in Figure 1.13776,
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Figure 1.13. Schematic of lesion morphologies that develop during successive stages of

atherosclerosis (Reprinted with permission from**6).
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The same scientific committee has also devised a flow diagram, outlining possible pathways

followed by the disease across different lesion types, which is provided in Figure 1.1477116,
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Figure 1.14. Flow chart outlining possible evolutional pathways of atherosclerotic plaques

(Reprinted with permission from**).

Having a large lipid core and a thin fibrous cap signifies plaque vulnerability, where
atheroma of Type VI lesions generally attains similar rupture prone morphologies. Fibrous
caps of such lesions often undergo superficial erosion, which results in surface defects.
Neovessels that penetrate into significantly enlarged lesions can occasionally result in
intraplaque haemorrhage, by rupturing and bleeding within the plaque®*16-118 A
combination of all or a number of these structural changes cause Type VI lesions to rupture,
resulting in thrombus formation. If the rupture is not followed by fatal clinical events, a Type
VI lesion can heal and revert back to Type V, restarting the cycle which is schematised by

thick arrows in Figure 1.1477:116.118,
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Calcification can occur in both the advanced (Type V and Type VI) and in the earlier lesions
(Type 1 to Type V), where calcium particles are often found within the lipid cores of young
adults8+116118 Nevertheless, a clear relationship between arterial calcification and
atherosclerotic plaque vulnerability has not yet been established®1°. Moreover, a
relationship between the change in quantity of calcification and the corresponding change in

atherosclerotic plaque progression has also not been found’’84,

The AHA classification scheme assumes that Type IV atheromas are relatively stable, as the
lipid core is contained within a fibrous cap that is rich in smooth muscle cells and collagen,
where clinical events are generally associated with fatal Type V1 lesions that rupture and lead
to thrombosis!*®118, After realising that thrombosis can occur without rupture, and at both
Type IV and Type VI lesion sites, Virmani et al. performed comprehensive histological
investigations to reassess the AHA proposed culprit lesion model. Their findings were used to
categorise clinical event responsible lesions based on both the plague morphology and
mechanistic events. More than 65% of the clinical events were associated with thin-cap
fibroatheromas (TCFAs), which are plaques that consist of large lipid cores encapsulated in
macrophage infiltrated thin fibrous caps, where an example can be seen in Figure 1.15. The
majority of the remaining events were found to occur as a result of superficial erosion, while
a fewer number of events were associated with intra-plaque haemorrhage and superficial

calcified nodules’’107.111.115,120

Figure 1.15. Image of a histological TCFA slice dyed with Masson’s trichrome stain. Pink
lipid core (L) is encapsulated within the blue coloured collagenous fibrous cap (Adapted with

permission from?*2?),
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1.7 Architecture and load driven reorganisation of the arterial

fibrous network

The arterial fibrous network is the main microstructural entity that dictates the mechanical
behaviour of arterial tissue'™*2, The main constituents of the fibrous network are the collagen
and elastin fibres, while the collagen fibres are the primary contributor of mechanical
properties in both healthy and diseased arteries''??. Each of the intima, media and adventitia
layers of an artery have distinct fibrous network architectures, where the organisation of

distinct fibrous entities within each arterial layer has been described in section 1.2.1.

The collagen fibres in each arterial layer are aligned in different orientations, giving them
unique mechanical properties. Collagen fibres of the intima generally have wider orientation
distributions compared to those of the media and the adventitia layers. On the other hand, the
media consists of parallel sublayers whose collagen fibres are well aligned within each
layer??. The main types of collagen that are found in ECMs of all arterial layers are the Type |
and Type 111 collagen. The basement membranes of endothelial cells and SMCs in healthy
artery intimas and medias also contain Type IV and Type V collagens, while the Type V

collagen is also found scattered throughout the intima'??.

Schriefl et al. have used polarised light microscopy to study the organisation of collagen
fibres in the intima, media and adventitia layers of healthy human thoracic and abdominal
aortas, as well as those of common iliac arteries!?**24, Their study identified distinct fibre
families, orientations and dispersions for each layer and for all of the examined vessel types.
Most of the arterial layers consisted of two fibre families that were wrapped helically around
the longitudinal vessel axis, where the preferred orientations of collagen fibres in the two
families were opposite to each other. Fibres within each family also had a distribution of
orientations around their corresponding preferred orientation. The media layer of common
iliac arteries showed an exception by having only a single fibre family, whose collagen fibre

orientations were distributed in the circumferential plane®*.
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Schriefl et al. also found that the opposite preferred orientations of the families in the two-
family fibre system were oriented approximately 45° to the axial direction. Nevertheless, the
preferred two-family fibre orientations were found to be more axial in the adventitia and
more circumferential in the media layer. Orientations of the collagen fibres were also found
to be least dispersed in the adventitia and most dispersed in the intima. On the other hand, the
fibre orientations in all arterial layers were mostly tangential to the lumen, with almost no

radial component of orientation!?124,

The fibrous network is the main load bearing microstructural entity of the artery wall. Hence,
it is particularly important to note that collagen and elastin fibres undergo spatial
reorganisations to efficiently bear the applied loads. Krasny et al. have performed a study to
explore the differences in reorganisation of collagen and elastin fibres across distinct layers
of the carotid artery wall. They performed uniaxial tensile tests with tissue strips from seven
rabbit carotid arteries, while imaging their microstructures with multiphoton microscopy.
They found that realignment of collagen and elastin fibres in the media layer, as well as the
realignment of elastin fibres in the adventitia layer were relatively small. In the adventitia, the
collagen fibres were found to exist as thick bundles which showed a high sensitivity to

applied loads, always realigning themselves in the direction of stretch!?,

In a separate study, Krasny et al. have measured the reorganisation of adventitial collagen
fibres in rabbit carotid arteries with multiphoton microscopy, under two distinct types of
loading configurations, which were axial tension under constant pressurisation (type 1) and
pressurisation at a fixed axial length (type 2). In the case of type 1 loading, the fibres were
realigned highly in the axial stretching direction, while in the case of type 2 loading, despite
experiencing >1.5 stretches in the circumferential direction, the collagen fibre orientations
remained largely unchanged?°.

In another study, Sugita et al. performed pressurisation tests on rabbit and mouse thoracic
aortas while imaging the collagen and elastin fibre networks of their media layers with
multiphoton microscopy. Both collagen and elastin fibres were found to be mainly oriented
along the circumferential direction of the aorta, while the waviness of collagen fibres was
found to remain higher than that of the elastin fibres during pressurisation. Nevertheless,

waviness of the collagen fibres decreased with increasing intraluminal pressure!?’.
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Sugita et al. also showed that the medial collagen fibres which were located outside the
elastic laminae and in adjacent SMC rich regions became straight at lower levels of
intraluminal pressure compared to the collagen fibres within the elastic laminae. This
indicated that the collagen fibres between elastic laminae were stretched more than those
within them. The main conclusion from these findings is that, the heterogeneous layers of the
aortic media and differences in mechanical properties of its distinct layers cause a peculiar

microstructural reorganisation under applied loads*?’,

Cavinato et al. have performed bulge inflation tests on healthy porcine, as well as on healthy
and aneurysmal human aortic tissue samples while imaging the collagen fibre network of
their adventitia layers with multiphoton microscopy. In the unloaded state, the adventitia was
found to consist of densely arranged and wavy collagen fibre bundles. As the inflation
pressure was increased, the collagen fibre bundles were continuously straightened and
eventually separated into a network of thinner fibre bundles at relatively high pressures.
Three main families of fibres were identified, which were oriented approximately 45°, 90°
and 135° to the circumferential direction of the aorta and in the circumferential-axial plane.
Preferred orientations of the fibre families were not found to change under pressurisation.
Nevertheless, the fibres were progressively straightened and their orientations became less

dispersed with increasing pressure'?,

As described above, the architecture and load driven reorganisation of the fibrous network in
aortal?3124127.128 and carotid artery'?>12® microstructures has been studied by a number of
scientists. These studies provide critical information on the organisation of collagen and
elastin fibres within the intima, media and adventitia layers, while describing the distinct
reorganisations which are mainly experienced by collagen fibres under uniaxial loading?®,
pressurisation?’, pressurisation with axial tension'?® and bulge inflation'?8, Nevertheless, the
role of the arterial fibrous network is not limited to reorganisation of collagen fibres to
support the applied loads. Failure mechanisms and fracture toughness of arterial tissue are
also determined by the integrity of its fibrous network. However, comprehensive
investigations on the role of arterial fibrous network on fracture behaviour and on resistance

of tissue to structural defects does not yet exist.
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1.8 Mechanical modelling of arterial tissues

Microstructure of an artery particularly resembles that of a short fibre composite, whose
ground matrix also plays a key role in maintaining adequate distribution of the induced
structural stresses throughout the fibrous network to prevent local stress concentrations. In
arterial tissue, the ground matrix binds the cross-linked collagen fibre network further
together and acts as a stress transmitter between the collagen fibres, ensuring that the fibres
are efficiently recruited as the arterial tissue is continuously loaded with a varying magnitude
of load. Arterial tissue rupture is an event that is driven by environmental biomechanical and
biochemical changes experienced by the artery®3!?°, Regardless of the underlying
pathological mechanisms, homeostatic imbalances trigger and drive the disruption of the
fibrous network and incorporation of microstructural defects within the arterial tissue, which
lead to localized structural weakening and therefore, origination of sites that are prone to

stress concentrations.

The constitutive material models have been successful in replicating the nonlinearity and the
collagen fibre orientation dependent anisotropy of the arterial tissue. Constitutive models are
mathematical formulations that describe the response of materials to the applied loads.
Engineers often utilise constitutive material formulae for finding practical estimates to
complex mechanical problems. Nevertheless, in the case of arterial tissue, using back-of-the-
envelope calculations with a constitutive equation is not practical for obtaining enough
information about the stress distribution across the whole length and thickness of the
considered arterial section. Consequently, computers are employed to solve the constitutive
equations for whole of the considered arterial geometry. The most commonly utilised
computer-based technique is finite element analysis (FEA). The fundamental objective of
FEA is to use many finite sized elements to construct the desired arterial tissue geometry,
while assigning each element with the constitutive formulation that describes the mechanical
behaviour of arterial tissue. FEA uses the applied loads and boundary conditions of the model
to solve the constitutive formulation of each element, in order to propagate the loading from
the boundaries to the remainder of the model, so as to compute the stress distribution of the

whole geometry'®,

35



The constitutive models commonly group the non-collagenous components of the arterial
tissue, which consists mainly of elastin and GAGs into a single entity called the ground
matrix®*°131, The ground matrix is often assigned with an isotropic mechanical behaviour,
where the collagen fibres are assumed to be embedded within the ground matrix and
modelled with statistically distributed orientations, which gives the constitutive models an
overall anisotropic behaviour?-22130131 ' Although the constitutive models can efficiently
replicate the stress dependent anisotropic mechanical response of arteries, they cannot
provide actual microstructural information on stress dependent recruitment and
reorganisation of the load bearing collagen fibres, nor the directions and magnitudes of stress
transfers amongst distinct microstructural components'3%132, In addition to the anisotropic
constitutive models, simpler constitutive models with isotropic material formulations also
exist!33, Performance of the isotropic constitutive models that are most commonly used in
modelling diseased arterial tissue have been compared by Teng et al., who concluded that
Demiray'3+13% and modified Mooney-Rivlin'3-1% constitutive models are the most stable

models for correct characterisation of the material behaviour®,

Finite element models that are built bottom-up from the microstructural components provide
an improved alternative to the constitutive material models, as they allow extraction of
microstructural information based on the individual microscale constituents. These bottom-up
built models are constructed directly from distinct microstructural components of the arterial
tissue and their architecture resembles that of the actual tissue microstructure. For instance,
the collagen fibres are modelled with beam type elements in FEA and are cross-linked with
special connector elements to resemble their fibrous network in the tissue structure. The
studies performed by Koh et al. were identified as examples of microstructural constituent
based modelling of soft fibrous materials and tissues'*®-1#4, Their micromechanical finite
element model was developed to study the mechanical response and failure of biomimetic
fibrous and biological fibrous membranes in separate studies. The developed model was
validated based on mechanical experiments and scanning electron microscopy images of the
membrane microstructures!#®-142. Membranes were imaged with scanning electron
microscopy both in the unloaded and the loaded states by mechanical fixing after stretching,
while being tested both with and without notches to investigate the response of the fibres in
the presence of structural defects. Moreover, influences of the degree of fibre cross-linking
and fibre length on the membrane mechanical properties were also studied, which yielded

stiffer and tougher mechanical responses with increases in both parameters4%-143,
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The finite element model of Koh et al. was not incorporated with a ground matrix,
consequently, it fell behind in providing valuable information on the directions and
magnitudes of stress transfers amongst distinct microstructural components within the
membranes and particularly around the structural defects. Moreover, the influence of local
randomisations in the collagen fibre orientations on the structural distribution of stress and
global mechanical behaviour were not studied. Influence of such structural characteristics on
the mechanical response of arterial tissues can only be studied with a complete
microstructural mechanics model that contains collagen fibres and the ground matrix as two
separate structural entities. However, a comprehensive arterial micromechanics study

involving such a model does not yet exist.

1.9 Project aims and dissertation outline

The fracture properties of diseased human aortic tissue have not yet been measured. In
addition, although the contribution of collagen, elastin and GAGs to the mechanical
behaviour of healthy aortic tissue has been studied, influence of the pathological changes in
the contents and organisation of these microstructural components on the mechanics of
diseased arterial tissue requires further investigation. The first aim of this project is to fill
these gaps in the literature. Mechanical tests with unnotched and notched diseased aortic
tissue samples as well as immunohistochemical analysis have been performed to fulfil this
aim. This project also aims to establish a framework for constitutive material modelling of
healthy aortic, aneurysmal and atherosclerotic tissues, and to identify relationships between
constitutive model parameters and microstructural features. Moreover, images of the fibrous
network in unnotched and notched healthy porcine carotid arteries have been recorded during
stretching with a multiphoton microscope to study its load driven reorganisations, and to
investigate its behaviour around structural defects. A microstructural component based finite
element model has also been developed and optimised to study the influence of various

microstructural parameters on the mechanical behaviour of arterial tissue.

Potential findings from this project could unravel the key players of arterial micromechanics
that dictate the mechanical behaviour of healthy and diseased arterial tissues. These findings
can inform clinical researchers in targeting the correct structural components during

development of diagnostic tools, as well as for creation of new therapeutic drugs.
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Researchers could also utilise the identified mechanical contributors and further study their
potential use as biomarkers of structural integrity. On the other hand, findings on
microstructural component dependent variations in distinct mechanical properties could guide
tissue engineers in fine-tuning the mechanical properties of their biological vessel grafts.
Finally, the unique methodology that has been developed to investigate the microstructure-
mechanics and microstructure-fracture behaviours of arterial tissue could be utilised to study
the same relationships in other tissue types. Brief descriptions of the chapters that constitute
the remainder of this dissertation are as follows:

Chapter 2 describes the uniaxial unnotched and notched tensile tests that were performed on
diseased human aortic aneurysmal and dissection tissue samples. The data obtained from the
two distinct types of mechanical tests were used to characterise the mechanical and fracture
behaviours of diseased human aortic tissue. The unnotched and notched tensile test results
from different arterial layers were analysed and compared to understand the influence of an
externally induced structural defect, on both the mechanical response, as well as the

corresponding failure behaviour of each arterial layer.

Chapter 3 describes the histological processing that was performed on the mechanically
tested diseased human aortic tissues, as well as the subsequent analysis that was aimed at
identifying the influence of diseased tissue microstructural components on mechanical and
fracture behaviours. The tissues were stained on separate microscope slides with distinct dyes
to differentiate collagen, elastin, GAGs and macrophages from one another and from the
remaining microstructural components of the diseased aortic tissue. This was followed by
digitisation of the generated aortic tissue microscope slides into digital image data, where the
obtained images were processed to compute structural and organisational parameters of
distinct microstructural components. The computed microstructural component parameters
were analysed with the corresponding uniaxial tensile test data to understand the influence of

microstructure on mechanical and fracture behaviours.

Chapter 4 describes the constitutive material modelling of healthy aortic, aneurysmal and
atherosclerotic tissues. The stress-stretch curves of all arterial tissue types were fitted with the
modified Mooney-Rivlin material model to parameterise the mechanical behaviour of each
tissue type with the model material constants. The correlation of the obtained constants with

the corresponding microscopic structures were also investigated.
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The capability of the determined material constants to differentiate tissues from normal aorta,
carotid atherosclerotic plaque and aortic aneurysm were assessed and the association between

determined material constants and collagen fibre architecture in the tissue was explored.

Chapter 5 describes investigation of microstructural reorganisations in the arterial tissue
during stretching, both in the presence and absence of a structural defect. Unnotched and
notched tissue strips of healthy porcine carotid arteries were stretched uniaxially, while 3D
image stacks were acquired with a multiphoton microscope. The fibre microstructure was
characterised by the orientation and fibre dispersion. The degree to which the fibre structure
changed with increasing stretch and the details of fibre microstructural changes around

structural defects were explored.

Chapter 6 describes the development and optimisation of a microstructural component-based
unit cell model, which was used to investigate the micromechanical behaviour of arterial
tissue during stretching. Influence of distinct microstructural parameters on the

micromechanical behaviour were studied.

Chapter 7 consists of the conclusion of the whole dissertation and the future work that can

be pursued.
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Chapter 2

Characterisation of diseased human aortic tissue

mechanical and fracture behaviours

The author of this dissertation carried out all of the work and analysis in this chapter except
as specified below. Collected diseased aortic tissue pieces were dissected into tissue strips of
the three arterial layers and prepared for mechanical testing together with Shuo Wang from
Department of Radiology, University of Cambridge. The crack tip curvature computation
algorithm was also developed together with Shuo Wang. Diseased aortic tissue pieces were
collected by Dr Priya Sastry from Department of Medicine, University of Cambridge. Part of
the work described in this chapter has been submitted for publication as described in the

Publications section at the beginning of this dissertation.
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2.1 Abstract

Aortic aneurysms are amongst the leading vascular diseases claiming millions of lives every
year. They cause dilatation of aorta, leading to pathological changes in its microstructure and
resulting in ruptures and fatal clinical events. Although mechanical properties of the diseased
human aorta, such as its nonlinear stress-strain behaviour and ultimate tensile strength have
been measured, literature on its fracture properties does not yet exist. The objective of this
study is to comprehensively investigate both mechanical and fracture behaviours of the
diseased human aorta. Aneurysm-affected aorta regions were collected from eight patients
and stored in liquid nitrogen. Tissue pieces were thawed prior to testing and tissue strips were
cut from their intima, media and adventitia layers, along both the circumferential and the
axial artery directions. Unnotched and notched uniaxial tensile tests were performed on all
types of tissue strips. The obtained mechanical and fracture parameters were compared
amongst distinct tissue types. In the case of unnotched tensile tests, the circumferential
adventitia was found to have the highest material strength, while the intima and media layers
were found to have similar ultimate material strengths in both axial and circumferential
directions of the aorta. Media and adventitia layers were stronger in the circumferential than
the axial direction (both with p=0.02). In the case of notched tissue strips, the material
strength of the adventitia in both directions was higher than the strength of intima or media in
any direction. Moreover, the failure point J-integral value of notched adventitia samples was
found to be significantly larger than that of intima samples in both the axial (p=0.047) and
circumferential (p=0.038) artery directions. Aneurysmal tissues were notch-insensitive as the

strips with notches did not fail at a low stretch level.

2.2 Introduction

Thoracic aortic aneurysms (TAAS) represent an important cause of death due to vascular
diseasel. Most patients with TAA are asymptomatic at the time of diagnosis, because the
aneurysms are usually discovered incidentally during echocardiography or CT, or on a
routine chest X-ray. A mean rate of growth for all thoracic aneurysms was reported as 0.1
cm/year and varied with lesion location?. The annual rate of rupture or dissection in patients
with aneurysms >6.0 cm is at least 7%, which is more than 25 times higher than those
between 4.0 cm and 4.9 cm?,
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However, rupture or dissection also occur in lesions smaller than 6 cm?. Careful radiological
follow-up is therefore needed to identify those aneurysms that are under the threshold of
surgical repair but with a rapid growth. In contrast, there is an urgent need to identify the
factors and mechanisms that are associated with development and rupture of TAAs.

The pulsatile arterial blood pressure keeps the aortic aneurysms under continuous mechanical
loading. The diseased artery will rupture if the applied loads can generate structural stresses

that are larger than the mechanical strength of its wall*?

. Therefore, sufficiently accurate
calculations of structural stress distribution within aortic aneurysms can provide valuable data
that would be used to assess their critical mechanical conditions and vulnerability to rupture.
In-vivo medical image-based mechanical modelling appeals as a very promising technique
that could allow determination of patient-specific stress distributions within the aortic
wall*%7, Nevertheless, calculation of reliable stress distributions requires accurate mechanical
properties of the aneurysm-affected aortic wall. Moreover, adequately accurate computations
of rupture behaviour also need information on fracture mechanics of diseased aortic tissue, so
that reliable mathematical models can be developed for use in mechanical simulations.

Conventional material properties, such as the extreme extensibility and ultimate material

strength of healthy® '° and aneurysmal'®-!4

aortic tissues have been measured by a number of
studies for distinct arterial layers, in both circumferential and axial directions of the aorta.
However, a comprehensive investigation on both the mechanical and fracture behaviours of
aneurysmal tissue does not yet exist. This study aims to explore the layer and direction-
dependent mechanical, as well as fracture behaviours of TAAs by quantification and analysis

of parameters from unnotched and notched uniaxial tensile tests.

2.3 Materials and methods

This section explains the steps of the uniaxial unnotched and notched tensile testing protocols
that were used during the experiments. Descriptions of the mechanical data analysis tools and

mathematical procedures are also provided.
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2.3.1 Collection and preparation of tissues

Eight aortic aneurysmal and dissection tissue pieces (3 from ascending aorta, 4 from aortic
arch and 1 from descending aorta; 3 were chronic dissections and 5 true aneurysms) were
collected from 8 patients (one female; ages of 61.4+12.2 years), who underwent open aortic
repair in Royal Papworth Hospital, NHS Foundation Trust, Cambridge, UK. The local ethics
committee approved this study and informed consents were obtained from all patients. The

patient data were anonymised, and each patient was assigned with a distinct code.

