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Summary 

Maladaptive remodelling of structurally significant collagen fibres in the arterial 
wall is believed to play a critical role in the development and progression of 
degenerative arterial disease. A greater understanding of this strain-mediated 
process may pave the way for improved patient screening, as well as the 
development of novel medical devices capable of halting or even reversing 
maladaptive arterial remodelling. The aim of this thesis is to investigate, for the 
first time, the strain-dependent reorientation and degradation behaviour of 
arterial collagen, using a combined experimental and numerical approach. 

To achieve this, structural analysis was first carried out with an optimised, 
purpose-built small angle light scattering system, to identify the collagen fibre 
response to strain-dependent degradation. Next, strain dependent degradation 
rates were determined from stress relaxation experiments in the presence of crude 
and purified collagenase. This allowed for determination of the tissue level 
degradation response in arterial dogbone specimens. A complementary 
computational model was developed, incorporating matrix stiffness and a gradient 
of collagen fibre crimp to decouple the mechanism behind the strain-dependent 
degradation data. This model was then used to predict the degradation response 
of full intact vessels, subjected to physiologically relevant pressures. Finally, the 
model was applied to an idealised vessel geometry to investigate the role of strain-
dependent degradation in the development of degenerative arterial disease. 

Structural analysis identified a statistically significant difference in collagen fibre 
alignment due to strain-dependent degradation. Subsequent mechanical testing 
identified a unique stress degradation response occurring at the tissue scale, which 
was not seen in other collagenous tissues. The model was capable of accurately 
predicting the experimental findings, but only in the presence of three critical 
components. Namely, the load bearing matrix, its degradation response and the 
gradient of collagen fibre crimp across the arterial wall. The model also predicted 
the increased rate of degradation-induced vessel expansion with increasing 
pressure, which was previously identified experimentally, despite elevated rates of 
degradation at low pressure. Finally, the model also identified accelerated 
degradation and subsequent aneurysm growth occurring at a location of initial 
vessel weakness.  These findings highlight the critical role of strain in arterial 
degradation, particularly in the case of progressive degenerative disease whereby 
structural integrity may be compromised.  
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Chapter 1 Introduction 

1.1 Research Motivation 

Cardiovascular disease (CVD) is the leading cause of mortality and morbidity 
worldwide and as such, carries a huge economic burden. CVDs were responsible 
for an estimated 17.5 million deaths in 2012 which corresponds to more than 30% 
of deaths globally (WHO, 2014). This figure is expected to rise to more than 22.2 
million by 2030 such that CVDs will remain the number one cause of worldwide 
mortality (Mathers and Loncar, 2006; WHO, 2014). CVDs affect the vascular 
system within the body, including arteries, veins and the heart which are critical 
in the transport of nutrients and oxygen to the surrounding tissue (Martini, Nath 
and Bartholomew, 2011). Two of the most prevalent manifestations of CVD which 
effect arteries are atherosclerosis and aneurysm. If left untreated, these 
progressive degenerative diseases can progress to a major adverse clinical event 
including myocardial and cerebral infarctions as well as vessel dissection and 
rupture (Thompson, Geraghty and Lee, 2002; Chaikof et al., 2009; Mozaffarian et 

al., 2015).  

A variety of treatments have been devised to treat CVDs which depend on the 
specific disease presenting as well as the severity, location and condition of the 
patient, among other factors (Colombo, Stankovic and Moses, 2002; Chaikof et al., 
2009; Bangalore et al., 2011). In recent years, treatment of CVD has moved away 
from invasive surgical interventions such as carotid endarterectomy, where the 
plaque is surgically removed from the vessel wall, in favour of minimally invasive 
procedures, such as stenting (Chakhtoura et al., 2001). The move toward 
minimally invasive procedures poses less risk to the patient while also reducing 
hospital costs during patient recovery. Although advances in stenting, 
particularly in the development of drug-eluting stents (DES) have greatly 
improved stenting outcomes, restenosis remains a common occurrence (Dangas et 

al., 2010). In addition, the long-term consequences of using anti-proliferative 
cancer-fighting drugs as stent coatings remain unknown. These devices also 
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induce a remodelling response in the surrounding tissue which can dictate the 
long-term outcome of the device (Ghazanfari, Anita Driessen-Mol, et al., 2016). A 
greater understanding of this response may motivate the design of novel medical 
devices which could stimulate healthy remodelling in diseased vessels, potentially 
slowing or even reversing vascular disease. 

Arteries are composed of layers of fibre-reinforced tissue whereby collagen fibres 
provide structural strength to the vessel (Martini, Nath and Bartholomew, 2011). 
Arteries can adapt to their environment through instantaneous reorientation of 
collagen fibres as well as longer term remodelling in response to mechanical and 
chemical stimuli (Ghazanfari, Anita Driessen-Mol, et al., 2016). Many techniques 
have been used to characterise the orientation of these important load-bearing 
constituents, including polarised light microscopy (PLM) (Canham et al., 1989; 
Gasser et al., 2012; Sáez et al., 2016), confocal microscopy (O’Connell et al., 2008; 
Rezakhaniha et al., 2012), and multiphoton microscopy (Tsamis et al., 2013; 
Krasny et al., 2017). However, there are a number of limitations associated with 
each of these techniques; primarily, the requirement to excise the tissue from the 
body, as well as time-consuming and destructive tissue preparation steps (Sacks, 
Smith and Hiester, 1997). Many of these tools are also not suited to characterising 
fibre orientations across entire samples due to their highly localised nature. 
Developments in emerging imaging modalities such as diffusion tensor imaging 
(DTI) have shown great promise due to their ability to determine in vivo fibre 
directions, although further refinement is still required (Flamini et al., 2010; 
Ghazanfari et al., 2012, 2015; Opriessnig et al., 2016). Alternative techniques, 
such as small angle light scattering (SALS), also show promise in its ability to 
determine fibre directions on a large scale, without the need for time-consuming 
preparation steps. SALS also offers the potential for determining structural 
changes of the tissue in response to load which may offer critical insights into 
vascular remodelling (Sacks, Smith and Hiester, 1997; Williams et al., 2009; 
Robitaille et al., 2011). 

A greater understanding of the organisation, instantaneous reorientation and 
time-dependent remodelling of structurally important collagen fibres in healthy 
and diseased vessels is critical in the understanding and diagnosis of these 
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diseases, as well as in medical device design and development. PLM and 
multiphoton microscopy have previously been used to identify differences in 
collagen fibre organisation in aneurysmal tissue when compared to its healthy 
counterpart (Gasser et al., 2012; Niestrawska et al., 2016; Cavinato et al., 2017). 
Accelerated collagen degradation which exceeds production has also been linked 
to late-stage aneurysm expansion and rupture (Thompson, Geraghty and Lee, 
2002). Studies on other collagenous tissues have suggested that collagen 
degradation is a strain mediated process where the magnitude of strain 
experienced dictates the rate of collagen degradation (Huang and Yannas, 1977; 
Ghazanfari, A. Driessen-Mol, et al., 2016; Yi et al., 2016). If true for arterial tissue, 
structural and mechanical changes in aneurysmal and atherosclerotic tissue may 
help to explain disease progression and subsequent vessel and plaque rupture, 
however, this remains unknown. 

In response to the rise in CVD deaths worldwide, computational modelling of CVD 
is becoming an increasingly important tool for understanding disease progression 
and treatment. Much time and effort has been spent on developing material 
models which are capable of predicting realistic vessel behaviour. Many of these 
models incorporate structural details of the vessels themselves including mean 
collagen fibre orientation (Holzapfel, Gasser and Ogden, 2000; Balzani, Schröder 
and Gross, 2006), dispersion (Gasser, Ogden and Holzapfel, 2006), remodelling 
(Driessen, Bouten and Baaijens, 2005; Hariton, DeBotton, T.C. Gasser, et al., 
2007; Creane et al., 2011; Loerakker, Obbink-Huizer and Baaijens, 2013; 
Loerakker, Ristori and Baaijens, 2016) and damage (Simo and Ju, 1987; Miehe, 
1995; Ghasemi, Nolan and Lally, 2018). However, the accuracy and predictive 
power of these models is limited by our understanding of biomechanics, including 
the role the mechanical environment plays in tissue reorganisation and 
degradation. Further development, informed by relevant experimental data may 
allow these models to be used as a predictive tool by clinicians to support their 
decisions to carry out medical interventions in patients suffering from CVD. 
Computational modelling has also regularly been used in the assessment and 
development of new medical devices including stents (Holzapfel, Stadler and 
Schulze-Bauer, 2002; Lally, Dolan and Prendergast, 2005), heart valves 
(Kunzelman et al., 1993) and venous filters (Singer, Henshaw and Wang, 2009). 
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Finite element (FE) modelling of medical devices offers an inexpensive means of 
device development and analysis but requires reliable empirical data to inform 
the models. A greater understanding of the artery response to changes in its 
mechanical environment, allowing for experimentally informed models will 
undoubtedly lead to further advances in clinical patient screening and the design 
and development of more advanced medical devices. 

1.2 Objectives 

The overall aim of this thesis is to explore the mechanical stimuli which drive 
collagen fibre reorganisation and degradation in arterial tissue, with a view to 
gaining fundamental insights into vascular remodelling and to incorporate such 
insights into a computational model which can be used to investigate disease 
progression and as a design tool for next-generation medical devices. To achieve 
this aim, the following objectives must be met, an overview of which is shown in 
Figure 1.1: 

1. Develop a system to non-destructively ascertain collagen fibre orientation 
and reorientation under load in arterial tissue.  

2. Investigate structurally and mechanically whether a strain-dependent 
degradation response exists in arterial tissue. 

3. Develop an experimentally informed numerical degradation model 
capable of predicting and explaining the experimentally determined 
degradation response of arterial tissue. 

4. Investigate the degradation response of physiologically relevant vessel 
geometries experimentally and computationally, to gain insights into 
progressive degenerative diseases in vivo. 
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Figure 1.1 - Overview of the key research objectives.  
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1.3 Thesis Structure 

This thesis consists of seven chapters centred around four studies, which emanate 
from four separate journal papers (three published, one in preparation). A brief 
description of each chapter can be found below: 

Chapter 1: Outlines the motivation for the work completed as part of this thesis, 
highlighting the severity of CVDs, current treatment strategies, as well as 
current gaps in our understanding of vascular remodelling. The key objectives of 
this work are also outlined which will be addressed in Chapters 3-6. 

Chapter 2: Begins with a general review of cardiovascular anatomy and 
physiology, providing a basis for the topics to follow. Next, an in-depth review of 
the current imaging modalities used to investigate arterial architecture is carried 
out, with emphasis on their ability to detect load-induced changes. The literature 
review concludes with a thorough analysis of the current understanding of load 
and strain-dependent degradation in collagen and collagenous tissues. 

Chapter 3: Outlines the need for alternative, minimally destructive techniques 
for collagen fibre characterisation in arterial tissue. This study also investigates 
the ability of an optimised small angle light scattering (SALS) to determine 
collagen fibre orientation and reorientation in arterial tissue under load. 

Chapter 4: Assesses the ability of the optimised SALS system to investigate 
changes in collagen fibre architecture in arterial tissue due to degradation. 
Additionally, this chapter establishes whether a strain-dependent degradation 
response exists in arterial tissue. 

Chapter 5: Further explores the specific strain dependent degradation of arterial 
tissue through a series of stress relaxation experiments on dogbone specimens. A 
theoretical model of arterial degradation is also developed which is informed by 
structural and mechanical findings. The purpose of this model is to elucidate the 
role of non-collagenous matrix and collagen fibre crimp in the ultimate 
degradation response of the tissue. 

Chapter 6: Investigates the physiological degradation response of arterial tissue 
established in Chapter 5, through a series of pressure-inflation creep experiments 
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on intact vessels. The existing numerical model is also implemented in a finite 
element framework to explain the new experimental findings. Finally, the model 
is expanded to investigate a case study of aneurysmal development in an idealised 
vessel geometry. 

Chapter 7: Concludes with a final discussion to unify the key findings from 
Chapters 3-6 and highlight the contribution of this work to the field of arterial 
biomechanics. Recommendations for future work are also presented.
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Chapter 2 Literature Review 

2.1 Cardiovascular System 

The cardiovascular system consists of the heart, blood vessels and circulating 
blood and is responsible for many important functions in the body. This 
circulating blood is tasked with supplying oxygen and nutrients to cells, removing 
waste products such as carbon dioxide, distributing heat, maintaining 
homeostasis, regulating pH levels and aiding the immune system. The 
cardiovascular system can be divided up into two circuits known as the 
pulmonary circuit and the systemic circuit with the heart located at the centre of 
each in an area known as the mediastinum. The heart is a four-chambered 
muscular organ which receives deoxygenated blood from the systemic circuit into 
the right atrium shown in Figure 2.1. From here the blood is passed on to the 
right ventricle which pumps this blood through the pulmonary circuit to become 
oxygenated by the lungs before returning to the left atrium. The left atrium 
passes blood into the left ventricle which pumps the now oxygenated blood 
through the aorta and around the body in what is known as the systemic circuit 
(Martini, Nath and Bartholomew, 2011). 

 

Figure 2.1 – Schematic of the heart showing the major components (Gray, 1858). 



 

Chapter 2  

 

9 

 

Although the basic structure and functions of the cardiovascular system are well 
understood and are explained in even the most basic of anatomy and physiology 
books, how the system adapts is still relatively poorly understood. Today's 
understanding has developed from research spanning centuries, beginning with 
the early work of physicians such as Hippocrates and Galen, who noted the 
cardiovascular system as comprising of two separate networks of blood vessels. 
Likewise, the relatively more recent work of William Harvey discovered many of 
the principles which still hold true today (Aird, 2011). Despite the extensive work 
carried out to-date, further research is required to gain a greater grasp of how 
this system functions, adapts and remodels itself in response to its environment. 
A more in-depth understanding of these areas may better equip patients and 
physicians in dealing with sickness and disease.  

2.2 The Carotid Arteries 

The carotid arteries are large and medium sized vessels located in the neck and 
head of mammals which are responsible for supplying oxygen-rich blood to the 
face and brain (Figure 2.2). The carotid arteries consist of a right and left common 

 

Figure 2.2 - Location of carotid vessels of the neck (Gray, 1853). 
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carotid artery, originating from the brachiocephalic trunk and aortic arch 
respectively. Both the right and left common carotid arteries branch to form an 
internal and external carotid artery. The internal carotid artery is responsible for 
supplying oxygenated blood to the brain and eyes; whereas, the external carotid 
artery is tasked with supplying oxygenated blood to the face, scalp and meninges. 
Unfortunately, this carotid bifurcation region commonly develops atherosclerotic 
plaque, a leading cause of stroke, marking its importance in the study of 
cardiovascular disease (Martini, Nath and Bartholomew, 2011). 

2.3 Arterial Structure and Function 

As mentioned previously, arteries are responsible for carrying oxygen and 
nutrient blood away from the heart and delivering it to areas of need. As these 
arteries move distally with reference to the heart they reduce in size and 
repeatedly branch to form a larger delivery network, eventually forming 
arterioles, the smallest type of artery. From these arterioles, blood enters smaller 
vessels known as capillaries which are responsible for exchanges that occur 
between the blood and the interstitial fluid. After the exchange of nutrients, the 
blood is collected in veins, known as venules before passing through larger veins 
on the blood's return to the heart.  

In order to function efficiently and maintain performance, the structure and 
resulting mechanical properties of these vessels are extremely important. 
Arteries, for instance, can be subjected to high pressures as they pass up to 8000 
litres of blood in a day and endure up to 40 million load cycles in a year (Holzapfel, 
2008; Martini, Nath and Bartholomew, 2011). To deal with this high volume of 
blood, the wall of arteries and veins are made up of three layers known as the 
tunica intima, tunica media and tunica adventitia which predominantly consist 
of a matrix of elastin, smooth muscle cells (SMCs) and reinforcing collagen 
(Figure 2.3). Although both arteries and veins consist of this three-layer 
structure, the focus of the following section and this body of work as a whole will 
be on the arterial system. 
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Figure 2.3 - Schematic of an elastic artery showing the three vessel layers; intima, 
media and adventitia and their main constituent components including collagen, 
elastin and SMCs (Rhodin, 1980). 

2.3.1 Arterial layers 
The tunica intima, also known as the tunica interna, is the innermost layer of a 
blood vessel. The structure of the intima can vary depending on the age and 
health of the artery as well as the type and function of the artery (Rhodin, 1980; 
Martini, Nath and Bartholomew, 2011). In small and immature arteries, this 
innermost layer is extremely thin consisting of a single layer of longitudinally 
orientated endothelial cells sitting on a thin basal lamina, together known as the 
endothelium. In larger elastic arteries, the intima also consists of a thin 
subendothelial layer containing myofibroblasts and SMCs interspersed with 
collagenous and elastic fibres (Rhodin, 1980). The intimal layer is considered to 
have negligible mechanical significance in young vessels. However, in aged and 
unhealthy arteries, a process known as arteriosclerosis results in a stiffening and 
thickening of the subendothelial layer. As this inner layer thickens and becomes 
more fibrous with age, the properties of this intimal layer become more 
mechanically relevant (Holzapfel, 2008).  

The tunica media is generally the thickest of the three arterial layers and has the 
greatest mechanical influence on arterial walls. The media predominantly 
consists of SMCs, elastin and collagen fibres arranged helically within the wall of 
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the artery as shown in Figure 2.4. This helical structure is thought to offer the 
vessel resilience to both longitudinal and expansion forces in vivo (Rhodin, 1980). 
An early study by Wolinsky and Glagov (Wolinsky and Glagov, 1964) noted how 
these helically orientated SMCs align themselves with respect to forces 
experienced in the wall. An internal and external elastic lamina act as the inner 
and outer boundary to the media. Depending on the function and type of artery, 
additional concentric layers of laminae may be present through the media 
thickness with up to 60 laminae present in the human aorta (Rhodin, 1980). 
Consequently, these additional laminae can make the boundary more difficult to 
distinguish. This is particularly true in large elastic arteries as opposed to 
muscular arteries which present more distinct internal and external laminae 
with far fewer layers, many of which are incomplete. The laminar sheets are 
fenestrated allowing for transport of molecules through the wall of the vessel 
while a network of elastic fibres interconnects the concentric layers of the media. 
As vascular diseases such as atherosclerosis progress, this medial structure can 
become affected (Burke, 2002). The media of veins is much thinner than their 
arterial counterparts with much larger variations in structure and organisation 
depending on the age, location, size and presence of lumen valves in the vessel 
(Rhodin, 1980). 

  

Figure 2.4 - Schematic showing a helical arrangement of circumferentially distributed 
SMCs and collagen fibres through the arterial wall. The pitch angle of these fibres is 
observed to increase as one moves radially outward shown in panels A-D (Rhodin, 
1980). 
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The tunica adventitia or tunica externa is the outermost layer of a blood vessel 
although smaller vessels such as cerebral vessels in the brain may not exhibit a 
true adventitia. The adventitia is a loosely packed fibro-elastic layer 
predominantly consisting of collagen and lower levels of elastin in arteries while 
relatively more elastin, as well as SMCs, can be found in the venous system. The 
loose connective tissue of the adventitia helps to anchor blood vessels in 
surrounding tissue minimising movement and as a result, damage to the vessel 
wall. The adventitia also supports the vasa vasorum, a wide network of small 
arteries and capillaries which supply nutrients to the walls of large arteries and 
veins. Under high pressures, the adventitia also acts like a stiff ‘jacket-like’ 
structure to prevent over expansion of the blood vessel and subsequent damage. 
Moving radially outward from the vessel lumen, the 3D structure of collagen and 
elastin fibres can also be seen to increase in density (Rhodin, 1980). 

Although there is a wealth of information available on the general structure of 
arteries, there is still much contrasting information regarding the specific 
arrangement of these vessel constituents across vessels and species. Arteries can 
generally be divided into three different classes of artery depending on their size, 
location and function within the cardiovascular system: elastic arteries, muscular 
arteries and arterioles also known as resistance vessels (Martini, Nath and 
Bartholomew, 2011).  

2.3.2 Vessel types 
Elastic arteries also known as conducting arteries, encompass the largest arteries 
in the body which are typically located proximally to the heart. The proximity of 
elastic arteries to the heart requires these vessels to conduct large volumes of 
blood at high pressures without loss of function over extended time. In order to 
facilitate this high pressure, the media of these vessels contain a relatively high 
level of elastin as compared to smaller muscular vessels (Figure 2.5) (Burton, 
1962). This high proportion of elastin allows for the large expansion of the vessel 
wall in response to the high pressures attributed to ventricular systole. The 
ability to expand under the high-pressure conditions proximal to the heart allow 
the body to maintain a relatively uniform pressure further from the heart where 
vessels are more muscular and less distensible. This expansion and recovery of 
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these large vessels also serves to smooth the flow of blood through the vascular 
system during systole and diastole which would not be possible were there a 
constant stiffness throughout. This ability to maintain a relatively constant 
pressure throughout the cardiovascular system is known as the `windkessel'' 
effect (Holzapfel, 2008). Examples of elastic arteries in the body include the major 
arteries of the body such as the aorta and pulmonary trunk as well as subsidiary 
vessels such as the pulmonary arteries, the subclavian artery and importantly, 
the common carotid artery. Moving distally, away from the heart, these vessels 
gradually transition to muscular arteries (Nowrozani and Zareiyan, 2011). 