Upon collection from the patient, each arterial tissue piece was immediately stored in liquid
nitrogen, where cryoprotectant (20% dimethylsulfoxide (DMSO) in 5% human albumin)
solution added to a final concentration of 10% DMSO was utilised to minimise potential
damage caused by freezing. Diseased aortic tissue pieces were transferred to Addenbrooke’s
Hospital, NHS Foundation Trust, Cambridge, UK for mechanical testing. The laboratory that
hosted the mechanical tests is licenced under the Human Tissue Act for storage and use of

human tissue for research.

The thickened intima, media and adventitia layers of each tissue piece were separated and cut
into rectangular mechanical testing strips. Prior to separation into the three distinct arterial
tissue layers, each tissue piece was immersed in phosphate buffered saline (PBS) and
defrosted in a 37 °C tissue bath. The intact arterial rings were first cut open, flattened and
then cut further into smaller sections with a scalpel, along with the other relatively large
noncircular pieces, to allow easier separation of the three layers. The thickened intima, media
and adventitia of each tissue section were then separated with tweezers and cut into
rectangular tissue strips of ~1.5 mm width and ~15 mm length, along both the axial and the

circumferential directions to the blood flow, as shown in Figure 2.1.
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Separated Arterial
Tissue Layers

Arterial Tissue Sections Thickened Intima Tissue Strips

Figure 2.1. Dissection of an arterial tissue piece into separate sections and tissue strips of the

three arterial layers.

2.3.2 Uniaxial unnotched and notched tensile testing

A uniaxial tensile testing system comprising a uniaxial stepper motor (Miniature Steel
Motorised Linear Stage, Newport Corporation, Irvine, California, USA), a custom made
linear load cell, a camera (PixeLink PL-B776U 3.1 MP USB2 Colour Camera, PixeLink,
Ottawa, Canada) and a custom control interface that was developed in LabVIEW (National
Instruments, Austin, Texas, USA) was built and programmed to perform the tensile tests.

Parts of the mechanical tester are labelled on the image in Figure 2.2.

Figure 2.2. Parts of the uniaxial mechanical tester.
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The position resolution of the stepper motor was 0.1 um and the precision of the load cell
was 0.0005 N. The developed custom LabVIEW control interface showing the camera view
and force against motor displacement data is provided in Figure 2.3. The load cell was
calibrated by hanging known weights on the load cell clamp. The load cell was regularly

recalibrated to ensure that the voltage to force conversions were always accurate.

Experimental Data File Name

|

Force (N) vs. Displacement (mm)

Small Step (mm/step)

[ |
Fg_S:_ep(mm/scep)
: [

Real-time Position Real-time Voltage
§0.00 10.000000

P v
jo 10

CALIBRATION PROTOCOL

Range (mm) Cycle 1) Check that all of the required electrical and equipment connections are made.
]05— ]5— ’0— 2) Hang the mechanical testing platform vertically with the motor closer to the ground.
- m 3) Wait until the "V*" reading becomes relatively stable and click the "V balance” and "P
jl’nmg Between Strains (ms) balance” button several times. The "V*" value should became approximately 0.
i 500 4) Hang a medium sized calibration weight, and acquire enough amount of measurements.
‘ MEASURED VALUES 5) Open the acquired voltage values in MATLAB and calculate their average.
Dinction» Voltage Motor Position (mm) ~ Slope Input 6) Convm tl:m mass of lhew "::t:: ;:::u wge;z:: I;tb kilograms and multiply it with

x ) fo {0 {o 7) Divide the obtained average voltage value by the weight of the medium sized calibration
| Stop/Continue BEER weight to determine magnitude of the "Slope Input”.

Force (N) Displacement (mm) & %
S (mmjstep) ispl (mm) 8) Input value of the "Slope Input” to the program and make another test run to check

1000 1500 2000 2500 3000 3500
Displacement (mm)

, Start

{o {0 jo whether the force gives a positive increase as the sensor is moved towards the motor.
| Stop and Terminate ‘ ‘10.05 T 9) Change the sign of the "Slope Input” to make the force positive towards the motor.
10) Test with the other calibration weights to ensure that the calibration is correct.

Figure 2.3. LabVIEW control interface showing the camera view and variation of force with

motor displacement.

It can be seen in Figure 2.4 that the surface of each arterial tissue strip was marked at
adjacent locations along its length with a water-proof dark blue surgical tissue marker, to be
able to record the local deformation of the arteria tissue. Once clamped in a 37 °C PBS filled
petri dish, each arterial tissue strip was preconditioned with 5 continuous cycles of ~5%
stretch at a speed of 0.05 mm.s™' and then strained uniaxially until failure at a speed of 0.01
mm.s™'. Therefore, the loading can be considered quasi-static. The camera was stabilised with
a clamped arm, focused onto the tissue markers and set to acquire an image frame of the
strained tissue at the end of each displacement increment of the stepper motor. The size of

each image frame was 2048 x 1536 pixels, with an 80 x 60 mm? field of view.
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Figure 2.4. Surface marks of arterial tissue strips in uniaxial unnotched and notched test

configurations.

The obtained axial and circumferential thickened intima, media and adventitia tissue strips
were uniaxially tested with both unnotched and notched configurations. The notched tissue
strips were generated by making an incision that was approximately one third of the tissue
strip width, at the edge and in the middle of the gauge section with small surgical scissors. An

example notched tissue strip can be seen in Figure 2.4.

2.3.3 Data processing

2.3.3.1 Calculation of unnotched tissue strip Cauchy stress

To compute the local displacements of each arterial tissue from the image frames acquired at
the end of each stepper motor displacement, a semi-automatic MATLAB (MathWorks, Inc.,
Natick, Massachusetts, USA) platform was developed. The platform can segment the
adjacent dark blue marker spots, determine their centroid coordinates and compute the
separation distances between their centroids. A screenshot of the MATLAB platform in
operation is given in Figure 2.5. A dark blue colour threshold and standard morphological
image operations available in MATLAB (imclearborder, imerode, imfill and imclose
functions of MATLAB) were utilised to generate marker spot binary masks from the acquired

Red-Green-Blue (RGB) colour space images.
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The marker spot centroid separations were converted into instantaneous stretch ratio, A;

values at each displacement increment for use in the subsequent stages of data processing

with the following equation'>:

A= w (2.1)
where,

s; = Separation of the marker spot centroids in each image frame

So = Separation of the marker spot centroids in the first image frame, prior to extension
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Figure 2.5. A: The semi-automatic MATLAB platform that was used to process the tensile

testing image data. B: Cauchy stress versus stretch ratio curve of a tested tissues strip.

All uniaxially tested unnotched and notched arterial tissue strips were assumed to be
incompressible. For the tissue strips that were tested in the unnotched configuration, the
Cauchy stress, o; was determined as F; /A;, where F; and A; are the instantaneous force and
instantaneous cross-sectional area values at each displacement increment, respectively. The
value of A; was evaluated through the incompressibility condition, which leads to 4; =

Ay /A, where A, and A; are the initial cross-sectional area and instantaneous stretch ratio
(Equation 2.1), respectively'®. The final form of the equation that was used to calculate the
Cauchy stress, 0; of unnotched tissue strips was obtained by substituting A; = 4, /4; into

o; = F;/A;, which yielded:

(2.2)
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The initial cross-sectional area, A, was calculated by multiplying the width and thickness
values of the tissue strip gauge sections at rest. The width and thickness values were
measured from images that were acquired at rest with ruler calibration. Edge detections were
performed in MATLAB to identify the tissue strip edges. The thickness and width of each
tissue strip was determined as the average value of the distances between 100 pairs of closest

points that were distributed evenly along each edge.

2.3.3.2 Calculation of notched tissue strip parameters

2.3.3.2.1  Average stress across the ligament

The presence of an externally induced edge crack required development of an image
processing tool to be able to approximate the average stress within the ligament region of
notched tissue strips. The MATLAB platform in Figure 2.5 was adapted with a tool that can
measure the remaining width of the ligament region of each notched tissue strip from the

image frames that were acquired at the end of each stepper motor displacement.

It can be seen in Figure 2.6 that, the adjacent dark blue marker spots were used in the same
way as for the unnotched tissue strips to calculate the local tissue displacements, and
therefore, the instantaneous stretch ratio, A; with Equation 2.1. A separate algorithm was also
developed to compute the ligament widths of notched tissue strips in each consecutive image
frame. The ligament width computation algorithm was set to use a red colour threshold to
extract the top and bottom boundaries of the notched tissue strip from the RGB image. The
ligament width was calculated as the closest distance between the extracted top and bottom
tissue boundaries, which is depicted by the yellow line in Figure 2.6. The stretch ratio, 4; and

the ligament width, [; were computed on all image frames of each notched tissue strip.

Local Displacement Processing Ligament Width Processing

Figure 2.6. Local displacement and ligament width processing of a notched tissue strip.
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The average stress across the ligament, o, ; was approximated as F; JAY

, where F; and AV are
the instantaneous force and the instantaneous notched tissue strip cross-sectional area,
respectively. The value of AY was determined as w}¥ x t, where w)' and t! are the
instantaneous width and instantaneous thickness of each notched tissue strip, respectively.
Since the instantaneous ligament width, [; is equal to the actual load bearing width of each
notched tissue strip, AN can be calculated as [; X t~. The incompressibility and isotropic
material assumptions were then used to determine the instantaneous notched tissue strip
thickness, tV as t,/ \//’l_l , Where t; and A; are the initial tissue thickness that was measured
from images acquired at rest and the instantaneous stretch ratio (Equation 2.1), respectively'®.
Final form of the equation that was used to approximate the average stress across the

ligament, o;; was then obtained by first substituting tN =t,/ \/Z into AN = 1; x t¥ and then

by substituting the resulting equation of A} into o;; = F; /A, which yielded:

_ Fulki 2.3)

o .=
Li lito

23.3.2.2  J-integral

Toughness of the tested notched arterial tissue strips was quantified with the J-integral. This
parameter is commonly used to quantify the strain energy release rate per unit fracture
surface area of nonlinear elastic solids with cracks'>™!7. Under displacement control
conditions, the magnitude of the instantaneous J-integral, J; is given as dU;/(t} x da;),
where dU;, t¥ and da; are the change in strain energy, instantaneous thickness and the
change in crack length of a notched tissue strip!’. The incompressibility and isotropic
material assumptions were then used to express the instantaneous notched tissue strip
thickness, tV as t,/ \/Z , Where t, and A; are the initial tissue thickness that was measured
from images acquired at rest and the instantaneous stretch ratio (Equation 2.1), respectively'®.

Therefore, the equation that was used to approximate the J-integral, J; was obtained by

substituting tN = to/,/4; into J; = dU;/(t" x da;), which yielded:

J, = YAidu (24)

to dai

The change in strain energy, dU; was computed as the incremental change of the area under
the stress-strain curves of notched tissue strips. In addition, the change in crack length, da;

was calculated as the incremental change of the ligament width, [; values with strain.
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2.3.3.2.3  Crack tip curvature

Bottom boundary of the notched tissue strips, which is depicted by the lower black line in the
ligament width processing image of Figure 2.6, was also used to determine the crack tip
curvature of the notched tissue strips in each image frame. A parabola was fitted to the lower
tissue strip boundary coordinates lying within 400 pm neighbourhood of the crack tip. The
crack tip curvature was then approximated as the curvature, ¢ of the parabola at its vertex
point. For a planar curve that is described by the equation y = f(x), the curvature, c at any

point is expressed in terms of its first and second derivatives as'®:

lr" @)

c= >
[1+(f'())%]2

(2.5)

2333 Rate of tissue strip failure

The rate of tissue strip failure was characterised as the slope, y between the normalised intact
tissue width and stretch ratio, 4; for both unnotched and notched tissue strips. The

relationship between the normalised intact tissue width and stretch ratio was formulated as:

d;

o - YAi-D=yk-y (2.6)
where,
d; = Intact tissue width at each stretch increment

d, = Intact tissue width prior to stretching

P = A constant

2.3.4 Statistical analysis

The Shapiro-Wilk normality test was performed on all sets of data, which revealed that the
data sets were not normally distributed. Median and interquartile range of all mechanical and
fracture properties were computed for different tissue types and provided in the form of:
median [25™ percentile, 75" percentile], whenever necessary. Box-and-whisker plots were
used to present the data, in which the central mark on the box indicates the median, and the
bottom and top edges of the box indicate the 25" and 75" percentiles, respectively.
Differences in mechanical and fracture properties between distinct tissue types were
evaluated using the Wilcoxon signed rank test. Statistical analysis was performed in

MATLAB. A significant difference was assumed if p<0.05.
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2.4 Results

Mechanical data from 96 tissue strips of 8 aneurysm and dissection samples were prepared
for analyses. This included 48 tissue strips from each of the unnotched and notched tensile
testing groups. Each 48-tissue strip group consisted of two strips from each of the thickened
intima, media and adventitia layers, where one of these strips was in the axial and the other

one in the circumferential aorta direction of each sample.

2.4.1 Strength and extensibility of unnotched samples

In the case of unnotched samples, the Cauchy stress and stretch ratio values at the point of
failure were taken as the ultimate material strength and extreme extensibility of each
unnotched tissue strip, respectively. Tensile tests with unnotched tissue strips showed that the
adventitia in the circumferential direction had the highest ultimate material strength, as it can
be visualised in Figure 2.7A. The material strength of intima in the axial direction was similar
to that of media in the same direction (395.9 [202.3, 567.2] vs 236.4 [213.3, 341.4], p=0.31,
unit: kPa), and intima and media strengths were also similar in the circumferential direction
(518.4 [249.5, 750.3] vs 606.5 [358.8, 708.2], p=0.84; unit: kPa). Within layers, the intima
had similar material strengths in both directions (p=0.46), while the media and adventitia
were stronger in the circumferential than the axial direction (both with p=0.02). In general,
the extreme extensibilities of all layers in both directions were similar, except for the
adventitia in the circumferential direction, which was more extendable than media in the
same direction (1.33 [1.21, 1.54] vs 1.16 [1.14, 1.33], p=0.02), as it can be visualised in
Figure 2.7B.
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Figure 2.7. Ultimate material strength (A) and extreme extensibility (B) of unnotched tissue
strips. Letters A and C at the bottom of the box-and-whisker plots indicate circumferential

and axial aorta directions, respectively.

2.4.2 Nominal strength and extensibility of notched samples

In the case of notched samples, the average stress across the ligament and stretch ratio values
at the point of failure were taken as the nominal ultimate material strength and extreme
extensibility of each notched tissues strip, respectively. It can be visualised in Figure 2.8A
that, as for the unnotched tissue strips, the nominal ultimate material strength of the adventitia
in both directions was higher than the strength of intima or media in any direction (p<0.05).
However, for each arterial layer, the strength difference between directions was not
significant (p>0.35). The notched adventitia tissue strips in the axial direction were more
extensible than intima or media in the same direction (p<0.02), with no significant difference

in any other paired comparison of Figure 2.8B.
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Figure 2.8. Nominal ultimate material strength (A) and extreme extensibility (B) of notched
tissue strips. Letters A and C at the bottom of the box-and-whisker plots indicate

circumferential and axial aorta directions, respectively.

2.4.3 Impact of notch on the failure rate of the tissue

The rate of tissue strip failure was characterised with the slope, y between the normalised
intact tissue width and stretch ratio, which was determined by Equation 2.6. The decrease in
normalised intact tissue width with increasing stretch ratio is given for representative
unnotched and notched tissue strips in Figure 2.9C. The absolute value of slope, y of each
tissue type is provided in Figure 2.9D, in which the left and right positioned box-and-
whiskers in each arterial direction correspond to the unnotched and notched tissue strips,
respectively. The absolute value of slope, y of notched tissue strips from the intima and
media layers was found to be significantly larger than their unnotched counterparts,
nevertheless, the notched tissue strips did not fail at a low stretch level, which is also evident
from the representative example in Figure 2.9B. Surprisingly, Figure 2.9D also illustrates that
insignificant differences were obtained between the absolute slope values of notched and
unnotched pairs from the adventitia layer in both of the axial and circumferential artery

directions.

65



~

@]

N
oy

095
5
E Unnotched strip
<—
2 09 (slope = -0.55)
Z0ss
3 Notched strip _ 2N
2 08 (lope=-084)" B D
= &S
(=]
. .
0.7 : : : '
1 1.1 12 1.3 1.4 15
Stretch Ratio
i) p=0.016
5 p=0.023 ] ]
" Lo | p=0.148
% | p=0250 .
W p=0.016 + | = o
ooy =T LT
=] Lrgy T |
23 | I ; 1
g | | |
2 | +- T H o
5 2 T 1
=
17 | [
ok A € A c A &

Smm Intima Media Adventitia

Figure 2.9. Representative unnotched (A) and notched (B) tissue strips under stretching. The
linear regressions between normalised intact tissue width and stretch ratio (C) and the
comparison of regression slopes between unnotched and notched tissue strips of different
tissue types (D). Letters A and C at the bottom of the box-and-whisker plot indicate
circumferential and axial aorta directions, respectively. In each pair in D, the left box-and-
whisker is from unnotched and the right one is from notched tissue strips.
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2.4.4 J-integral at failure of notched samples

J-integral values at the point of failure were recorded for notched tissues strips from all layers
and directions, which are illustrated in Figure 2.10. The failure point J-integral value of
adventitia samples was found to be significantly larger than that of intima samples in both the
axial (2.7 [0.89, 3.8] vs 0.45 [0.32, 0.96], p=0.047; unit: mJ.mm2) and circumferential (1.9
[1.1, 3.9] vs 0.93 [0.74, 1.4], p=0.038; unit: mJ.mm) artery directions. On the other hand,
the failure point J-integral values of media samples in both axial (0.88 [0.25, 1.1]; unit:
mJ.mm-2) and circumferential (1.4 [0.77, 2.2]; unit: mJ.mm?) directions were found to be

similar to their intima and adventitia counterparts.
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Figure 2.10. J-integral at failure of notched tissue strips. Letters A and C at the bottom of the

box-and-whisker plot indicate circumferential and axial aorta directions, respectively.

2.4.5 Crack tip curvature at failure of notched samples

Crack tip curvature values were also recorded at the point of failure for notched tissue strips
from all layers and directions, which are illustrated in Figure 2.11. The failure point crack tip
curvature of media samples in the axial direction was found to be significantly larger than
their axial adventitia counterparts (0.0029 [0.0021, 0.0068] vs 0.0016 [0.0012, 0.0021],
p=0.021; unit: um) and this was the only significant difference that was obtained from all

comparisons.
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Figure 2.11. Crack tip curvature at failure of notched tissue strips. Letters A and C at the
bottom of the box-and-whisker plot indicate circumferential and axial aorta directions,

respectively.

2.5 Discussion

This study comprehensively characterised mechanical and fracture behaviour of arterial
layers from aneurysm-affected aortas by tensile tests on their unnotched and notched tissue
strips. In the case of unnotched tissue strips, the circumferential adventitia layer was found to
have the highest ultimate material strength (Figure 2.7A), while the intima and media layers
were found to have similar ultimate material strengths in both axial and circumferential
directions. Moreover, within layers, the material strength of intima was found to be similar in
the axial and circumferential directions, where both media and adventitia layers were stronger
in the circumferential than the axial direction. These differences in material strength can be
attributed to the fact that development of aortic aneurysms initiates from the intima layer and
subsequently progresses into the media and the adventitia!®2. Since the pathophysiological
process causes the highest level of detrimental microstructural changes within the intima, the
healthy anisotropic material behaviour and consequently, the difference in the axial and

circumferential direction material strengths of the intima is diminished.
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On the other hand, since the media and adventitia layers are less affected by disease
compared to the intima, they were able to preserve their healthy mechanical behaviours at a

greater extent.

In the case of notched tissue strips, the nominal ultimate material strength of the adventitia in
both directions was higher than the strength of intima or media in any direction (Figure
2.8A\). Introduction of a structural defect has put the toughening mechanisms in each arterial
layer to the test and revealed their capability of resisting propagation of a crack to maintain
structural integrity. It is evident that the adventitia layer, which was least affected by disease,
has preserved its natural toughening mechanisms, achieving much higher levels of nominal
ultimate material strength compared to the intima and the media. As it can be seen in Figure
2.10, the relatively higher values of failure point J-integral that were obtained from the
adventitia layer also supports the fact that the adventitia has preserved its natural toughening

mechanisms to a greater extent, compared to the intima and the media.

The strength of materials is generally reduced in the presence of notches, especially for brittle
materials. The notched tests in this study showed that the aneurysmal tissues tend to be notch-
insensitive as they did not fail at a low stretch level. This might be because aneurysmal
tissues are fibre-reinforced laminal materials with a distinct microstructure??. Nevertheless, it
can be seen in Figure 2.9 that the presence of a notch has in general increased the rate at

which the tissue strips reached failure.

It can be visualised in Figure 2.9B that, during stretching, the crack tip blunted to spread the
damage in the ligament. Also, the fibres changed their network topology to bridge the crack
tip to strengthen the material, in order to improve the load bearing capacity. The degree of
crack tip blunting, measured by the crack tip curvature (Figure 2.11), showed little difference
among different arterial layers. The notch-insensitive behaviour and weaker material strength
between the lamellae (~150 kPa)?>?* compared with the strength across the lamella'® may
explain the observation that the dissection entries are usually small and circumscribed and

delamination propagates along the artery?°.

Some limitations also exist in this study: (1) the sample size is small (tissues from only 8
patients were collected and tested); (2) although uniaxial extension tests were performed in
both circumferential and axial directions, biaxial tensile tests are required to obtain a
complete understanding of the anisotropic tissue mechanics; (3) no controls were provided

for comparison, e.g., the mechanical properties of healthy aortic tissues.
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2.6 Conclusion

This study shows that, compared to the intima and the media layers, the pathophysiological
changes that affect the arterial wall may have caused a lower degree of microstructural
change to the adventitia, which has preserved the integrity of its fibrous network and
therefore, retained its natural toughening mechanisms. Moreover, all aneurysm-affected
arterial layers were largely able to blunt the tip of propagating cracks and hence show notch-
insensitivity. Sufficiently accurate determination of aneurysm-affected aortic tissue
mechanical and fracture behaviour is critical for the development of reliable mathematical
models that can be used both for obtaining further understanding on diseased aortic tissue
mechanics, and for optimisation of mechanical analysis systems that can assess the risk of

aortic tissue rupture.
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Chapter 3

Influence of microstructure on mechanical and

fracture behaviours of diseased human aortic tissue

The author of this dissertation carried out all of the work and analysis in this chapter except
as specified below. The histological image processing MATLAB platform was developed
together with Shuo Wang from Department of Radiology, University of Cambridge. Diseased
aortic tissue pieces were collected by Dr Priya Sastry from Department of Medicine,
University of Cambridge. Optimisation of each immunohistochemistry protocol for paraffin
embedded tissues and histological staining of the arterial tissue strips were performed by
Nichola Figg from Department of Medicine, University of Cambridge. The work described in
this chapter has been submitted for publication as described in the Publications section at

the beginning of this dissertation.
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3.1 Abstract

Fibre structure and pathological features, such as inflammatory burden and GAG deposition,
are the primary determinants of aortic tissue mechanical properties which are associated with
the development of aneurysm and dissection. Such structure-mechanics relationships have
not yet been comprehensively studied. Histopathological examination was performed on the
mechanically tested diseased human aortic tissues described in Chapter 2. Area ratios of
collagen, elastin, macrophage and GAGs and collagen fibre dispersion were quantified.
Associations between these parameters and mechanical properties were investigated.
Collagen, elastin and GAGs were layer-dependent and the inflammatory burden in all layers
was low. The local GAG ratio was negatively associated with the collagen ratio (r>=0.173,
p<0.05) but positively associated with elastin (r>=0.037, p<0.05). Higher GAG deposition
resulted in larger local collagen fibre dispersion in the media and adventitia, but not in the
intima. The extreme extensibility of unnotched strips in both axial and circumferential
directions was exclusively associated with elastin ratio. Collagen and GAG contents were
both associated with ultimate strength in the circumferential direction, but not with the
strength in the axial direction. Similar findings were found from tests with notched tissue
strips, in that both collagen and GAGs but not elastin or macrophages were associated with

tissue strength.

3.2 Introduction

TAAs are primarily associated with cystic medial degeneration, which may occur as part of
the normal aging process, but may be accelerated by other conditions including hypertension,
bicuspid aortic valve aortopathy and genetic alterations. The degeneration is typically
characterised by deposition of proteoglycans in the aortic wall with fragmentation and loss of
elastic laminae!. GAGs are long unbranched polysaccharides consisting of a repeating
disaccharide, comprising an amino sugar, uronic acid sugar or galactose side chains, attached
to proteins through O-glycosidic linkage. Although GAGs constitute a minor component of
vascular tissue (2-5% by dry weight), they are important because of their diverse
functionality and role in pathological processes. GAGs interact with lipoproteins, including
low-density lipoprotein that might contribute to both extracellular and intracellular lipid

accumulation in the arterial wall?2.
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Under physiological conditions, the arterial wall is subject to mechanical loading due to
dynamic blood pressure and flow. Such mechanical loading may modulate the biological
functions of endothelium* and smooth muscle cells® within the arterial wall. Moreover, the
degenerated aortic wall may be weak and prone to rupture or dissection driven by mechanical
loading. There is therefore a need to understand the material strength of TAA and any
association with its detailed compositional features. Elastin and collagen fibres are two well-
known major load-bearing ECM components of the arterial wall. Studies on mechanical
properties of arterial ECM generally focus on collagen and elastin, with GAGs often being
neglected. Although GAGs are a minor ECM component, they may play an important role in
the development of dissection® as high stress concentrations induced by the GAG
aggregation may lead to arterial delamination’. In addition, removal of GAGs results in an
earlier recruitment of elastin and collagen fibres in porcine thoracic aortas, leading to an

earlier transition point of nonlinear stress-strain curves®.

In this study, histopathological examination was performed on the TAA tissues, whose
mechanical and fracture behaviours were characterised with the study described in Chapter
2. Collagen, elastin, macrophage and GAG contents, as well as the collagen fibre
architectures of the mechanically tested arterial tissue strips were quantified. Statistical
analyses were performed to explore the correlation between tissue mechanical and fracture

properties and their detailed microstructural composition comprehensively for the first time.

3.3 Materials and methods

This section will explain the histological processing that was performed on the diseased
human aortic tissues of Chapter 2, as well as the subsequent analysis that was aimed at
identifying the influence of diseased tissue microstructural components on mechanical and

fracture behaviours.

3.3.1 Immunohistochemical staining

As described in Chapter 2, during dissection of each aortic tissue piece into mechanical
testing strips of the three arterial layers, multiple adjacent tissue strips were generated from

intima, media and adventitia, along both axial and circumferential directions of the aorta.
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Following mechanical testing of each arterial tissue strip, one adjacent and untested tissue
strip was put into a storage vial and immersed with 10% neutral buffered formalin (NBF),
refrigerated for about 24 hours and transferred to histological processing within the same
laboratory. Since the microstructure of a tested tissue strip is expected to be highly disrupted
and different from its untested state, an adjacent untested tissue strip was used in histological

processing, to obtain the correct microstructural data.

After refrigeration in NBF, the arterial tissue strips were embedded in paraffin wax, cut into 4
um thick slices and immunohistochemically stained to quantify collagen, elastin, GAGs and
macrophages within their microstructures. The axial and circumferential intima, media and
adventitia tissue strips were dissected into 4 um thick slices parallel to the plane that lies
along their lengths and through their elastic laminae. The dissection plane, which lies along

the length and through elastic laminae of each tissue strip is illustrated in Figure 3.1.

Figure 3.1. Orientation of the tissue strip dissection plane, where T refers to tissue thickness.

The obtained slices were immunohistochemically stained with Sirius Red, Elastin Van
Gieson (EVG), Alcian Blue and Cluster of Differentiation 68 (CD68) stains to visualise
collagen, elastin, GAGs and macrophages, respectively. Hematoxylin and Eosin (H&E)
staining was also performed as part of the standard histological processing protocol. Stained
arterial tissue microscope slides were then digitised at the magnification ratio of 40 into 904
nm resolution RGB images with the NanoZoomer Slide Imaging System (Hamamatsu,
Hamamatsu City, Japan) at the Department of Physiology, University of Cambridge,
Cambridge, UK. Digitised histological images of distinctly stained slices from an arterial

tissue strip are provided as examples in Figure 3.2.
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(A) H&E

(D) CD68 (E) Alcian Blue

0.5 mm

Figure 3.2. Digitised histological images of distinctly stained slices from an arterial tissue
strip (A: H&E for an overall assessment; B: Sirius Red showing collagen fibres (Adapted
with permission from”); C: EVG stain showing elastin; D: CD68 stain for macrophages; and
E: Alcian blue stain for GAGS).

3.3.2 Computation of microstructural parameters

This section describes the tools that were developed to compute the densities of all targeted
microstructural components, as well as the local directions and dispersions of collagen fibre

orientations from the digitised histological images of arterial tissue strips.

3.3.2.1 Microstructural component densities

A semi-automatic MATLAB platform was developed to compute the densities of all
microstructural components, where a screenshot of the developed platform is provided in

Figure 3.3.
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The example Sirius Red stained tissue histological image in Figure 3.2, which allows
differentiation of collagen from the surrounding microstructural components, will be used to
describe the algorithm that was developed to identify the targeted microstructural component
pixels in images of all types of immunohistochemical stains. Upon initiation, the component
pixel identification algorithm prompts the user to delineate the outer borders of all tissue
pixels on the original RGB image. This is followed by removal of all pixels outside the
delineated tissue pixel borders and subsequent transformation of the original RGB image into

the LAB colour space.

Remove Background

Crop Image
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:‘\\" /_S'
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REMOVE BACKGROUND SEGMENT
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Figure 3.3. The semi-automatic MATLAB platform that was used to compute the densities of

all microstructural components (Adapted with permission from?).

The outer pixels masked version of the example Sirius Red stained tissue image, as well as
the L, A and B dimension images of the resulting LAB colour space transform can be

visualised in Figure 3.4.

78



LAB Colour Space Transform

Masked RGB Image L-dimension Image A-dimension Image B-dimension Image

Figure 3.4. The outer pixels masked version of the example Sirius Red stained tissue image,
as well as the L, A and B dimension images of the resulting LAB colour space transform

(Adapted with permission from”).

Figure 3.5. The example Sirius Red stained tissue image with the background removed

(Adapted with permission from°).
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The next algorithm step involves application of Otsu’s method with the multithresh function
of MATLAB on the L-dimension of the LAB colour space image, to obtain a single threshold
that can separate the foreground pixels from those of the lightly coloured and mostly white
background'®!!. Since the L-dimension represents the lightness of a colour with darkest black
at 0 and lightest white at 100, Otsu’s method was able to find an adequate threshold to
remove the background pixels in images of all immunohistochemical stain types. The
background-removed version of the example Sirius Red stained tissue image, in which both
the background pixels within the tissue region and the outer tissue-region pixels are coloured

black can be visualised in Figure 3.5.

Otsu’s method starts determination of the required threshold by computing the lightness level
histogram and probabilities of the input L-dimension pixel values. The mean pixel lightness
value of L-dimension is then used to separate the pixels into initial foreground and
background groups. The obtained initial groups are then used to compute the initial means
and inter-group variances of foreground and background pixels. Afterwards, the Otsu’s
method applies all of the remaining possible threshold values and compares the resulting
intra-group variances of each pixel group with the corresponding values that were obtained
by application of other thresholds. The threshold value that yields the minimum intra-group
variance for both foreground and background pixel groups is selected to be the output
threshold, which is used to remove the background pixels within the tissue strip region of

each histological image!®!!.

Once all background pixels within the tissue strip region are removed, the resulting image is
used to differentiate the targeted microstructural component pixels from the rest. In the case
of the background removed Sirius Red image in Figure 3.5, the targeted microstructural
component is collagen, which is coloured to the darker shades of red in a Sirius Red stained
histological tissue. It is evident in the background removed image of Figure 3.5 that the Sirius
Red stained tissue has entities that are coloured to both light and dark shades of the red

colour.

To differentiate between the pixels with darker and lighter shades of red, another colour
threshold was chosen by applying the Otsu’s method on the A-dimension pixel values of the

LAB colour space image, which represent the green-red colour components of each pixel.
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The determined threshold was then used to separate the pixels with darker shades of red from
the pixels that have a lighter red colour, effectively differentiating the darker red coloured
collagen fibres from the other entities within the tissue strip region. The resulting Sirius Red
stained tissue image, whose collagen fibre pixels have been differentiated from the rest is

provided in Figure 3.6.

The thresholds for segmenting collagen from Sirius Red and GAGs from Alcian Blue stained
tissue images were chosen by applying the Otsu’s method on the A-dimension pixel values of
the LAB colour space image. On the other hand, the thresholds for segmenting elastin from

EVG and macrophages from CD68 stained tissue images were chosen by applying the Otsu’s

method on the red and green channels of their RGB images, respectively.

Figure 3.6. The collagen segmented version of the Sirius Red stained tissue image. The
natural red colour of collagen fibre pixels is kept, while the background and foreground
pixels that does not contain collagen fibres are coloured to black and green, respectively

(Adapted with permission from?).

The component segmented images of all immunohistochemical stain types were continuously
reviewed during development and optimisation of the image processing platform by Nichola
Figg from the Department of Medicine, University of Cambridge, who is a senior histologist

with over 15 years of experience in histological analysis of diseased arterial tissues.
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Once the pixels of a targeted microstructural component were differentiated from the rest
within the tissue strip region of a histological image, percentage area (area ratio) of the

microstructural component was computed as:

Number of Microstructural Component Pixels

Percentage Area = x 100 3.1)

Total Number of Pixels in the Tissue Region

3.3.2.2 Dispersions of collagen fibre orientations

Based on the segmentation results from Sirius Red stained images, local dispersions of
collagen fibre orientations were computed. To accommodate the heterogeneous distribution
of collagen fibres, 200 square patches with 0.18 mm (200 pixels) length were independently
and randomly sampled in the tissue region. For each square patch, disconnected collagen
fibres were recognized from the segmented mask and their orientation dispersion was

computed as the standard deviation of all collagen fibre orientations within the patch.

3.3.3 Statistical analysis

Correlations between percentages of microstructural constituents (collagen, elastin, GAGs
and macrophages) and the mechanical, as well as fracture properties were evaluated using a
linear model with consideration of random effect using a least-squares fit. For each estimated
coefficient, the coefficient of determination (r?) and the corresponding p-value for t-statistic
were reported. Differences in microstructural constituent percentages between different tissue
types were evaluated using the Wilcoxon signed rank test. Statistical analysis was performed

in MATLAB. A significant difference was assumed if p<0.05.

One of the microstructural aspects that was investigated in this study was the association
between local GAG deposition and local collagen fibre architecture. Investigation of this
aspect involved statistical analysis with multiple observations of local GAG area ratio and
local collagen fibre dispersion from each tissue strip. Since multiple observations of each
variable were obtained from each tissue strip, linear mixed-effects models were used to
account for the data hierarchy. In addition, to better reflect the heterogeneity between strips,
the models were set to assume both random intercepts and random slopes. The non-
simultaneous marginal predictions and their 95% confidence intervals were then plotted to

illustrate the population trend.
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3.4 Results

Parameterised histological data from 96 tissue strips of 8 aneurysm and dissection samples
were prepared for analyses, which included 48 tissue strips from each of the unnotched and
notched tensile testing groups. Each 48-tissue strip group consisted of two strips from each of
the thickened intima, media and adventitia layers, with one of these strips in the axial and the

other in the circumferential aorta direction of each sample.

3.4.1 Layer-specific microstructural component contents and their
correlations

As it can be visualised in Figure 3.7, collagen and elastin were the two main microstructural
components in the diseased aortic wall, followed by GAGs and macrophages. Among the

three layers, the thickened intima has the lowest collagen content and the adventitia has the
highest collagen content.
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Figure 3.7. Area ratios of collagen, elastin, GAGs and macrophages in different arterial

layers.
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In contrast, the intima has more elastin than the adventitia and the elastin area ratio of intima
and media is comparable. Both intima and media have higher GAG content than adventitia.
Compared with collagen, elastin and GAGs, the macrophage area ratio in the arterial wall is
significantly less (p<0.001). Correlation analysis showed that GAG area ratio negatively
associates with the collagen ratio (r>=0.173, p<0.001) but positively with elastin (r>=0.037,
p=0.038).

3.4.2 Relationship between microstructural component contents and tissue

mechanical properties

In this section, the associations between mechanical parameters that were computed for all
unnotched and notched tissue strips in Chapter 2 and the corresponding area ratios of
collagen, elastin, GAGs and macrophages are explored.

34.21 Unnotched tissue strips

Correlation analyses showed that the extreme extensibilities of unnotched tissue strips in both
the axial and circumferential directions were associated only with elastin area ratio (Axial:
r?=0.186, p=0.04; Circumferential: r?>=0.175, p=0.04). However, collagen and GAG contents
were both associated with ultimate material strength in the circumferential direction
(Collagen: slope=32.7, r>=0.328, p=0.003; GAGs: slope=-25.5, r?=0.227, p=0.019), but not

with strength in the axial direction.

Further multivariate analysis confirmed the association between the material strength in the
circumferential direction with collagen and GAG contents (Collagen: slope=27.3, GAGs:
slope=-18.4, r>=0.438, p=0.002); and this association remained when data from both axial
and circumferential directions were pooled (Collagen: slope=17.0, GAGs: slope=-12.6,
r’=0.249, p=0.002).
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3422 Notched tissue strips

Both collagen and GAG content were also associated with the tissue strength of notched
tissue strips, but an association was not found with either elastin or macrophages. Univariate
analyses showed that collagen and GAG contents were both associated with nominal ultimate
material strength in the circumferential direction (Collagen: slope=127, r>=0.428, p=0.001;
GAGs: slope=-104, r?=0.253, p=0.012), and in the axial direction (Collagen: slope=120,
r?=0.378, p=0.002; GAGs: slope=-187, r’>=0.373, p=0.007). Multivariate analyses further
confirmed these associations for strength in the circumferential (Collagen: slope=104, GAGs:
slope=-40.3, r>=0.454, p=0.002) and the axial (Collagen: slope=83.9, GAGs: slope=-122,
r’=0.492, p=0.001) directions. This association remained when data from both axial and
circumferential directions were pooled (Collagen: slope=91.3, GAGs: slope=-80.7, r’=0.460,
p<0.001).

3.4.3 Association of collagen fibre architecture with GAG deposition

Collagen fibre is the most important mechanical constituent of arterial tissue'>*3, Since an
increase in GAG content was found to reduce the strength of diseased aortic tissues, the
association between collagen dispersion and GAG deposition was also explored. Fibre
dispersion shows the spread of fibre orientations, and a smaller dispersion implies stronger
alignment in a reference direction. Collagen fibre dispersion in the intima was 43.5° [40.8°,
44.4°] (median [interquartile range]) in the circumferential and 42.3° [40.2°, 44.6°] in the
axial direction, with no significant difference between these two directions (p=0.677). Fibre
dispersions in the media and adventitia were smaller in the circumferential than in the axial
direction (39.4° [36.2°, 40.7°] vs 44.2° [42.5°, 46.2°], p<0.001 for media and 44.9° [42.1°,
49.2°] vs 48.2° [44.4°,50.7°], p<0.001 for adventitia). Moreover, fibre dispersion of media in
the circumferential direction was smaller than intima (p=0.003). Local GAG content was
correlated positively with fibre dispersion in media and adventitia in the axial and

circumferential directions, but not in either direction of intima, as shown in Figure 3.8.
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(A) Intima in the axial direction (C) Media in the axial direction
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Figure 3.8. Correlation analysis using linear mixed-effects model showing the local correlation between dispersion of collagen fibre orientations and

GAGs area ratio in different layers in both axial and circumferential directions. The non-simultaneous marginal predictions and their confidence

intervals are plotted to illustrate population-wise association.
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3.5 Discussion

This study showed that the distribution of collagen, elastin, GAGs and macrophages was
layer-dependent and GAG deposition was associated with local collagen fibre dispersion.
Collagen and GAG content of unnotched and notched tissue strips was also found to associate

with their extreme extensibilities and material strengths.

The negative relationship between GAG content and material strength and the positive
relationship between GAG content and extreme extensibility in the axial direction implies
that GAGs are a weaker material than collagen. This is in agreement with their molecular
structures that consist of linear chains of repeating disaccharide units*. GAGs are highly
negatively charged and thus sequester water and contribute directly to the compressive, rather
than tensile stiffness of the artery®!*. The negatively charged GAGs could alter the regional
distribution of interstitial water causing a swelling pressure, which has been speculated to be
similar in magnitude to blood pressure®. Such swelling might damage the arterial wall by
separating the fibre lamellae'™, as evidenced by greater separation distances between elastic

lamellae where accumulation of GAGs were found?’.

Apart from the inherent material characteristic of GAGs which will modify the local structure
and strength, the deposition of GAG pools also alters the mechanical environment. Due to the
lower tensile stiffness, pooled GAG deposition could elevate the local stress concentration by
3-5 times as compared with the far-field stresses, which are not affected by the local pooling
of GAGs'. This GAG pooling-induced stress concentration and swelling pressure might cause
local delamination in the aortic wall and therefore contribute to the development of aortic

dissection.

GAG deposition has been thought to play an important role in atherosclerotic plaque erosion
in the coronary arteries. Plaque erosion involves the formation of thrombus in an area of
endothelial denudation adjacent to an atherosclerotic plaque without disruption of the fibrous
cap®'® and is responsible for ~25% of deaths due to acute myocardial infarction'®.
Histopathological analyses have demonstrated the superficial accumulation of specific GAGS
and hyaluronan at the sites of plaque erosion'®, as it can be visualised in Figure 3.9.
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Figure 3.9. A typical case showing luminal thrombi (dark-gray barium gelatin shown at low
power in A; L, lumen) developed over a stable coronary plaque whose luminal surface eroded
and is rich in GAGs (green colour by Movat staining in A and B; F, fibrous tissues with GAG

deposition and fibrin thrombus penetration). Immunohistochemical stains demonstrate
numerous smooth muscle cells at the luminal plaque surface in contact with the thrombus (in

C). Occasional macrophages (in D) are present with negative staining for Human Leukocyte

Antigen — DR Isotype (HLA-DR) (in E), (Adapted with permission from®®).

Glycans are extracellular matrix molecules that play an important role under
physiopathological conditions?®?1. These molecules influence fundamental cellular and
extracellular events associated with the pathogenesis of vascular lesions, such as
thrombosis??, lipid metabolism®2, as well as vascular proliferation® and cell migration®.
Such physiopathologic effect of glycans might contribute to the plaque erosion resulting in
the local formation of fatal thrombosis. As shown in this study, the GAG accumulation

weakens the local material, implying that the superficial accumulation of GAGs can elevate

the local stretch.
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Mechanical simulation results of the atherosclerotic plaque cross-section in Figure 3.9A are
provided in Figure 3.10. The mechanical analysis shown in Figure 3.10 has followed a
previously reported technique by Teng et al.?%, and mechanical properties of each plaque
component were adopted from another study by Teng et al.?”. The elevated stretch level
(Figure 3.10A) might promote local endothelium cell apoptosis®, leading to endothelial
denudation. It also induces specific changes in the synthesis and organisation of GAGs by
vascular smooth muscle cells?, e.g., large stretch increases versican, biglycan and perlecan
core proteins, and this generates a positive feedback loop further promoting the accumulation
of GAGs.

Stretch Ratio
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Figure 3.10. Mechanical simulation results of the atherosclerotic plaque cross-section in
Figure 3.9A. These results demonstrated that the superficial GAG deposition induced
increased local tissue stretch, in particular around the lumen region. In A, the material

properties of tissue regions with GAG deposition were assumed to be the same as lipid; and B
is the case assuming no GAG deposition in the fibrous tissue. If no GAG deposition was

assumed, the stretch level reduced by over 10% (B).

Moreover, given the large stretch together with weaker material, the GAG accumulation might
damage the local tissue integrity by forming micro-fissures. The endothelial denudation and
micro-fissures alone or in combination might lead to the local development of thrombosis and

fatal events?%%0,
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This study also showed a heterogeneous transmural distribution of GAGs. Both intima and
media had a significantly higher GAG content than adventitia, and similar distribution patterns
have been reported in the healthy arterial wall®l. Such heterogeneous transmural distribution
may be a source of residual stress®!, which manifests as an opening angle when a radial cut is

made on a healthy arterial ring® or a ring from atherosclerotic lesion®.