Muscular arteries or distributing arteries encompass most small and medium-
sized arteries in the body. Thanks to the elastic properties of the preceding elastic 
vessels, muscular arteries are not subjected to the high pressures experienced 
closer to the heart. Consequently, muscular arteries have less elastic fibres and 
as their name suggests, contain a relatively high volume of smooth muscle cells 
within their media. The high proportion of SMCs aids in the active contraction of 
the vessel wall, ensuring that significantly high levels of pressure are found 
throughout the arterial system (Burton, 1962). The large network created 
through repeated branching of these vessels allows for the distribution of blood 
throughout the body. Some of the many examples of muscular arteries include 
the external carotid, brachial and femoral arteries.  

 

Figure 2.5 - Relative levels of endothelium, elastin, SMCs and collagen in different size 
arteries showing a reduction in elastin volume fraction, but increase in the collagen 
volume fraction as you move distally away from the heart (Burton, 1962). 
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The venous system is responsible for returning blood to the heart in both the 
pulmonary and systemic circuits. The walls of these vessels are much thinner 
than their arterial counterparts because of the lower blood pressure throughout 
the venous system. Due to this low pressure, the venous system relies on intimal 
valves throughout its vessels to help direct blood flow back toward the heart with 
the aid of skeletal muscle contraction. Damage and deterioration of these valves 
can lead to pooling of blood in veins leading to conditions such as varicose veins 
and even clotting. Although the level of elastin is seen to reduce with distance 
from the heart in the arterial system, elastin reappears in the larger vessels of 
the venous system. This reintroduction of elastin can be attributed to the high 
levels of tension required to maintain vessels of a larger radius. If this tension 
was to be provided by active contraction of SMCs, continuous energy expenditure 
would be required. Consequently, tension through elastic fibres allows for greater 
energy efficiency in vivo (Burton, 1962). 

2.4 Mechanical Properties 

The mechanical properties and subsequent performance of arteries and blood 
vessels as a whole rely heavily on the complex multi-component structure 
outlined in the previous sections. As we have seen, the walls of blood vessels are 
anisotropic in nature owing not only to constituent collagen fibres but also the 
elastic and cellular components. The comprehensive review of the physiological 
performance of arteries by Burton (Burton, 1962) provides a good starting point 
for those looking to understand the role of the elastic and muscular components 
of the cardiovascular system. Early work on the mechanical properties of artery 
dates back to the 1880s where the non-linear, anisotropic, elastic response of 
arterial tissue was analysed (Roy, 1881). 

When subjected to uniaxial tensile testing, arterial tissue produces a 
characteristic ‘J-shaped’ curve as seen in many biological soft tissues where 
initially large levels of strain are observed at relatively low loads before a 
stiffening response is experienced (Figure 2.6) (Holzapfel, 2008). Elastin 
dominates the initial ‘toe’ region of this curve, where relatively low load results 
in large deformation. As deformation increases, successive recruitment, 
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straightening and alignment of previously undulated collagen fibres begin to bear 
the load, increasing the stiffness response of the vessel wall (Humphrey, 2002). 
To demonstrate the influence of both collagen and elastin in the mechanical 
response of artery, Roach and Burton (Roach and Burton, 1957) selectively 
digested away each constituent in human iliac artery (Figure 2.6). It was shown 
that with the selective digestion of collagen using formic acid, the initial arterial 
response in tension was dominated by the elastin in the tissue. Likewise, collagen 
was found to dominate the stiffer region of the curve and this was demonstrated 
through the selective digestion of elastin using crude trypsin. 

 

Figure 2.6 - Mechanical response of fresh human iliac artery in response to selective 
digestion of collagen and elastin showing the contribution of elastin at low strain and 
contribution of collagen at high strains (Roach and Burton, 1957). 

It was previously noted that arteries exhibit an anisotropic response in loading 
owing to their complex anisotropic structure. Consequently, it is important to 
consider different deformation modes and in different directions to fully 
characterise the mechanical properties of artery. Not only does an artery 
demonstrate a different response to circumferential and longitudinal stretch, but 
the response has also been shown to be layer specific (Holzapfel et al., 2005). This 
layer specific response to circumferential and longitudinal stretch is illustrated 
in Figure 2.7. 
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Figure 2.7 - Layer-specific stress-stretch curves for human coronary arteries 
highlighting the importance of investigating layer specific vessel structure and 
mechanics (Holzapfel et al., 2005). 

It is also important to note that both axial and circumferential residual stresses 
reside in arterial walls in vivo which are disturbed once the vessel is excised and 
dissected. As a result, sectioned vessels may show altered mean fibre orientations 
from those experienced in vivo (Schriefl et al., 2012). Axial residual stresses can 
clearly be observed by monitoring the axial shortening of a vessel as it is excised 
from the body where it was once tethered. The extent to which tethering occurs 
has been found to depend on both the species and location of the vessel in question 
(Han and Fung, 1995) while axial strains up to 30% have been found in porcine 
carotid artery (García et al., 2011). Similarly, circumferential residual stresses 
are clearly visualised by cutting a vessel open longitudinally and witnessing the 
vessel spring open rather than maintaining its cylindrical shape. The existence 
of these pre-existing stresses helps to ensure relatively even stress distributions 
throughout the vessel wall in vivo (Delfino et al., 1997; Labrosse et al., 2009). It 
is also worth noting that the individual vessel layers exhibit different residual 
stress levels to achieve an even stress distribution across the vessel wall. The 
individual residual stress response can be identified by delaminating the different 
vessel layers and measuring their response when cut open longitudinally (Figure 
2.8). The layer-specific residual stresses may serve to minimise the stress across 



 

Chapter 2  

 

18 

 

the vessel at physiological pressures and allow the artery to respond to different 
axial and circumferential loading environments. The increased circumferential 
length observed in the intima in comparison to the media in Figure 2.8 may 
explain the spontaneous delamination that can occur at their interface at high 
pressure (Holzapfel, 2008). These stresses are both layer and location dependent 
in the vascular system and arise from growth and remodelling mechanisms in the 
tissue. These layer-specific responses also highlight the importance of considering 
individual structural and bio-mechanical response of each arterial layer. It is 
reasonable to assume that by excising these vessels from the body, effectively 
removing the in vivo loading conditions, both vessel structure and consequently 
the mechanical properties of the vessel will be altered. The effect of removing 
residual stresses in the vessel can be seen in Figure 2.8 below. 

 

Figure 2.8 – Layer-specific response of anatomically separated A) circumferential and 
B) axial strips of human aortic tissue. The response of intact aortic tissue cut open to 
release residual stress is shown for C) circumferential and D) longitudinal strips 
(adapted from (Holzapfel et al., 2007)). 
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Arteries also behave viscoelastically due to their inherent solid and fluid phase 
structure. This viscoelasticity manifests itself through creep at a constant load, 
stress relaxation under a constant strain and hysteresis in cyclic loading. While 
viscoelastic, arteries are also relatively insensitive to physiological strain rates 
and can be pre-conditioned in order to reduce hysteresis (Holzapfel, Gasser and 
Stadler, 2002). The exact mechanisms behind these processes are not completely 
understood, however macromolecule unfolding, fibre reorientation and 
physiological fluid distribution are considered to all play a role (Holzapfel, 2008). 
Consequently, prior to mechanical testing, samples are often preconditioned at 
lower stress/strain levels to ensure repeatability of measurements and to produce 
a more realistic in vivo tissue response (Figure 2.9). Failure responses are also 
exhibited by arteries in over distension which can occur due to interventional 
medical procedures such as balloon angioplasty (Steele et al., 1985). These failure 
responses further complicate the mechanical response of vessels.  

 

Figure 2.9 - A) Energy dissipation and B) preconditioning of soft tissues highlighting 
their complex structure-function response (Humphrey and Delange, 2004). 

Mechanical testing has also been employed to link both vessel structure to the 
mechanical response of arterial tissue. Schriefl et al. (Schriefl et al., 2012) carried 
out biaxial mechanical testing on human descending and abdominal aortic 
arteries as well as common iliac arteries to investigate the layer-specific collagen 
fibre orientations found in the arterial wall. Biaxial testing was conducted to 
simulate the loading experienced in vivo, with larger strains applied 
circumferentially to those axially as described in the literature (Learoyd and 
Taylor, 1966; Labrosse et al., 2009). As mentioned previously, residual stresses 
are present in the vessel wall which are released upon cutting the vessel open. 
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Unfortunately, this process will influence both the native vessel structure and the 
subsequent mechanical response of the tissue. To circumvent this, pressure 
inflation experiments are often carried out to obtain more physiologically 
meaningful data (Macrae, Miller and Doyle, 2016). These studies are generally 
pressure controlled and strain is typically measured optically. Vessel inflation 
experiments have been utilised to determine vessel mechanical properties 
(Sommer and Holzapfel, 2012), identify adventitial fibre reorientation under load 
(Haskett et al., 2013) and investigate fibre damage due to overdistension in ovine 
cerebral arteries (Converse et al., 2018). Despite these studies, there is still a lack 
of understanding on how load influences the remodelling of arterial tissue, 
particularly through degradation. 

The aforementioned mechanical characteristics are also dependent on many other 
factors including but not limited to; age, sex, health, lifestyle (Ozolanta et al., 
1998) and location along vascular tree (Silver, Snowhill and Foran, 2003). 

2.5 Cardiovascular Disease 

2.5.1 Atherosclerosis 
As outlined at the onset, CVD is the leading cause of death worldwide, responsible 
for 17.5 million deaths in 2012 alone (WHO, 2014). Unfortunately, this is a 
position which it is expected to hold well into the future (Mathers and Loncar, 
2006). CVD is a term which is used to describe diseases which affect the heart 
and vasculature of the body and can often lead to fatal clinical events such as 
cerebral infarctions (stroke) or myocardial infarctions (heart attack). 
Atherosclerosis is one such disease which affects arteries within the body and can 
culminate in a fatal event occurring. 

Atherosclerosis is a complex immunoinflammatory disease which affects medium 
and large arteries in the body (Falk, 2006). It is a specific type of arteriosclerosis, 
the term used to classify a group of progressive conditions which result in a 
thickening and stiffening of the arterial wall. Atherosclerosis is characterised not 
only by this stiffening process but also the development of an atheromatous 
plaque in the arterial wall. It is widely believed that hemodynamic flow is a 
leading factor in the development of atherosclerosis and as such atherosclerotic 
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lesions typically develop in regions of complex vessel geometry such as the carotid 
bifurcations shown in Figure 2.10 (Friedman et al., 1983; Slager et al., 2005; Lee 
et al., 2008). The proximity of the carotid bifurcation to the small vasculature of 
the brain and its susceptibility to atherosclerotic plaque development and rupture 
make it the leading cause of stroke. Ischemic stroke, where obstruction of blood 
flow occurs in the vasculature of the brain, often due to plaque debris or emboli 
blockage, accounts for 87% of cerebrovascular incidents (Mozaffarian et al., 2015). 

 

Figure 2.10 - Development of carotid artery disease at the carotid bifurcation (National 
Heart Lung and Blood Insitute (NIH), 2013c). 

Although not fully understood, atherosclerosis develops in response to the 
infiltration of low-density lipoproteins (LDLs) through a dysfunctional 
endothelium into the subendothelial space. It is thought that endothelial injury 
may be a driving force in this initial developmental phase (Crowther, 2005). Once 
present, these LDLs become oxidised and pro-inflammatory, in turn recruiting 
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leukocytes such as monocytes present in the blood. As these monocytes migrate 
across the endothelium, they differentiate into macrophages to remove oxidised 
LDLs by ingestion. These white blood cells, termed ‘foam cells’ continue to 
successfully ingest atherogenic lipoproteins provided that suitably high levels of 
high-density lipoproteins (HDLs) are present. HDLs assist foam cells through the 
removal of ingested lipids, allowing the foam cell to continue to their ingestion of 
further lipids. If low levels of HDLs are present, continued ingestion of 
atherogenic lipoproteins culminates in apoptosis of the foam cell and deposition 
of previously ingested lipid material (Crowther, 2005; Falk, 2006). As the 
atherosclerotic lesion develops, this deposited material forms a soft lipid-rich 
plaque core. Many of the stages and products arising during this process are 
atherogenic themselves and can accelerate atherosclerotic development through 
positive feedback (Falk, 2006). There are numerous risk factors associated with 
increased risk of atherosclerosis including hypertension, smoking, blood 
cholesterol levels and being of male gender (Chambless et al., 1997; Falk, 2006). 

To better diagnose and treat patients suffering from atherosclerotic disease, a 
classification system has been put in place by the American Heart Association 
(AHA) which categorises plaques into one of eight categories (Stary et al., 1994, 
1995; Stary, 2000). Despite being developed for coronary artery disease, this scale 
which ranges from early plaque development to late progression is also used as a 
guide for carotid plaque development. This class system loosely relates to the 
increasing severity of the plaque progression with early onset of atherosclerosis 
seen in Type I lesions, where the first lipid-laden foam cells are seen in the intima 
to clinically significant Type V and VI lesions (Figure 2.11). These clinically 
significant lesions present severe intima disorganisation with the potential for 
destabilising fissure development. The lack of collagen and SMCs, coupled with 
macrophage infiltration, increase the risk associated with these lesion types. 
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Figure 2.11 – Schematic of the anterior descending coronary artery showing plaque 
development and progression from early Type I plaques to clinically significant Type 
V and VI plaques (Stary et al., 1995). 
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2.5.1.1 Vulnerable plaque/patient 

In addition to the classification system published by the AHA (Stary et al., 1994, 
1995; Stary, 2000), work has been carried out attempting to more accurately 
identify plaques at risk of rupture (Varnava, 2002; Naghavi, 2003b; Aikawa, 
2004; Falk, 2006; Peeters et al., 2009). Insights into the factors driving plaque 
vulnerability could greatly aid in the identification and subsequent treatment of 
asymptomatic atherosclerotic arteries.  

To achieve this, Varnava et al. (Varnava, 2002) looked to establish this link 
between inward and outward remodelling of the arterial wall and plaque 
vulnerability. Although outward or positive remodelling of an atheromatous 
artery is beneficial in reducing luminal stenosis, it was found to be associated 
with more complex, vulnerable plaques which were more at risk of rupture. A 
connection between outward arterial remodelling and increased lipid, 
macrophage and consequently matrix metalloproteinases (MMPs) content was 
found, all of which are indicators of rupture-prone plaque (Figure 2.12). MMP 
collagenases produced by this high macrophage content have been found to 

 

Figure 2.12 - Aa) Positive remodelling of a coronary artery and B) bar chart 
showing an increase in undesirable lipid material in outwardly remodelling vessels 
(Varnava, 2002). 
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potentially weaken the fibrous plaque cap increasing the likelihood of plaque 
fissuring or rupture (Aikawa, 2004; Daemen et al., 2016). The performance of 
these MMP collagenases has also been found to be strain dependent (Flynn et al., 
2010; Adhikari, Chai and Dunn, 2011) which may influence the rate of 
degradation occurring in stiff atherosclerotic tissue. Additionally, regions of low 
cellular content which are associated with plaque progression, may decrease a 
tissue’s healthy remodelling ability (Crisby et al., 2001). 

It has been suggested that vulnerable plaque is not the only consideration when 
attempting to predict plaque at risk of rupture. Naghavi et al. (Naghavi, 2003a, 
2003b) looked to expand on the initial AHA classifications to consider what 
constitutes not only a vulnerable plaque but a ‘vulnerable patient’. This new term 
encompasses the vulnerability of the plaque, blood and myocardium in order to 
diagnose patients. Potentially vulnerable plaque types are shown in Figure 2.13. 
Five major criteria were established in an aid to identifying plaque vulnerability 
including active inflammation, thin cap wall with a large lipid core and 
endothelial denudation with platelet aggregation. A closer look at plaque 
pathogenesis has identified structural, cellular and functional factors attributed 
to plaque stabilisation (Falk, 2006) which have also been seen to occur in non-
fatal, ruptured plaques (Peeters et al., 2009). Hemodynamic flow which is linked 
to initial plaque development has also been strongly linked to plaque 
vulnerability and may offer a means of early identification of vulnerable plaques 
and patients (Slager et al., 2005; Groen et al., 2008; Zahnd et al., 2016). Despite 
the substantial volume of work investigating plaque development, progression 
and vulnerability, the mechanobiological cues driving atherosclerosis are still 
unclear. 
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Figure 2.13 – Different forms of vulnerable plaques as set by Naghavi et al. (Adapted 
from (Naghavi, 2003a)). 
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2.5.1.2 Diagnosis and Treatment 

Current strategies for diagnosing and measuring the degree of stenosis include 
duplex ultrasound (DU), intravascular ultrasound (IVUS), magnetic resonance 
imaging (MRI) and computerised tomography angiography (CTA) (Schaar et al., 
2007). Based on the imaging technique chosen, the severity of stenosis is 
compared to established guidelines arising from clinical trials (‘MRC European 
Carotid Surgery Trial: interim results for symptomatic patients with severe (70-
99%) or with mild (0-29%) carotid stenosis. European Carotid Surgery Trialists’ 
Collaborative Group.’, 1991; Moneta et al., 1993). Unfortunately, these techniques 
often provide limited information on the structure and type of plaque present 
(Nair, 2002). Alternative techniques have been suggested for better identifying 
the various vulnerability criteria set out previously, such as thermography for 
identifying active inflammation (Naghavi, 2003a; Schaar et al., 2007). Combining 
multiple techniques such as MRI with computational modelling may also offer a 
potential means of estimating plaque stresses and strains in vivo with the aim of 
identifying plaques at risk of rupture (Nieuwstadt et al., 2015; Kok et al., 2017). 
Unfortunately, time and resources can limit the use of multiple techniques for 
detailed identification of plaque vulnerability. 

Once a vessel is identified as requiring medical intervention, carotid 
endarterectomy (CEA) or carotid artery stenting (CAS) is generally carried out. 
CEA is an invasive surgical procedure where a cervical neck incision is made to 
gain access to the carotid artery. The vessel is opened and shunted to redirect 
blood flow while the plaque is excised from the vessel wall (Figure 2.14). After 
plaque removal, the vessel and neck are sutured closed and healing can begin. 
CEA has been found to work significantly better than treatment with medicine 
alone in highly stenosed vessels (>70%) (Mozaffarian et al., 2015). CEA is often 
recommended for those with high levels of stenosis. It has been found that CEA 
produces more favourable results than CAS in older patients (>70 years) where 
tortuous vasculature makes catheter-based procedures more challenging. 
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Figure 2.14 - Schematic showing a carotid endarterectomy procedure where plaque is 
surgically removed from the carotid artery using a forceps (National Heart Lung and 
Blood Insitute (NIH), 2013a). 

CAS is a minimally invasive endovascular procedure where a self-expanding 
nitinol (NiTi) stent is guided to the stenosed region through the radial or femoral 
artery using a catheter. The stent is positioned at the site of plaque burden to 
restore lumen diameter once deployed (Figure 2.15). Correspondingly, CAS is 
recommended as a treatment for stenosed vessels where intravascular procedures 
pose minimal risk to the patient. There is much debate as to which technique 
produces more favourable results. Although CAS was found to reduce cranial 
nerve injuries and myocardial infarctions occurring during CEA, a significant 
increase has been found in the 30-day incidence of stroke (Bangalore et al., 2011). 
Further studies have found similar short and long-term outcomes while noting 
an increase in stroke and heart attack incidence in CAS and CEA, respectively 
(Mantese et al., 2010).  
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Figure 2.15 - Schematic showing the deployment of a minimally invasive self-
expanding NiTi stent in the internal and common carotid artery as an alternative to a 
carotid endarterectomy (National Heart Lung and Blood Insitute (NIH), 2013b). 

Early carotid stenting was carried out using stainless steel stents similar to those 
used in coronary stenting with limited success (Clair, 2008). Today, self-
expanding NiTi rather than balloon-expandable stainless-steel stents are used in 
carotid stenting to take advantage of its superior elasticity and crush resistance 
(Figure 2.16). Major advances have been made since their initial introduction, 
with many designs available today (Clair, 2008). As with coronary stenting 
(Rutsch et al., 2000; Lally, Dolan and Prendergast, 2005; Gijsen et al., 2008; 
Dangas et al., 2010), stent design has been found to influence the performance 
and outcome of carotid stents (Hart et al., 2006; Clair, 2008). Stent performance 
has also been seen to be affected by plaque type present in the vessel prior to 
stenting. 

Closed cell stents were found to be preferable to their open cell counterparts in 
the treatment of echolucent plaques in the carotid artery as identified by duplex 
ultrasound (Hart et al., 2006). Stented vessels are also prone to in-stent restenosis 
(ISR), the process of neointima formation, attributed to stent deployment. 
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Thankfully, the advent of anti-proliferative drug coatings for stents has 
significantly reduced the rates of ISR, particularly in coronary stenting (Dangas 
et al., 2010). Although low, in-stent restenosis (ISR) is also found to occur post 
carotid stenting. Follow up studies have found ISR (>80%) to have an occurrence 
rate of 5%, while lower restenosis levels (<80%) were found to have much higher 
incidence rates (Chakhtoura et al., 2001; Lal et al., 2003; Setacci et al., 2005). 
Stent design has previously been found to affect ISR rates in coronary arteries, 
and as such, it is highly likely to be a factor in carotid ISR. Development of new 
and improved stents informed by experimental data on arterial remodelling may 
reduce these ISR rates further while also reducing the need for cytotoxic, cancer-
fighting stent coatings. Further advances in carotid stent design and development 
will undoubtedly increase the popularity of CAS. A shift towards the use of 
minimally invasive stenting procedures will offer long-term cost savings thanks 
to reduced recuperation times and with improvement, less follow up procedures. 

 

Figure 2.16 - Self-expanding NiTi stent for use in the carotid artery (Clair, 2008). 

2.5.2 Aneurysm 
Aneurysms are another histopathological manifestation of CVD which affect 
arteries in the body. Aneurysms present as a localised bulging or ballooning of 
the vessel wall (Figure 2.17), often forming along the aorta or in cerebral arteries. 
These aneurysms are categorised based on their morphology as either saccular or 
fusiform, as well as their size and location. If left untreated, aneurysm 
progression can compromise the structural integrity of the vessel, resulting in 
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eventual rupture (Thompson, Geraghty and Lee, 2002). Unfortunately, aneurysm 
rupture is often fatal, with a 94% mortality rate in the case of thoracic aortic 
aneurysm rupture (Bickerstaff et al., 1982). There are many risk factors 
associated with aneurysm development, progression and rupture including family 
history, gender, tobacco use, existing arterial disease, and hypertension (Chaikof 
et al., 2009). 

Aneurysm formation is linked to excessive degradation of the extracellular 
matrix by matrix metalloproteinases (MMPs) and other cysteine collagenases. 
These proteases are central to normal healthy arterial remodelling; however, they 
have been found to be upregulated in developing and ruptured aneurysmal tissue 
(Abdul-Hussien et al., 2007). Increased macrophage and lymphocyte presence 
which contribute to inflammatory response associated with CVD are further 
hallmarks of aneurysm development (Xiong et al., 2009). Numerous studies have 

 

Figure 2.17 - Schematic showing A) a healthy aorta next to B) a thoracic aortic 
aneurysm and C) an abdominal aortic aneurysm. Aneurysmal tissue show significant 
vessel dilation.(National Heart Lung and Blood Insitute (NIH), 2010). 
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investigated structural changes in aneurysm progression with many reporting 
decreased elastin and collagen content (Tsamis, Krawiec and Vorp, 2013). A 
decrease in the relative ratio of elastin to collagen has also been noted which may 
be due to the inability of arteries to replace degraded mature elastin (Duca et al., 
2016). It is possible that degradation of elastin which is responsible for the low 
strain response in arterial tissue may play a role in early aneurysm formation. 
Correspondingly, collagen degradation may become more prominent during 
aneurysm progression as higher tissue strains are experienced. As mentioned 
previously, collagen degradation is known to be a strain-dependent process, 
potentially explaining the reduced collagen content observed in ruptured 
aneurysmal tissue (Thompson, Geraghty and Lee, 2002; Tsamis, Krawiec and 
Vorp, 2013) (Figure 2.18). 

 

Figure 2.18 - Schematic showing the stages of aneurysmal development and 
progression. Collagen degradation exceeds production as an aneurysm develops until 
the vessel can no longer bear the load and rupture occurs (Thompson, Geraghty and 
Lee, 2002). 

Currently, the decision to carry out aneurysm intervention is predominantly 
based on aneurysm diameter, with vessels above 5 cm considered at risk of 
rupture in the case of abdominal aortic aneurysm (AAA). Unfortunately, this 
criterion alone is not adequate for predicting vessel rupture, with rupture often 
found to occur below this threshold (Nicholls et al., 1998). It is clear that further 
developments are required to provide more comprehensive clinical screening tools 
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which may assist clinicians in determining vessels requiring medical 
intervention. As discussed in Section 2.4 above, the underlying collagen fibre 
architecture governs the mechanical strength of arterial tissue, while, 
maladaptive remodelling of this architecture may alter the mechanical response 
of the vessel wall. Consequently, a greater understanding of the underlying 
structure of healthy and diseased arterial tissue may provide an alternate or 
additional means of identifying vessels at risk of rupture.  

2.6 Structural Characterisation 

There are a wide range of techniques regularly employed to investigate and 
characterise the structure of soft tissues. All of these techniques have their 
advantages and disadvantages and it often depends on time, money, access and 
the information sought as to which technique is chosen. Structural information 
acquired is often based on the technique chosen and can play an important role 
in understanding and predicting material behaviour. Experimentally obtained 
structural information can be used to improve material understanding, provide 
insights into tissue mechanical responses, validate theoretical and computational 
models and even inform future model development. Collagen fibres 
(predominantly types I and III) are known to be the most mechanically relevant 
component of the arterial wall and as such, numerous techniques have been used 
to identify the fibre architecture of the vessel wall (Holzapfel, 2008). 

2.6.1 Bright-field Microscopy 

Optical light microscopy has long been a popular method of viewing and 
characterising the structure of biological tissue samples. Bright-field microscopy 
is the simplest form of optical light microscopy and relies on the absorption of an 
illuminating white light to view a sample. Despite the simplicity of its setup, 
bright-field microscopy allows viewing of many different structures within 
biological tissues through the use of well-known histological stains such as H&E 
and elastic Van Gieson’s stain (Figure 2.19). Resulting images provide a means of 
qualitatively analysing tissue structures while these images can often be further 
processed using image processing techniques to more quantitatively analyse the 
results. 
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Figure 2.19 – Tangential sections of arterial wall stained with A) H&E and B) Elastic 
Van Gieson’s showing structural details viewed under 4x magnification. H&E allows 
visualisation of cell nuclei in purple and other constituents depending on their pH 
while Elastic Van Gieson’s stain shows elastin in black and collagen in brown. 

Many early studies benefitted from the use of this simple microscopy method for 
characterising the structure of arteries including collagen content and orientation 
throughout the various arterial layers. The seminal work of Canham et al. 
(Canham et al., 1989) used light and more advanced polarised light microscopy to 
determine the three-dimensional structure of coronary arteries fixed under 
pressure. 

Although bright-field microscopy is still used today, more advanced imaging 
modalities have been developed and are actively used to better determine arterial 
structure including the response of these tissues to load. Adaptations of this 
imaging method have allowed for improved clarity and imaging depths while 
maintaining bright-field microscopy as a quick and cheap method of qualitatively 
characterising biological structures. Unfortunately, brightfield microscopy 
typically requires samples to be chemically fixed, histologically processed, and 
sectioned into thin slices prior to tissue staining and subsequent imaging. 
Although fixing aims to minimise tissue disruption during this process, changes 
in tissue architecture are likely to occur.  

2.6.2 Polarised Light Microscopy 
Polarised light microscopy (PLM) is a well-established characterisation technique 
which takes advantage of the birefringent properties of collagen within tissue 
samples. In PLM, antagonistic light is polarised by a polarising lens and passed 
through a sample before being fed through a second perpendicular polarising lens, 
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known as an analyser. Birefringent collagen fibres aligned with the polarising 
lenses will diffract the passing polarised light and pass through the analyser, 
while unaligned fibres will not be visible. Consequently, the polarising lenses or 
sample must be rotated and reimaged in order to capture a full picture of the 
sample. In the case of collagenous tissue, samples are stained to enhance the 
natural birefringence of the constituent collagen fibres before being viewed under 
polarised light. Through staining, collagen fibres can be identified and their 
azimuth (in-plane/circumferential) and elevation (out-of-plane/radial) angles 
determined with the use of a universal stage (Holzapfel, 2008). PLM has 
frequently been used to characterise collagen fibre orientation in many biological 
tissues such as heart valves (Cochran and Kunzelman, 1991; Hilbert et al., 1996; 
Tower, Neidert and Tranquillo, 2002), coronary arteries (Canham et al., 1989), 
and aortic and iliac arteries (Gasser et al., 2012; Schriefl et al., 2012). Some of the 
earliest work using PLM to characterise arterial tissue can be attributed to the 
work of Canham et al. (Canham et al., 1989) in their investigations of coronary 
artery spasms. While many studies have considered the effect of loading on 
collagen orientation in biological tissue by fixing vessels or vessel sections in a 
loaded state (Canham et al., 1989; Schriefl et al., 2012), very few have looked at 
real-time dynamic reorientation during mechanical loading (Hilbert et al., 1996; 
Tower, Neidert and Tranquillo, 2002), most likely due histological processing for 
thick samples. One of the first studies to actively look at collagen orientation 
during loading was performed on porcine aortic heart valves which are 
transparent enough not to require histological processing (Hilbert et al., 1996). A 
custom uniaxial microtensile stage designed to be mounted on a standard 
microscope stage was used to stretch each sample while video images and 
micrographs were recorded. These images were subsequently analysed using fast 
Fourier transform to determine fibre orientation and alignment in the tissue. A 
similar subsequent study also considered porcine aortic heart valves as well as 
'tissue equivalent' samples during uniaxial loading (Tower, Neidert and 
Tranquillo, 2002). Although PLM is considered a very useful and cost-effective 
method of tissue characterisation it also has a number of disadvantages 
associated with it. The ability to view many different components within a sample 
through the use of different staining protocols while an advantage, can also 
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present a disadvantage (Sacks, Smith and Hiester, 1997). Histological tissue 
processing techniques although well established, are time-consuming and may 
negatively impact tissue structure. The staining process can also introduce 
artefacts and lead to large variability in the resulting samples making future 
analysis difficult. PLM requires thin samples to allow for the transmittance of 
illuminating polarised light. Unfortunately, these processes can lead to increased 
variation between samples. Although real-time loading of tissue while using PLM 
has been carried out (Hilbert et al., 1996; Tower, Neidert and Tranquillo, 2002), 
full tissue analysis is difficult as it requires thin, transparent samples. 

Gasser et al. (Gasser et al., 2012) used PLM and picrosirius red to identify 
structural differences in healthy and aneurysmal human aortic tissue. Using a 
universal stage, both the in-plane and out-of-plane fibre angles were measured 
through each vessel layer. Diseased tissue was identified as having large levels 
of fibre disorganisation identified by a high level of dispersion when compared to 
healthy tissue. These findings suggest that maladaptive remodelling occurs in 
diseased vessels which may potentially lead to a major adverse clinical event. 
Similarly, Schriefl et al. (Schriefl et al., 2012) employed PLM in conjunction with 
picrosirius red to identify structural differences between the intima, media and 
adventitia of the human thoracic and abdominal aorta as well as common iliac 
arteries. PLM identified layer specific and location specific fibre architecture 
across each vessel. Two helically wound fibre families were present in the intima, 
media and adventitia in thoracic and abdominal aortic arteries with often a 3rd or 

 

Figure 2.20 - Polarised light images of A) intima, B) media and C) adventitia 
showing multiple collagen fibre families crossing at slightly different mean fibre 
angles [Adapted from (Schriefl et al., 2012)]. Circumferential direction is left-right. 
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even 4th presenting in the intima. Fibre orientation was found to be symmetrically 
arranged across each vessel layer with a more axial direction in the adventitia 
and circumferential direction in the media. The orientation of fibres in the intima 
were found to be in between that of the media and adventitia (Figure 2.20). 

Surprisingly, the media of the iliac artery was found to present a single fibre 
family orientated circumferentially around the vessel wall. In an attempt to 
explain this change in vessel structure, Qi et al. (Qi et al., 2015) used 3 different 
remodelling algorithms, all of which predicted this circumferential fibre 
alignment. The relatively low axial tethering of the common iliac artery was 
found to be the reason behind this single fibre family distribution. PLM analysis 
of the elevation (out-of-plane) angle, found very little variation across samples 
with no distinguishable difference between fibre families. This finding is in 
contrast to the results of Sáez et al. (Sáez et al., 2016) who identified collagen fibre 

families based on their elevation angle as opposed to their azimuth (in-plane) 
angle. Instead, a single circumferential orientation of in-plane fibres was 
identified although layer specific fibre orientation (Schriefl et al., 2012) was not 
considered. The mean angles and dispersion identified were incorporated into a 
structural constitutive model which was capable of capturing the mechanical 
response of the tissue to biaxial stretching. It is worth noting that experimental 
observations were made using porcine carotid arteries which further suggest the 
differences between layer, location and species in vessel architecture. 

PLM typically carried out on histologically processed and stained sections of 
tissue, as is the case with brightfield microscopy. Consequently, PLM is quite 
labour intensive and slow for tissue characterisation while analysis of results can 
become subjective depending on the analysis method. PLM also only allows the 
user to see fibres which are not aligned in the direction of the two polarising 
lenses. As a result, a minimum of a second image is required at the same location 
with the polarisation axis rotated. These 2 images must then be combined in order 
to visualise the full fibrous structure of the tissue. If this process is not adhered 
to, it may lead the investigator to falsely conclude that a sample has 2 fibre 
families orientated approximately orthogonally to each other. It is possible that 
some studies in literature may have fallen susceptible to this oversight as appears 
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to be the case in Figure 2.20A. Additionally, due to the slow, labour intensive 
nature of the above the technique, it is difficult to gather large measurement 
numbers as capable with techniques such as small angle light scattering (SALS; 
Section 2.6.6 below) or diffusion tensor imaging (DTI; Section 2.6.8 below). 

2.6.3 Confocal Microscopy 
Confocal laser scanning microscopy (CLSM) improves on conventional brightfield 
microscopy by allowing the acquisition of high-resolution images through a 
sample’s thickness (Pawley, 2006). A confocal microscope achieves this by raster 
scanning an excitation laser across a sample while only recording in focus excited 
light through the use of a pinhole aperture in the same focal plane as the sample. 
Consequently, out of focus light is removed from the resulting images, enabling 
the creation of a three-dimensional image through Z-stacking of multiple images 
through the thickness. The ability of CLSM to image high resolution discrete 
optical sections through a tissue has led confocal microscopy to become a popular 
technique for imaging biological tissue in the recent past (O’Connell et al., 2008; 
Rezakhaniha et al., 2012; Schrauwen et al., 2012; Ghazanfari et al., 2015). 
Confocal microscopy can be used to image many different biological structures as 
it depends on the excitable fluorescent probes chosen by the user. The fluorescent 
collagen marker, CNA35 is one such probe which has been used previously to 
visualise collagen fibres in arterial tissue (Rezakhaniha et al., 2012; Schrauwen 
et al., 2012). CNA35 enabled the orientation and undulation of adventitial 
collagen fibres of rabbit carotid arteries in their unloaded state to be analysed as 
seen in Figure 2.21. This study identified multiple fibre families with an 
associated degree of dispersion as has been found in other locations in the body 
using PLM (Schriefl et al., 2012). These results contradict PLM results of porcine 
carotid artery which identified a single circumferentially arranged fibre family in 
the wall of the carotid artery. These differences may be explained by the different 
layers analysed (adventitia vs. full artery walls) as well as differences in species 
which the vessels were excised from (rabbit vs. pig) (Canham et al., 1989; Schriefl 
et al., 2012).  
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Figure 2.21 - Adventitial collagen fibres tagged with CNA35 probe seen by confocal 
microscopy (adapted from (Rezakhaniha et al., 2012)). 

A number of studies have also considered the orientation of collagen fibres within 
loaded and unloaded samples (Voytik-Harbin et al., 2003; Schrauwen et al., 2012). 
Voytik-Harbin et al. (Voytik-Harbin et al., 2003) were one of the first groups to 
perform confocal microscopy in the form of confocal reflection and fluorescence 
microscopy in conjunction with uniaxial mechanical loading to determine 
microstructural changes in reconstituted collagen, three-dimensional tissue 
constructs and tissue-derived biomaterials. Schrauwen et al. (Schrauwen et al., 
2012) also used CLSM along with diffusion tensor imaging tractography 
techniques to identify the response of collagen fibres to loading in rabbit carotid 
arteries. This was achieved through incrementally pressurising the vessel from 0 
to 140mmHg resulting in a gradual reorientation and straightening of the 
undulated collagen fibres, see Figure 2.22. Collagen fibres can be seen to begin 
load bearing between 80 mmHg and 120 mmHg. To compensate for the out of 
plane motion of the arterial wall during pressurisation, repositioning of the 
microscope stage was carried out between each step to ensure consistent imaging 
of a single plane. CLSM is often considered relatively slow for some applications 
and as a result, an alternative method known as spinning disk confocal 
microscopy can be used which allow multiple points within a sample to be imaged 
simultaneously. This technique, however, requires samples to be relatively thin 
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(< 20 μm) as opposed to CLSM which can image depths of 50-80 microns 

(Schrauwen et al., 2012). As previously mentioned, samples must also be treated 
with a fluorescent probe prior to viewing. The ability to view different structures 
with different probes which fluoresce at different wavelengths along with the 
ability to build up a 3D structure makes confocal microscopy an attractive 
imaging method. However, as with many other imaging methods, confocal 

 

Figure 2.22 - Adventitial collagen fibres tagged with CNA35 showing reorientation 
and straightening with increasing luminal pressure (Schrauwen et al., 2012). 
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microscopy requires time consuming and destructive tissue preparation steps 
while the high setup costs also reduce its desirability for characterising collagen. 
Unfortunately, the highly localised nature of confocal microscopy makes gross 
fibre mapping of a sample infeasible and alternative approaches are often 
required. 

2.6.4 Multiphoton Microscopy 
Multiphoton microscopy, often termed two-photon excitation microscopy, utilises 
a material's non-linear optics to excite fluorophores through the simultaneous 
absorption of energy from multiple photons (Raub et al., 2007). Many studies 
(König et al., 2005; Raub et al., 2007; Cicchi et al., 2010) have used this 
multiphoton fluorescence approach to look at collagen fibre orientation in tissue 
and tissue constructs. Using 2 excitation lasers at near-infrared wavelengths, 
multiphoton microscopy allows one to image samples at greater depths than 
similar techniques such as confocal microscopy. A second advantage of 
multiphoton microscopy is the ability to characterise a tissue’s structure with 
minimal tissue processing. In fact, no staining or fluorescent probes are required 
to view elastin or collagen using multiphoton microscopy. Elastin can be viewed 
through two-photon excitation fluorescence (TPEF) while collagen can be imaged 
by taking advantage of its second harmonic generation (SHG) response. A number 
of anisotropic materials, including collagen, which have a non-centrosymmetric 
structure (Ghazanfari et al., 2012) exhibit this SHG response whereby two 
photons of light can be absorbed by the collagen before a single photon of twice 
the frequency is emitted. The ability to keep a sample intact and unstained which 
may otherwise alter the vessel structure or mechanical response, makes 
multiphoton microscopy a promising technique for linking structural and 
mechanical properties of tissue. As previously outlined, this real-time information 
will not only aid in understanding the response of collagen during load but also 
in modelling the mechanical response of various biological tissues. 

Although multiphoton microscopy is a relatively new technique, a number of 
studies have taken advantage of this promising feature by using multiphoton 
microscopy as a method of characterising collagen reorganisation (Hu, Humphrey 
and Yeh, 2009; Chen et al., 2011; Keyes et al., 2011; Tsamis et al., 2013; Wang, 
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Brewster and Gleason, 2013; Nierenberger, Fargier, et al., 2015; Krasny et al., 
2017). Using multiphoton microscopy, altered elastin and collagen have been 
identified in atherosclerotic (Watson et al., 2016) and aneurysmal (Tsamis et al., 
2013; Niestrawska et al., 2016; Cavinato et al., 2017) tissue compared to healthy 
controls. Changes in fibre organisation due to load have also been investigated 
using multiphoton microscopy. Hu et al. (Hu, Humphrey and Yeh, 2009) 

 

Figure 2.23 – Multiphoton images of adventitial (top panel) and medial (bottom 
panel) collagen (left panel) and elastin (right panel) in a) an unloaded state, b) 
circumferentially loaded, c) axially loaded and d) diagonally loaded state. Collagen 
is shown in grey and elastin in red [Adapted from] (Krasny et al., 2017). 



 

Chapter 2  

 

43 

 

incorporated a biaxial stretching device with SHG to better understand the 
reorientation of collagen within fibroblast-seeded collagen gels. Krasny et al. also 
investigated changes in collagen and elastin architecture in rabbit carotid artery 
subject to uniaxial loading in multiple directions (Krasny et al., 2017). Adventitial 
fibres were better able to adapt and reorientate in the direction of applied loading 
compared to medial fibres which can be seen in Figure 2.23. 

SHG in conjunction with TPEF has also been employed to investigate changes in 
adventitial collagen and elastin fibres in intact vessels with increasing luminal 
pressure (Chen et al., 2011; Keyes et al., 2011). Both these studies identified 
reorientation and straightening of collagen fibres from a more longitudinal 
orientation to a more circumferential orientation with increasing pressure 
(Figure 2.24). More recently, analysis of the reorientation of collagen under load 
has been carried out using continuous monitoring by two-photon microscopy as 
opposed to at fixed time points (Nierenberger, Fargier, et al., 2015). 

 

Figure 2.24 - Multiphoton images showing straightening of adventitial collagen of the 
coronary artery under increasing load from A to C (Adapted from [(Chen et al., 2011)]). 

Although multiphoton microscopy does not require the extensive tissue 
preparation steps of many other techniques, it does require the use of fluorescent 
dyes in order to view other structural constituents such as smooth muscle cells. 
SHG circumvents the need for collagen staining by utilising a materials second 
harmonic response to view structural information although it is not a viable 
method to view immature collagen fibres (Ghazanfari et al., 2015). Although there 
are many advantages of multiphoton microscopy in the characterisation of 
collagen fibres in tissue, high set up costs often restrict its use. As with confocal 
microscopy, multiphoton microscopy does no lend itself to large-scale fibre 
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mapping. This inability to characterise full samples makes it an unsuitable 
technique for identifying gross structural changes which may occur in response 
to medical intervention such as stenting. 