The interaction between GAGs and other extracellular components also plays an important role
in the mechanics of the arterial wall. Although removal of GAGs results in an earlier transition
point of the nonlinear stress-strain curves during extension mechanical testing, the stiffness
was not significantly different after GAG removal®. Microscopic examination showed that
when GAGs were removed, the adventitial collagen fibres were straighter and both elastin and

collagen fibres recruited at lower levels of strain, in agreement with the mechanical change®.

Sodium magnetic resonance imaging (MRI), delayed gadolinium-enhanced MRI of cartilage
(dGEMRIC) and Ti-rho mapping have been developed to permit the visualisation of the
charged GAG distribution in cartilage®. These imaging techniques might be modified for the
detection of GAGs accumulation in the aortic wall, in particular, in the thoracic aorta where
most dissections are located. Successful development of this aspect would be beneficial for a

prediction of dissection development.

Despite the interesting findings obtained, limitations exist in this study: (1) no controls were
provided for comparison, e.g., the GAG contents in the healthy aortic tissues; (2) although
tissues used for histopathological examination were from a narrow adjacent region, the
heterogeneity of aneurysmal tissues means that measurements from adjacent tissue strips might
not represent the inherent histopathological features; and (3) the fibre architecture might be

distorted by the processing procedure for histopathological stains.
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3.6 Conclusion

For the first time, this study has provided a unique comprehensive overview of the critical
role of microstructural components, as well as the role of disease driven changes in their
turnover and architecture on the mechanical properties of aortic aneurysms. It has also
highlighted the important role of GAGs in arterial tissue mechanics, which has been largely
neglected in the field. The obtained results indicate that, any investigation on structure-
mechanics relationship of diseased aortic tissues should also be considering the potential
influence of GAGs on the tissue mechanical and fracture behaviours. Improved
understandings in the contribution of distinct microstructural components on diseased aortic
tissue mechanical properties would assist development of clinical tools for accurate

assessment of patient risk.

3.7 References

1. Sariola, H., Viljanen, T. & Luosto, R. Histological pattern and changes in extracellular

matrix in aortic dissections. J. Clin. Pathol. 39, 1074-81 (1986).

2. Karangelis, D. E. ef al. Glycosaminoglycans as key molecules in atherosclerosis: the

role of versican and hyaluronan. Curr. Med. Chem. 17,4018-26 (2010).

3. Camejo, G. The interaction of lipids and lipoproteins with the intercellular matrix of

arterial tissue: its possible role in atherogenesis. Adv. Lipid Res. 19, 1-53 (1982).

4. Jufri, N. F., Mohamedali, A., Avolio, A. & Baker, M. S. Mechanical stretch:
physiological and pathological implications for human vascular endothelial cells. Vasc.

Cell 7, 8 (2015).

5. Sotoudeh, M. et al. Induction of apoptosis in vascular smooth muscle cells by

mechanical stretch. Am. J. Physiol. Heart Circ. Physiol. 282, H1709-16 (2002).

6. Humphrey, J. D. Possible mechanical roles of glycosaminoglycans in thoracic aortic
dissection and associations with dysregulated transforming growth factor-f. J. Vasc.

Res. 50, 1-10 (2013).

7. Roccabianca, S., Ateshian, G. A. & Humphrey, J. D. Biomechanical roles of medial
pooling of glycosaminoglycans in thoracic aortic dissection. Biomech. Model.

Mechanobiol. 13, 13-25 (2014).

91



10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

Mattson, J. M., Turcotte, R. & Zhang, Y. Glycosaminoglycans contribute to
extracellular matrix fiber recruitment and arterial wall mechanics. Biomech. Model.

Mechanobiol. 16, 213-225 (2017).

Wang, S. et al. Bayesian inference-based estimation of normal aortic, aneurysmal and
atherosclerotic tissue mechanical properties: from material testing, modelling and

histology. IEEE Trans. Biomed. Eng. 1-1 (2019). doi:10.1109/TBME.2018.2886681

Otsu, N. A Threshold Selection Method from Gray-Level Histograms. /IEEE Trans.
Syst. Man. Cybern. 9, 62—66 (1979).

MathWorks. Matlab R2017b Documentation. (2017). at
<https://uk.mathworks.com/help/images/ref/multithresh.htmI>

Fung, Y.-C. Biomechanics: Mechanical Properties of Living Tissues. (Springer New

York, 1993). doi:10.1007/978-1-4757-2257-4

Humphrey, J. D. Cardiovascular Solid Mechanics: Cells, Tissues, and Organs.
(Springer New York, 2002). doi:10.1007/978-0-387-21576-1

Alberts, B. et al. Molecular Biology of the Cell. (Garland, 2002).

Evanko, S. P. et al. Platelet-derived growth factor stimulates the formation of versican-
hyaluronan aggregates and pericellular matrix expansion in arterial smooth muscle

cells. Arch. Biochem. Biophys. 394, 29-38 (2001).

Hosoda, Y. & Iri, H. Angiolathyrism. 1. A histological and histochemical study on
successive changes of the lathyritic rat aorta. Acta Pathol. Jpn. 16, 239-52 (1966).

Guo, D.-C. et al. Familial thoracic aortic aneurysms and dissections: identification of a
novel locus for stable aneurysms with a low risk for progression to aortic dissection.

Circ. Cardiovasc. Genet. 4,36—42 (2011).

Arbustini, E. ef al. Plaque erosion is a major substrate for coronary thrombosis in acute

myocardial infarction. Heart 82, 269-72 (1999).

Farb, A. et al. Coronary plaque erosion without rupture into a lipid core. A frequent
cause of coronary thrombosis in sudden coronary death. Circulation 93, 135463

(1996).
Wight, T. N. Cell biology of arterial proteoglycans. Arteriosclerosis 9, 1-20
Wight, T. N., Lara, S., Riessen, R., Le Baron, R. & Isner, J. Selective deposits of

92



22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

versican in the extracellular matrix of restenotic lesions from human peripheral

arteries. Am. J. Pathol. 151, 963-73 (1997).

Bourin, M. C. & Lindahl, U. Glycosaminoglycans and the regulation of blood
coagulation. Biochem. J. 289 ( Pt 2, 313-30 (1993).

Williams, K. J. & Tabas, 1. The response-to-retention hypothesis of early
atherogenesis. Arterioscler. Thromb. Vasc. Biol. 15, 551-61 (1995).

Wight, T. N., Potter-Perigo, S. & Aulinskas, T. Proteoglycans and vascular cell
proliferation. Am. Rev. Respir. Dis. 140, 11325 (1989).

Wight, T. N., Kinsella, M. G. & Qwarnstrom, E. E. The role of proteoglycans in cell
adhesion, migration and proliferation. Curr. Opin. Cell Biol. 4, 793-801 (1992).

Teng, Z. et al. Coronary plaque structural stress is associated with plaque composition
and subtype and higher in acute coronary syndrome: The BEACON i (Biomechanical
Evaluation of Atheromatous Coronary Arteries) study. Circ. Cardiovasc. Imaging 7,

461-470 (2014).

Teng, Z. et al. Material properties of components in human carotid atherosclerotic

plaques : a uni-axial extension study. ACTA Biomater. 10, 5055-5063 (2014).

Lee, R. T. et al. Mechanical strain induces specific changes in the synthesis and
organization of proteoglycans by vascular smooth muscle cells. J. Biol. Chem. 276,

13847-51 (2001).

Kolodgie, F. D. et al. Differential accumulation of proteoglycans and hyaluronan in
culprit lesions: insights into plaque erosion. Arterioscler. Thromb. Vasc. Biol. 22,

1642-8 (2002).

Partida, R. A., Libby, P., Crea, F. & Jang, 1.-K. Plaque erosion: a new in vivo
diagnosis and a potential major shift in the management of patients with acute

coronary syndromes. Eur. Heart J. 39,2070-2076 (2018).

Azeloglu, E. U., Albro, M. B., Thimmappa, V. A., Ateshian, G. A. & Costa, K. D.
Heterogeneous transmural proteoglycan distribution provides a mechanism for
regulating residual stresses in the aorta. Am. J. Physiol. Heart Circ. Physiol. 294,
H1197-205 (2008).

Chuong, C. J. & Fung, Y. C. On residual stresses in arteries. J. Biomech. Eng. 108,

93



33.

34.

189-92 (1986).

Teng, Z. et al. A uni-extension study on the ultimate material strength and extreme
extensibility of atherosclerotic tissue in human carotid plaques. J. Biomech. 48, 3859—
67 (2015).

Gray, M. L., Burstein, D., Kim, Y.-J. & Maroudas, A. Magnetic resonance imaging of
cartilage glycosaminoglycan: Basic principles, imaging technique, and clinical

applications. J. Orthop. Res. 26,281-291 (2008).

94



Chapter 4

Constitutive modelling of healthy aortic, aneurysmal

and atherosclerotic tissue mechanical properties

The author of this dissertation carried out all of the work and analysis in this chapter except
as specified below. Shuo Wang from Department of Radiology, University of Cambridge
optimised the Bayesian inference-based estimation algorithm for fitting of the arterial tissue
strip stress-stretch curves and the data analysis was performed together with Shuo Wang.
The work described in this chapter has been published! as described in the Publications
section at the beginning of this dissertation. Permission has been obtained to use the contents

of the published paper in this dissertation.
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4.1 Abstract

Mechanical properties of healthy, aneurysmal and atherosclerotic arterial tissues are essential
for assessing the risk of lesion development and rupture. Constitutive modelling with the
strain energy density function (SEDF) has been widely used to describe these properties,
where material constants of the SEDF are traditionally determined using the ordinary least
square (OLS) method. However, the material constants derived using OLS are usually
dependent on initial guesses. To avoid such dependencies, Bayesian inference-based
estimation was used to fit experimental stress-stretch curves of 312 tissue strips from 8
normal aortas, 19 aortic aneurysms and 21 carotid atherosclerotic plaques to determine the
constants, C;, D, and D, of the modified Mooney-Rivlin SEDF. Compared with OLS,
material constants varied much less with prior in the Bayesian inference-based estimation.
Moreover, fitted material constants differed amongst distinct tissue types. Atherosclerotic
tissues associated with the largest D, an indicator of the rate of increase in stress during
stretching, followed by aneurysmal tissues and those from normal aortas. Histological
analyses showed that C; and D, were particularly associated with details of the collagen
configuration, specifically waviness and dispersion in the structure. Bayesian inference-based
estimation robustly determines material constants in the modified Mooney-Rivlin SEDF and
these constants can reflect the inherent physiological and pathological features of the tissue

structure.

4.2 Introduction

In the current clinical practice, luminal stenosis and maximum wall diameter are the only
validated risk assessment criteria for atherosclerotic disease and aneurysm, respectively.
However, such size-based criteria showed only limited sensitivity and specificity®>.
Therefore, there is a clear need for novel risk-stratification biomarkers to estimate the risks of

atherosclerosis and aneurysm in the hope of improving patient outcomes.
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Under physiological conditions, both lesions are subject to mechanical loading due to
dynamic blood pressure and flow. It has been shown that mechanical loading within the
arterial tissue structure has an association with biological activities within the lesion®1°,
which can promote its development!**3 leading to both progression and rupture. Accurate
characterisation of mechanical properties of atherosclerotic and aneurysmal tissues is
required for reliable prediction of mechanical loading in the lesion structure. A reliable
prediction process should follow the steps of: (1) direct measurement of tissue stress-stretch
curvel®; (2) carefully selected SEDF*®; and (3) determination of material constants in SEDF
with an optimization method to minimise the objective function, which describes the
difference between the predicted and measured stress-stretch curves. Several SEDFs have
been used to characterize the tissue material®®. It is challenging to obtain a robust estimation
of material constants in an SEDF with traditional least squares methods, which often
converge to a local minimum of the objective function in a narrow region around the initial
guesses. This yields different sets of constants that can all fit the experimental data well.
Although these distinct sets of material constants can lead to very similar stress predictions®®,
it is inappropriate to characterise the tissue mechanical behaviour by using regressed material
constants, whose values are highly dependent on their initial guesses. In other words, it is

incorrect to assign a physical meaning to these regressed constants.

In this study, Bayesian inference was used to estimate the probability of each material
constant across a wide range and the expectation was used to characterise the material
constants for each tissue strip. This approach avoided non-uniqueness of parameter
estimation associated with the commonly utilised least squares estimation method. With
Bayesian inference, the fitted material constants gained uniqueness, which allowed
identification of the physical meaning of each constant and enabled comparisons between the
obtained parameters among distinct sample types. The correlation of those parameters with
the corresponding microscopic structures was also investigated for the first time. The
capability of the determined material constants to differentiate tissues from normal aorta,
carotid atherosclerotic plaque and aortic aneurysm were assessed and the association between

determined material constants and collagen fibre architecture in the tissue was explored.
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4.3 Materials and methods

This section will describe the experimental methodology and the subsequent analysis that
were used for constitutive modelling of healthy aortic, aneurysmal and atherosclerotic tissue

pieces, as well as the parameters that were used to quantify the architecture of collagen fibres.

4.3.1 Collection of tissue samples and material testing

In this study, stress-stretch curves from direct material testing with 8 normal aortas®®, 19
aortic aneurysms'® and 21 carotid atherosclerotic plaques'* were collected from previous
studies, except for 8 aneurysm samples. These 8 new aneurysmal samples are those utilised in
the studies of Chapter 2 and Chapter 3. Details of patient demographics, tissue preparation
and material testing protocol have been described in the two previous studies'*8, as well as
in Chapter 2 and Chapter 3. In brief, tissue strips from different arterial layers and distinct
atherosclerotic plaque components were prepared for uniaxial tensile testing. Waterproof
markers were placed on the tissue surface and each strip was mounted on an in-house
designed micro tester. After pre-conditioning, the strip was pulled slowly until failure with
the force and position of markers recorded. A displacement rate of 0.01 mm-s™ was used in
all tensile tests. The stress-stretch curve of each strip was then derived from the recorded
signals, considering the initial dimensions and by assuming incompressibility. The initial
width and thickness of the sample strips were measured from high-resolution images with
ruler calibration in MATLAB.

4.3.2 Strain energy density function

In this study, the modified Mooney-Rivlin SEDF was used to characterise the mechanical

behaviour of the tissue strips based on the consideration of material stability®,

W = Cy(I; —3) + Dy[eP2h=3 — 1] + £ — 1) (4.1)

where, I; = J72/31,; I, is the first invariant of the unimodular component of the left Cauchy-
Green deformation tensor; J is the determinant of the deformation gradient; ¢ is the
Lagrangian multiplier for the assumption of incompressibility; C;, D; and D, are the

empirical material constants to be determined by experimental data.
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In the case of a uniaxial tensile experiment, the Cauchy stress g;, along the tensile direction

is derived as,

61.(1) = 2 (,12 - %) [cl + DlDzeDz(”*%*)] (4.2)

where,

A = Stretch ratio

4.3.3 Ordinary least square fitting method

The OLSY fitting method was used to determine the material constants in Equation 4.1 by
finding the local minimum of the objective function S(C;, D,, D,) around the initial guess of
(C101 DlO! DZO)!

N

S(Cy,Dy,D,) = Z[Ufuc - Uﬁk]z (4.3)
k=1

where, N is the number of data points, {;;, and o4, are the kth predicted and measured
Cauchy stresses, respectively. All material constants were constrained to be positive to avoid
any unphysical phenomenon. The relative error, y was used to assess the fitting quality'®,

N P M
i=klo11k — 011kl

Iiv=k|0-11\/{k|

x 100% (4.4)

4.3.4 Bayesian inference framework

In Bayesian inference, all unknown parameters are treated as random variables 6. Given the
experimental data D, its aim is to estimate the conditional distribution of unknown
parameters p(0|D), which is referred to the posterior distribution (“posterior ). First a prior
distribution (“prior ) p(0) is assumed to represent the prior knowledge about unknown
parameters. The prior distribution can be adapted from previous studies and/or from experts’
opinions. If there is no established prior distribution for a problem, a non-informative prior

can be applied using the Principle of Maximal Entropy'®~!.
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An appropriate noise model and chosen constitutive equations are used to derive the

likelihood function ( “likelihood”’) p(D|@). The posterior can be calculated by linking the

prior and the likelihood using Bayes’ theorem!*?!,

p(6) x p(D|6)
p(D)

The denominator of Equation 4.5 is a constant referred to as the probability of the evidence

p(0|D) = (4.5)

(“evidence ) and given by,

p(D) = f p(8) x p(D|6)d6 (4.6)

The multi-dimensional integral in Equation 4.6 is generally difficult to evaluate. If the

unknown parameters are the only ones of interest, Equation 4.6 can be rewritten as'®2?,

p(6|D) o« p(8) x p(D[6) (4.7)
Sampling methods, e.g., Markov Chain Monte Carlo (MCMC), can be applied to explore the
posterior without explicitly computing the evidence (Equation 4.6). The strategy is to draw
samples from a distribution similar to the posterior by using effective sampling methods.
More details about Bayesian inference and different sampling methods can be found in

references!® 2,

When Bayesian inference is used to estimate the material constants in Equation 4.1, a

Gaussian noise model*®-?! is introduced for the uncertainty, hoping that o1}, (1) equals

U%k(ﬂ)a
o, (1) =2 (/12 - %) [61 + DlpzeDz(’“*% ‘3)] + (0, &2) (4.8)

where, V' (0, £2) is the additive Gaussian noise with zero mean and variance £ (standard

deviation €). Therefore, the likelihood function can be written as,

N
P(DICy, Dy, D5, 8) = | [N (ot = othelo,e?) (4.9)
k=1

where, N is the number of experimental data points. In this study, the prior for C;, D;, D, and
e were assumed to be uniform distributions with ranges of [0, 5000] kPa, [0, 5000] kPa, [0,
5000] and [0, 5000] kPa, respectively.
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The sensitivity to the prior was tested. The MCMC with Gibbs sampling method was
implemented in the software WinBUGS (MRC Biostatistics Unit, University of Cambridge,
Cambridge, UK) to estimate the posterior distribution of the parameters, i.e. p(@|D). The
mean and standard deviation of the posterior was calculated for further analyses amongst

tissues from different types of lesions and distinct morphological component.

4.3.5 Quantitative histological analysis

24 tissue strips adjacent to those used for mechanical testing from the 8 aneurysmal samples
(1 strip from each of the intima, media and adventitia layers of each sample) were submitted
to histological examination, where details of the histological processing protocol are
described in Chapter 3. In brief, tissue slices in 4 um thickness were stained with EVG and
Sirius Red to visualise the elastin and collagen contents, respectively. Stained histological
tissue slices were digitised with the NanoZoomer Slide Imaging System (Hamamatsu,
Hamamatsu City, Japan) into 904 nm resolution RGB images. Elastin appears dark in EVG
stain, and collagen appears red in Sirius Red stain. Elastin and collagen percentage of each
tissue slice, as well as the collagen fibre dispersion (k; a parameter describing the scatter of
fibre orientations), and collagen fibre waviness, w were quantified using the in-house
designed MATLAB-based software as described in Chapter 3. The software was optimised
with the help of Nichola Figg from the Department of Medicine, University of Cambridge,
who is a senior histologist with over 15 years of experience in histological analysis of

diseased arterial tissues.

Based on the segmented results from Sirius Red stained images, the waviness and dispersion
were computed. Considering the heterogeneous distribution of collagen fibres, 16 square
patches with 0.18 mm (200 pixels) in length were independently and randomly drawn in the
tissue region. The final waviness, w and dispersion, k of the overall image was computed as
the average of results from the 16 patches. For each square patch, each disconnected collagen

fibre was recognized from the segmented mask.

In this study, the area percentages of elastin and collagen, as well as the collagen fibre
orientation parameters x, and w were used to characterise the fibre architecture in the
structure. Details of the collagen fibre dispersion, k and waviness, w parameters are provided

in the following sections.
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4.3.5.1 Dispersion of collagen fibres

Distribution of the collagen fibre orientations was characterised with the 2D planar form of
the transversely isotropic and m-periodic von Misses distribution, similar to the methodology

utilised in previous work on mathematical characterisation of arterial tissue??-24,

The probability density function, p(8) of the von Misses distribution was used to quantify the

distribution of collagen fibre orientations within the 0° to 180° range:

b exp [b(cos(26)+1)]
2m erfi(v2b)

p(6) =4 (4.10)

where,
b = Concentration parameter
erfi(x) = Imaginary form of the error function

Imaginary form of the error function, erfi(x) was used in the equation above, so as to express
the equation in the general form, which accounts for the imaginary values of x.The error
function, erf(x) is a statistical tool that is used to predict the probability that a sample from a

set of measurements has a difference less than x from the mean.

Concentration parameter, b in the equation above quantifies the degree of concentration of
the angles that constitute the distribution around their mean. If b = 0, the distribution
becomes uniform, which means that the angles of the distribution do not have a preferred
orientation, where for larger values of b, the angles become more concentrated around their

mean.

In contrast to the concentration parameter, a dispersion parameter, k is commonly used to
quantify the degree of dispersion of the distribution, which is defined in terms of the

probability density function, p(6) as:

1180 3
K= Zfo p(8)sin36do (4.11)
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The relationship between the concentration parameter, b and the dispersion parameter, x is
illustrated in Figure 4.1, where the relationship is defined only for values of k between and
including 0 and 1/3.

0.3+

0.2+

Dispersion Parameter, x

T T 1
5 10 15 20

Concentration Parameter, b

Figure 4.1. The relationship between the concentration parameter, b and the dispersion

parameter, x (Adapted with permission from?4).

It can be visualised in Figure 4.1 that, when x = 0, the value of b approaches infinity, which
indicates that the angles that constitute the distribution are all concentrated at their mean
orientation. On the other hand, when k = 1/3, b approaches to zero and the angles attain an

isotropic distribution.

A graph of the probability density function, p(8) versus the preferred orientation
misalignment angle curves, for different values of the dispersion parameter, k is provided in
Figure 4.2. The preferred orientation misalignment angles were determined by wrapping each

distribution of angles with a mean of 0° within the -90° to +90° range.
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The preferred orientation in Figure 4.2 is equivalent to the mean orientation of each group of

collagen fibres.

16
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Figure 4.2. The probability density function, p(6) versus the preferred orientation
misalignment angle curves, for different values of the dispersion parameter, k (Adapted with

permission from?).