2.6.5 Electron Microscopy 
Scanning electron microscopy (SEM) and transmission electron microscopy 
(TEM) are methods of electron microscopy which are commonly used to look at 
the micro and nanostructure of samples. The achievable high resolution of 
electron microscopy images has led SEM and TEM to become a popular method 
of analysing the structure of biological tissues including the orientation of 
collagen fibrils (Wolinsky and Glagov, 1964; Engelmayr et al., 2006; Dahl, 
Vaughn and Niklason, 2007; O’Connell et al., 2008; Robitaille et al., 2011). 
O'Connell et al. (O’Connell et al., 2008) used electron microscopy and confocal 
microscopy to analyse the three-dimensional micro and nanostructure of rat 
abdominal aortas finding a predominant circumferential collagen fibre 
orientation (Figure 2.25). SEM has also been used to look at changes in collagen 
fibres in healthy and aneurysmal vessels, identifying a reduction in collagen 
organisation but no change in mean orientation (Urabe et al., 2016). SEM and 

 

Figure 2.25 - SBF-SEM images showing circumferential collagen fibre 
organisation in media of rat abdominal aorta (O’Connell et al., 2008). 
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TEM have also been used to investigate strain induced protection and 
degradation in collagen fibrils (Bhole et al., 2009; Robitaille et al., 2011; Flynn, 
Tilburey and Ruberti, 2013; Yi et al., 2016). These studies suggested that strain 
induced a collagen protection mechanism, reducing their rate of degradation over 
time. TEM has also been used to compare the structure of tissue engineered 
arteries and native porcine common carotid arteries (Dahl, Vaughn and Niklason, 
2007). Results found that the tissue-engineered arteries had thinner, more loosely 
packed fibres which were less circumferentially orientated than native arteries. 

Unfortunately, SEM and TEM typically require considerable sample preparation 
and only provide information on a very limited sample region and consequently 
are not complementary to full tissue characterisation. The demanding 
preparation associated with electron microscopy restricts dynamic imaging of 
samples during mechanical testing. The destructive nature of SEM and TEM due 
to these preparation methods as well as the damage caused by electrons also 
reduce the attractiveness of this method as a means of identifying collagen 
reorganisation and remodelling.  

2.6.6 Small Angle Light Scattering 
Small angle light scattering (SALS) is an imaging technique which utilises light 
scattering principles to determine structural information of a sample. The 
premise of this technique is that photons of light will change direction as they 
encounter obstacles when passing through a medium. As a beam of radiation 
interacts with an interfering object, part of the incident beam is scattered, while 
the remaining beam is absorbed or transmitted through the object (Dahlgren, 
2002). This beam maintains the same wavelength as the incident beam. In SALS 
analysis of fibrous soft tissues, the tissue is assumed to behave like a 2-
dimensional assembly of slits and as such, single slit diffraction theory can be 
applied (Ferdman, 1987; Sacks, Smith and Hiester, 1997). Accordingly, incident 
light scatters orthogonally to the central axis of the constituent fibres. Single slit 
diffraction theory also permits the calculation of fibre diameters; however, this is 
only possible when both the fibre diameter and spacing between the fibres (slits) 
are equivalent and no multiple scattering occurs through the thickness.  In order 
to achieve favourable results, these obstacles must have a diameter within an 
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order of magnitude of the antagonising light source wavelength (Sacks, Smith 
and Hiester, 1997). At these magnitudes, the resulting scatter has been shown to 
occur at angles less than 6° (Ferdman, 1987; Ferdman and Yannas, 1993). From the 
resulting scatter pattern, information relating to the structure of the sample can 
be postulated. Consequently, SALS is a useful method of quantifying a sample's 
microstructure through the orientation and size of its constituent parts. SALS’ 
dependence on light transmission through a sample is however, its major limiting 
factor. As a sample’s thickness increases or a sample becomes more opaque, light 
transmission reduces and so too does the signal-to-noise ratio. In addition, 
increasing thickness also leads to multiple scattering effects as light passes 
through a sample’s thickness (Sacks, Smith and Hiester, 1997). This is a 
particular issue if a sample’s structure is found to vary significantly through its 
thickness. SALS is also a relatively low-resolution technique which averages the 
acquired structural information across the diameter of beam chosen. Finally, 
SALS is an indirect measure of fibre architecture and relies on subsequent post 
processing to extract useful information. Despite these limitations, it will be 
shown that there are many benefits to using SALS which make it a useful 
technique for looking at fibre orientation and remodelling across tissues. 

SALS emerged from the more general light scattering (LS) technique which was 
first developed to help in the characterisation of polymers in solution. 
Observations made about the intensity distribution of this scattered light allowed 
for the determination of the molecular weight of polymers (Debye, 1947). From 
LS other techniques emerged such as depolarised light scattering (DPLS) now 
commonly known as SALS which allowed for characterisation of optically 
anisotropic materials from analysis of the resulting small scatter angle. As the 
understanding of SALS increased, the use of an arc lamp as a light source was 
replaced with the inclusion of a laser. Further developments in technology 
allowed for the use of CCD and CMOS cameras instead of photographic film, 
improving the quality and ease of use of SALS (Nishida, Ogawa and Matsuba, 
2008). SALS also falls under the heading of small angle scattering (SAS), which 
was coined to describe a number of other techniques which analyse a resulting 
scatter pattern to determine structural properties of a material. Included under 
this heading is small angle X-ray scattering (SAXS) and small angle neutron 
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scattering (SANS) which have been widely used in biology (Sasaki and Odajima, 
1996; Daxer and Fratzl, 1997; Misof, Rapp and Fratzl, 1997; Liao et al., 2005; 
Robitaille et al., 2011). 

The benefits of SALS in the study of biological tissue became apparent once 
researchers found that SALS could be used as a relatively fast and inexpensive 
means of quantitatively assessing fibre size and direction within soft tissues 
(Cochran and Kunzelman, 1991). Consequently, SALS popularity increased in a 
number of areas including the study of striated muscle spacing and size (Kawai 
and Kuntz, 1973; Baskin, Roos and Yeh, 1979; Rüdel and Zite-Ferenczy, 1980), 
the measurement of inhaled fibres within human lung tissue (Ferdman, 1987) 
and the anisotropic structure of canine diaphragm tissue (Wilkes and Wilkes, 
1974). As the use of SALS evolved, more and more looked to use this technique as 
a means of specifically quantifying collagen fibre orientation, size and 
distribution within soft tissues. Some of the earliest studies were carried out by 
Kronick and Buechler (Kronick and Buechler, 1986) who used SALS in 
conjunction with SAXS as a means to quantitatively assess the structure of 
calfskin as well as Ferdman (Ferdman, 1987; Ferdman and Yannas, 1993) who 
looked at the anisotropic nature of scar tissue. Another of these early studies was 
carried out by Cochran et al. (Cochran and Kunzelman, 1991) in the analysis of 
mitral valve tissue. SALS results showed a close correlation with PLM results 
obtained from the same tissue samples. From these structural observations, it 
was hypothesised that collagen orientation within mitral valve tissue influences 
its mechanical properties and consequently its physiological function. 

Although SALS benefits from being both a fast and inexpensive means of 
structural quantification of tissue, perhaps its most promising feature is its 
ability to dynamically test intact samples. Many studies have looked at changes 
in collagen fibre orientation due to loading using SALS (Chien and Chang, 1972; 
Billiar and Sacks, 1997, 2000; Sacks, Smith and Hiester, 1997; Dahlgren, 2002; 
Liao et al., 2005; Robitaille et al., 2011). While a number of these studies 
performed SALS before and after chemical fixation in a stressed state (Chien and 
Chang, 1972; Sacks, Smith and Hiester, 1997; Dahlgren, 2002), SALS has also 
been performed in real-time as the sample is stretched (Billiar and Sacks, 1997; 
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Liao et al., 2005; Robitaille et al., 2011). Billiar and Sacks (Billiar and Sacks, 
1997) were one of the first to combine SALS with a custom-made stretching device 
to dynamically test porcine aortic valve leaflets and bovine pericardium. Biaxial 
tests were carried out where the samples were stretched along one direction while 
its orthogonal direction was held constant. Results from these experiments 
demonstrated a marked difference between the initial collagen orientation and 
the deformed collagen orientation after loading, particularly in bovine 
pericardium. Liao et al. also carried out dynamic SALS testing of bovine 
pericardium under similar biaxial stretch conditions (Liao et al., 2005). 
Comparable results can be seen between Liao et al. (Robitaille et al., 2011) and 
Billiar and Sacks (Billiar and Sacks, 1997) for bovine pericardium in which 
collagen shifts towards the primary load direction during testing. As with the 
above studies, large-scale fibre mapping has been carried out using SALS on 
porcine aortic valves fixed at 0 and 4 mmHg. Results show a distinct reorientation 
of collagen fibres even at low-pressure increases (Figure 2.26). 

 

Figure 2.26 – Porcine aortic valves fixed at A) 0 mmHg and B) 4 mmHg showing 
overlaid fibre directions as measured by SALS. The superimposed colour map is 
representative of local fibre alignment and shows substantially increased alignment 
at 4 mmHg (adapted from (Sacks, Smith and Hiester, 1997)). 

Limited testing has been carried out on vascular tissue using SALS with only two 
known studies looking at arterial structure (Williams et al., 2009; Haskett et al., 
2010). SALS has traditionally been used on thin, highly organised and 
transparent soft tissues which may suggest why a lack of literature is available 
on relatively thick and opaque arteries. In order to circumvent the potential issue 
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of light transmission through the vessel wall, Haskett et al. (Haskett et al., 2010) 
histologically sectioned human aortic tissue at 50 μm. These slices were 
interrogated using a similar SALS system to that described in the literature 
(Sacks, Smith and Hiester, 1997). As with existing PLM studies (Hariton, 
DeBotton, T.C. Gasser, et al., 2007; Sáez et al., 2016), a predominantly 
circumferential arrangement of collagen fibres was found through the vessel wall. 
Despite testing at different depths, no distinction was made between vessel layers 
as was carried out by Schriefl et al. (Schriefl et al., 2012). Although fibre 
reorganisation and remodelling in response to load was not considered, vessels 
were found to become more anisotropic with age.  

Williams et al. (Williams et al., 2009) also utilised SALS to determine changes in 
fibre structure, this time arising from the decellularisation of rabbit carotid 
artery. SALS analysis identified greater reorientation of fibres in the 
circumferential loading direction in decellularised tissue (Figure 2.27 C-D) in 
comparison to native tissue (Figure 2.27 A-B). This increased reorientation as 
well as the increased alignment (Figure 2.27), determined by low OI (orientation 
index) values suggests that decellurisation partially compromises the vessel 
structure. Unlike the previous study (Haskett et al., 2010), testing was carried 
out on intact planar samples of vessel wall, fixed and cleared chemically. The 
ability to conduct SALS on intact vessels minimised the potential alterations to 
vessel structure caused during the histological sectioning procedure. Although 
real-time structural changes were not considered, vessels were processed before 
and after pressurisation and an increase in fibre mobility was found in 
decellularised vessels. Although chemical clearing allowed intact vessel analysis, 
it requires fixed end timepoints, not permitting analysis of remodelling effects 
over time in the same sample. Keeping the vessel intact may also mask any layer 
specific fibre architecture which is known to occur (Schriefl et al., 2012). While 
SALS has shown capabilities in identifying collagen reorganisation in response to 
loading, it remains to be seen whether changes in tissue structure can be 
identified without chemical clearing or histological processing. 
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Figure 2.27 - Native (A, B) and decellularised (C, D) rabbit carotid artery stretched 
and fixed at 80 mmHg showing increased fibre reorientation in decellularised vessels 
(C,D) in the direction of loading (circumferentially – left to right). Vectors show the 
measured fibre orientation and the superimposed colour map is representative of local 
fibre alignment with warm colours indicating greater alignment (Williams et al., 
2009). 

Robitaille et al. (Robitaille et al., 2011) implemented a dynamic stretch based 
testing approach for biological tissue whilst assessing fibre alignment with SALS. 
To gain insight into tissue remodelling, the effect of loading on the preferential 
enzymatic degradation of collagen within bovine corneal tissue was investigated. 
Robitaille et al. concluded that SALS was capable of tracking real-time changes 
in tissue structure under load and provided invaluable information on tissue 
remodelling. Accordingly, SALS offers a potential method of identifying whether 
this remodelling process seen elsewhere (Ellsmere, Khanna and Michael Lee, 
1999; Wyatt, Bourne and Torzilli, 2009; Robitaille et al., 2011), presents itself in 
arterial tissue. 

Although questions still remain over whether SALS is capable of identifying fibre 
orientations in larger, more opaque vessels, layer separation may offer a potential 
solution to this issue. While SALS does not offer the resolution of many 
alternative imaging methods, the quantitative nature of results obtained and 
ability to map gross fibre orientations of a sample make it an interesting 
technique for use in arterial tissue. 
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2.6.7 X-Ray Imaging 
A number of techniques have also used X-rays to characterise collagen 
architecture in soft tissues, including small angle X-ray scattering (SAXS) (Sasaki 
and Odajima, 1996; Daxer and Fratzl, 1997; Misof, Rapp and Fratzl, 1997; Liao 
et al., 2005) and X-ray computed microtomography (μCT) (Nierenberger, Rémond, 

et al., 2015; Walton et al., 2015; Helfenstein-Didier et al., 2018). 

Small Angle X-Ray Scattering (SAXS) is a SAS technique which has been widely 
used to determine ultrastructural information regarding collagen through the use 
of X-rays (Sasaki and Odajima, 1996; Daxer and Fratzl, 1997; Misof, Rapp and 
Fratzl, 1997; Liao et al., 2005; Robitaille et al., 2011). As with SALS, SAXS 
provides an X-ray scatter distribution which provides structural information 
about a sample. From this distribution, details of collagen fibril density, size and 
orientation can be determined to allow for a better understanding of the 
underlying nature of collagen fibres. Previous studies have used SAXS to explore 
collagen fibril behaviour in both statically fixed tissue samples (Daxer and Fratzl, 
1997) as well as mechanically tested samples (Sasaki and Odajima, 1996; Misof, 
Rapp and Fratzl, 1997; Liao et al., 2005). Daxer and Fratzl (Daxer and Fratzl, 
1997) employed SAXS to study the orientation of collagen fibrils within corneal 
tissue and found two pronounced fibril orientations near orthogonal to each other 
in healthy tissue. Diseased tissue was found to exhibit variations in this 
orthogonal relationship which may be related to known diseased tissue 
instabilities that may also present in arterial tissue. SAXS in conjunction with 
uniaxial tensile tests has previously been used to better understand the response 
of collagen fibrils to load in bovine Achilles tendon (Sasaki and Odajima, 1996), 
rattail tendon (Misof, Rapp and Fratzl, 1997) and bovine pericardium (Liao et al., 
2005). 

SAXS has the advantage of requiring very little sample preparation prior to tissue 
testing as with other light scattering techniques such as SALS. The absence of 
histological staining required by many other imaging techniques can help reduce 
the variability between test samples. The automation of SAXS is another 
desirable feature allowing for full tissue quantification. However, the high setup 
costs associated with SAXS development reduce the desirability of this technique. 
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Nevertheless, SAXS may be of use in determining ultrastructural information on 
arterial tissue structure and remodelling. 

Unlike SAXS, whereby collagen fibre architecture is indirectly measured through 
X-ray scattering, μCT allows collagen visualisation, similar to that seen in many 

of the microscopy techniques discussed previously. Traditionally, μCT has been 

employed to characterise the 3-dimensional structure of hard calcified tissues 
such as bone or visualise soft tissue geometry using contrast agents (Bouxsein et 

al., 2010; Campbell and Sophocleous, 2014). However, recent studies have 
developed techniques enabling high-resolution collagen visualisation in soft 
tissues, including vascular tissue (Nierenberger, Rémond, et al., 2015; Walton et 

al., 2015; Helfenstein-Didier et al., 2018). Nierenberger et al. investigated the 
collagen fibre architecture of intact porcine iliac veins using a number of different 
contrast agents (Nierenberger, Rémond, et al., 2015). The use of specific contrast 
agents allowed the authors to identify different fibre architectures across the 
vessel layers as shown in Figure 2.28. μCT has also been used to resolve different 

sub-structures in unpressurised and pressurised arterial tissue in the absence of 
contrast agents (Walton et al., 2015). 

μCT shows promise in bridging the gap between the collagen fibre response and 
tissue level response by combining micron-scale resolution with global 3-
dimensional intact tissue analysis. The ability of μCT to resolve tissue 
components without the need for potentially mechanically altering contrast 
agents also increase its desirability as a characterisation tool. Unfortunately, like 
SAXS, the high associated setup costs potentially limit its use on a large scale. 



 

Chapter 2  

 

53 

 

 

Figure 2.28 - Different views of porcine iliac vein stained with contrast agent showing 
clear collagen fibre orientations. 1. Vein lumen, 2. Media, 3. Adventitia, 4. Vasa 
vasorum, 5. Surrounding connective tissue (Nierenberger, Rémond, et al., 2015). 

2.6.8 Diffusion Tensor Imaging 
Diffusion Tensor Imaging (DTI) is another technique which has previously been 
used to investigate arterial structure and elucidate the reorganisation of collagen 
to load (Flamini et al., 2010; Ghazanfari et al., 2015; Shahid et al., 2017). DTI is 
a magnetic resonance imaging (MRI) technique whereby the diffusion of water 
molecules in biological samples are tracked. As with other MRI techniques, DTI 
is a non-invasive method of imaging biological tissue both in-vivo and ex-vivo. 
DTI was first developed for the study of neurological disorders, particularly in 
patients after incidence of stroke. In biological tissue, the diffusion of water 
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molecules is directed by macromolecules and fibres within the tissue. As water is 
more likely to diffuse along the direction of constituent fibres rather than across 
fibres (and other constituents), the directional anisotropy of the tissue can be 
determined. From this directional diffusion, a diffusion tensor and subsequently 
eigenvectors and eigenvalues can be determined to allow for the tissue structure 
to be visualised (Figure 2.29). 

 

Figure 2.29 - Collagen fibre structure of the carotid artery identified using MR_DTI 
and fibre tractography (Shahid and Lally, 2016). 

Initial DTI studies were predominantly focussed on neural tissue, however, more 
recently DTI has been used to study the structure of a wide range of biological 
tissues including bone, cartilage, cardiovascular tissue and muscle. Flamini et al. 
(Flamini et al., 2010) were one of the first groups to consider the feasibility of DTI 
in determining the collagenous fibre structure of porcine aortic arteries ex-vivo. 
This study looked to determine the feasibility of DTI in parallel with fibre 
tractography as a means of ultimately characterising collagen fibre orientation 
in-vivo. Ghazanfari et al. (Ghazanfari et al., 2012) also detailed the fibrous 
structure of the wall of porcine carotid arteries through DTI and tractography. 
The predominantly circumferential orientation of the fibres as determined by DTI 
were compared and showed strong agreement with results obtained using SHG 
imaging. A further study by Ghazanfari et al. (Ghazanfari et al., 2015) also used 
DTI to study the reorientation of collagen fibres within cultured uniaxially 
constrained tissue engineered constructs over time. CLSM and histology were 
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used as a means of validating the results obtained from DTI and again suggest 
DTI is a promising means of non-invasively characterising collagen fibre 
orientation in biological tissue. More recently, motivated by the circumferential 
nature of arterial collagen reported in the literature, 2D DTI has been carried out 
in vivo to determine in-plane fibre orientations in healthy volunteers (Opriessnig 
et al., 2016). DTI has also been employed to investigate fibre patterns occurring 
in human carotid plaque tissue ex vivo, finding increased proportions of 
longitudinally orientated fibres occurring in concentric plaques in comparison to 
eccentric plaques (Akyildiz et al., 2017). Given the structural significance of 
collagen fibres in the mechanical response, these findings may have implications 
on plaque vulnerability.  

DTI shows promise as a fibre mapping tool as it is non-invasive, fast relative to 
other techniques such as CLSM and can be conducted safely in-vivo. 
Consequently, the time consuming and histological tissue processing, sectioning 
and staining steps can be neglected which can have untold effects on the structure 
of the tissue. To date, limited in vivo analysis of arterial fibre orientation has been 
carried out (Opriessnig et al., 2016) due to difficulties in acquiring high-resolution 
data, the pulsatile nature of arterial tissue and the need for patients to remain 
still for extended periods of time. Another major disadvantage of DTI as an 
imaging modality is the high associated setup and running costs which limit the 
amount of testing that can be carried out. DTI also has limited spatial resolution 
capabilities when compared to other imaging methods such as CLSM and SHG 
which becomes an issue at locations where large variations in fibre orientation 
occur. Despite this, DTI has the potential to greatly improve our understanding 
of fibre structure and remodelling in vivo and one day be used as a clinical tool 
capable of detecting arteries at risk of rupture. Just as with techniques such as 
SHG and SALS, DTI has the potential to determine load-induced changes in 
arterial tissue in vivo which may aid in our understanding of vascular 
remodelling and vascular disease. A comparison of the imaging techniques 
discussed here can be found in Table 2.1. Unfortunately, a direct comparison of 
the resolutions achievable with the various techniques mentioned is not straight 
forward and depends on many factors including the imaging setup, the quality of 
the lenses and cameras used and the method of sample preparation. 
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Table 2.1 - Summary of commonly used imaging techniques for collagen visualisation 
in soft tissues 

Technique Method 
of imaging 

Sample 
preparation 

Key finding  Analysis 
scale 

Brightfield 
microscopy 

White 
light 

Histological 
fixing, sectioning 
and staining 

Circumferential fibre and cell 
orientation (Rhodin, 1980)  

 Local 

PLM Polarised 
light 

Histological 
fixing, sectioning 
and staining 

Identification of collagen fibre 
families (Schriefl et al., 2012; Sáez 
et al., 2016) 

 Local 

Confocal 
microscopy 

Single 
laser light 
source 

Fluorescent 
probes required 

Adventitial collagen fibre 
reorientation and straightening 
with increasing pressure 
(Schrauwen et al., 2012) 

 Local 

Multiphoton 
microscopy 

Two lasers 
light 
sources 

Minimal Adventitial and medial collagen 
and elastin fibre reorientation 
under various uniaxial loading 
regimes (Krasny et al., 2017) 

 Local 

Electron 
microscopy 

Beam of 
electrons 

Tissue fixation 
and conductive 
coating 

Three-dimensional micro and 
nanostructure of rat aorta 
(O’Connell et al., 2008) 

 Local 

SALS Laser Minimal Real-time structural changes in 
corneal tissue due to strain-
dependent collagen degradation 
(Robitaille et al., 2011). Not 
optimised for artery. 

 Global 

SAXS/μCT X-rays Minimal/contrast 
agent incubation 

Three-dimensional analysis of 
intact artery and vein 
(Nierenberger, Rémond, et al., 
2015; Walton et al., 2015) 

 Local/ 

Global 

DTI Magnetic 
fields 

Minimal In vivo collagen fibre orientation 
in human carotid artery 
(Opriessnig et al., 2016) 

 Global 

2.7 Strain and load mediated collagen degradation 

As living tissues, arteries sense and adapt to their environment (Rachev, 2003). 
This is achieved in part, through remodelling of the structurally significant 
collagen fibre architecture, which continually remodels over the course of a 
person’s life. Collagen fibre remodelling in vivo incorporates not only the 
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reorientation of fibres, but also the production of new collagen and degradation of 
existing collagen (Chang and Buehler, 2014). These processes have been found to 
be load dependent and inter-linked, with degradation particularly critical for the 
mechanical stability of tissues (Thompson, Geraghty and Lee, 2002). In addition 
to cell-mediated active responses, collagen possesses an innate structural ability 
to respond to mechanical stimuli, thus self-regulating its susceptibility to 
degradation (Perumal, Antipova and Orgel, 2008; Chang et al., 2012; Chang and 
Buehler, 2014). 

Changes in the rates of protein production and degradation can be seen by the 
net increase in proteins that occurs after exercise (Figure 2.30) (Magnusson, 
Langberg and Kjaer, 2010; Chang and Buehler, 2014). This process can be seen 
in everyday life with increases in the size and strength of loaded bone (Andreoli 
and Monteleone, 2001), muscle (Andreoli and Monteleone, 2001; Ying et al., 2003) 
and tendon (Ying et al., 2003) in highly trained athletes. Mechanical overload, 
however, has been linked to accelerated degradation (Willett, Labow and Lee, 
2008) and damage which can lead to injury (Khan and Maffulli, 1998; Maffulli, 
Khan and Puddu, 1998). Similarly, changes in the mechanical environment due 
to disease have been shown to alter tissue remodelling, while maladaptive 

 

Figure 2.30 - Schematic representation of collagen remodelling occurring after exercise 
with increased collagen degradation and production leading to a net increase in 
collagen content after 72 hours (Magnusson, Langberg and Kjaer, 2010).  
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remodelling is hypothesised to play a role in accelerated disease progression 
(Thompson, Geraghty and Lee, 2002; Hahn and Schwartz, 2009; Gasser et al., 
2012). Although changes in collagen production are also known to depend on the 
strain environment (O’Callaghan and Williams, 2000; Ferdous, Jo and Nerem, 
2011), load-dependent degradation will be the primary focus in this review as it 
has been strongly linked with arterial disease (Thompson, Geraghty and Lee, 
2002; Aikawa, 2004; Daemen et al., 2016; Bersi et al., 2018). Load and strain-
dependent changes in collagen degradation rates have also been linked to 
diseases such as emphysema in the lung (Yi et al., 2016), lamina cribrosa 
thickening in early glaucoma (Grytz, Meschke and Jonas, 2011) and 
intervertebral disc degeneration (Lotz et al., 2008). In response to these 
observations, many studies have sought to determine the direct relationship 
between collagen strain and its rate of degradation by subjecting loaded samples 
to collagenase; an enzyme that breaks down collagen (Chang and Buehler, 2014). 
Both bacterial and mammalian collagenases, known as matrix 
metalloproteinases (MMPs), have been used in these investigations, a comparison 
of which is outlined in Section 2.7.3 below. Despite these investigations, there are 
still conflicting findings as to whether strain accelerates collagen fibre 
degradation (Ellsmere, Khanna and Michael Lee, 1999; Willett, Labow and Lee, 
2008; Adhikari, Chai and Dunn, 2011; Adhikari, Glassey and Dunn, 2012), or 
protects it from enzymatic degradation (Nabeshima et al., 1996; Ruberti and 
Hallab, 2005; Lotz et al., 2008; Bhole et al., 2009; Wyatt, Bourne and Torzilli, 
2009; Zareian et al., 2010; Flynn et al., 2010; Han et al., 2010; Camp et al., 2011; 
Robitaille et al., 2011; Chang et al., 2012; Grytz et al., 2012; Flynn, Tilburey and 
Ruberti, 2013; Gyoneva et al., 2016) (Table 2.2, page 66). Studies at the molecular 
(Chung et al., 2004; Han et al., 2010; Adhikari, Chai and Dunn, 2011; Camp et al., 
2011; Adhikari, Glassey and Dunn, 2012; Adhikari, Mekhdjian and Dunn, 2012; 
Chang et al., 2012), fibril/fibre (Huang and Yannas, 1977; Bhole et al., 2009; 
Wyatt, Bourne and Torzilli, 2009; Flynn et al., 2010; Chang et al., 2012; Flynn, 
Tilburey and Ruberti, 2013) and tissue (Nabeshima et al., 1996; Ellsmere, 
Khanna and Michael Lee, 1999; Ruberti and Hallab, 2005; Lotz et al., 2008; 
Willett, Labow and Lee, 2008; Zareian et al., 2010; Robitaille et al., 2011; 
Ghazanfari, A. Driessen-Mol, et al., 2016; Yi et al., 2016) scale have attempted to 
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explain these differences with limited success. Furthermore, complementary 
numerical models have been developed to aid in the understanding of the complex 
degradation response at these differing scales (Chang et al., 2012; Grytz et al., 
2012; Hadi et al., 2012; Loerakker, Obbink-Huizer and Baaijens, 2013; Heck et 

al., 2015; Tonge, Ruberti and Nguyen, 2015; Gyoneva et al., 2016; Loerakker, 
Ristori and Baaijens, 2016; Yi et al., 2016). The following review of collagen 
degradation will look at strain and load dependent responses occurring at the 
molecular, fibrillar and finally tissue scales. In each category, studies will be 
grouped together based on whether they identified increased collagen protection, 
accelerated degradation or a combination of both. 

2.7.1 Molecular, fibril and fibre level degradation 
To explain the role that load plays in tissue degradation, a number of studies have 
explored the cleavage rate of single collagen molecules, called trimers, in response 
to load (Adhikari, Chai and Dunn, 2011; Camp et al., 2011; Adhikari, Glassey and 
Dunn, 2012; Chang et al., 2012). In all of these studies, changes in degradation 
are explained by conformational changes in the collagen molecule, i.e. increasing 
or decreasing its stability and consequently, its rate of cleavage. These studies 
have focussed on both naturally occurring collagen ‘heterotrimers’ (2 α1 chains, 1 
α2 chain) (Camp et al., 2011; Adhikari, Glassey and Dunn, 2012; Chang et al., 
2012) as well as less common collagen ‘homotrimers’ (3 α1 chains) (Adhikari, Chai 
and Dunn, 2011; Adhikari, Glassey and Dunn, 2012). These homotrimers are 
found in foetal, fibrotic and cancerous tissues and are known to be more thermally 
stable and consequently, more resistant to enzymatic cleavage (Han et al., 2010; 
Chang et al., 2012). Camp et al. identified a load-induced protection mechanism 
occurring in normal type I collagen heterotrimers by using a magnetic tweezers 
assay, to apply 3 different loads in crude bacterial collagenase (BC) (Camp et al., 
2011). It was hypothesised that this protection mechanism occurs as the partially 
unwound and enzymatically susceptible triple helix of the collagen heterotrimer 
refolds in response to load, increasing its stability shown in Figure 2.31A (Camp 
et al., 2011; Chang et al., 2012). 
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Figure 2.31 - A molecular model showing A) how the application of load stabilises the 
thermally unfolded collagen heterotrimer while B) load has minimal influence on the 
thermally stable collagen homotrimer. [Adapted from (Chang et al., 2012)] 

In contrast to Camp et al., Adhikari et al. found the opposite response, with 
mechanical load inducing a 100-fold increase in degradation, despite using a near 
identical setup (Adhikari, Chai and Dunn, 2011). These differences may be 
attributed to the use of more stable collagen homotrimers rather than 
heterotrimers, the use of MMP-1 as opposed to crude BC and the slightly higher 
loads applied. However, a follow-up study by the same group also found a similar 
load induced degradation response in collagen heterotrimers to MMP-1, ruling 
out the choice of trimer as the reason for the conflicting finding (Adhikari, Glassey 
and Dunn, 2012).  

Many studies have also investigated the strain induced degradation response of 
collagen at the fibril (Huang and Yannas, 1977; Bhole et al., 2009; Flynn et al., 
2010; Chang et al., 2012; Flynn, Tilburey and Ruberti, 2013) and fibre levels 
(Wyatt, Bourne and Torzilli, 2009), with the majority of these identifying a 
reduction in degradation with load (Bhole et al., 2009; Wyatt, Bourne and Torzilli, 
2009; Flynn et al., 2010; Chang et al., 2012; Flynn, Tilburey and Ruberti, 2013). 
Bhole et al. demonstrated that reconstituted collagen fibril networks experiencing 
strains of up to 50% showed reduced rates of degradation (Bhole et al., 2009). To 
achieve this, collagen fibril networks were placed between micropipettes and 
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strained close to their failure point in the presence of crude BC or MMP-8. 
Differential interference contrast microscopy with edge detection analysis was 
used to plot fibril diameter over time. Although fibril strain was not explicitly 
known in these experiments, displacement was shown to maintain the fibril 
network diameter for a longer period of time than that of the unstrained networks 
suggesting a strain protection response (Figure 2.32). Two follow up studies 
investigating the strain protection response of collagen in the presence of MMP-
8 and BC came to a similar conclusion; strain increases the survivability of 
collagen fibrils in the presence of collagenase (Flynn et al., 2010; Flynn, Tilburey 
and Ruberti, 2013). The second of these studies identified strain induced 
protection in fibrils extracted from bovine sclera by means of force-strain 
experiments (Flynn, Tilburey and Ruberti, 2013). By calculating the force per 
monomer in the fibril based on the fibril cross-sectional area, the authors also 
determined that packing of monomers intro fibrils had no influence on the rate of 
proteolysis. This is in contrast to other studies which suggest that packing of 
collagen molecules into fibrils increases the stability of the collagen molecule by 
restricting molecular motion (Miles and Ghelashvili, 1999; Willett, Labow and 
Lee, 2008). 

 

Figure 2.32 – a) Differential interference contrast images of collagen fibrils strained 
between micropipettes and adjacent unstrained fibrils (labelled squares) at the 
beginning of the experiment and b, c) accelerated degradation of unstrained fibres at 
further time points while strained fibrils are maintained. [Adapted from (Bhole et al., 
2009)]. 

These studies contrast the unique V-shaped degradation response identified by 
Huang and Yannas in their early study of reconstituted collagen tapes (Figure 
2.33) (Huang and Yannas, 1977). This work found a strain level dependent 
degradation response, whereby the application of strain initially reduces the rate 
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of degradation before degradation begins to increase as strain increases above 
approximately 4%. Using a series of stress relaxation experiments, a degradation 
rate constant was determined by calculating the rate of force decay after BC was 
added. Furthermore, purified BC was chosen, reducing the potentially destructive 
influence of non-specific proteases present in crude collagenase.  

 

Figure 2.33 - Degradation rate of reconstituted collagen tapes in response to strain 
showing regions of protection and accelerated degradation. [Adapted from (Huang and 
Yannas, 1977)]. 

This unique response may potentially be explained by expanding on theories put 
forward to explain degradation differences in collagen heterotrimers and 
homotrimers by Chang et al. (Chang et al., 2012). They hypothesised that strain 
results in a refolding of the enzymatically susceptible collagen heterotrimer which 
is partially unwound in equilibrium. In contrast, Chang et al. suggested that 
strain may instead unwind the enzymatically stable collagen homotrimer. If a 
similar process were to also occur in highly strained heterotrimers by first 
inducing a protection through molecular folding before unfolding the molecule as 
strain increases further, it may lead to an initial decrease in degradation before 
increasing above a strain threshold (Figure 2.34). Although Willet et al. suggested 
that there is no mechanical basis for triple helix unfolding to occur with strain, 
micro unfolding and molecular sliding may still explain this response by 
increasing enzymatic susceptibility (Willett, Labow and Lee, 2008). Additionally, 
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no study is yet to specifically investigate the strain-dependent degradation 
response of different collagen types and whether this may influence the 
degradation outcome; however, the underlying molecular structure and 
consequently, the degradation response is likely to hold regardless of collagen 
type. 

 

Figure 2.34 - Schematic showing the stabilising effect of strain initially as the triple 
helix tightens as suggested in the literature for heterotrimers (Camp et al., 2011; Chang 
et al., 2012). Further strain may destabilise the heterotrimer as has been suggested for 
collagen homotrimers under load (Chang et al., 2012). 

2.7.2 Tissue level degradation 
Although the previous studies have offered valuable insight into the strain and 
load degradation response at the molecular, fibril and fibre level, remodelling at 
the tissue scale dictates the ultimate response of tissues such as arteries in 
diseases such as atherosclerosis (Tsamis, Krawiec and Vorp, 2013) and aneurysm 
(Thompson, Geraghty and Lee, 2002), as well as the response to load inducing 
medical devices such as stents (Ghazanfari, Anita Driessen-Mol, et al., 2016). In 
accordance with many previous fibril studies, the first study to look at strain 
mediated collagen degradation at the tissue scale found strain induced protection 
to be the dominant mechanism (Nabeshima et al., 1996). Using radiolabelled 
collagenase, the authors also determined that the application of strain did not 
reduce the diffusion of the collagenase through the rabbit patellar tendon, and 
therefore, could not be the reason for a degradation decrease. Motivated by this 
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work, Ruberti and Hallab (Ruberti and Hallab, 2005) carried out polarised 
microscopy and TEM studies identifying preferential degradation of unstrained 
fibres in the unique crosshatched structure of bovine corneal tissue, which led to 
many of the studies discussed thus far (Bhole et al., 2009; Flynn et al., 2010; 
Zareian et al., 2010; Camp et al., 2011; Robitaille et al., 2011; Flynn, Tilburey and 
Ruberti, 2013). The studies of Zareian et al. (Zareian et al., 2010) and Robitaille 
et al. (Robitaille et al., 2011) also investigated the degradation response of corneal 
tissue, finding protection of strained fibrils and preferential degradation of 
unstrained fibrils.  

As with the studies at the molecular, fibril and fibre level discussed in Section 
2.7.1 above, relatively fewer tissue level studies have identified strain induced 
degradation (Ellsmere, Khanna and Michael Lee, 1999; Willett, Labow and Lee, 
2008). Based on observations of increased levels of proteolytic enzymes in failed 
heart valves (Simionescu, Simionescu and Deac, 1993, 1996), Ellsmere et al. 
(Ellsmere, Khanna and Michael Lee, 1999) investigated the rate of degradation 
in bovine pericardium by means of time to failure creep-degradation experiments, 
under static and dynamic loading. Here, samples experiencing high loads (60 g) 
failed significantly quicker than samples experiencing low loads (1 g), leading the 

 

Figure 2.35 – Typical extension-time curve for statically loaded bovine pericardium 
incubated in BC showing accelerated time to failure for samples experiencing higher 
loads. Note the high initial rate of extension for samples subject to 1g loads potentially 
suggesting accelerated degradation at low initial strain levels. [Adapated from 
(Ellsmere, Khanna and Michael Lee, 1999)]. 
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authors to conclude that load accelerates degradation (Figure 2.35). However, the 
data presented also suggests that the low load (and consequently low initial 
strain) samples may experience accelerated degradation initially (Figure 2.35). 
Investigations into overloaded bovine tail tendon also found increased 
susceptibility to collagenase (Willett, Labow and Lee, 2008). This study only 
compared unloaded and samples loaded to failure, however, potentially missing 
a possible strain induced protection mechanism at intermediary strains. 
Interestingly, both these studies also note accelerated degradation in cyclically 
loaded samples despite experiencing the same mean strain as their static 
counterparts. This finding is particularly relevant to many physiological 
environments, including the pulsatile blood flow experienced by arteries. 

Tissue level studies (Ghazanfari, A. Driessen-Mol, et al., 2016; Yi et al., 2016) 
have also identified a similar strain level-dependent response to that of Huang 
and Yannas (Huang and Yannas, 1977) on reconstituted collagen tapes where 
degradation initially reduces with strain before increasing above a protective 
strain threshold, resembling a V-shaped curve. Using a similar methodology to 
Huang and Yannas, Ghazanfari et al. observed a V-shaped degradation response 
in bovine pericardium which was supported using SHG imaging (Figure 2.36) 

 

Figure 2.36 - Degradation rate of bovine pericardium in response to strain showing 
regions of protection and accelerated degradation resulting in a V-shaped response 
similar to that found in reconstituted collagen tapes (Huang and Yannas, 1977). 
[Adapted from (Ghazanfari, A. Driessen-Mol, et al., 2016)]. 
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(Ghazanfari, A. Driessen-Mol, et al., 2016). This contradicts the conclusions 
drawn by Ellsmere et al. who found strain to accelerate degradation in bovine 
pericardium although it may explain the early creep response of their low load 
samples which appear to show high initial creep (Ellsmere, Khanna and Michael 
Lee, 1999). A strain induced protection region, flanked by regions of high 
degradation was also found in lung alveolar collagen. Dynamic loading was also 
found to accelerate the degradation process, paralleling findings in bovine 
pericardium (Ellsmere, Khanna and Michael Lee, 1999) and bovine tail tendon 
(Willett, Labow and Lee, 2008). Interestingly, the strain at which protection was 
found to occur in both of these studies (approximately 20%) was substantially 
higher than the approximately 4% strain identified in reconstituted collagen 
tapes. Molecular and fibril sliding that occurs at different scales may explain 
these differences in strain magnitude by reducing the molecular strain 
experienced at the cleavage site for a given tissue strain (Sherman, Yang and 
Meyers, 2015). Reorientation and straightening of crimped fibres may also delay 
the onset of strain protection found in these tissue level studies. A summary of 
the strain-dependent degradation studies discussed can be found in Table 2.2. 

Table 2.2 - Summary of existing studies looking at load mediated collagen 
degradation. BC = bacterial collagenase. 