4.3.5.2 Waviness of collagen fibres

To compute the waviness, w of collagen fibres, their major axis lengths and perimeters were
determined by applying the regionprops function in MATLAB to their segmented masks.
Smaller values of w correspond to wavier fibres, and w=1 indicates straight fibres. The
waviness, w of each fibre was calculated as:

w = Perimeter -1 (4-12)

2 X Major axis length
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4.3.6 Statistical analysis

The correlation between the percentage of collagens and the estimated material constants was
assessed using Spearman correlation test. In this study, multiple samples were collected from
each tissue piece and the linear mixed effect model was constructed to assess the difference
of parameters from different tissue types, considering both random and fixed effects.
Differences in microstructural constituent percentages between different tissue types were
evaluated using the Wilcoxon signed rank test. The statistical analysis was performed in

MATLAB. A significant difference was assumed if p<0.05.

4.4 Results

In this study, stress-stretch curves from 312 tissue strips in the circumferential artery

direction were analysed using both OLS and Bayesian inference (Figure 4.3).

500

mmm= OLS - Initial guessed wales 1

400 OLS - Initial guessed vales 2

OLS - Initial guessed values 3

= = Bayesian inference
+ Experimental data points
~ 300
7 200
100
0
1 12 14 16 1.8

Stretch ratio

Figure 4.3. A representative example showing the fitted results using OLS method and
Bayesian inference (initially guessed values 1 of (C;, D, D,) are (1, 1, 1), values 2 are (10,
10, 10), and values 3 are (100, 100, 100); the detailed fitted results are listed in Table 4.1; the

experimental data were acquired from a media strip of a normal aorta).
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In detail, the curves were from 15 media and 15 adventitial strips of 8 normal aortas; 28
adventitial, 36 media, 8 thickened intima and 27 thrombus strips of 19 aortic aneurysms; 65
media, 59 fibrous cap (FC), 38 lipid, and 21 intraplaque haemorrhage/thrombus (IPH/T)
strips of 21 carotid atherosclerotic plaques. The difference in material constants determined
by Bayesian inference of different tissue types was explored and the association between

determined constants and tissue micro architectures was investigated.

4.4.1 Case study on material constants’ uniformity

Figure 4.3 provides a representative example showing the fitted results using the OLS fitting
method and Bayesian inference. The determined material constants were dependent on initial
guesses when the OLS method was used. In the cases shown in Figure 4.3, when the initial
guesses of (1, 1, 1) and (10, 10, 10) were used, the fitting results were very different (Table
4.1). A certain choice of initial guesses, e.g., (100, 100, 100), might lead to a poor regression
(Figure 4.3). It is therefore inappropriate to use material constants determined by OLS to
characterise the mechanical properties of arterial tissues. On the contrary, based on Bayesian
inference, the determined material constants showed little changes (<5%) when the prior

ranges of C;, D; and D, all increased ten times from [0, 1000] to [0, 10000].

Table 4.1. Representative regressions using the OLS method with different initial values and

Bayesian inference procedure with different prior ranges.

Fitting Method C, (kPa) D4 (kPa) D, vy

OLS - Initial values (1, 1, 1) 2.19 4.00 2.12 3.3%
OLS - Initial values (10, 10, 10) 25.56 0.04 5.27 15.1%
OLS - Initial values (100, 100, 100) 39.10 2.65x10%  19.92 444.5%
OLS - Initial values (0, 1, 0) 6.17 2.84 2.31 3.1%
Bayesian inference (Prior [0, 1000]) 3.11 3.72 2.16 3.3%
Bayesian inference (Prior [0, 5000])  3.26 3.67 2.17 3.3%
Bayesian inference (Prior [0, 10000]) 3.20 3.68 2.17 3.3%
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In general, if the initially guessed value is properly chosen, OLS can fit the experimental data
well. The fitting quality y was 8.5% [6.0, 12.1] (Median [Interquartile range]), which is
slightly better than that of the Bayesian inference-based estimation (8.8% [6.0, 12.3],
p<0.0001).

4.4.2 Bayesian inference-based material constants of different tissue types

The values of C;, D, and D, for each type of tissue are provided in Figure 4.4 (the outliers

that are out of 1.75 quartile range were not shown) with actual values listed in Table 4.2.
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Figure 4.4. The visualisation of (C;, D,, D,) of different tissue strips from different types of
samples (A: tissue strips of media and adventitia from normal aortas; B: tissue strips of
media, adventitia, thickened intima and thrombus from aortic aneurysms; C: tissues strips of
media, fibrous cap, lipid and intraplague haemorrhage/thrombus from carotid atherosclerotic

plaques; Unit of C; and D; is kPa and D, is dimensionless).
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Table 4.2. Bayesian inference-based estimations for different types of tissues (Median

[Interquartile range]).

C, (kPa) D, (kPa) D, Y (%)

Normal aorta ~ Media 4.53[0.88,10.84] 3.68[1.19,9.21] 253[L1.74,4.29]  3.3[2.3, 4.5]

Adventitia 1.04[0.60,3.46] 1.46 [0.75,6.51] 3.57[3.12,5.26] 9.8 [5.5, 13.6]

Aneurysm Media 1.81[0.83,6.31] 2.33[0.79,4.02] 16.77[9.12,25.71] 11.8[8.8, 14.7]
Adventitia 0.96 [0.30,2.88]  0.79[0.56, 3.40]  8.04 [5.60,12.13]  12.0 [7.2, 14.8]
Intima ~ 3.27[0.74,20.91] 7.98 [3.82, 21.42] 6.05[3.04,10.44]  7.9[5.6, 11.5]

Thrombus  0.46 [0.12, 1.17]  5.34[1.66,9.90] 2.80[0.59,10.77]  8.3[7.2, 14.1]

Atherosclerosis Media 3.34[1.44,9.60] 2.27[1.45,3.62] 21.78[16.16,35.24] 7.7[6.6, 9.6]
FC 4.87[2.50,12.33] 2.21[1.26,4.16] 28.06 [17.95,44.17] 9.2[7.0, 11.5]
Lipid 1.48[0.71,5.62] 1.40[0.28,4.15] 10.07 [6.42,23.66] 8.4[5.9, 11.4]

IPH/T 0.79[0.18,1.47] 1.17[0.44,2.20] 10.58[5.45,13.63] 10.8[8.2, 18.4]

In normal aorta, the media and adventitia have comparable C; , D, and D, (p=0.18, 0.33, and
0.14, respectively). Samples from the aortic aneurysm, media and thickened intima showed a
comparable C; (p=0.50), which is significantly higher than that in either adventitia or
thrombus (p<0.05). Adventitia has the lowest value of D; (p<0.005); intima has the highest
value of D; (p<0.01) but is comparable with the value for thrombus (p=0.21). Media has the
highest D, value compared with adventitia, thickened intima and thrombus (p<0.05); and

thrombus has the lowest value of D, (p<0.05) but is comparable with that of intima (p=0.29).

In carotid atherosclerosis, media and FC have a comparable C; (p=0.33), significantly higher
than those of lipid and IPH/T (p<0.05). Compared with IPH/T, the C; value of lipid is
significantly higher (p=0.03). The value of D, for media, FC and lipid is comparable
(»>0.05), and IPH/T has the lowest value of D; compared with media and FC (p<0.01) but is
comparable with that of lipid (p=0.87). Both media and FC have a comparable D, (p=0.33),
as do lipid and IPH/T (p=0.39); both media and FC have a significantly higher D, than either
lipid or IPH/T (p<0.005).
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Media is the only common tissue type in normal aorta, aortic aneurysm and atherosclerotic
plaque. Only material constants of media of these three types of tissue were therefore
compared. The C; value of media from normal aorta, aortic aneurysm and carotid
atherosclerotic plaque is comparable (p>0.05), as is D; (p>0.05). However, D, has the
capacity to differentiate all three types of tissues. In general, smaller values of D, correspond
to more extensible tissues (Figure 4.5D). The value of D, for the media from both aneurysm
and plaque is significantly larger than that from normal aorta (»p<0.0001), and the D, value of

media from plaque is much larger than that from aneurysm (p=0.022).

4.4.3 Material constants and microstructural architecture of the tissue

24 tissue strips adjacent to those used for mechanical testing from the 8 aneurysmal samples
were submitted for histological examination to study the collagen (Figure 4.5) and elastin in

the tissue microstructure.

(A) Thickened intima
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Figure 4.5. Representative Sirius Red stained images showing the collagen fibres in red in the
thickened intima (A), media (B) and adventitia (C) of an aortic aneurysm. D: stress-stretch

curves of the tissue strips that are shown in A-C. (More extensible tissues have smaller D>).
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As shown in Figure 4.6A, the area percentage of elastin in both thickened intima and media is
higher than the adventitia, and thickened intima has the lowest area percentage of collagen
(Figure 4.6B), followed by media, where the adventitia has the highest area percentage of
collagen. The difference in elastin content in these three layers (Figure 4.6A) is consistent

with the difference in C; value as listed in Table 4.2.
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Figure 4.6. Comparison of area percentage of elastin (A) and collagen (B) contents in the

thickened intima, media and adventitia from the 8 aortic aneurysms.

Compared with the media, the collagen fibre dispersion, k is much bigger (0.14 [0.13, 0.15]
vs 0.23 [0.19, 0.25], p=0.008), and the waviness, w is higher in the adventitia (0.07 [0.09,
0.12] vs 0.16 [0.15, 0.18], p=0.008). When k, w, D, and D, of media and adventitia were
pooled, k was inversely associated with D, (p=-0.61, p=0.014) and w was inversely
associated with D, (p=-0.73, p=0.002) (Figure 4.7); but no association was found between D

and k or w.
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Figure 4.7. The association between D> and (A) collagen fibre dispersion, x and (B)

waviness, w.

4.5 Discussion

Bayesian inference estimates the distribution of material parameters in the constitutive model
rather than finding their point-based estimations. It is used in this study to avoid the
sensitivity to initial guesses when OLS method is used, allowing characterisation of the tissue
through comparison of material constants. Obtained results indicated that C; , D, and D, were
tissue type dependent. In particular, D, is the most sensitive parameter in differentiating
tissues of distinct arterial layers from a single type of sample, or of the same layer between
different type of samples; and D, is also associated with tissue architectures, e.g., fibre
dispersion and waviness. In general, atherosclerotic tissues have the biggest D, values,

followed by those from aneurysms and then normal aortas.

A proper choice of both SEDF and material constants is important for material stability and
numerical convergence in computational studies that aim to predict stress distribution within

the lesion®®,
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The robustness of the SEDF is reflected by its ability to reproduce several modes of
deformation, including, but not limited to uniaxial, biaxial and pure shear deformations®®.
Considering its stability and broad capacity in characterizing distinct material properties, the
modified Mooney-Rivlin SEDF appears as a practical choice for mechanical analyses to
predict the critical mechanical conditions within vascular lesions, such as carotid
atherosclerotic plaques®. In this study, stress-stretch data from uniaxial testing was used,
since it is nearly impossible to perform biaxial and pure shear testing with atherosclerotic
tissues, because of their non-homogeneity and irregularity.

Regarding material constants of the SEDF, using constraints on their values can make the
SEDF convex to achieve material stability to a particular extent?®. Although a wide search
with multiple initial guesses might alleviate the sensitivity of material constants to the initial
guess, an exhaustive search is not possible and moreover, different sets of material constants
may all have a satisfactory regression, e.g., with a small y value. However, this does not
imply that the OLS provides unigueness to the material constants as Bayesian approach does
in a large space. For example, the initial guesses of (1, 1, 1) and (0, 1, 0) can both fit the
experimental data points shown in Figure 4.3 well, but with very different material constants,
in particular, C; and D, (Table 4.1). The employment of Bayesian inference-based approach
can eliminate such dependencies. It provides an estimation of the distribution of the
parameters instead of a point estimation. The expectation of the distribution is used as the
determined material constant which provides the uniqueness, in particular for noisy data

(please refer to Figure 4.8 and Table 4.3 and the associated discussion below for details).

The non-uniqueness of parameter estimation associated with OLS might be avoided with a
hybrid approach by searching different initial guesses aiming at a global minimisation within
a large space. MultiStart Algorithm?® implemented in Global Optimization Toolbox of
MATLAB was used to follow this principle. A parameter study was performed to compare the
difference between this and Bayesian inference-based approaches. A standard stretch-stress
curve was generated using C; =3.26 kPa, D; =3.67 kPa, D, =2.16 that fit the experimental

data shown in Figure 4.3, which is illustrated as the No noise curve in Figure 4.8.
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Figure 4.8. Representative curves with Gaussian noise and with different standard deviations

(The template curve was generated with C; =3.26 kPa, D; =3.67 kPa, and D> = 2.16).

Gaussian noise with three different standard deviations (¢ =1, 5 and 10 kPa) was added to the
curve (Figure 4.8) and the noising process was repeated independently for 1000 times for
each o to generate 1000 artificial curves. OLS with initial guesses of (0, 1, 0) and (1, 1, 1),
OLS with MultiStart Algorithm and Bayesian inference-based approach were used to identify

the constants as listed in Table 4.3.

In the case of no noise, the OLS method with initial guess (0, 1, 0) found a local minimum,
where the fitted results did not match the gold standard well. The OLS method with (1, 1, 1)
achieved equally good fitting results compared to OLS method with global minimisation
algorithm, indicating (1, 1, 1) is a good initial guess. The Bayesian method found
approximately the same parameters, with a gamma value of 0.1%. For all approaches, the

shifting mean value of constants and increased vy at higher noise levels were found.
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Table 4.3. Comparison of material constant determination methods (results are presented in

Mean+SD).

Noise Methods for the determination

(kPa) of material constants Ci(kPa)  Di(kPa) D v (%)

0 OLS - Initial values (0, 1, 0) 1.19 4.36 2.06 0.60
OLS - Initial values (1, 1, 1) 3.26 3.67 2.16 0.00
OLS with MultiStart Algorithm 3.26 3.67 2.16 0.00
Bayesian inference 3.25 3.67 2.16 0.10

1 OLS - Initial values (0, 1, 0) 1.64+0.86 4.22+0.30 2.08+0.04 1.0+0.1
OLS - Initial values (1, 1, 1) 3.35£0.48 3.65+0.16 2.16+0.02 0.9+0.1
OLS with MultiStart Algorithm 3.36£0.47 3.65+0.15 2.16+0.02 0.9+0.1
Bayesian inference 3.32£0.48 3.67+0.16 2.16+0.03 0.9+0.1

5 OLS - Initial values (0, 1, 0) 1.57+£1.75 4.30+0.60 2.08+0.10 4.6+0.5
OLS - Initial values (1, 1, 1) 3.71+2.28 3.62+0.73 2.18+0.12 4.5+0.5
OLS with MultiStart Algorithm 3.71+2.28 3.62+0.74 2.18+0.12 4.5+0.5
Bayesian inference 3.56x£1.65 3.66+0.54 2.18+0.10 4.9+0.7

10 OLS - Initial values (0, 1, 0) 1.71+2.70 4.37+£1.00 2.08+0.18 9.0+1.0
OLS - Initial values (1, 1, 1) 4.41+390 3.54+123 2.22+0.23 9.0+1.1
OLS with MultiStart Algorithm 4.41+390 3.54+123 2.22+0.23 9.0+1.1
Bayesian inference 4.20+2.32 3.59+0.73 2.20+0.15 9.8+1.5

Bayesian method obtained similar mean values and standard deviations to the OLS method

with global minimization, although when the noise level increased to 5 kPa and higher,

Bayesian inference-based approach performed slightly better with a closer mean value to the

gold standard and smaller standard deviation. It can be expected that its performance could be

further improved with an appropriate prior. Other sophisticated minimization algorithms,

e.g., genetic algorithms?’, are also available to achieve a global optimum within a large space

to avoid non-uniqueness in material parameters identification.
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The material constants, C; , D, and D, contribute differently to the stress when the tissue strip

is subject to stretching as shown in Equation 4.2. Taking the results in Figure 4.3 as an

example, when A=1.2 the term with C; contributes 21.2% to the total stress and the term with

D, and D, contributes the rest; when 41=1.6, the proportion from the term with C; decreases to

6.3%, and that from D; and D, increases to 93.7%. In general, the change in curve is

insensitive to the change of C;, more prominent with changes in D;, and very profound with

changes in D,.

The quantitative relationship between the stress change and the change of constants can be

found through individual partial derivatives,

doy, (1) _ , 1
e =2 (/1 _ I) (4.13)
doy (1) , 1 Dz()L2+2 -3)
o =2 (/1 _ i) D,e (4.14)
do11(1) , 1 s, 2 D (/12+2 -3)
= —_—— —_ 2 /1
5= 2D (/1 /1) [1 4D, (,1 +2 3)]e (4.15)

Therefore, the change in each constant has a distinct effect on the calculated stress. Figure 4.9
shows the stress-stretch curves when C;(=3.26 kPa), D,(=3.67 kPa) and D,(=2.17) decrease
by 50% and increase by 50% in intervals of 10%.
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Figure 4.9. The change of stress-stretch curves with the change of C;, D; and D, (all

constants decrease and increase 50% from the baseline values of C;=3.26 kPa, D;=3.67 kPa

and D,= 2.17, which are from the case shown in Figure 4.3).
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The extracellular matrix components, specifically the mix of elastin and collagen in the vessel
wall, determine the passive mechanical properties of large arteries. C;, D; and D, might be
used to characterise their mechanical behaviour under physiological and pathological
conditions. In an unloaded healthy artery, both elastin and collagen appear undulated and
wavy, where they straighten as the artery begins to bear load?®. The elastin is mostly straight
at physiological pressures?®. Upon involvement of C;, the term in Equation 4.1 and Equation
4.2 may reflect this procedure. In contrast to the elastin, less than 10% of the collagen fibres
are straight and load-bearing at physiological pressures®®. As the pressure increases, more
collagen fibres become load-bearing and their stiffness limits arterial distension, providing
the classical nonlinear behaviour observed in arterial mechanics®. This is characterised by
the term in Equation 4.1 and Equation 4.2 with D; and D, involvement, particularly, D,
dominates the rate of increase in stress. Elastin and collagen fibres can be degraded by
several members of the MMP family. Increased expression of MMP-1 and MMP-9, for
example, have been reported in aneurysms, which are characterized by fragmentation of both
elastin and collagen fibres®!, where the increased expression of MMP-2 is localized to sites of
fragmentation in the elastic lamellae®. These pathological changes lead to a stiffer artery,
that is, stress increases quicker during stretching. The bigger D, value of aneurysmal and

atherosclerotic tissues can be the consequence of these pathological changes.

It is worth noting that the modified Mooney-Rivlin SEDF is a phenomenological
approximation of the material behaviour. Information from microstructure was not used, and
therefore material parameters C; , D; and D, can only loosely link to the fibre architecture.
Moreover, the exponential term describing the toe region in the stress-stretch curve is
oversimplified and unbounded, allowing the tangential stiffness to rise infinitely with
increasing stretch. Such limitations can be overcome by employing a more microstructurally
informed model, which takes gradual recruitment of collagen fibres into consideration®*°. In
their stress-free state, the collagen fibres rest in a crimped configuration with waviness
following a right-skewed distribution®®*”. As a result, the likelihood of collagen fibres
becoming newly recruited follows a Gamma distribution,
ﬁa(l_1 _ 3)a—1e—ﬁ(1'1—3)

I'(a)

r(;a,p) = (4.16)

where, [, is a complete Gamma function, and o and f are the shape and rate parameters.
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Both parameters relate to the microstructure of the tissue, with aff~! and a8 ~2 being the
expectation and variance of I; — 3 at which the collagen fibres become recruited. Integrating
this probability density function gives the cumulative likelihood of collagen fibres
contributing to stiftness. Thus, SEDF at a given stretch level can be obtained as follows,
— 1_1

W= c,(, - 3) + leo ' a,B)dx (4.17)
where, C; and D, reflect the contribution (incorporating fibre stiffness, alignment and relative
volume fraction) of elastin and collagen fibres, respectively. Such a formulation offers more
flexibility in fitting and better insights in the mechanical response’**>, however the whole
fitting procedure is much more complicated than either OLS or Bayesian inference-based
estimation. Given that phenomenological models already lead to comparable goodness of

fit**, we conducted the present study using modified Mooney-Rivlin models for conciseness.

It is important to reiterate that the experimental data used in this study were mostly from two
previous reports'*!. The non-uniqueness in the material constants identification using OLS
was mentioned in one of them'#. To obtain a determined set of material constants for each
type of tissue, an energy-based average algorithm was employed. It is certain that the findings

and conclusions obtained in this study do not relate to any of these two previous reports.

The obtained estimations listed in Table 4.2 can serve as priors for future studies to improve
the accuracy of the estimation. Despite the interesting findings, limitations exist in this study:
(1) the stress-stretch curve used in this study was from uniaxial tensile tests and modified
Mooney-Rivlin SEDF is an isotropic model, so that the anisotropy was not considered. The
anisotropic SEDF considering microstructures can be found in studies by Gasser et al.?*; (2)
modified Mooney-Rivlin SEDF usually can fit the whole stress-stretch curve of the normal
aorta well, but not for all tissue strips of aneurysm and atherosclerotic plaque, in particular, in

the region with a low stretch level (Figure 4.5D).
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4.6 Conclusion

This study demonstrated for the first time that material constants of SEDFSs show variations
both between distinct arterial layers from a single type of lesion, and between samples of the
same arterial layer that are obtained from different lesion types. Moreover, the material
constants were also found to associate with the microstructural architecture of diseased
arterial tissues. Nevertheless, in contrast to the traditionally used OLS method, utilisation of
relatively robust curve fitting methodologies (such as the Bayesian inference-based
estimation) is essential for accurate determination of material constant values. The obtained
constants reflect the physiological and pathophysiological state of healthy and diseased
arterial tissues. Furthermore, the material constants can also be used with their SEDFs to
perform mechanical simulations for studying the critical mechanical conditions of diseased

arteries.
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Chapter 5

Stretch driven microstructural reorganisations in
notched and unnotched tissue samples of porcine

carotid arteries

The author of this dissertation carried out all of the work and analysis in this chapter except
as specified below. The uniaxial stretching and simultaneous multiphoton microscope
imaging experiments were carried out by Dr Graeham R. Douglas, Department of
Engineering, University of Cambridge, who collected the raw data and transferred it to the

author of this dissertation for the subsequent analysis.
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5.1 Abstract

Artery is a fibrous material with collagen and elastin being key constituents. Uniaxial tensile
tests with unnotched and notched tissue strips from four porcine carotid arteries loaded in the
circumferential and axial (blood flow) directions were performed while imaging with
multiphoton microscopy. Three dimensional images of the microstructure were acquired and
processed to derive fibre structure at a series of stretch levels. At rest, fibres in the intima
tended towards the axial direction and in the media the primary fibre orientation was about
45° relative to the circumferential direction. After stretching, fibres rotated towards the
direction of stretch. In the circumferential strips, as the stretch increased from 1.00 to 1.75,
the circular mean fibre orientation relative to the direction of stretching changed from 78° to
36° in the intima and from -40° to -24° in the media. The median fibre dispersion decreased
from 0.29 to 0.27 in the intima and from 0.28 to 0.20 in the media. For notched samples,
fibres rearranged themselves to redistribute loads away from the notch tip and to bridge the
crack. Fibre structure changed as a consequence of stretching, which may provide an

explanation of strain stiffening and fracture toughness material properties of arterial tissues.