Author Sample type Enzyme type Loading condition 

Load induced degradation 
Ellsmere et al. 1999 
(Ellsmere, Khanna and 
Michael Lee, 1999) 

Bovine 
pericardium 

BC 1 g, 10 g, 60 g load, 40-
80 g cyclic load 

Willet et al. 2008 
(Willett, Labow and Lee, 
2008) 

Bovine tail 
tendons 

Acetyltrypsin, 
α-chymotrypsin 

Tensile to failure 

Adhikari et al. 2011 
(Adhikari, Chai and 
Dunn, 2011) 

Collagen 
homotrimer 

MMP-1 1.0 pN, 4.0 pN, 6.2 pN, 
8.6 pN, 10.1 pN, 11.5 
pN, 13 pN 

Adhikari et al. 2012 
(Adhikari, Glassey and 
Dunn, 2012) 

Collagen 
heterotrimer 

MMP-1 0.25 pN, 10.7 pN, 16.7 
pN 

   continued next page 
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Author Sample type Enzyme type Loading condition 
Load-induced protection 
Nabeshima et al. 1996 
(Nabeshima et al., 
1996) 

Rabbit patella-
patellar tendon 

Purified BC 0% strain, 4% strain 

Ruberti and Hallab, 
2005 (Ruberti and 
Hallab, 2005) 

Bovine cornea BC 1-2 N (approximately 
15-30 pN/monomer) 

Lotz et al. 2008 (Lotz et 
al., 2008) 

Mouse anulus 
fibrosus 

MMP-1 Approximately 33% disc 
strain 

Wyatt et al. 2009 
(Wyatt, Bourne and 
Torzilli, 2009) 

Rat tail tendon 
fibres 

BC 0-4% grip to grip strain 

Bhole et al. 2009 (Bhole 
et al., 2009) 

Reconstituted 
bovine collagen 
fibril networks 

BC, MMP-8 Up to 50% strain on 
network (not fibril) 

Zareian et al. 2010 
(Zareian et al., 2010) 

Bovine cornea BC 0.1 N, 0.25 N, 0.5 N 

Flynn et al. 2010 (Flynn 
et al., 2010) 

Reconstituted 
bovine collagen 
fibril networks 

MMP-8 Up to 50% network 
strain (not fibril) 

Camp et al. 2011 (Camp 
et al., 2011) 

Collagen 
heterotrimer 

BC 0.06 pN, 3.6±1.1 pN, 
9.4±1.3 pN 

Robitaille et al. 2011 
(Robitaille et al., 2011) 

Bovine cornea BC 0% strain, 6% strain 

Chang et al. 2012 
(Chang et al., 2012) 

Individual 
bovine sclera 
fibrils 

MMP-8 0 pN/monomer, 0.7 
pN/monomer, 70 
pN/monomer 

Flynn et al. 2013 (Flynn, 
Tilburey and Ruberti, 
2013) 

Individual 
bovine sclera 
fibrils 

BC 2 pN/monomer, 24 
pN/monomer, 40 
pN/monomer 

Strain level dependent response 
Huang and Yannas, 
1977 (Huang and 
Yannas, 1977) 

Reconstituted 
collagen fibril 
tapes 

Purified BC 1-7% strain 

Yi et al. 2016 (Yi et al., 
2016) 

Lung alveoli BC 0%, 20%, 40%, 80% 
static strain, 40±10% (1 
Hz, 0.1 Hz), 40±20% (1 
Hz, 0.1 Hz) cyclic strain 

Ghazanfari et al. 2016 
(Ghazanfari, A. 
Driessen-Mol, et al., 
2016) 

Bovine 
pericardium 

BC 5-40% strain 
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2.7.3 Mammalian versus bacterial collagenases 
Aside from the degradation and protection mechanisms proposed in these 
previous studies, one possible explanation for the conflicting profiles identified 
could be the choice of collagenase used. A range of different collagenases have 
been trialled, most notably mammalian collagenases including MMP-1 (Lotz et 

al., 2008; Adhikari, Chai and Dunn, 2011; Adhikari, Glassey and Dunn, 2012) 
and MMP-8 (Bhole et al., 2009; Flynn et al., 2010; Chang et al., 2012) as well as 
crude BC (Ellsmere, Khanna and Michael Lee, 1999; Ruberti and Hallab, 2005; 
Bhole et al., 2009; Wyatt, Bourne and Torzilli, 2009; Zareian et al., 2010; Camp et 

al., 2011; Robitaille et al., 2011; Flynn, Tilburey and Ruberti, 2013; Ghazanfari, 
A. Driessen-Mol, et al., 2016; Yi et al., 2016) which are known to contain other 
non-specific proteases (Adhikari, Glassey and Dunn, 2012). These crude 
collagenases often contain different blends of non-specific proteases such as 
neutral protease and clostridipain, which may influence the outcome of a study. 
Consequently, some studies have used highly purified BC to remove the 
potentially negative influence of other non-specific proteases (Huang and Yannas, 
1977; Nabeshima et al., 1996). BCs, most typically, Clostridium histolyticum, 
function differently to mammalian collagenases, cutting the collagen molecule 
into multiple smaller amino acid sequences (Figure 2.37A). Consequently, they 
are known to be more aggressive in nature compared to their mammalian 
counterparts. In contrast, mammalian collagenases which are present in vivo are 
known to be extremely specific, cleaving the collagen molecule at a specific amino 
acid sequence located approximately ¼ along the length of the molecule (Figure 

 

Figure 2.37 - Schematic showing cleavage of a collagen molecule by A) BC which 
cleaves the collagen at multiple locations along the trimer and by B) MMP at a specific 
amino acid sequence located 1/4 along the collagen trimer. 
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2.37B). The resulting ¼, ¾ chains, which are characteristic of MMP degradation, 
are then degraded further by other gelatinous collagenases. 

Interestingly, Adhikari et al. found no load induced degradation response 
occurring in collagen molecules cleaved by BC in comparison to molecules cleaved 
by MMP-1 using a single-molecule magnetic tweezers assay (Adhikari, Glassey 
and Dunn, 2012). However, a near identical study using BC did find a strain 
induced protection mechanism (Camp et al., 2011). Despite these findings by 
Adhikari et al. (Adhikari, Glassey and Dunn, 2012), the vast majority of studies 
have also identified strain dependent degradation responses using bacterial 
collagenases (Table 2.2), suggesting the underlying changes in structural stability 
of collagen and subsequent influence on degradation should hold, regardless of 
the collagenase type.  

2.7.4 Computational modelling 
As we have seen, arteries are complex in both structure and function. This 
complexity can make it difficult to understand, explain and predict the 
biomechanical response of arteries through experimental observations alone. 
Computational modelling of soft tissues permits the isolation of individual 
biomechanical factors contributing to the global tissue response, providing 
greater insight into tissue mechanics. Numerous strain energy functions have 
been developed to capture the mechanical response of soft tissues, including 
artery. Differentiating these strain-energy functions with respect to their 
corresponding strain components provides one with the associated stress arising 
in the model (Humphrey, 2002). Many early models describing soft tissues were 
phenomenological in nature, with no structural relevance to the tissue in 
question. More recently, structural models have increased in popularity, allowing 
for structurally relevant components to be incorporated such as collagen fibre 
orientation (Holzapfel, Gasser and Ogden, 2000; Balzani, Schröder and Gross, 
2006). Further model developments have led to the incorporation of fibre 
dispersion (Gasser, Ogden and Holzapfel, 2006), remodelling (Driessen, Bouten 
and Baaijens, 2005; Hariton, DeBotton, T.C. Gasser, et al., 2007; Creane et al., 
2011; Loerakker, Obbink-Huizer and Baaijens, 2013; Loerakker, Ristori and 
Baaijens, 2016) and damage (Ghasemi, Nolan and Lally, 2018). Many of these 
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models have been shown to fit experimental mechanical data well; however, there 
is a clear need for experimentally informed remodelling models, particularly 
those incorporating the fundamental process of degradation. This unmet need is 
unsurprising, given the lack of experimental data of arterial degradation. 

2.7.4.1 Degradation models 

A variety of models have been developed for other tissues to explain the 
degradation behaviour seen experimentally as well as to predict the tissue level 
response, with a view to ultimately aiding in the prediction of disease 
development and progression (Table 2.3, page 73). These models have looked at 
both the molecular (Chang et al., 2012; Malaspina, Szleifer and Dhaher, 2017) 
and tissue scales (Grytz et al., 2012; Hadi et al., 2012; Loerakker, Obbink-Huizer 
and Baaijens, 2013; Heck et al., 2015; Tonge, Ruberti and Nguyen, 2015; 
Loerakker, Ristori and Baaijens, 2016; Yi et al., 2016), with the latter, often 
incorporating collagen production in addition to degradation.  

Molecular simulations of collagen heterotrimers under load support the theory of 
strain induced protection by forming a tighter triple helix geometry and thus 
increased stability at the cleavage site as shown in Figure 2.31 (Chang et al., 
2012). These simulations also suggest that large forces applied to stable 
homotrimers may lead to molecular unfolding and destabilisation of the 
homotrimer, which may explain the 100-fold increase in degradation found by 
Adhikari et al. (Adhikari, Chai and Dunn, 2011). 

Based on the experimental findings in reconstituted collagen fibrils (Bhole et al., 
2009), Hadi et al. incorporated a strain induced protective mechanism into their 
multiscale model of collagenous tissue (Hadi et al., 2012). In their model, collagen 
degradation was controlled via the radius of collagen fibres within representative 
volume elements (RVEs) whereby collagen degradation leads to a reduction in 
fibre radius. RVEs experiencing low strain led to a reduction in fibre radius thus 
weakening the tissue while RVEs experiencing high strain maintained their fibre 
radius and consequently, their mechanical strength. The model also incorporated 
a constant collagen growth rate by increasing fibre radius to ensure that their 
model would be in a state of net growth during the simulation. It’s worth noting 
that their degradation function was not able to accurately capture the 
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experimental response of reconstituted collagen fibrils (Bhole et al., 2009) and as 
a result, the simulation outcome may be significantly different if a more accurate 
model were to be used. Gyoneva et al. further developed this degradation model 
by investigating three additional cases of collagen growth which are orientation 
and load dependent (Gyoneva et al., 2016). Despite these developments, their 
model was not able to fully reach tensional homeostasis suggesting that further 
work is required which may include incorporating more complex biochemical 
processes. Similarly, Loerakker et al. investigated a number of different 
production and degradation laws to understand and predict the collagen 
architecture observed experimentally under different loading conditions 
(Loerakker, Obbink-Huizer and Baaijens, 2013). Their model, which incorporates 
isotropic matrix, collagen fibres and actin stress fibres, was able to successfully 
predict the remodelling response observed experimentally in 4 different loading 
scenarios. To fully understand the remodelling response, 2 different collagen 
production and degradation laws were investigated. In degradation, strain was 
assumed to either 1) induce collagen protection as proposed by Wyatt et al. 
(Wyatt, Bourne and Torzilli, 2009) or 2) result in a V-shaped degradation 
response as identified by Huang and Yannas (Figure 2.33) (Huang and Yannas, 
1977). Using this second degradation law, Loerakker et al. were able to predict 
the helical 2 collagen fibre family architecture reported for numerous arterial 
tissues in the literature (Schriefl et al., 2012). This model was further developed 
to predict the remodelling response of tissue engineered heart valves showing an 
increased likelihood of valvular insufficiency when valves are implanted in the 
low-pressure pulmonary position in comparison to the aortic position (Loerakker, 
Ristori and Baaijens, 2016). Degradation models have also been used to predict 
thickening of lamina cribrosa, a connective tissue structure supporting axons 
exiting the eye, which occurs in early glaucoma and has been associated with 
maladaptive remodelling (Grytz et al., 2012). Using a growth and remodelling 
formulation which incorporates a collagen fibre crimp and residual stretch to 
achieve mechanical homeostasis, the authors were able to predict changes in 
collagen fibril volume with little change in volume fraction, as observed in the 
literature (Roberts et al., 2009). However, the model also predicted inward 
migration of collagen fibres which is not seen clinically in lamina cribrosa 
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thickening in early-stage glaucoma. Unlike the previously discussed growth and 
remodelling formulations which have used a fibre stretch or strain based 
approached, Tonge et al. (Tonge, Ruberti and Nguyen, 2015) modelled mechanical 
inhibition of degradation using an energy-based approach (Huang and Yannas, 
1977; Chang et al., 2012). Degradation was implemented by reducing the radius 
of unloaded collagen fibres which were initially crimped in the undeformed 
configuration. By fitting to degradation diameter data on collagen fibril networks 
(Flynn et al., 2010), the model was able to reproduce the degradation response 
identified in uniaxially loaded corneal tissue (Zareian et al., 2010) and bovine 
pericardium (Ellsmere, Khanna and Michael Lee, 1999). The creep-degradation 
response of bovine pericardium under increasing loads presented by Ellsmere et 
al. (Ellsmere, Khanna and Michael Lee, 1999) was also modelled by Heck et al. 
(Heck et al., 2015). Unlike Tonge et al. (Tonge, Ruberti and Nguyen, 2015) who 
modelled the initial degradation response over the first 1 hour period, Heck et al. 
were able to explain the reduced time to failure in samples experiencing higher 
initial loads across the 40-hour experiment despite incorporating a load 
protection mechanism. This was only achievable however by including 
mechanical rupture of highly strained fibres in addition to load-induced 
protection. 

 

Figure 2.38 – Predicted extension-time degradation curves of statically loaded 
pericardium strips exposed to collagenase A) with and B) without collagen rupture, 
loaded with 1, 10 and 60 g (Heck et al., 2015). Predicted model response (squares) are 
overlaid on experimental data (dotted) presented by Ellsmere et al. (Ellsmere, Khanna 
and Michael Lee, 1999) and also presented in Figure 2.35. 
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Table 2.3 - Summary of recent models incorporating load-mediated collagen 
degradation. 

Author Load-
induced 
degradation 
response 

Method of 
degradation 

Additional Simulation 

Chang et al. 
2012 (Chang 
et al., 2012) 

N/A N/A N/A Molecular configuration 
changes with load 

Hadi et al. 
2012 (Hadi et 
al., 2012) 

Protective Radius 
reduction 

Constant collagen 
production 

Axial dogbone and 
biaxial cruciform models 

Grytz et al. 
2012 (Grytz et 
al., 2012) 

Protective Change in 
volume 
fraction 

Collagen production 
to maintain 
homeostatic stretch. 
Collagen crimp and 
residual stretch 
function. 

Lamina cribrosa 
thickening in vivo 

Loerakker et 
al. 2013 
(Loerakker, 
Obbink-Huizer 
and Baaijens, 
2013) 

Protective, 
strain level 
dependent 

Change in 
volume 
fraction 

Actin stress fibres 
and collagen 
production modelled. 
Collagen 
crimp/prestretch 
function. 

Strip, cruciform and 
vessel models 

Tonge et al. 
2015 (Tonge, 
Ruberti and 
Nguyen, 2015) 

Protective Radius 
reduction 

Energy based 
approach. Collagen 
crimp function. 

Experimental findings in 
cornea (Zareian et al., 
2010) and bovine 
pericardium (Ellsmere, 
Khanna and Michael Lee, 
1999) 

Heck et al. 
2015 (Heck et 
al., 2015) 

Protective Change in 
volume 
fraction 

Collagen production 
and rupture 

Bovine pericardium 
creep (Ellsmere, Khanna 
and Michael Lee, 1999) 
and additional loading 
cases in literature. 

Loerakker et 
al. 2016 
(Loerakker, 
Ristori and 
Baaijens, 
2016) 

Protective Change in 
volume 
fraction 

Actin stress fibres 
and collagen 
production modelled. 
Collagen 
crimp/prestretch 
function. 

Tissue-engineered heart 
valve compaction in 
aortic and pulmonary 
deployment 

Gyoneva et al. 
2016 
(Gyoneva et 
al., 2016) 

Protective Radius 
reduction 

4 cases of collagen 
production 

Uniaxial stretch of RVE 
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The studies outlined above highlight the importance of developing models which 
can aid in understanding the underlying mechanisms influencing strain mediated 
degradation (Chang et al., 2012), explaining the degradation response in tissues 
ex vivo (Hadi et al., 2012; Loerakker, Obbink-Huizer and Baaijens, 2013; Heck et 

al., 2015; Tonge, Ruberti and Nguyen, 2015; Gyoneva et al., 2016) and potentially 
predicting disease development in vivo (Grytz, Meschke and Jonas, 2011; 
Loerakker, Ristori and Baaijens, 2016). The different approaches used and the 
limitations of many of these models outline the need for further investigation into 
this complex strain mediated process, and particularly in arteries at the 
macroscale level. 

2.8 Summary 

Extensive research has been carried out to investigate the structure and function 
of the arterial wall and its components. Collagen fibre architecture has been the 
primary focus of much of this work, as it is the primary load-bearing constituent 
of the vessel wall. Remodelling of this architecture, which includes reorientation, 
production and degradation of collagen, is critical for both healthy and diseased 
arterial function. Collagen degradation, in particular, is central to the mechanical 
stability of collagenous tissues, with excessive degradation linked to 
atherosclerotic plaque cap rupture as well as aneurysm progression. Many 
techniques have been utilised to characterise collagen fibre organisation in the 
vessel wall, each with their associated advantages and disadvantages (see Section 
2.6 and Table 2.1). SALS is one such technique which offers an inexpensive means 
of quickly and efficiently characterising fibre structure across intact tissue; 
potentially providing insights into arterial remodelling and degradation. 

Molecular, fibril and tissue-scale studies have identified collagen degradation as 
a strain-dependent process. However, a distinct degradation response has not yet 
been determined in literature, as the findings are largely conflicting. The majority 
of previous studies have identified an underlying load induced protection 
mechanism, whereby mechanical loading and straightening of collagen increases 
its thermal stability and subsequent resistance to enzymatic cleavage. However, 
a smaller number of studies have also identified accelerated collagen degradation 
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in response to strain. Finally, even fewer have determined a strain level 
dependent mechanism whereby regions of both strain-induced degradation and 
protection exist. It is possible that many of the studies which solely found either 
increases or decreases in degradation, did not investigate a sufficiently large load 
or strain range. Potentially, these studies capture only part of the bilinear, V-
shaped degradation curve found by others (see Section 2.7.2). Additionally, tissue 
level studies have observed this protective strain region occurring at a far greater 
strain magnitude to that found in reconstituted collagen. This highlights the 
importance of considering collagen and tissue hierarchy when relating findings 
to physiologically relevant events. It is also possible that load dependent 
degradation is a tissue-specific response, which illustrates the importance of 
investigating this process in tissues such as arteries, which are yet to be explored. 
Numerous computational models have also been developed in an effort to explain 
and implement these experimental findings with varying degrees of success (see 
Section 2.7.4). Despite the advent of these models, there is still a clear need for 
experimentally informed models capable of definitively elucidating the strain-
dependent remodelling response of arterial tissue in vivo. A greater 
understanding of this strain-driven remodelling response may provide 
fundamental insights into arterial disease progression and the biomechanical 
responses following medical device deployment. To achieve this, multiple 
complementary techniques, including structural, mechanical and computational 
analysis, are required for a more comprehensive understanding of the 
degradation response.
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Chapter 3 Collagen Fibre Characterisation 

in Arterial Tissue under Load using Small 

Angle Light Scattering 

3.1 Introduction 

The collagen fibre architecture of arterial tissue is known to play a key role in its 
resultant mechanical behaviour, while maladaptive remodelling of this 
architecture has also been linked to arterial diseases such as aneurysm 
development (Gasser et al., 2012; Niestrawska et al., 2016) and atherosclerosis 
(Tsamis et al., 2013). Information on the detailed fibre architecture of arterial 
tissues and how this architecture is influenced by load is therefore central to 
understanding the aetiology of vascular disease (Creane et al., 2011; Ghazanfari 
et al., 2012). 

Techniques such as polarised light microscopy (Canham et al., 1989; Sáez et al., 
2016; Schriefl et al., 2012) and electron microscopy (Dahl et al., 2007; Wolinsky 
and Glagov, 1964) are often used for structural assessment of these tissues; 
however, they often require time-consuming tissue preparation steps and are 
destructive in nature. Consequently, non-destructive techniques such as confocal 
microscopy (O’Connell et al., 2008; Rezakhaniha et al., 2012) and multiphoton 
microscopy (Cicchi et al., 2010; Zoumi et al., 2004) are growing in popularity as 
they allow tissues to remain intact during imaging (Keyes et al., 2011; Watson et 
al., 2016). Despite this, these techniques are generally subject to depth 
limitations (< 100 μm), can be time-consuming when characterising large areas 
and require expensive setup costs. 

Small angle light scattering (SALS) analysis may offer an alternative means of 
measuring fibre orientations ex vivo across large regions of tissue, without the 
need for time-consuming preparation steps (Appendix A). SALS also offers the 
potential to determine real-time structural changes in intact tissue in response 
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to load (Robitaille et al., 2011; Sacks et al., 1997; Williams et al., 2009). Most of 
the work published on SALS to date has looked at thin, highly organised tissue 
structures, such as bovine pericardium (Sacks et al., 1994) and porcine aortic 
valve tissue (Billiar and Sacks, 1997; Sacks et al., 1997); whereas, SALS has seen 
very limited use in characterising arterial tissue, predominantly due to thickness 
limitations. In fact, only two studies have been identified by the authors where 
SALS has been used for arterial fibre characterisation, namely Williams et al. 
(Williams et al., 2009) and Haskett et al. (Haskett et al., 2010). Both of these 
studies carried out tissue extensive pre-processing by clearing vessels with 
glycerol (Williams et al., 2009) or cryo-sectioning vessels (Haskett et al., 2010). It 
remains to be seen whether SALS can be successfully employed for intact arterial 
tissue characterisation which may allow future remodelling studies to be carried 
out using SALS. 

The overall objective of this study is to explore SALS as a means of measuring 
fibre architecture in arterial tissue. Specifically, it is yet to be established whether 
SALS can be used as a non-destructive or semi-destructive method to decipher 
load-induced changes in fibre structure. 

3.2 Methods 

3.2.1 Tissue harvesting 
Fresh porcine common carotid arteries were excised from 15 Large White pigs 
aged 6 months and weighing approximately 80 kg at the time of slaughter. 
Porcine tissue was used due to its ready availability, its similarities to human 
vasculature and no ethical approval was required for use. Carotid arteries were 
transported on ice and processing began within 2 hours of slaughter. The excised 
vessels were washed with PBS to remove residual blood, and excess connective 
tissue was removed. The vessels were cut into 2 adjacent tube-like sections 8 mm 
in length from the proximal end of the vessel. The tubes were cut open 
longitudinally to obtain 2 flat rectangular strips.  

This dissection process removes the residual stresses present within the vessel in 

vivo and consequently, may result in a more undulated collagen fibre 
architecture. To reduce the risk of recording fibre undulation rather than 
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orientation in later analysis, specimens were gently squeezed between two slides 
consistent with other studies on such tissue (Gasser et al., 2012; Sáez et al., 2016). 

In the present study full intact intimal, medial, and adventitial layers are 
analysed. To obtain intact vessel layers, an incision was first made in the vessel 
cross section at the layer boundary under a microscope. Next, the vessel layers 
were carefully separated using a rolling and peeling technique with a forceps 
(Holzapfel et al., 2007). Only vessels with medial layers with a thickness below 
600 μm (545 ± 45 μm) were chosen to ensure sample consistency. Additionally, 
thin histological sections of each layer were analysed. 

3.2.2 Histological processing 
All histological samples were fixed in 4% paraformaldehyde overnight, 
dehydrated in a graded series of ethanol baths (EtOH), cleared in xylene before 
being embedded in paraffin wax. The resulting paraffin-embedded samples were 
sectioned at 8 μm using a microtome (RM-2125RT, LEICA, Germany) and affixed 

to microscope slides. A minimum of 2 sections were obtained from each of the 3 
vessel layers for staining (108 slices in total).  

The resulting sections were stained with picrosirius red to assess collagen fibre 
distribution. Although collagen fibres are naturally birefringent, picrosirius red 
significantly enhances this property without negatively impacting perceived fibre 
orientation under polarised light.  

3.2.3 Loading 
To identify changes in fibre orientations due to loading, a nominal strain of 20% 
was applied to one sample arising from each vessel. For histological sections, 
samples were strained and pinned to a mounting plate before being fixed in 4% 
paraformaldehyde overnight; this allowed further histological processing of the 
sample in its loaded state (Figure 3.1). Once fixed, the mounting pins were 
removed and the tissue dehydrated, cleared and wax embedded as outlined in 
Section 3.2.2 above. For intact layer samples, the strain was applied using a 
custom device mounted inside the SALS system. 
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Figure 3.1 - Planar section of carotid artery in (A) the unloaded configuration and (B) 
the loaded pinned configuration. 

3.2.4 SALS system setup 
An in-house SALS system was built, based on an existing system described in the 
literature (Sacks, Smith and Hiester, 1997). This set-up consists of: an 
unpolarised 5 mW HeNe laser (λ = 632.8 nm; JDSU, Newbury, UK), focussing 
lenses (various focal lengths; Edmund Optics Ltd, York, UK), automated sample 
positioner, projection screen and a CMOS USB camera. Each component is 
mounted on a guide rail, to enable fine linear positional adjustments (Figure 
3.2A). 

 

Figure 3.2 - (A) SALS setup consisting of 1) an unpolarised 5mW HeNe laser, 2) 
focusing lens, 3) automated sample positioner, 4) scatter plate and 5) CMOS camera, 
with (B) custom stretching device inset. 

In order to obtain the desired beam diameter, the antagonising laser light is 
passed through different lens configurations before encountering the specimen, 
which is held in an automated positioning and stretching device (Figure 3.2B). A 
camera records the resulting scattered light pattern as it is projected onto a semi-
transparent HDPE projection screen.  

The specimen positioning device consists of 2 linear traverses, allowing travel in 
both x and y directions. Each linear traverse is coupled to a stepper motor (200 
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steps/revolution; Pololu Corporation, Las Vegas, NV, USA), providing a linear 
movement resolution of 5 µm across the system’s 30 mm range. Stepper motor 
control and image acquisition are controlled through a custom LabVIEW 
programme (National Instruments, Berkshire, UK), which allows the user to 
specify the region of interest in a sample and the interrogation point spacing (see 
Figure 3.3A). An image of the scattered light pattern is taken and saved at each 
interrogation point as a sample is raster scanned. The fibre orientation at each of 
these points is subsequently determined by post-processing these recorded 
images. Whilst SALS measurement speed is influenced by the user-defined 
parameters used, in this study, each test specimen imaged included 192 
interrogation points across a 4 x 3 mm region of interest which takes 
approximately 4 minutes to scan. 

 

Figure 3.3 - (A) Schematic of a sample illustrating the key parameters in SALS 
analysis, (B) SALS pattern for single carotid artery location showing mean fibre 
direction overlaid which occurs orthogonally to the angle of greatest light intensity 
shown in (C). 
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3.2.5 Orientation analyses 

3.2.5.1 Histological orientation analysis (HOA) 

Images of histological sections were taken under crossed polarisers at two 
polarising angle configurations, 45q apart, using an Olympus BX-41 microscope 
equipped with a QImaging MicroPublisher 5.0 RTV camera. The resulting images 
are overlaid to achieve a complete picture of collagen fibre orientation in a sample 
(Figure 3.4). 

Histological orientation analysis (HOA) was carried out in the same interrogation 
region as SALS measurements across several thin histological sections. Fibre 
distributions are determined by identifying pixel gradients in each image using 
the OrientationJ plugin (Rezakhaniha et al., 2012) for ImageJ (Schneider, 
Rasband and Eliceiri, 2012a). Mean fibre orientation and fibre distributions were 
determined and compared to those determined using SALS, allowing the 
identification of the most suitable SALS system configuration for arterial tissue. 

 

Figure 3.4 - Polarised light images of picrosirius red stained histological slices of (A) 
intima, (B) media and (C) adventitia showing layer specific fibre architecture. 
Representative schematics of the structure are shown above each vessel layer image. 
Scale bar: 50 μm. 

3.2.5.2 SALS analysis 

The scattering pattern was automatically analysed using a purpose-built Matlab 
(MathWorks, Cambridge, UK) code allowing for predominant collagen fibre 
orientations to be determined. The code determines the centroid of the scattered 
light pattern before systematically cycling through all angles from 1° to 360°, 
computing the light intensity at each angle (Figure 3.3 B-C). Light scatters 
orthogonally to a fibre’s axis, hence the dominant fibre orientation at a specific 
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location can be calculated. Each sample is raster scanned over the region of 
interest and the fibre direction at each point is calculated.  

The scattered light forms an elliptical shape with eccentricity, E, which indicates 
the distribution of fibres at a given interrogation point. Eccentricity is based on 
the ratio of major and minor axes and is given as, 

 
E =

√r𝑚𝑎𝑗2−r𝑚𝑖𝑛2

r𝑚𝑎𝑗
 , 3.1 

where r𝑚𝑎𝑗 and r𝑚𝑖𝑛 are the major and minor radius of the SALS scattered light 

ellipse respectively. An eccentricity of 1 corresponds to perfect fibre alignment in 
one direction only, while a value of 0 corresponds to an isotropic distribution of 
fibres. Using both fibre orientation and alignment, structural differences and 
responses to load can be identified. 

3.2.5.3 Statistics 

Statistical analysis of fibre distributions for both SALS and HOA was carried out 
using a circular statistics toolbox for Matlab (Berens, 2009) and GraphPad Prism 
6.0 (GraphPad Software, CA, USA). Normality of distributions was tested using 
D’Agostino-Pearson normality test. Correlation coefficients were calculated based 
on the difference in normalised orientation distributions between SALS and HOA 
at each angle across each sample. Fibre families in adventitial samples were 
determined using k-means clustering for circular data (Berens, 2009). Changes 
in eccentricity in response to strain for the three distinct layers of the artery were 
analysed using unpaired t-tests, while unbalanced one-way ANOVA was used for 
all other comparisons. Differences were considered significant when P < 0.05. All 
HOA and SALS measurements were measured relative to the circumferential 
direction (θ = 0°). Results are expressed as mean±standard error (standard 
deviation). 

3.2.6 SALS optimization 
One of the primary objectives of the current study was to determine the optimum 
SALS system configuration for analysing arterial tissue. HOA was first 
performed using different interrogation region areas to determine whether there 
is important small-scale fibre distribution detail that SALS may be insensitive to. 
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Next, SALS was performed on thin histological samples using three different 
beam diameters and three different interrogation point spacings. Results were 
compared with fibre orientations found using HOA at the same interrogation 
points to identify the most accurate configuration. To investigate whether fibre 
distributions change at different scales, interrogation region areas of 600 μm2, 
150 μm2 and 75 μm2 were chosen, corresponding to the SALS beam diameters 
investigated. Furthermore, an interrogation region of 35 μm2 was used to detect 
any small-scale fibre distributions. A laser beam diameter of 600 µm was 
previously used for bovine tendon (Sacks, Smith and Hiester, 1997) and is used 
here, additionally beam diameters of 150 µm and 75 µm were also tested. 
Interrogation point spacings of 75 µm, 125 µm and 250 µm were investigated.  

3.3 Results 

3.3.1 SALS system optimisation 

3.3.1.1 Small Scale fibre distributions determined from histology 

HOA results showed no important small-scale fibre orientation or distribution 
differences for the intima and media layers (Figure 3.5A). However, the fibre 
angle distribution tended to narrow and become noisier as the interrogation 
region reduced in size. In contrast, in the adventitial layer, there was greater 
variation in fibre distribution observed as interrogation region varied in size 
(Figure 3.5B). 

These results show that in the intima and medial layers there is little loss of 
information if a large interrogation region is utilised. The fibre orientation 
distribution measured in the adventitial layer does change in response to a 
change in the interrogation region size. The fibre distribution is seen to shift 
depending on the interrogation region size (Figure 3.5C), which is most likely 
attributed to the extremely undulated fibre structure of the adventitia observed 
histologically in Figure 3.4C. 
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Figure 3.5 - HOA fibre orientation results for interrogation region area of 35 x 35 μm, 
75 x 75 μm and 600 x 600 μm for (A) media and (B) adventitia showing the effect of 
interrogation area for specific layers. 

3.3.1.2 Optimum SALS beam diameter 

The mean fibre orientation measured using SALS for 3 different beam diameters 
is compared to that measured using HOA at the same interrogation point. Figure 
3.6A plots the error in degrees between SALS and HOA and shows that a beam 
diameter 150 μm results in the lowest error across all 3 vessel layers (I: 2.6±0.5° 
(1.6°), M: 3.3±0.5° (1.6°), A: 9.5±2.7° (8.5°)). Circular statistics based on the results 
of HOA demonstrate significant differences between the adventitial layer and the 
medial and intimal layers (Figure 3.6B). In addition to closely identifying mean 
fibre orientation, similar fibre distributions were determined using SALS and 
HOA at the same interrogation region (Figure 3.7A). This observation was seen 
quantitatively through the high correlation between fibre distributions across 
each layer (Figure 3.7B). 

 

Figure 3.6 - (A) Angular error between SALS and HOA results for different beam 
diameters. (B) circular statistical analysis highlighting the different architecture of 
the adventitia with a 150 μm interrogation region. n=10, *p<0.05, **p<0.01. 
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Figure 3.7 - (A) Medial fibre distribution determined using SALS and HOA for the 
same location, (B) Correlation coefficients between SALS and HOA for each layer. 
n=10. 

3.3.1.3 Optimum SALS interrogation spacing 

Moving forward with a beam diameter of 150 μm, the effect of interrogation point 
spacing for each arterial layer was analysed. Figure 3.8 shows that spacing has 
little effect on the mean orientation of a sample, for both the intimal and medial 
layers.  

No statistical difference was found in mean fibre orientation for interrogation 
spacings of 75 μm, 125 μm and 250 μm (Figure 3.8). However, mean orientation 
showed greater variation based on the interrogation spacing chosen for the 
adventitia. 

 

Figure 3.8 - Mean fibre angle measured using SALS across each layer using different 
interrogation spacing sizes. For interrogation point spacings of 75 μm, 125 μm, 250 
μm, the total number of interrogation points are 600, 288 and 72 respectively. 
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3.3.1.4 Recommended Experimental Setup 

Given the results from Sections 3.3.1.1 - 3.3.1.4, a beam diameter of 150 μm was 
chosen to provide suitably high spatial resolution while minimising the error in 
the recorded measurements. A scanning resolution of 250 μm was deemed 
sufficient in locations with minimal changes in architecture while a scanning 
resolution of 125 μm is recommended for locations of high structural variability 
such as is the case in complex loading scenarios. The resulting setup resulted in 
an approximate scan time of 2 seconds per measurement and approximately 192 
measurements taken per sample. 

3.3.2 Analysis of thin sections 
Figure 3.9A and B plot the results of a SALS analysis on a full sample, showing 
the mean fibre orientation at multiple interrogation points in the region of 
interest. The eccentricity in the plots qualitatively indicates fibre distribution in 
the sample. SALS was also capable of measuring regions of considerable fibre 
reorganisation observed in loaded tissues occurring around the pins (Figure 
3.9C). This reorganisation was also observed in a histological image, and was 
quantified using HOA (Fomovsky and Holmes, 2010) (Figure 3.9D). 

 

Figure 3.9 - Representative vector map of fibre directions overlaid on a contour plot of 
scattered light eccentricity produced using SALS for (A) unstretched media, (B) 
stretched media,(C) around the pinned region of tissue and(D) vector map of the same 
pinned location showing similar fibre patterns produced using HOA. Scale bar: 1000 
μm. 
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3.3.2.1 Unloaded tissue 

Polar histogram plots of all data show a single circumferential (0°) fibre 
distribution for unstrained intima (-0.1±1.4° (5.5°)) and media (-1.7±1.9° (4.7°)) 
thin sections (Figure 3.10A i-ii). In contrast, a more complex multi-directional 
structure was identified in the adventitial layer with single and multiple fibre 
populations. Two fibre populations were identified using k-means clustering for 
circular data, with mean angles of -6.4±0.7° (37.7°) and 118.3±2.7 (39.9°) (Figure 
3.10A iii) 

3.3.2.2 Loaded tissue 

Circumferential strain had minimal influence on mean fibre orientation due to 
the existing circumferential orientation of fibres (Figure 3.10A iv-vi). While small 
changes occur in mean fibre orientations due to strain (Figure 3.9A-B), a 7.4% 
and 5.7% increase in eccentricity was seen for intimal and medial tissue 
respectively (Figure 3.10B). 

3.3.3 Analysis of intact vessel layers  
Having analysed thin histological sections of arterial wall, SALS analysis was 
applied to intact vessel layers. Polar histogram plots of fibre distribution show 
similar distributions to the thin slice results for intima (-2.3±1.9° (4.7°)), media (-
2.7±1.2° (3.2°)) and adventitia (-1.4±3.5° (8.5°)), see Figure 3.10C. However, 
analysis of intact layers did not identify a second axial population of adventitial 
fibres as seen previously. The mean fibre orientations measured using SALS were 
also observed using SHG imaging (see Appendix B). Similar increases in 
eccentricity were also observed in intact intimal and medial layers in comparison 
to SALS of histological sections in response to a 20% strain (Figure 3.10B). 
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Figure 3.10 - (A) Polar histogram plot of fibre distribution of histological sections (n = 
9) under i-iii) 0% strain and iv-vi) 20% strain. (B) Eccentricity results for histological 
sections (n = 9) and intact layers (n = 6) in the unloaded and loaded configuration. (C) 
Polar histogram plot of fibre distribution of intact layers (n = 6) under i-iii) 0% strain 
and iv-vi) 20% strain. Each sample is made up of 1152 interrogation points. *p<0.05, 
**p<0.01. 
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3.4 Discussion 

The goal of this study was to establish whether SALS is capable of repeatedly and 
reproducibly characterising collagen fibre orientation in arterial tissue and how 
this architecture changes in response to load. To achieve this, the SALS system 
was first optimised for use with arterial tissue before an analysis of thin arterial 
sections and intact vessel walls was performed. A predominant circumferential 
fibre orientation was found in both thin vessel slices and intact vessel layers, 
while a second less dominant axial fibre family was identified in the adventitia. 
SALS was also capable of identifying decreased fibre dispersion in response to 
vessel loading, through an increase in eccentricity. These results indicate that 
SALS is a quick and objective alternative to histology for fibre orientation 
analysis of arterial tissue, with the potential to offer insights into fibre 
remodelling in intact tissue. 

3.4.1 Beam Diameter 
A beam diameter of 150 μm was chosen as the optimum for arterial tissue based 
on quantitative comparisons made with accepted histological results (Figure 
3.6A). This is the first instance in which beam diameter has been optimised for 
arterial tissue. Reducing the beam diameter further to 75 μm resulted in an 
increase in system noise caused by self-interference of the scattered light, as 
noted elsewhere (Sacks, Smith and Hiester, 1997). The relatively higher angular 
error found for adventitial measurements was attributed to the more complex, 
undulated fibre structure observed histologically (Figure 3.4C).  

3.4.2 Interrogation Point Spacing 
Due to the high alignment, low dispersion fibre structure of the intimal and 
medial layers, interrogation point spacing has little effect on the mean fibre angle 
measured. In contrast, in adventitial samples, there is a considerable difference 
in the mean fibre angle measured at a spacing of 250 μm. For this spacing 
distance, the beam diameters do not overlap, unlike the two lower spacing 
distances. The non-contribution of these unmeasured regions to the mean angle 
may account for this difference. The interrogation point spacing should ultimately 
be chosen based on which layer is to be examined, the size of the region of interest, 
and the level of detail required (Figure 3.9A-C). 
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3.4.3 Fibre orientation 
A single family of circumferentially orientated collagen fibres was identified in 
the intima and media of porcine carotid artery (Figure 3.10A). This result is in 
keeping with previous studies of the carotid artery using PLM (Sáez et al., 2016) 
and DTI (Shahid et al., 2016), however it differs from the typical multifamily 
structure observed in human aortic vessels (Gasser et al., 2012; Schriefl et al., 
2012). This study has considered layer specific fibre orientations and found there 
is a different fibre structure in the adventitia, with two fibre families identified. 
This contrasts results from Saez et al. (Sáez et al., 2016) who concluded there was 
a single fibre family in the carotid artery. That study used PLM of 3 histological 
slices taken at non-specified depths through the carotid artery wall and may have 
omitted the adventitial layer completely. Previous studies on the common iliac 
artery using layer-specific PLM have determined a single family of fibres in the 
intima and media, and two families in the adventitia (Schriefl et al., 2012). It is 
possible that the multiple fibre families identified elsewhere may also have arisen 
due to an artefact of the PLM technique, whereby two or more images are 
required at a single location to characterise the full fibre architecture as discussed 
in the final paragraph in Section 2.6.2. It has been suggested that the relatively 
low level of axial strain in common iliac arteries is one reason for this single 
family fibre structure in the media (Qi et al., 2015). These fibre architecture 
differences underscore the necessity of investigating specific vessel layers, 
locations and mechanics. 

Collagen orientation under loading was calculated to determine whether SALS 
has the sensitivity to identify structural changes in intact layers, an important 
consideration if further remodelling analysis is to be carried out (Gaul and Lally, 
2017). Circumferential strain applied to the vessel resulted in a slight shift in 
mean fibre orientation of the already near circumferentially aligned fibres (Figure 
3.10A). Circumferential strain also led to increased fibre alignment, identified by 
SALS through an increase in scatted light eccentricity in intimal and medial 
layers. The unexpected reduction in eccentricity seen in adventitial tissue may be 
attributed to increased disorganisation in its multi-family fibre architecture. 
These changes in eccentricity highlight SALS ability to capture dispersion 
information of collagen fibres, something which is often incorporated into 
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mathematical models of the arterial wall (Sacks, 2003; Gasser, Ogden and 
Holzapfel, 2006). 

SALS was also capable of measuring a similar predominant circumferential fibre 
distribution in intact vessel layers (Figure 3.10C). This study is the first to 
analyse intact arterial tissue using SALS without glycerol clearing to increase 
transparency (Williams et al., 2009). While glycerol treatment allows the entire 
vessel wall to remain intact, the chemical treatment prevents reorganisation or 
remodelling of collagen fibres to be analysed in a realistic way. The argument to 
separate a vessel into distinct layers before SALS testing is strengthened by the 
confirmation that a different fibre architecture exists in the adventitia, which 
may obscure results were the vessel to be kept fully intact. Indeed, preliminary 
SALS testing of glycerol treated full vessel arteries exhibited different scattered 
light patterns depending on whether the adventitia faced toward or away from 
the incoming laser light (see Appendix B). These differences arose in response to 
bias imposed by the layer which the light passes through last, which has the 
greatest influence on the light scattering. Moreover, layer separation allows one 
to analyse layer specific reorientation and remodelling under load. SALS fibre 
measurements made on intact layers agree with SALS results for thin histological 
sections of the intima and media. However, the more complex multi-family fibre 
structure observed in thin histological sections of the adventitia using SALS was 
not observed in intact layers. It is plausible that the dominant circumferential 
fibre family seen in the adventitia may mask the less dominant second axial fibre 
family when intact layers are analysed using SALS. 

3.4.4 Benefits of SALS 
SALS offers many advantages over existing techniques used in characterising 
fibre orientations of soft tissues with its ability to quickly and objectively measure 
fibre orientations over large regions with minimal pre-processing. SALS can 
effectively analyse large tissue regions in a number of minutes, compared to hours 
for SHG imaging, and days for histological imaging of similar size regions. SALS 
greatest strength, however, is its potential to look at reorganisation and 
remodelling of intact tissue which until now has yet to be investigated in arterial 
tissue. The existence of a load-sensitive protective mechanism for collagen fibres 



 

Chapter 3  

 

92 

 

has previously been identified in corneal tissue (Robitaille et al., 2011), bovine 
pericardium (Ellsmere, Khanna and Michael Lee, 1999; Ghazanfari, A. Driessen-
Mol, et al., 2016) and rat tail tendon (Wyatt, Bourne and Torzilli, 2009), yet it 
remains to be seen whether this mechanism exists in arteries. SALS ability to 
non-destructively assess structural changes in intact arterial layers can aid in 
deciphering whether a load-dependent degradation mechanism exists, and how 
this mechanism may influence healthy and diseased vessel remodelling. 