5.2 Introduction

Rupture of the atherosclerotic plague is the direct outcome of fibrous tissue fracture. Plaque
fracture mechanisms are poorly understood, which limits the development of improved
bioengineering-based techniques and parameters for risk assessment®. Collagen and elastin
are the primary mechanical components of arterial tissue?2. Therefore the collagen and
elastin microstructure will contribute to the artery mechanical behaviour, including
anisotropy, strain stiffening, and modes of failure®. This dependency of mechanical properties
on fibre microstructure has been demonstrated for gelatin scaffold material*, where notched
samples were fixed under an applied stretch and then imaged using a scanning electron
microscope. Failure mechanisms and fracture toughness were found to be highly dependent
on the fibrous microstructure. Variance in microstructure between individuals and between
specific locations in an artery may explain the wide range of results that are reported in
experimental material studies. The highly localised nature of tissue microstructure could

explain the poor performance of current risk metrics in predicting clinical events®.
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To better understand the mechanics of arteries, computational modelling has attracted
considerable research focus. Material models have included the fibrous nature of the tissue®,
or even local fibre structures’. Phenomenological parameters for these models were fitted
from material test data. Where fibre structure is included in a material model, properties are
typically derived from an assumed fibre structure or from microscopy of unstretched tissue.
However, significant changes to the fibre microstructure during stretching could dramatically
affect the mechanical response of the tissue. Understanding these interactions requires
imaging the stretched tissue microstructure.

Collagen fibre structure was characterised in healthy human thoracic aorta, abdominal aorta,
and common iliac arteries by polarised light microscopy®®. Most arterial layers had two
families of fibres, each wound helically about the longitudinal axis of the vessel in opposing
primary orientations. Fibres within each family were dispersed around the primary
orientation®®°. The exception was the medial layer of common iliac arteries, which had a
single fibre family that was oriented in the circumferential plane. The two-family helical
systems in other samples had angles of approximately 45° to the axial direction, and were
more axial in the adventitia, but more circumferential in the media. The fibres were mostly
aligned with one another in the adventitia, and most dispersed in the intima. In all layers, the
fibres were essentially tangential to the luminal surface, and their orientation had little or no

radial component®°.

Multiphoton microscopy allows imaging of three dimensional (3D) microstructures without
stains, preservatives, or coatings, which might alter the mechanical properties of the
sample!®3, Therefore, multiphoton microscopy can be used in situ with materials testing to
compare fibre structure at varying stretches'?. Schriefl et al. has compared 3D fibre structures
for the three artery layers in optically cleared human aortal®. Multiphoton microscopy has
also been used with mechanical testing to study the relationship between fibre structure and
mechanics under uniaxial loading®®, pressurisation®®, biaxial tension'’, bulge inflation'®, and

pressurisation with axial tension?®.

In this study, unnotched and notched tissue strips of healthy porcine carotid arteries were
stretched uniaxially, while 3D image stacks were acquired with a multiphoton microscope.
The fibre microstructure was characterised by the orientation and fibre dispersion. The aims
were to identify the degree to which the fibre structure change with increasing stretch and the
details of fibre microstructural changes around defects. These experiments can be used to

understand how fibre re-organisation affects artery stiffness and rupture.
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5.3 Materials and methods

The uniaxial stretching and multiphoton microscope imaging of unnotched and notched
porcine carotid artery tissue strips, and the analysis on their microstructural reorganisations
are described in this section. The work in sections 5.3.1, 5.3.2 and 5.3.3 were carried out by
Dr Graecham R. Douglas, as described in his thesis?’. Brief descriptions of the utilised
protocols are given below. The collected raw data was transferred to the author of this
dissertation, who carried out the image processing described in section 5.3.4 and data

analysis.

5.3.1 Sample selection and preparation

Four porcine carotid arteries were harvested by an abattoir (Leech and Sons, Melbourn,
Cambridgeshire, UK) from healthy animals that were slaughtered for butchering. The arteries
were refrigerated at 4°C and used in experiments between 24 and 72 hours after harvesting.
The arteries had connective tissues, adventitia and minor branches removed. From each
artery, two axial and two circumferential strips were prepared for mechanical testing with
approximate dimensions of 1.5 mm x 0.7 mm x 15 mm (width x thickness x gauge length).
One of each paired sample was notched through the thickness of the strip, with a notch depth
of about a third of the strip’s width, to mimic tissue damage and investigate the fibre structure

around cracks. The coordinate system for artery and tissue strips are shown in Figure 5.1.

A ®B)
Fibre Y =130° Direction of stretch (8= 0°)
G, Fibre j6=-30°
(&
oz
%, 6 is the fibre orientation referred to the direction

5 of stretch (8 € [-90°, 90°T)

Radial Axial
Circumferential

Figure 5.1. Schematic drawing for (A) the direction of tissue strips, and (B) fibre orientation
related to the direction of stretch.
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5.3.2 Uniaxial tensile testing

A custom uniaxial tensile testing system was used comprising a motorised linear stage
(Miniature Steel Motorised Linear Stage, Newport Corporation, USA), a motor controller
(SMC100-PP, Newport Corporation, USA), a custom-made linear load cell, and a data
acquisition module (USB-6002, National Instruments, USA). LabVIEW software (National
Instruments, USA) was used to operate the uniaxial tensile testing apparatus.

Tissue strips were immersed in distilled water and clamped at each end with their luminal
surfaces towards the microscope lens. The clamp at one end of the strip was attached to the
linear stage and the clamp at the other end was attached to the force sensor. Remaining
pretension or sag in the samples was removed and each sample was preconditioned with a

stretch ratio of ~1.25, repeated 5 times.

During each test, the linear stage was moved in 50 pm steps with a displacement rate of
approximately 7 um per second. Therefore, the loading can be considered quasi-static.
Loading was paused every 500 um for about 90 seconds to scan the fibre structure of the
sample. The pauses caused stress relaxation, which decreased incremental tension by about
10% at each displacement. Stretch of the sample (1) was calculated from the slack length of

the sample ([,) and displacement (x) as:

x+
A= (5.1)
Lo

5.3.3 Multiphoton microscope imaging

In multiphoton microscopy, excitation photons from the light source undergo non-linear
molecule-dependent interaction with the sample, which produces emission photons through
two mechanisms: second harmonic generation (SHG) and two-photon fluorescence
(TPF)!213, SHG photons are produced by collagen (but not elastin) at a wavelength which is
half of that of the excitation photons. The SHG signal has a high intensity for a small
bandwidth around this emission wavelength?3, while the TPF has emission for both collagen
and elastin with a wide bandwidth of emission wavelengths (elastin peak at about 495 nm,

combined material peak at about 510 nm)*2.
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In this study, a multiphoton microscope (LaVision BioTec TriM Scope Il, Germany, with an
Insight Deepsee light source, Spectra-Physics, USA) was used to image the microstructure of
each tissue strip during stretching. The microscope’s laser wavelength was set to 830 nm. A
400-700 nm band-pass filter was used to remove any reflected excitation photons or low-
wavelength photons, which are not produced by either SHG or TPF. The microscope and
signal acquisition were controlled by the microscope’s provided software, with the following
parameters: gain of 70, line average of 2, scanning region of 400x400 pm?, and an image size
of 505x505 pixels. At every 500 um increment of linear stage displacement, the tests were

paused and the multiphoton microscope was manually focussed on the sample.

Image stacks were acquired starting from the luminal surface, then at 5.0 um increments of
depth until the emission signal had attenuated to such a degree that it was indistinguishable
from noise. Typically, this would be at a stack depth of 200-300 pum.

Since the IEL appeared in the form of densely packed sheets of elastin with elliptic

fenestrations (Figure 5.2), they did not provide useful data for fibre orientation analysis.

(A) An unnotched tissue strip (B) A notched tissue strip

P A8 —

1=1.25

Figure 5.2. The IEL appeared in the form of wavy, densely packed sheets of elastin, which
had elliptic fenestrations. As the dense sheet does not have a sparse fibrous structure like the
intima and media layers, fibre structures for the IEL are not reported (Adapted with

permission from?°).
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5.3.4 Image processing

Image processing was performed in MATLAB. Each multiphoton stack was first resampled
to have isotropic voxels with 0.8 um edges. The resulting smaller voxel size allowed
separation of distinct arterial layers more accurately from one another, while increasing the
number of slices that correspond to each arterial layer within a stack. Fibres were detected
and fibre properties (fibre orientations (6) and dispersion of fibre orientations (k)) were
calculated using a previously-reported algorithm”2°, Since 8 is 180°-periodic, the circular

mean, 8, was calculated where appropriate in this study,

Z sin(26)

2|Seosao| € [—90°,90°] (5.2)

Fibre properties were calculated for each slice of the multiphoton image stack, parallel to the
axial-circumferential plane. Mean and median values of each fibre property was obtained by
identifying the slices that correspond to each arterial layer, followed by separate averaging of
fibre parameters that were computed from intima, media and adventitia slices of all samples.
In this study, fibre orientation () used the direction of stretching as the reference defining
6=0° (Figure 5.1B). Distribution of the collagen fibre orientations was characterised with the
2D planar form of the transversely isotropic and rt-periodic von Mises distribution®, which is
detailed in Chapter 4. In brief, the von Mises distribution with a probability density function

(PDF) of orientation, P(¢) was assumed:

P(p) =4 \/ b explb(cos(2g) +1)] , ¢ € [0°,180°] (5.3)

2 erfi(N2b)

where b is the concentration parameter, ¢ is the fibre orientation (8) referenced to 8, and
erfi(x) is the imaginary form of the error function. The dispersion parameter x was computed

as:

1

180
K = ZJ P(p)sin3pdo (5.4)
0

where =0 corresponds to parallel fibres and k=1/3 is a uniform (isotropic) distribution.
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5.4 Results

Three layers of four healthy porcine carotid arteries were observed in the multiphoton
microscopy-based uniaxial stretching experiments. Intact and notched tissue strips were
tested in both the circumferential and axial directions. The intima was ~40 um thick, the IEL
was thinner (~10 um), and the media was typically visible over a depth of 200-300 pum before

the signal was too attenuated to image the tissue.

5.4.1 Fibre architecture in unnotched samples

Maximum intensity projection (MIP) images are used to visualise the 3D volume of each
multiphoton stack as a 2D image (Figure 5.3). These MIP images are in the axial-
circumferential plane, taking the maximum intensity from each radial column of voxels and
from selected stack slices. The MIP images combine about 15 slices with a total thickness of

12 um into a single image with the same length and width as the image stack slices.

Results from all four arteries showed that, in general, reorganisation during stretch made
fibres more aligned towards the stretching direction. In the unstretched circumferential tissue
strips (1=1.00) the mean fibre orientation 8 was 78° in the intima and -40° in the media,
relative to the circumferential loading direction. During stretch, fibres reorganised and tended
towards the direction of stretch (the circumferential direction). When / increased to 1.75, 8
decreased to 36° in the intima, and to -24° in the media. A similar result was observed in the
axial tissue strips. For the unstretched sample, 8 was -19° in the intima and 33° in the media,
relative to the axial loading direction. During stretching the fibres reorganised and tended
towards the direction of stretch (the axial direction). When A increased to 1.75, 8 decreased to
-6.6°in the intima and to 6.9° in the media. Figure 5.4A and Figure 5.4B illustrate these

changes in mean fibre orientation for the different samples as a function of stretch.
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(A) A circumferential tissue strip (B) An axial tissue strip
Intima

1.00

A=

1.25

A=

1.50

A=

# Z Cos

~1.75

Circumferential

Circumferential

Figure 5.3. Multiphoton MIP images showing the fibre architecture in intima and media under different stretch

levels (A: circumferential tissue strip; and B: axial tissue strip) (Adapted with permission from?°).
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Figure 5.4. The change of fibre orientation (circular mean) (A and B) and dispersion (C and D) with

increasing stretch of both circumferential (A and C) and axial (B and D) unnotched tissue strips.
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Increasing stretch also led to a decreased dispersion (Figure 5.4C and Figure 5.4D). For
example, x decreased from 0.29 to 0.27 in the intima and from 0.28 to 0.20 in the media of
circumferential strips stretched from A=1.00 to A =1.75. For axial strips, k decreased from
0.27 t0 0.17 in the intima and from 0.29 to 0.26 in the media when / increased from 1.00 to
1.75. The changes to fibre structures corresponded to the layer’s initial fibre orientation
relative to the stretch direction (). For example, fibres in the media of circumferential strips
were closer to the stretch direction than those in the intima. With increasing stretch, a greater
change in 8 was observed for the intima and a greater change in x was observed for the
media. The opposite changes were observed for respective layers of strips stretched in the
axial direction. Representative circumferential and axial tissue strips showing these fibre

behaviours are discussed in detail in the following sub-sections.

54.1.1 A circumferential sample

Figure 5.3A shows MIP images of the intima and media at uniaxial stretch ratios (1) of 1.00,
1.25, 1.50, and 1.75 for an unnotched circumferential tissue strip. The circumferential and
stretch directions are horizontal on the figure. Fibres in the intima (left column of Figure
5.3A) had a single family of fibres that was oriented nearer to the axial than the
circumferential direction. With increasing circumferential strain, the intimal fibres rotated to
be more aligned with the circumferential direction. Deeper in the tissue, the media had
dispersed fibres at low stretches (right column of Figure 5.3A), which were mainly oriented
circumferentially. At increasing strain, the fibres aligned and sometimes showed a fibre

family in both the circumferential and axial directions.

Figure 5.5A is a series of heat maps showing the fibre orientation distribution for the
unnotched circumferential sample (Figure 5.3A) during stretching. The horizontal axis of
each heat map plots the orientation, the vertical axis the depth into the sample and the colour
gives the probability of the fibre orientation (the value of orientation probability density

function, Equation 5.3).
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(A) A circumferential strip
/=1.00 '=1. '=1. i=1.7

Intima
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Figure 5.5. The density map of fibre orientation, 6, at different tissue depth from the intima to the media at

different stretch levels for the same strips as shown in Figure 5.3. The thickness of each layer was

normalised to be identical.
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Each row of pixels in the heat map is equivalent to the orientation probability density
function for one slice of the multiphoton stack. Each subplot corresponds to a different value
of the stretch ratio (1). The orientation angles are relative to the stretch direction, so that 0°
corresponds to the direction of stretch (please refer to Figure 5.1B for the schematic drawing

of the fibre orientation).

Initially (1=1.00), fibres in the intima were more aligned with the axial direction
(corresponding to a £90° direction), whereas fibres in the media were more aligned with the
circumferential direction (the 0° orientation). Fibres in the media had wider orientation

distributions than the intima region.

With increasing stretch, the orientation of fibres in all layers tended towards the direction of
stretch. Moreover, the fibre distributions narrowed in all tissue layers with increasing stretch,
corresponding to decreasing fibre dispersion, as indicated by the narrowing of the band of

reddish orientations with increasing 4.

5.4.1.2 An axial sample

An equivalent set of MIP images are shown for an unnotched axial tissue strip under uniaxial
tension in Figure 5.3B. The axial and stretch directions are horizontal on the figure. For the
axial test strip, fibres in the intima (left column of Figure 5.3B) had a preferred orientation
towards the axial direction of the strip.

With increasing strain, intimal fibres rotated to be even more in the axial direction, while
dispersion of the fibres decreased. The media of the axial test strips (right column of Figure
5.3B) had fibres that were initially oriented mainly in the circumferential direction but highly
dispersed. Increasing stretch caused fibres in the media to become more oriented in the axial

direction.

Figure 5.5B shows corresponding fibre orientation distributions for the unnotched axial
sample shown in Figure 5.3. The 0° reference direction is set to be along the stretch direction
(here, the axial direction).
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At a low stretch (1=1.00), the fibre distribution is similar to that of the circumferential sample
with 1=1.00 (recall the loading direction used as reference has shifted by 90°). Fibres in the
intima tended to be along the axial direction, while media fibres tended towards the
circumferential direction. Fibres in both layers had relatively high dispersion. With increasing
stretch, fibres in the intima remained in the axial direction and fibre dispersion decreased,
with the reddish band in Figure 5.5B concentrating towards 6=0°. In the media, fibre
dispersion initially increased with stretch, giving the broad distribution of orientations seen
for 2=1.75. Upon further stretch, fibres in the media oriented towards the axial direction and

fibre dispersion decreased as the reddish band became more concentrated towards 6=0°.

5.4.2 Changes in fibre organisation at crack tips

Notched samples were imaged by focusing the microscope lens to the crack (Figure 5.6). A
150x150 pm? region of interest (ROI) (e.g., the red dash box in Figure 5.6) was used for
analysis to quantify the change of fibre structure during crack propagation. The ROl was
manually placed such that the mid-point of the upper edge of the ROI was at the crack tip.
Considerable reorganisation aligning the fibres towards the direction of stretch was observed
at the crack tips, contributing to blunting of the notch at all depths in the artery. For the
circumferential strips (Figure 5.6A), when stretch increased from 1.05 to 1.75, 8 in the RIO
of intima decreased from 26° to 11°; and in the media it changed from -41° to -2.1°. For the
axial strips (Figure 5.6B), when stretch increased from 1.05 to 1.75, 8 in the RI1O of the
intima decreased from -21° to -2.7°; and in the media it changed from 25° to 1.7°. The
change of 8 during stretch in both layers of both circumferential and axial tissues strips is
visualised in Figure 5.7A and Figure 5.7B. As with the unnotched strips, the fibre dispersion
reduced with stretch (Figure 5.7C and Figure 5.7D). For example, k decreased from 0.28 to
0.24 in the intima and from 0.28 to 0.23 in the media of circumferential strips stretched from
2=1.00 to 2=1.75. Axial strips had k decrease from 0.27 to 0.18 in the intima and from 0.31 to

0.25 in the media, for the same change in stretch.
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(A) A circumferential tissue strip (B) An axial tissue strip
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Figure 5.6. The multiphoton images showing the fibre at the crack tip of a circumferential (A) and an axial (B)
tissue strip (The red dashed box shows a representative region of interest for analyses) (Adapted with permission

from?9),
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Figure 5.7. The change of fibre orientation (circular mean) (A and B) and dispersion (C and D) with

increasing stretch of both circumferential (A and C) and axial (B and D) notched tissue strips.
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5.5 Discussion

Fibres in the intima were primarily in the axial direction and those in the visible part of the
media were primarily in the circumferential direction. With increasing stretch, including at
physiological levels (~1.25), fibres in all layers rotated towards the direction of stretch
(Figure 5.4A and Figure 5.4B) and tended to become less dispersed in orientation (Figure
5.4C and Figure 5.4D). For fibres initially aligned with the stretch direction, the effect was
greater on fibre dispersion than orientation. For fibres initially less aligned with the stretch
direction, the effect was greater on rotating fibres toward the stretch direction. Fibre bridging
at the crack tip was always observed in the notched samples (Figure 5.6). Although there is
variability among different samples (Figure 5.8), close observation of their individual trends
reveals that, with an increase in the level of stretch, the orientation of fibres approaches 0°

indicating that fibres in general rotate towards the direction of stretch.

(A) Circumferential tissue strips (B) Axial tissue strips
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Figure 5.8. The change of fibre orientation (circular mean) with increasing stretch of

unnotched circumferential (A) and axial (B) tissue strips.

Material tests under the multiphoton microscope provided a powerful way to link mechanics
to fibre structure at different tissue depths and stretches. Constitutive material laws motivated
by these observations could be developed with fibre reorganisation used to account for the

non-linear strain stiffening behaviour of the material.
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The alignment of fibres in the direction of stretch and decrease in fibre dispersion with
increasing stretch has previously been demonstrated by experimental and computational

studies of nonwoven fabrics?122,

Previous models of arterial tissue have largely ignored the effect of stretch-dependent fibre
structure. For example, the constitutive model developed by Gasser et al. used a constant
value for x and an exponential function to account for strain-stiffening of the material®.
Results suggest that a constitutive model which uses a strain-dependent x would better

represent the fibre architecture and may better account for strain-stiffening.

Significant fibre reorganisation and crack bridging were observed in the notched samples,
which could be pertinent to understanding fibrous cap rupture. It has been reported that
fissures were observed in 58% of carotid plaques and 20% of plaques had multiple fissures?.
Thus, it appears that the mechanical conditions for initial tearing or fracture are common, but
that initial fracture does not always lead to a critical rupture leading to clinical events. Fibre
reorganisation and bridging might prevent crack propagation. Fibre bridging appeared to be
more developed in the intima of axial strips compared to circumferential strips (Figure 5.6).
Conversely, fibres in the media seemed to have more bridging in the circumferential strips.
As the intima fibres were initially more in the axial direction and media fibres were more in
the circumferential direction, the relative alignment between the crack and fibres may affect
the mechanisms of fibre reorganisation near the crack. Ridruejo et al. have performed
uniaxial tensile tests on notched nonwoven fabrics, whose fibrous microstructure resemble
that of an arterial layer. They also observed significant amounts of fibre bridging across the
crack tip, which spread the damage away from the crack and improved the load bearing
capacity of the material. The initial notch size was also found to have an effect on the degree

of fibre bridging and consequently on material strength?*.

Despite these interesting findings, there is still room for improvements that could be
addressed in follow-up studies. Multiphoton techniques can distinguish between the type of
fibre (collagen or elastin), which should be considered in the future?. Samples could be
scanned with higher depth-resolution, to allow assessment of fibre structure in the radial

planes of the tissue.
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The light source power can be set to a depth-dependent profile, allowing for a stronger signal
from deeper fibres with lower risk of photo damage to the tissue surface. Although efforts
were made to reduce misalignments between the artery coordinate system (axial and
circumferential), as-cut strips, clamps in test rig, and microscope coordinate system, this
experiment was designed to understand changes to fibre structure with stretch. Other

approaches may be more suited to study absolute fibre orientations.

5.6 Conclusion

In summary, uniaxial tensile tests with ex vivo multiphoton imaging found distinct fibre
structures for the intima and media of porcine carotid arteries. With increasing stretch, fibres
in both intima and media rotated towards the direction of applied stretch and the fibre
orientations tended to become less dispersed. Fibre bridging at the crack tip was observed in
all notched samples. Results of this study can be used to guide development and optimisation
of experimental methodologies and microstructural component based mathematical models to

further investigate the micromechanical behaviour of arterial tissues.
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Chapter 6

Microstructural component based finite element
modelling of arterial tissue

The author of this dissertation carried out all of the work and analysis in this chapter.
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6.1 Abstract

The majority of the fatal clinical events occur as a result of failure of the artery wall that has
experienced disease-driven alterations in its microstructure. The main structural changes that
are seen by an artery during disease affect the tissue at the microscale. It is these microscale
changes that dictate the micromechanical behaviour and therefore the structural integrity of
diseased arterial tissue. Despite this, little is known about the microscale behaviour of distinct
structural components during macroscale deformations of the arterial tissue, in both healthy
and diseased tissue. This study is aimed at development of a micromechanical model that can
help bridge this gap in the knowledge. A number of studies utilised constitutive modelling to
try and understand the micromechanical behaviour of arterial tissues, while others have
utilised models that consisted only of individual collagen fibres. Nevertheless, a
comprehensive study that utilises a complete microstructural component-based model of the
arterial tissue, which incorporates both the collagen fibres and the other structural entities
(such as elastin and GAGS) does not yet exist. This study involved development, optimisation
and use of such a model to study the influence of distinct microstructural parameters on the
mechanical behaviour of arterial tissues. The collagen fibre length was found to be a critical
determinant of the micromechanical behaviour, whose influence almost completely

outweighed the influence of the change in fibre cross-link stiffness on the model behaviour.

6.2 Introduction

Arterial wall rupture can lead to a fatal clinical condition commonly involving failure of the
media and the adventitia in the case of AAs and ADs. In the case of atherosclerosis, the
rupture of the arterial wall involves failure of the developed vulnerable fibrous cap®?. A
structure will fail when the applied loading generates structural stresses that exceed its
material strength. The main load bearing constituents of the composite arterial tissue
microstructure are the elastin and collagen fibres at low and high levels of stretch,
respectively. Moreover, the primary contributor of material strength are the collagen fibres
due to their superior strength compared to the other microstructural components and the
interconnected network that they form. Consequently, distribution of the induced structural
stresses within the arterial tissue is highly dependent on the density and fibrous network

integrity of collagen fibres, as well as on the distribution of their orientations®®.
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In their critical review of existing problems in vascular biomechanics, Taylor and Humphrey
suggested that failure of the arterial wall is the key link between the fatal clinical events and
the disease-driven alterations undergone by the arterial microstructure’. Although the
fundamental mechanical changes experienced with development of arterial diseases occur at
the microscale level, currently existing medical imaging modalities used in everyday
diagnosis cannot provide sufficient microstructural information to allow accurate prediction
of fatal clinical events. Nevertheless, identification of parameters that serve as
micromechanical damage indicators can guide development of new tools for medical

diagnosis and therapy.

FEA of arterial tissue has attracted significant research focus for both constitutive and
microstructural component-based modelling to study and understand how distinct
microstructural components and parameters contribute to the structural integrity and
mechanical behaviour of the arterial tissue’°. Constitutive material models have been
successful in demonstrating the nonlinearity and the collagen fibre orientation dependent
anisotropy of the arterial tissue. A comprehensive review of the common methodologies in
constitutive modelling has been done by Holzapfel and Ogden?.

Bottom-up built finite element models that are based directly on the distinct microstructural
components can provide an improved alternative to constitutive material models, as they
allow extraction of microstructural information directly from the individual microscale
constituents. The collagen fibre based model by Koh et al. is an example of microstructural
constituent-based modelling of fibrous materials and tissues!®4. Since the model by Koh et
al. did not incorporate a ground matrix, it does not provide valuable information about the
interactions between distinct microstructural components and the associated micromechanical

phenomena.

This study presents a complete microstructural component-based model of the arterial tissue,
containing collagen fibres and ground matrix as two separate structural entities to allow
comprehensive assessment of tissue micromechanics. This will enable studying the influence
of distinct microstructural parameters on the micromechanical behaviour. The transfer of
stress between the modelled microstructural components will be investigated. The effect of
changes in microstructural component features, such as collagen fibre length and cross-link

stiffness on the model mechanical behaviour will also be studied.
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6.3 Development of the model

This section describes the methodology that was followed for development of a
microstructural component based finite element unit cell model. The architecture, finite
element formulations, geometrical definitions and boundary conditions of the unit cell model

are described.

Architecture of the unit cell model was based on the organisation and interconnections
between the microstructural components that constitute the real arterial tissue. Collagen fibres
and the ground matrix were assumed to be the two main classes of arterial ECM components,
similar to the previous work on microstructural modelling of arteries®®%°, Collagen fibres and
the ground matrix were modelled with distinct finite element formulations, which are readily
available in the commercial FEA software ABAQUS (ABAQUS 6.14, Dassault Systemes,
France). The process that led to identification of the utilised formulations involved testing
different types of readily available finite elements of ABAQUS with distinct parameters,
applied strain fields and boundary conditions. Collagen fibre cross-links, as well as the fibre
to ground matrix links (FGMLs) that were specifically incorporated to bond the collagen

fibres to the ground matrix were both modelled with the connector elements of ABAQUS.

The model generation was automated in MATLAB with programmatic interface to PYTHON
and ABAQUS. The automatic model generator is programmed to provide control on
respective geometric and structural features such as the statistical distribution of the collagen

fibre orientation and the cross-linking density.

6.3.1 Finite element architecture of the model

The developed model does not explicitly contain all of the microstructural components that
would exist in an actual unit cell of the arterial tissue, as it can be seen in Figure 6.1. While
the collagen fibres were modelled with the beam type finite elements, the collective
contribution of the remaining ECM constituents, such as the randomly distributed elastin
fibres, elastic laminae and GAGs to the mechanical behaviour of the actual arterial tissue

were modelled with a single set of solid continuum type finite elements.
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Figure 6.1. The developed finite element unit cell model of arterial tissue microstructure.

The model consisted of collagen fibres and a ground matrix, which were discretised into
circular profile cross-section beam and hexahedral solid continuum elements of ABAQUS,
respectively. All collagen fibres and their beam elements were assumed to be straight in their
unloaded state. The natural crimping and the resulting axial bilinear mechanical behaviour of
the collagen fibres were incorporated into the finite element formulation and material
controls. Each collagen fibre was discretised into at least 9 elements, more refined meshes
used 18 and 36 elements per collagen fibre. Following discretisation, 10 equally spaced nodes
along the length of each collagen fibre were cloned and the generated new set of nodes were
translated and tied onto the surface of the 3D solid continuum ground matrix elements. The
FGMLs were then generated by connecting each of the original collagen fibre beam element
nodes to their corresponding clones using connector elements of ABAQUS. The connector
elements were also utilised to generate the cross-links between intersecting fibres. The cross-
links were created by linking the closest pair of nodes on the intersecting collagen fibres with
a connector element. FGML and the cross-link connector elements can be seen in Figure 6.1.
The details of the interconnections between distinct element types of the model are described

below in section 6.3.2.

6.3.2 Finite element formulations of the microstructural components

A schematic illustrating the interconnections between distinct element types of the model is
provided in Figure 6.2. Collagen fibres were modelled with B31H type elements, which are
hybrid 3D beam elements with linear nodal variable interpolation. To have complete control
over the mechanical behaviour of each beam element, the generalised cross-sectional
behaviour definition was used.
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Figure 6.2. Schematic of the interconnections between distinct element types of the model.
The local nodal coordinate system orientations of the cross-link and FGML connector
elements, with respect to those of the collagen fibre beam and ground matrix solid continuum

elements are illustrated.

To mimic the actual mechanical behaviour of the individual collagen fibres, the generalised
beam section behaviour was set to be nonlinear in the axial direction and linear perpendicular
to the longitudinal beam axis, respectively. The ground matrix was modelled with C3D8H
type elements, which stands for the hybrid hexahedral solid continuum elements with linear
nodal variable interpolation. Following the common methodology utilised in previous work
on microstructural component based modelling of arterial tissue>®*°, the material property of

the ground matrix elements was set to be isotropic, incompressible and linearly elastic.

The cross-links and the FGMLs were both modelled with CONN3D2 type elements, which
stands for the 3D connector elements. The cross-link and the FGML connector elements were
both set to be formulated by the projection cartesian type connections. The selected
projection cartesian formulation does not constrain any component of relative motion
between the two nodes, where it measures and allows description of connector mechanical
behaviour separately in and about each one of the three local nodal coordinate system
directions. The cross-link and the FGML connector elements were assumed to be linear and
therefore, single constant spring stiffness values were used to define their mechanical
behaviours. The detailed mathematical formulations of the distinct element types can be
found in the theory manual of ABAQUSS,
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6.3.3 Geometrical definitions of the model

This section describes the geometrical definitions of the model, which include descriptions of
the preferred orientation and directional distribution of collagen fibres, along with the length,

density, as well as cross-linking density of the collagen fibres in each unit cell.

6.3.3.1 Preferred direction and distribution of collagen fibre
orientations

Preferred orientation of the collagen fibres was defined between 0° and 180°. Modelling of
the collagen fibres was initiated by creation of a set of evenly distributed 2D coordinates that
served as their central seeds, from which the collagen fibres were later extended as straight
fibres. The fibre cross-link density was controlled based on the angle of intersection of the
extended collagen fibres. A cross-link between two intersecting fibres was created only when

the angle of intersection of the fibres was less than the input angular threshold.

The planar distribution of the fibre longitudinal axis orientations on the ground matrix surface
was characterised with the 2D planar form of the transversely isotropic and n-periodic von
Mises distribution, similar to the methodology utilised in previous work on microstructural
component-based modelling of arterial tissue>%8, as detailed in Chapter 4. In brief, the von

Mises distribution with a PDF of orientation, P(6) was assumed:

B iexp[b(cos(ZG) + 1)] . .
P(6) = 4]271 P TTD) .6 € [0°,180°] 6.1)

where b is the concentration parameter, @ is the fibre orientation (6) referenced to 8, and
erfi(x) is the imaginary form of the error function. The dispersion parameter x was computed

as.
1 180
K = Zf P(6)sin30d6 (6.2)
0

where =0 corresponds to parallel fibres and k=1/3 is a uniform (isotropic) distribution.
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6.3.3.2 Outer geometry and composition of the model

A unit cell model, whose predefined regions are assigned with distinct colours, is provided in
Figure 6.3. The ground matrix and collagen fibre element nodes that are above the load
bearing region are displaced upwards, while the nodes that are below the load bearing region

are displaced downwards, so as to apply a longitudinal stretch on the model.

=== Boundary Condition Application Region
I3 load Bearing and Post-Processing Region

Il Edge Effect Elimination Region

Figure 6.3. The unit cell model, with different regions identified with different colours.

To ensure that the model maintains a Poisson’s ratio, v, of 0.5 during stretching, the
boundary condition application region nodes that fall on the left and right sides of the load
bearing region are displaced to compress the model, with a strain whose magnitude is half of
the longitudinal stretch (Figure 6.3). Since the elements inside the edge effect elimination
region always developed stress concentrations at their borders with the boundary condition
application region, they were excluded from the subsequent analysis. Only the elements
within the load bearing and post-processing region were used to study the resulting unit cell
model behaviour.
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The actual physical density of collagen fibres was computed in the form of percentage area

occupied by the collagen fibres on each model surface as:

Total Area of All Collagen Fibres

Fibre Area Percent = x 100% (6.3)

Surface Area of the Model Ground Matrix

6.3.4 Mechanical behaviour of collagen fibres

Individual collagen fibres exhibit bilinear stress versus stretch ratio behaviour in the axial
direction. This arises from the fact that, in the unloaded state, each collagen fibre is crimped
and, upon loading, they start to elongate with approximately zero stress up to about 3% strain.
Once the collagen fibre is fully uncrimped, it follows a linear-elastic behaviour and starts to
elongate with a constant stiffness. The collagen fibres are also extremely slender, so that the

axial stiffness is much larger than the bending stiffness?’.

For beam elements, ABAQUS allows direction-dependent nonlinear and linear material
behaviours to be defined only in terms of a force versus strain curve and a single stiffness
value, respectively. Therefore, in order to approximate the axial direction bilinear stress
versus stretch behaviour of the collagen fibres, a bilinear force versus strain curve was used

as the axial behaviour of the beam elements.

Type | collagen fibres are the main microstructural component of the load bearing fibrous
tissue network of the intima, media and the adventitia artery layers. Material properties of the
fibres were determined from the available literature on the mechanical behaviour of Type |
collagen®”~?*. The uncrimped fibre force versus strain curve gradient was determined by
converting the mean uncrimped collagen fibre modulus values from the literature into their
corresponding force versus strain gradients!®-24, The average force versus strain relationship
gradient was found to be 6.57x107 pN*&-24,

The bilinear force versus strain curve that was used to define the axial behaviour of collagen
fibre beam elements can be visualised in Figure 6.4. The gradient of the uncrimped collagen
fibre region was set to 6.57x10” pN. The crimped fibre region stiffness was set to a value that
is at least 1/102 of the uncrimped region stiffness. In addition, the crimped to uncrimped
region transition of the bilinear force versus strain curve was smoothed, so as to reduce the
possibility of experiencing numerical solution problems. The low stiffness bending behaviour
was approximated by assigning linear bending stiffness values which were approximately

1/10° of the uncrimped region gradient.
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Figure 6.4. The bilinear force versus strain curve that was used to define the axial behaviour

of collagen fibre beam elements.

6.3.5 2D simulation setup and the boundary conditions

Although the unit cell model was built from 3D beam and 3D solid continuum elements, the
nodes of all elements were constrained and allowed to move only in 2D, within the plane that
is parallel to the ground matrix surface. The uniaxial stretching boundary conditions were
created by displacing the top region nodes of the model in Figure 6.3 upwards and its bottom
region nodes downwards. All nodes outside the boundary condition region were allowed to

move in the plane parallel to the ground matrix surface.

6.4 Influence of fibre alignment on model mechanical behaviour

This section describes the analysis in which the unit cell model was treated as unidirectional
and bidirectional fibre reinforced composites and used to study the effect of variations in
fibre alignment orientation on its mechanical behaviour. Mesh refinement was performed,
and it was found that the unit cell model behaviour is similar for an element size of 0.0014
mm or less. Consequently, an element size of 0.0014 mm was chosen for use in all of the unit
cell model simulations that are described in the remainder of this chapter.
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6.4.1 Fibre alignment study simulations

A unit cell model, whose ground matrix is 0.8 mm long and 0.4 mm wide was used in this
study. The model was incorporated with discontinuous 0.4 mm long collagen fibres. Since
elastin is the second largest contributor of arterial tissue stiffness after collagen, in the
absence of collagen, stiffness of the ground matrix was assumed to be equal to that of elastin,
therefore, the stiffness of the ground matrix was set to 1/10° of the uncrimped region stiffness
of the curve in Figure 6.4. Moreover, the area percent of the collagen fibres was kept at 10%
and the cross-linking connector elements were set to be rigid, while the stiffness of each

FGML connector element was set equal to that of the ground matrix.

Three categories of unit cell models were simulated. The three model categories were
referred to as basic, unidirectional and bidirectional fibre alignment models. There were 4
basic fibre alignment models, whose collagen fibres were aligned at 0°, 45°, £45° and 90° to

the longitudinal stretching direction of the model, which can be visualised in Figure 6.5.
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Figure 6.5. Basic fibre alignment models with 0°, £45°, 45° and 90° fibres, from left to right.

The unidirectional fibre alignment models contained fibres that were aligned at a single
orientation with respect to the stretching direction of the model. Fibre orientations of the
unidirectional models were 0°, 15°, 30°, 45°, 60°, 75° and 90° to the direction of stretching.
The bidirectional fibre alignment models had fibres aligned at 0°, £15°, £30°, +45°, +60°,
+75° and +£90° to the direction of stretching. Since the unit cell model was set to generate
cross-links only at the intersection points of neighbouring fibres, all of the discontinuous
collagen fibres in each fibre alignment study model were shifted by 1°, towards the direction
that would yield an intersection with adjacent fibres. All intersecting discontinuous fibres
were also cross-linked so that fibres can pull on one another, therefore recruiting new fibres

to bear the stress that is transmitted across the model.
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6.4.2 Results

The normalised Cauchy stress versus stretch ratio curve of each model was computed and
plotted separately for each category of fibre alignment study models. The Cauchy stress
values were normalised with the average uncrimped modulus of the modelled collagen fibres,

Ef, which was calculated to be 1.42 GPa from literature*” .

6.4.2.1 Influence of basic fibre alignments

The normalised Cauchy stress versus stretch ratio plot of basic fibre alignment models can be
visualised in Figure 6.6. The stiffest response was exhibited by the model whose fibres were
aligned in the direction of stretching. This stiffest response was also accompanied with a
curve shape, which resembled the input bilinear axial behaviour of individual collagen fibres.
It is also evident in Figure 6.6 that the unit cell model decreases in stiffness with increasing
fibre misalignment to the direction of stretching. Since the axial stiffness of collagen fibre is
much greater than the stiffness of the ground matrix, the overall decrease in stiffness is a
result of reduced axial fibre recruitment, due to the increasing misalignment of fibres to the

direction of stretching.
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Figure 6.6. The normalised Cauchy stress versus stretch ratio plot of basic models.
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It can be seen in Figure 6.6 that, while the unidirectional 0° and bidirectional +45° basic fibre
alignment models exhibited a nonlinear mechanical behaviour, the unidirectional 45° and 90°
models behaved linearly. This change in mechanical behaviour is a result of the sudden shift
in the main direction of stress that is transmitted across the model. The band plots in Figure
6.7 illustrate the phenomenon that changed the mechanical behaviour of unit cell model from
nonlinear to linear. The maximum principal stress in the bidirectional +45° model was found
to be distributed much more homogeneously throughout the ground matrix and at relatively
lower values than those of the stress concentrations, which were determined at the ground
matrix edges of the unidirectional 45° model. It is also evident in Figure 6.7 that, the collagen
fibre axial reaction force is relatively higher and much more homogeneously distributed
within the bidirectional £45° model. Moreover, in the unidirectional 45° model, the axial
reaction force is zero in majority of the collagen fibres, with insignificant force levels that are

mainly concentrated towards the centre of the model.
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Figure 6.7. The ground matrix maximum principal stress and collagen fibre axial reaction

force band plots of bidirectional +45° and unidirectional 45° fibre alignment study models.

Since the collagen fibres that cross one another at 90° are always cross-linked in the
bidirectional +45° model, they are able to carry the majority of the stress within their
network. Consequently, the mechanical behaviour of bidirectional £45° model is dictated by

the axially bilinear collagen fibres, giving the model an overall nonlinear response.
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On the contrary, once all collagen fibres are aligned at 45° to the direction of stretching, they
immediately lose their stress bearing ability, leaving almost all of the stress to the ground
matrix. Once majority of the stress within the model is transferred to the ground matrix, the
contribution of collagen fibres to the unit cell model behaviour becomes insignificant,

therefore making the model linear elastic.

6.4.2.2 Influence of unidirectional fibre alignments

It can be seen in the normalised Cauchy stress versus stretch ratio plot of unidirectional fibre
alignment models in Figure 6.8 that, the simulated unit cell models were not always stretched
to the same extent. This is because, except for the 0° fibre alignment model, all unit cell
models experienced excessive ground matrix continuum element distortions. The
unidirectional collagen fibres quickly lost their stress bearing ability with increasing
misalignment to the direction of stretching and transferred the load to the ground matrix. The
rapid decrease in overall unit cell model stiffness and the resulting linear model behaviours
are additional facts, which support the loss of contribution of collagen fibres to the
mechanical behaviour of the unit cell model.
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Figure 6.8. The normalised Cauchy stress versus stretch ratio plot of unidirectional models.
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6.4.2.3 Influence of bidirectional fibre alignments

The normalised Cauchy stress versus stretch ratio plot of bidirectional fibre alignment models
is provided in Figure 6.9. Similar to the bidirectional £45° fibre alignment model in Figure
6.7, all bidirectional fibre alignment models consisted of fully cross-linked collagen fibres,
which were aligned in two separate orientations to the direction of stretching. This enabled
efficient transmission of the stress across the fibre network, therefore shadowing the ground

matrix from excessive elemental distortions.
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Figure 6.9. The normalised Cauchy stress versus stretch ratio plot of bidirectional models.

The plot in Figure 6.10 allows comparison between linearised modulus change of
unidirectional and bidirectional fibre alignment models with increasing fibre misalignment to
the direction of stretching. The linearised modulus values in Figure 6.10 were computed by
fitting a linear model to the Cauchy stress values of each unit cell model from 0 to 1.1 stretch
level. Since some of the unidirectional fibre alignment models diverged beyond 1.1 stretch

level, only the values between 0 and 1.1 stretch levels were used in linear fitting.
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Figure 6.10. The normalised modulus versus alignment of fibres to stretching direction plot

for unidirectional and bidirectional fibre alignment models.

Gradients of the resulting linear fits were then divided by the average uncrimped modulus of
the modelled collagen fibres, E to obtain the normalised values of modulus. The obtained
normalised modulus change plot revealed that the stiffness of the bidirectional fibre
alignment models decreased at a slower rate compared to that of the unidirectional models,

with increasing fibre misalignment to the direction of stretching.

6.5 Influence of microstructural factors on behaviour of models
with distributed fibre orientations

This section describes the study that was aimed at understanding the influence of changes in
the structure and material properties of microstructural constituents on the model mechanical
behaviour. In this study, planar distribution of fibre longitudinal axis orientations on the
ground matrix surface was characterised with the dispersion parameter, k of the von Misses
distribution, so as to mimic the organisation of collagen fibres in an actual arterial tissue.

158



6.5.1 Microstructural factors study simulations

Similar to the fibre alignment study, the ground matrix of all unit cell models in the
microstructural factors study was set to be 0.8 mm long and 0.4 mm wide, as illustrated in
Figure 6.11. All of the elemental material properties of each model was also set identical to
those of the fibre alignment study models (section 6.4). On the other hand, fibre length and
cross-link stiffness were selected as the microstructural factors of interest, where the study

was designed to investigate their influence on the model mechanical behaviour.

Ground Matrix Maximum Collagen Fibre Axial
Principal Stress Reaction Force

0.4 mm
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Figure 6.11. A microstructural factors study model with distributed fibre orientations,
together with its corresponding ground matrix maximum principal stress and collagen fibre
axial reaction force band plots, from left to right.

Five separate distributed fibre orientation unit cell models with 0.05 mm, 0.1 mm, 0.2 mm,
0.4 mm and 0.8 mm fibre lengths were simulated to study the influence of fibre length, Ly on
model mechanical behaviour. The cross-link stiffness, k.; of all fibre length influence study

models was set to a constant median value of 100x10® pN.mm-™.
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The maximum cross-link stiffness value was set to be 1600x10° pN.mm, therefore, the 8
subsequently doubling cross-link stiffness values were set as 6.25x10° pN.mm, 12.5x10°
pN.mm?, 50x10° pN.mm, 100x10° pN.mm, 200x10° pN.mm, 400x10° pN.mm™* and
800x10° pN.mm?, resulting in a median value of 100x10° pN.mm™.

The area percent of the collagen fibres was set to 10% and the dispersion parameter, x of
fibre orientations was set to 0.25 for all microstructural factors study models. Moreover, the
intersecting fibres in both fibre length and cross-link stiffness influence study models were
only cross-linked when their angle of intersection was less than 45°. Since there is no
evidence that all intersecting fibres in an actual arterial tissue are cross-linked, an angular

cross-linking threshold of 45° was used.

6.5.2 Results

The Cauchy stress values were normalised with the average uncrimped modulus of the

modelled collagen fibres, E;, which was calculated to be 1.42 GPa from literature!”?*. The

relationship between overall model modulus and fibre length, as well as that between overall
model modulus and cross-link stiffness were established. Moreover, the decrease in
dispersion parameter, k upon stretching of each unit cell model was computed and compared
between models with distinct fibre lengths and cross-link stiffnesses.

6.5.2.1 Influence of fibre length

It can be visualised in the normalised Cauchy stress versus stretch ratio plot of Figure 6.12
that, the increase in fibre length causes an increase in the unit cell model modulus. In
addition, overall behaviour of the model became increasingly nonlinear with increase in fibre
length. Considering that the collagen fibres in the model are axially bilinear and 1000 times
stiffer than the linear ground matrix at the higher stiffness region of their prescribed axial
response curve, increases in overall model nonlinearity and stiffness can be attributed to the

subsequent increase in contribution of collagen fibres to model mechanical behaviour.
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Figure 6.12. The normalised Cauchy stress versus stretch ratio plot of distributed fibre
orientation models with distinct fibre lengths.

Figure 6.13 shows the relationship between the normalised modulus of distributed fibre
orientation models and their corresponding fibre lengths. There is a very strong linear
relationship between the normalised model modulus and the natural logarithm of normalised
fibre length (r> = 0.98, p < 0.001).

The normalised modulus values in Figure 6.13 were computed by fitting a linear model to the
Cauchy stress versus stretch ratio curve of each unit cell model, where the gradients of the
resulting linear fits were then divided by the average uncrimped modulus of the modelled
collagen fibres, Ef to obtain the normalised values of modulus. On the other hand, the fibre

length, Ly values were normalised by dividing them with the minimum fibre length, L}”i"

value, before obtaining their natural logarithms.
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Figure 6.13. The normalised modulus versus natural logarithm of normalised fibre length

plot.

The change in dispersion parameter, x upon straining of each unit cell model to a stretch ratio
of 1.2 was also computed for the models with distinct fibre lengths. The plot in Figure 6.14
illustrates the decrease in dispersion parameter, k with increasing fibre length, in which the
natural logarithm of the normalised fibre length was used as the independent variable. It is
evident in Figure 6.14 that increasing the fibre length causes the decrease in dispersion

parameter, k to fluctuate, while resulting in a corresponding overall increase in its value.
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Figure 6.14. The decrease in dispersion parameter, k at A = 1.2 versus natural logarithm of

normalised fibre length plot.

6.5.2.2 Influence of cross-link stiffness

Modulus of the model increased, and its overall behaviour became gradually more nonlinear
with subsequently doubled cross-link stiffness, as it can be seen in Figure 6.15. The increases
in modulus and overall nonlinearity are direct results of increased levels of force transmission
across the fibrous network. As the cross-link stiffness is increased, the fibres pull more
strongly on one another, therefore leading to recruitment and axial loading of more fibres at
subsequently greater extents. This increase in the number and extent of axially bilinear fibre
loading leads to increases in both the modulus and nonlinearity of the unit cell model.
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Figure 6.15. The normalised Cauchy stress versus stretch ratio plot of distributed fibre

orientation models with distinct cross-link stiffnesses.

A relationship between the linearised modulus of distributed fibre orientation models and
their corresponding cross-link stiffnesses was established in the plot of Figure 6.16. Similar
to the plot in Figure 6.13, the normalised modulus values in Figure 6.16 were computed by
fitting a linear model to the Cauchy stress versus stretch ratio curve of each unit cell model
and then dividing the obtained gradients with the average uncrimped modulus of the

modelled collagen fibres, Ef. The cross-link stiffness, k.; values were also normalised by

dividing them with the minimum cross-link stiffness, k7" value. The normalised model
modulus was plotted against the natural logarithm of normalised fibre length, which yielded a
very strong linear relationship (r? = 0.99, p < 0.0001) between the two parameters (Figure
6.16). Comparison of the linear model gradients in Figure 6.13 and Figure 6.16 revealed that
the increase in linearised model modulus per unit increase in natural logarithm of fibre length
is more than two times larger (0.0026 < 0.0012) than the increase experienced with a unit

increase in natural logarithm of cross-link stiffness.
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Figure 6.16. The normalised modulus versus natural logarithm of normalised cross-link

stiffness plot.

The plot in Figure 6.17 illustrates the decrease in dispersion parameter, x with increasing
cross-link stiffness, upon straining of each unit cell model to a stretch ratio of 1.2. The natural
logarithm of the normalised cross-link stiffness is used as the independent variable.
Comparison of the plots in Figure 6.14 and Figure 6.17 revealed that the increase in cross-
link stiffness resulted in an opposite effect relative to that of the increase in fibre length and
slightly reduced the magnitude of decrease in dispersion parameter, k. On the other hand, the
magnitude of the obtained reduction was insignificant compared to the magnitudes of change

that was caused by increase in fibre length.
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6.6 Discussion

In this study, a finite element model, which consists of the cross-linked collagen fibres and a
ground matrix was developed and optimised to study the micromechanical behaviour of
arterial tissue. The model provides complete control of both the geometry and material
behaviour of the collagen fibres and the ground matrix, where the ground matrix represents
the contribution of the remaining microstructural components, such as those of the elastin
fibres and GAGs to the arterial tissue mechanics. In the cases of both unidirectional and
bidirectional fibre alignment models, the change in unit cell modulus versus change in fibre
alignment behaviour (Figure 6.10) followed a pattern similar to the theoretical behaviour of

fibre reinforced composite materials?®.
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In both the unidirectional and the bidirectional fibre models, the stiffest response was
exhibited by the model whose fibres were aligned in the direction of stretching, for which the
shape of the resulting stress-strain curve was similar to that of the nonlinear collagen fibres.
When the collagen fibres are aligned at 0° to the direction of stretching, the cross-links
between the fibres transmit the load directly from one fibre to the next, across the length of
the unit cell, keeping the load that is transferred to the ground matrix at a minimum level.
Consequently, the stress-stretch behaviour of the model is dominated almost entirely by that

of the collagen fibres.

It is also evident in Figure 6.10 that, in both types of fibre alignment models, with increasing
fibre misalignment to the direction of stretching, the models experienced a decrease in
stiffness. Moreover, the unidirectional fibre models were found to undergo a relatively
sharper decrease in stiffness compared to the bidirectional fibre models, as the angle of fibre
misalignment is increased. This phenomenon may be the main reason behind the fact that
collagen fibres in the artery wall are often found in the form of two families of fibres that
cross over one another®8262' The main advantage of having two families of crossing
collagen fibres is that the cross-linking families will transfer the load between themselves to
minimise the effect of variations in local fibre alignment on the overall artery modulus and
structural integrity. The two band plots in Figure 6.7 provide a visual description of such a
phenomenon. The bidirectional fibre model, which resembles the two-family collagen fibre
architecture of arterial tissue, was able to distribute the load much more evenly across the
collagen fibre network, while in the unidirectional model, the load in the collagen fibres was
transferred almost entirely to the ground matrix. Consequently, the unidirectional fibre model
becomes highly susceptible to local stress concentrations, which could lead to material failure
in the case of real arterial tissue.

The unit cell models with distributed collagen fibre orientations (Section 6.5) were aimed at
modelling real arterial tissues, whose collagen fibres also have distributed orientations®26-%0,
The distribution of collagen fibre orientations was set to be the same in all models (with
dispersion parameter x set to 0.25). The influences of the changes in collagen fibre length and
fibre cross-link stiffness were investigated. A linear relationship between the modulus of the
unit cell model and the natural logarithms of both the fibre length and the cross-link stiffness

were obtained.
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On the other hand, it is evident from Figure 6.14 and Figure 6.17 that, in the case of
dispersion parameter k, an increase in cross-link stiffness caused an opposite effect compared
to that of the increase in fibre length and slightly reduced the magnitude of the decrease in k.
However, the magnitude of the obtained reduction was insignificant compared to the
magnitudes of change caused by increases in fibre length. This indicates that, during
stretching, the length of individual collagen fibres can dictate their microstructural

reorganisation, regardless of the stiffness of the links that connect them to one another.

The finite element model was hampered by excessive ground matrix continuum element
distortions, as well as by stress singularities in both the ground matrix continuum and the
collagen fibre beam elements. These factors have caused a large number of simulations to
diverge and terminate prematurely, without giving any useful results. The simulations with
distributed collagen fibre orientation unit cell models were particularly difficult as
identification of a converging model with distributed collagen fibres took relatively large
number of attempts with different models that had the same dispersion parameter x. The unit
cell model also experienced severe singularities and elemental distortions when the cross-
linking density was changed. Moreover, the finite element method proved to be incapable of
allowing simulations with local deformations that are large enough to mimic the
microstructural reorganisation in real arteries. Utilisation of different types of mechanical
modelling both in conjunction with or as a replacement for the finite element method can
overcome these limitations. For instance, the discrete element modelling method is regarded
as especially suitable for modelling of large strains, which can be either used on its own or in

a hybrid model together with the finite element method?®.

6.7 Conclusion

This study presents a unique example of microstructural component-based modelling of the
arterial tissue, with the collagen fibres and the ground matrix modelled as two separate
structural entities. The stretch-driven stress transfer between the modelled microstructural
entities were observed and influence of collagen fibre length and cross-link stiffness on the
mechanical behaviour were investigated. The length of individual collagen fibres was found
to be a critical determinant of the micromechanical behaviour. Development of similar
models that permit larger local deformations would enable further investigation of

micromechanical behaviour of arterial tissue.
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Chapter 7

Conclusion and future work

7.1 Conclusion

The main goals of this study were to investigate the mechanical behaviour of arterial tissues
both in the absence and presence of a structural defect and to identify the associations

between its microstructure and mechanics.

First, a uniaxial tensile testing study was performed for comprehensive characterisation of
mechanical and fracture behaviours of arterial layers from aneurysm-affected aortas.
Unnotched and notched uniaxial tensile tests were performed on diseased aortic tissues and
mechanical, as well as fracture parameters were calculated. These parameters were compared
amongst tissues from the intima, media and adventitia layers, which were sampled along both
the axial and circumferential directions of the aorta. The unnotched circumferential adventitia
samples were found to have the highest material strength amongst all other unnotched tissue
types, while the intima and media layers were found to have similar ultimate material
strengths along both directions of the aorta. On the other hand, the unnotched media and
adventitia layers were found to be stronger in the circumferential than the axial direction. In
this study, the structural defect was mimicked with a single edge notch. In the presence of
this defect, the material strength of the adventitia in both directions was higher than the
strength of intima or media in any direction. The notched adventitia samples were also found
to exhibit higher fracture toughnesses compared to the other arterial layers, which was
confirmed by their failure point J-integral values. Aneurysmal tissues also exhibited a notch-
insensitive behaviour as the tissue strips with notches did not fail at a low level of stretch.
This study is the first comprehensive experimental investigation that is aimed at simultaneous

characterisation of both mechanical and fracture behaviours of diseased aortic tissues.
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The mechanical and fracture behaviour investigation was followed by a study that aimed at
exploration of the association between the microstructural components and the mechanical
properties of aortic aneurysms. This study highlighted the role of microstructural
components, as well as the role of disease-driven changes in their turnover and architecture
on the mechanical properties. Histological processing was performed on the mechanically
tested diseased human aortic tissues. The obtained histological tissue slides were digitised
into RGB images and area percentages of collagen, elastin, macrophage and GAGs, as well
as collagen fibre dispersion were quantified. Collagen, elastin and GAGs were layer-

dependent and the inflammatory burden in all layers was found to be low.

The GAG area percentage was found to be negatively correlated with the collagen area
percentage, but positively with that of elastin. Higher GAG deposition resulted in larger local
collagen fibre dispersion in the media and adventitia, but not in the intima. On the other hand,
the extreme extensibility of unnotched tissue strips in both axial and circumferential aorta
directions was exclusively associated with elastin ratio. Collagen and GAG contents were
both associated with material strength in the circumferential direction, but not in the axial.
Similar findings were also obtained from tests with notched tissue strips, in which both
collagen and GAGs but not elastin or macrophages were associated with material strength.
Studies of arterial micromechanics have often focused on collagen and elastin, with GAGs
being neglected. This study showed that, despite being a minor ECM component, GAGs can
play an important role in the micromechanical architecture and mechanical behaviour of

arterial tissues and therefore, their contribution should not be neglected.

Following investigation of the mechanical properties and the relationship between mechanics
and microstructural components of diseased aortic tissues, curve fitting was used to
determine constitutive material model constants of uniaxially tested specimens from health
aortic, aneurysmal and atherosclerotic tissues. The modified Mooney-Rivlin material model
was fitted to each stress-stretch curve with the Bayesian inference-based estimation method,
which was found to be relatively robust compared to the other curve fitting methodologies
(such as the ordinary least square). Curve fitting allowed determination of C; , D; and D,
constants of the modified Mooney-Rivlin model, where the correlation of the determined
material constants with the corresponding microstructural entities were investigated. Fitted
material constants were found to differ amongst distinct tissue types. Atherosclerotic tissues
associated with the biggest D,, which is an indicator of the rate of increase in stress during

stretching, followed by aneurysmal tissues and those from healthy aortas.

173



Obtained results indicated that C; , D; and D, constants of the modified Mooney-Rivlin
model were tissue type dependent. In particular, D, was found to be the most sensitive
parameter in differentiating tissues of distinct arterial layers from a single type of sample, or
of the same layer between different type of samples. D, was also associated with tissue
architectures, namely the fibre dispersion and fibre waviness. This study has proved that,
through utilisation of a robust curve fitting methodology, constitutive material model

constants can indicate the pathophysiological state of the arterial tissue.

After establishing a better understanding of the relationship between the microstructural state
and mechanical, as well as fracture behaviour of arterial tissue, the focus was shifted towards
investigating the microstructural reorganisations of the fibrous network during stretching.
Unnotched and notched healthy porcine carotid artery tissue strips were stretched uniaxially,
while 3D images of their microstructure were acquired with a multiphoton microscope. The
orientation and dispersion of the imaged fibres were quantified at increasing levels of stretch.
Fibres in the intima and media layers rotated towards the direction of applied stretch as the
level of the applied stretch was increased, which was accompanied with a corresponding
decrease in the dispersion of fibre orientations. In the case of notched tissue strips, fibres
rearranged themselves to redistribute loads away from the crack tip, essentially bridging the
crack. The results of this study clearly indicate that the fibrous network undergo extensive
reorganisations to accommodate the load that is transferred across the arterial tissue
microstructure. Moreover, in the presence of structural defects, the fibres play a critical role

in preventing propagation of cracks as they toughen the arterial tissue by bridging the crack.

Finally, a further study on the microstructure-mechanics relationship of arterial tissue was
performed with the use of finite element modelling. A microstructural component based and
bottom-up built arterial tissue finite element model was developed and optimised for use in
simulations that are aimed at understanding the influence of microstructural component
parameters on the macroscale mechanical behaviour of arterial tissues. In the model, the
collagen fibres and the arterial tissue ground matrix (the ground matrix represents the
mechanical contribution of all other microstructural entities, such as elastin and GAGs) were
modelled as two separate entities with beam and solid continuum elements', respectively. The
collagen fibres were cross-linked to one another and linked to the ground matrix as well. The
finite element model allowed visualisation of the stress transfer between the modelled
microstructural entities, providing a clearer view of the microscale interactions during

stretching.
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The collagen fibre length was found to be a critical determinant of the micromechanical
behaviour and outweighed the influence of the change in fibre cross-link stiffness on the
macroscale behaviour. The finite element model was greatly hampered by excessive
elemental distortions and singularities during stretching, which limited its capability in
allowing simulations with local deformations that are large enough to closely mimic the
microstructural reorganisation in real arteries. Consequently, future studies should prioritise
utilisation of modelling methodologies that allow large enough local deformations that are

similar to those in real arterial tissue.

7.2 Future work

Although the mechanical and fracture properties of diseased human aortic tissues were
comprehensively explored, reference properties from healthy human aortic tissue are missing.
Therefore, a future experimental study on characterisation of mechanical and fracture
behaviours of the healthy aortic tissue would allow comparison between the healthy and
diseased tissue properties, to provide better understanding of the changes experienced with
disease. On the other hand, the arterial tissue is naturally anisotropic, therefore, it has distinct
mechanical properties in different directions. In the current experimental investigation, axial
and circumferential tissue strips were tested separately, and the mechanical properties of the
artery were characterised separately along its two main directions. However, the loading that
is applied on the artery wall in the body by blood also has a multidirectional configuration.
Therefore, the utilised uniaxial tensile testing methodology can be replaced with either
biaxial loading or pressurisation of the artery wall to better mimic the loading that is applied

on the artery by blood.

The fracture behaviour of arterial tissues was studied by uniaxial tensile testing of single edge
notched axial and circumferential tissue strips. The single edge notch was made either along
the axial or the circumferential artery direction, however, the tear that is experienced by the
diseased arterial tissue during initiation of an aortic dissection, or during rupture of an aortic
aneurysm is more likely to be oriented along the radial artery direction. Therefore, in a future
study, an experimental methodology can be developed to allow fracture mechanics tests on
both healthy and diseased aortic tissues with radial notches. The developed methodology

should also enable control of the notch width, as well as its depth into the tested arterial layer.
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Moreover, enabling simultaneous multiphoton microscopy imaging of the tested tissue
microstructure would provide information on the stretch-driven microstructural

reorganisations around the radial notch.

In the case of histopathological examinations on aortic tissues, similar to the case of
mechanical investigations, data from healthy tissues were not available for comparison with
the microstructural component parameters that were obtained from diseased aortic tissues.
Consequently, a future histopathological examination on healthy aortic tissues can provide

valuable data that can be compared with the existing data of diseased aortic tissues.

On the other hand, a different methodology can be utilised to obtain more accurate
information on the microstructural organisation of distinct components. This can involve use
of a 3D imaging technique, such as confocal microscopy, to provide detailed 3D data on the
microstructural architecture of arterial tissues. Each microstructural component can be
stained with a specific dye, which would colour the distinct components with different
colours so that sufficient contrast is obtained when the tissue is imaged with the confocal
microscope. Collagen, elastin, GAGs and macrophage cells can all be dyed to distinct colours
and appear all together in the same 3D image volume, allowing a detailed study of their

microstructural organisation.

In the constitutive modelling study, the fitted stress-stretch curves were from uniaxial tensile
tests and the utilised constitutive modified Mooney-Rivlin model was an isotropic model,
consequently, the anisotropy of the aortic tissue was not considered. This study can be
repeated in the future with biaxial tensile tests and by using an anisotropic constitutive model

such as the one reported by Gasser et al.%.

A significant amount of future work can also be pursued by utilising the preliminary findings
from the multiphoton microscope investigations on the stretch driven microstructural
reorganisations of arterial tissue. These investigations only scratched the surface of what is
happening in the microstructure during stretching. This is mainly because only four carotid
arteries were utilised in the current study, which were from healthy pigs. Therefore, the
immediate improvements should involve increasing the sample number and using human
arterial tissue samples. Biaxial tensile testing experiments can also be utilised to observe the

anisotropic micromechanical behaviour of the fibrous network.
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Multiphoton microscopy has the ability to allow differentiation between collagen and elastin
fibres, which should be utilised in the future to study the microstructural reorganisations of

collagen and elastin separately?®.

Finally, the developed microstructural component based finite element model should serve as
a starting point for more capable models that can converge much easier with distinct
microstructural component organisations, while allowing larger local strains that are more
similar to those of the real arterial tissue. It is important to note that finite element modelling
should not be considered as the only possible way of mechanical modelling and other types
of modelling, such as discrete element modelling! should also be considered to allow

achieving the required model performance.

One major aspect of arterial micromechanics that was not studied by the current model was
reorganisation of collagen fibres around structural defects. A future model should allow
introduction of distinctly shaped structural defects, so that the microstructural reorganisation
of fibres, as well as the stress transfer between the fibres around the structural defect can be
studied. In the current model, the collagen fibres are simply laid on top of the ground matrix
and connected to it through elemental nodes. Nevertheless, a more realistic model can include
a ground matrix that completely surrounds each collagen fibre. Such a model would yield
simulations, which have more realistic stress transfers between the fibres and the ground

matrix.
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