3.4.5 Study limitations 
It is worth noting that SALS is limited by the transparency of the sample to be 
interrogated. With this, thin, histological slices of tissue are not an issue; 
however, issues may arise as sample thicknesses increase. Additionally, as 
sample thickness increases, multiple scattering of light by fibres through a 
sample’s thickness may obscure results. As layer thickness increased, the signal 
to noise ratio reduced and the predominate fibre directions were difficult to 
ascertain from the light scattering pattern resulting in a drop in eccentricity 
(Appendix B). Accordingly, it is best to separate samples into distinct layers to 
reduce the risk of incorrectly measuring fibre orientations. Although there is no 
specific optimal thickness for use with SALS, above 800 μm, the fibre angles 
determined had very low eccentricity values, increasing the likelihood of 
extracting an incorrect mean angle. As a result, medial layer thicknesses below 
600 μm were selected for testing in this study. Although layer separation was not 
carried out on previous arterial characterisation studies using SALS (Williams et 

al., 2009), the present study has identified it as an important consideration, 
particularly for larger mammalian arteries. Arterial samples were also gently 
squeezed between microscope slides using elastic bands for a 5-minute period 
which induces a mechanical deformation on the flat vessel sample. This squeezing 
was carried out as recommended elsewhere (Gasser et al., 2012; Sáez et al., 2016) 
to reduce the waviness of constituent collagen fibres while minimising disruption 
to the mean fibre orientation. Despite this near uniform applied deformation, it 
is possible that this process further disrupts vessel architecture. Additionally, 
collagen crimp which can be incorporated into constitutive models of collagenous 
tissues, for example (Tonge, Ruberti and Nguyen, 2015), is not explicitly recorded 
by SALS unlike techniques such as SHG (Chen et al., 2011; Schrauwen et al., 
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2012; Haskett et al., 2013). Axial residual stretch which is present in arteries in 

vivo was also not present in the current study. The addition of an axial stretch 
may increase the likelihood of multiple fibre families emerging with a low pitch 
angle relative to the circumferential direction. 

Finally, this study has used SALS to identify fibre orientation in the 
circumferential-axial plane and is not well-suited for imaging radially orientated 
collagen fibres. While radial fibres are not an important determinant for the 
pressure-diameter relationship of arteries, their number and density have been 
shown to be important in resisting delamination of arterial layers (Pal et al., 
2014). The highly undulated nature of adventitial fibres also reduces the 
suitability of SALS for characterising the adventitia which was found to produce 
different fibre distributions depending on the interrogation size and scanning 
resolution. 

3.4.6 Conclusion 
By comparing with accepted histological image processing results, this study has 
identified the optimum SALS setup for analysing the fibre architecture of large 
mammalian arteries and this same set-up can now be used for future studies on 
a range of similar sized vessels. SALS has been found to be a quick and easy 
method of accurately characterising collagen fibre orientation, particularly for 
intimal and medial arterial tissue, even when intact. Although SALS is less 
accurate in analysing the outer adventitial layer, the media is the most 
mechanically relevant layer in normal physiological vessel environments. SALS 
offers the unique ability to investigate load-induced reorganisation and 
remodelling of intact intima and media of arteries, thereby, offering a means to 
gain crucial insights into arterial disease.
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Chapter 4 The use of Small Angle Light 

Scattering in assessing Strain-Induced 

Collagen Degradation in Arterial Tissue ex 

vivo  

4.1 Introduction 

Collagen is the most abundant protein in mammals and is responsible for 
providing much of the load bearing capacity in connective tissue. Remodelling of 
this collagen network, which is strongly influenced by degradation (Magnusson 
et al., 2010), is therefore crucial for the integrity of soft tissues, such as arteries. 

Existing literature has established that collagen fibres exhibit a strain-dependent 
degradation response where the rate of degradation is governed by the magnitude 
of strain applied along the fibre axis. A number of techniques have been utilised 
to identify these degradation responses across a range of tissues including stress 
relaxation experiments (Huang and Yannas, 1977; Wyatt et al., 2009), creep 
experiments (Ellsmere et al., 1999), imaging of single collagen fibres (Wyatt et 
al., 2009) and tissue alignment analysis using small angle light scattering (SALS) 
(Robitaille et al., 2011). SALS, in particular, shows a lot of promise in evaluating 
strain induced degradation responses by providing quantitative measures of 
tissue structure quickly and non-destructively, indicated by degradation studies 
on corneal tissue (Robitaille et al., 2011). However, it remains to be seen whether 
arterial tissue exhibits a strain-dependent degradation response and if so, 
whether SALS can be used to quantitatively determine this response in arterial 
tissue. 

The aim of this study was to 1) investigate the feasibility of SALS to observe 
changes in collagen fibre distributions in arterial tissue ex vivo, subjected to 
different magnitudes of strain whilst in a collagenase solution and 2) determine 
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whether a strain induced protection or degradation mechanism can be identified. 
If successfully applied to arterial tissue ex vivo, SALS offers a valuable technique 
for quickly and objectively assessing strain induced fibre degradation of arterial 
collagen. 

4.2 Methods 

4.2.1 Tissue preparation and collagenase treatment 
Fresh common carotid arteries were excised from 6-month-old Large White pigs 
(n = 10) and transported on ice before undergoing cryopreservation in the 
presence of a cryoprotectant to maintain vessel structural properties (Müller-
Schweinitzer, 2009). Prior to testing, samples were thawed in a water bath at 
37°C, cut open longitudinally and opened out flat. Circumferential strips were 
next cut using a 4 mm wide punch for experimental testing. The intima and 
adventitia were then carefully removed; the media consists of predominantly 
circumferentially orientated fibres, and the reduction in thickness ensured light 
transmission through the sample for SALS analysis (Gaul, Nolan and Lally, 
2017). Samples were then clamped in a custom stretching jig before being placed 
under a nominal circumferential strain of 0% (n = 6), 5% (n = 8) or 25% (n = 7). 
Strained samples were allowed to relax for approximately 30 minutes in PBS and 
placed in bacterial collagenase while maintaining a constant strain (Type I, 87.5 
U/ml; Sigma-Aldrich, Ireland) at 37°C for a period of 4 hours before post 
degradation analysis. Controls (n = 6) for each strain condition were incubated at 
37°C for 4 hours in PBS. 

4.2.2 Histology 
Samples chosen for histological analysis were fixed in 4% paraformaldehyde 
overnight, dehydrated in increasing concentrations of ethanol, cleared in xylene 
and embedded in paraffin wax. Embedded samples were sectioned at 8 µm using 
a microtome (RM- 2125RT, LEICA, Germany), affixed to microscope slides and 
mounted with a coverslip using DPX (Sigma-Aldrich, Ireland). The resulting 
sections were stained with picrosirius red to assess collagen fibre alignment after 
the degradation process. Picrosirius red significantly enhances collagen fibre 
birefringence when viewed under polarised light without negatively impacting 
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perceived fibre orientation (Junqueira, Bignolas and Brentani, 1979). Histological 
images were taken under crossed polarisers at two polarising angle 
configurations, 45q apart, using an Olympus BX-41 microscope equipped with a 
QImaging MicroPublisher 5.0 RTV camera. The resulting images were merged to 
create a complete picture of the fibre architecture, showing diagonal and off-
diagonal fibres. 

4.2.3 Second Harmonic Generation 
Second harmonic generation (SHG) imaging was conducted with a Carl Zeiss 
LSM 710 NLO multiphoton microscope (Carl Zeiss, Germany) and Coherent 
Chameleon tuneable laser (Coherent, USA) to identify differences in fibre 
architecture due to strain mediated degradation. Samples were excited at 840 nm 
and the resulting collagen SHG signal collected using non-descanned detectors 
with a 485 nm short pass emission filters for the 420 nm SHG signal. Tiled image 
stacks (4 tiles, 12 sections, 6 μm spacing) were taken of the intimal side of the 
sample at 20X magnification to assess fibre architecture to a depth of 72 μm. 
Changes in fibre distribution due to degradation were determined in both 
histological and SHG images by identifying pixel gradients using the 
OrientationJ plugin (Rezakhaniha et al., 2012) for ImageJ (Schneider, Rasband 
and Eliceiri, 2012b). 

4.2.4 SALS 
Changes in fibre alignment due to strain controlled degradation were analysed 
using an in-house SALS system optimised for arterial tissue in Chapter 3 (Gaul, 
Nolan and Lally, 2017). The system consists of an unpolarised 5 mW HeNe (λ = 
632.8 nm; JDSU, Newbury, UK), focusing lens (fl = 150 mm; Edmund Optics Ltd, 
York, UK), automated sample positioner, projection screen and a CMOS USB 
camera. In SALS, a laser is passed through a fibrous sample and the incident 
light is scattered orthogonally to the central axis of the constituent fibres to form 
an ellipse. Samples were interrogated pre- and post-degradation using a 150 μm 
beam diameter at 64 interrogation regions using a scanning grid size of 125 x 125 
µm, informed by previous work (Gaul, Nolan and Lally, 2017). The results from 
the 64 interrogation regions were then averaged to get a single measurement per 
sample. The eccentricity of the scattered beam is a measure of alignment (Gaul, 
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Nolan and Lally, 2017), and was recorded pre- and post- degradation for each 
strain condition. The relative change in SALS eccentricity, ∆E, was calculated by 
determining the percentage change in eccentricity, E, from the 0 hour time point 
when no degradation had occurred using Equation 3.1 (page 82) and Equation 
4.1. 

 ∆𝐸𝑡 =
𝐸𝑡 − 𝐸𝑡0

𝐸𝑡0

× 100 4.1 

where 𝐸𝑡0 and 𝐸𝑡 are the eccentricity at 0 and t hours respectively. 

4.3 Results 

4.3.1 Histological analysis of strain-dependent degradation 
Distinctly different fibre architectures were identified across each strain group 
using orientation analysis of picrosirius red stained histology samples, viewed 
under polarised light. This was also observed visually (Figure 4.1). The greatest 
degree of collagen fibre alignment is observed at 5% when the sample is strained 

 

Figure 4.1 - Top panel: Representative histology images of picrosirius red stained 
artery wall after 4 hours of collagenase treatment, showing collagen in red viewed 
at 40x under polarised light for A) 0%, B) 5% and C) 25% circumferential strain. 
Bottom panel: Corresponding normalised frequency distribution plots of fibre angle 
(D, E, F) for the histological images presented in the top panel. 
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at 5% circumferential strain. Orientation frequency data was recorded in 1q bins 

across 180q and normalised so that the summation of all bins equals 1. The 
structure of native samples, untreated with bacterial collagenase is illustrated in 
Figure 3.4 in Chapter 3. 

4.3.2 SHG analysis of strain-dependent degradation 
Orientation analysis of collagen in intact samples identified a similar alignment 
response to that seen histologically with the greatest alignment occurring at 5% 
strain (Figure 4.2). Greater fibre dispersion is observed at higher and lower strain 
conditions. The structure of native, undigested samples viewed by SHG is 
illustrated in Appendix B, Figure B.1. 

 

Figure 4.2 - Top panel: Representative SHG images of intact artery wall after 4 hours 
of collagenase treatment, showing collagen in green viewed at 20x for A) 0%, B) 5% 
and C) 25% circumferential strain. Bottom panel: Corresponding normalised 
frequency distribution plots of fibre angle (D, E, F) for the SHG images presented in 
the top panel. 

4.3.3 SALS analysis of strain mediated degradation 
SALS analysis also identified different scattered light distributions occurring in 
each strain group after 4 hours incubation in bacterial collagenase (Figure 4.3). 
Quantitative assessment of relative change in sample eccentricity at a given 
strain over time, a marker of alignment, showed a statistically significant 24% 
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increase in eccentricity at 5% strain compared to 0% and 25% strain (Figure 4.4). 
Conversely, 25% circumferential strain led to an 8% reduction in collagen fibre 
alignment over 4 hours in the presence of bacterial collagenase. Unpaired t-tests 
confirmed that the eccentricity changes identified in collagenase treated samples 
were statistically significantly different to the control condition where no 
collagenase was present for each strain condition. 

 

Figure 4.3 – Representative scattered light images at a single location after 4 hours 
incubation for A) 0% control, B) 0%, C) 5% and D) 25% circumferential strain showing 
greater or less fibre alignment determined by the eccentricity of the scattered light 
distribution. Control samples were incubated in PBS while test samples were 
incubated in crude bacterial collagenase. 

 

Figure 4.4 - A) Relative change in SALS eccentricity in the presence of collagenase after 
4 hours for each strain case including their untreated control. * P ≤ 0.05, ** P ≤ 0.01, 
*** P ≤ 0.001, **** P ≤ 0.0001. B) Relative change in eccentricity over time for a single 
sample at 0%, 5% and 25% strain showing mean and SD. 

4.4 Discussion 

The objective of this study was to investigate whether SALS could be utilised to 
determine strain induced degradation in arterial tissue ex vivo and if so, 
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determine whether a strain induced degradation or protection mechanism exists 
for arterial tissue. It has been demonstrated for the first time that SALS is 
capable of identifying changes in arterial tissue architecture due to strain induced 
degradation. These findings also suggest that a ‘V’ shaped degradation response 
occurs in arterial tissue whereby accelerated degradation occurs either side of a 
region of strain-dependent protection. 

Histological and SHG analysis of degraded arterial tissue show different collagen 
fibre distributions depending on the strain condition applied (Figure 4.1 and 
Figure 4.2). Highly aligned fibres were identified in samples experiencing 
intermediate (5%) circumferential strain, while greater disruption to the native 
network was observed at low (0%) and high (25%) circumferential strain. 
Differences can be observed between the orientation distribution plots for both 
PLM and SHG images for a given strain (see Figure 4.1D and Figure 4.2D ). These 
differences likely emerge due sample variability and the time-consuming sample 
preparation steps required for histology and PLM. It is also likely that they could 
be location specific differences and neighbouring sample locations may appear 
more similar, resulting in more similar frequency distribution plots for a given 
strain. This subjectivity pertaining to location selection further strengthens the 
use of SALS for a quantitative and objective analysis tool for characterising 
collagen fibre orientation. 

SALS analysis of samples experiencing these same strain conditions showed 
statistically significant differences in sample eccentricity, an indicator of 
alignment, with the greatest eccentricity change occurring in samples 
experiencing 5% circumferential strain (Figure 4.4). It is hypothesised that the 
slight increase in eccentricity identified at 0% strain may arise due to a sample 
thinning and clearing effect as collagen is degraded over time, increasing the 
signal-to-noise ratio. Interestingly, eccentricity or alignment was found to reduce 
across samples undergoing 25% strain, suggesting preferential degradation of 
these highly strained fibres. This strain induced protection mechanism was 
previously identified in corneal tissue using SALS; however, no higher strain 
magnitude was investigated to identify whether degradation once again increased 
with strain (Robitaille et al., 2011). Similar findings, showing both strain-induced 
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protection and degradation have been identified through mechanical testing, with 
a minimum degradation rate occurring at approximately 3% strain in 
reconstituted collagen tapes (Huang and Yannas, 1977) and closer to 20% in 
bovine pericardium (Ghazanfari, A. Driessen-Mol, et al., 2016). It is hypothesised 
that the minor increases in eccentricity identified in control samples after 4 hours 
incubation in PBS at 37°C may be due to fibres reorienting during viscoelastic 
stress relaxation, as well as a tissue clearing effect over time, resulting in a 
greater signal-to-noise ratio (Figure 4.4). No similar trends were identified in 
angular results. This is likely due to the highly organised single circumferential 
collagen fibre family previously identified in porcine carotid tissue (Sáez et al., 
2016; Gaul, Nolan and Lally, 2017) which is unlikely to vary greatly with 
degradation. No multiple fibre populations were identified using SALS which is 
consistent with previous investigations of porcine carotid media (Gaul, Nolan and 
Lally, 2017). 

SALS offers a valuable technique for quickly and objectively assessing strain 
induced collagen fibre degradation across large regions, removing much of the 
subjectivity associated with histological analysis and the depth limitations 
associated with SHG analysis. Diffusion tensor imaging (DTI) may offer a 
potential alternative for looking at similar processes in vivo (Flamini et al., 2010, 
2013; Shahid et al., 2017), however expensive and time-consuming post-
processing has thus far limited such applications. The versatility of SALS enables 
it to be used for analysis of tissues in static and dynamic loading environments 
which is far more challenging with SHG imaging and other high magnification 
systems due to field of view and depth of field issues. SALS analysis can also be 
carried out in a number of minutes in comparison to hours for similar size regions 
in SHG imaging. SALS analysis is particularly suited to imaging thin fibrous 
tissues and can also be applied to other tissues such as bovine pericardium and 
dura mater to assess the load induced degradation response of collagen. Although 
the current study has only considered the medial arterial layer, SALS analysis 
can also be performed on other arterial layers (Gaul, Nolan and Lally, 2017).  

It is important to note that the nominal strains were applied to arterial tissue 
strips rather than dogbone samples which may lead to a non-uniform strain 
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distribution across the sample. Although force data during degradation was not 
recorded in the current study, a thorough investigation of the mechanical 
degradation response of arterial tissue can be found elsewhere (Gaul et al., 2018). 
The study also only considered a small number of strain conditions and further 
testing is required to find the precise strain magnitude corresponding to a 
minimum collagen degradation rate in arterial tissue. It’s should be noted that 
collagenase diffusion kinetics through the tissue are likely to influence the 
degradation response identified (Zareian et al., 2010). This, however, has less 
influence on results from SALS whereby collagen fibres on the light emitting 
surface of the vessel, which are in contact with the collagenase, have the greatest 
influence on the resulting signal. Additionally, the crude bacterial collagenase 
used in this study was found to also degrade non-collagenous material in the 
vessel wall which may contribute to fibre reorganisation over time when loaded. 
Although arterial tissue is known to have an out-of-plane, elevation angle, this 
has been found to be very minor in the case of porcine carotid artery and assumed 
to have negligible influence here (Sáez et al., 2016). The reduced alignment 
recorded by SALS may also be attributed to an increase in collagen fibre crimp 
rather than removal of highly strained fibres in the direction of loading, however 
it is unlikely that these fibres would become more crimped while strained. 

Despite these limitations, significant differences in the structural response of 
arterial tissue have been identified using SALS due to strain induced degradation 
in an intact arterial layer. These findings suggest that collagen fibres at 
intermediary strain magnitudes are protected from collagen degradation while 
higher and lower strains lead to preferential collagen fibre degradation. These 
preliminary findings may have implications for the onset and progression of 
arterial disease, such as aneurysms, where strain directed degradation may lead 
to maladaptive remodelling of the surrounding arterial tissue. Accelerated 
degradation due to strain directed remodelling may ultimately play a key role in 
aneurysm and plaque cap rupture. 
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Chapter 5 Strain-Mediated Enzymatic 

Degradation of Arterial Tissue: Insights into 

the Role of the Non-Collagenous Tissue 

Matrix and Collagen Fibre Crimp 

5.1 Introduction 

As discussed in Section 2.7, studies on soft tissues, such as tendon, corneal tissue 
and bovine pericardium, have shown apparently conflicting results on whether 
strain inhibits (Nabeshima et al., 1996; Ruberti and Hallab, 2005; Bhole et al., 
2009; Wyatt, Bourne and Torzilli, 2009; Flynn et al., 2010; Robitaille et al., 2011) 
or enhances (Ellsmere, Khanna and Michael Lee, 1999; Adhikari, Glassey and 
Dunn, 2012) enzymatic collagen degradation. 

These different degradation responses may be explained by a study by Huang and 
Yannas (Huang and Yannas, 1977) on reconstituted collagen in the form of 
collagen tapes. Huang and Yannas experimentally measured the level of 
enzymatic collagen degradation of these tapes at known strains, ranging from 1-
7%. It was concluded that accelerated collagen degradation occurred at both high 
and low strain levels, while an intermediary strain induced protective region was 
found close to 4% strain. More recently, Ghazanfari et al. (Ghazanfari, A. 
Driessen-Mol, et al., 2016) and Yi et al. (Yi et al., 2016) also identified a similar 
strain dependent degradation response in fresh decellularised bovine 
pericardium and lung alveoli respectively. In contrast to Huang and Yannas 
(Huang and Yannas, 1977), both these studies identified a marked increase in the 
tissue strain at which degradation is at minimum was identified, which may be 
explained by the initial reorientation and straightening of constituent mature 
fibres with applied strain. Whilst these previous studies have investigated the 
strain- and load-mediated degradation of collagen fibres in structurally simple 
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collagenous tissues, they have overlooked collagen in its native state within more 
complex, organised soft tissues. 

Arterial tissue, in contrast to pure collagen or bovine pericardium, can be 
considered as structurally more heterogeneous with circumferentially orientated 
collagen fibres (Gaul, Nolan and Lally, 2017) embedded in a complex network of 
cells and other extracellular material. In arterial tissue, matrix stiffness and 
collagen fibre crimp, present through the wall thickness (Rezakhaniha et al., 
2012; Schrauwen et al., 2012; Krasny et al., 2017), may play a significant role in 
collagen degradation and tissue remodelling but this has yet to be determined. 
Furthermore, previous studies have only focussed on small strain ranges, 
potentially missing critical information across larger strain ranges which may be 
the case in existing studies of collagenous tissues (Ellsmere, Khanna and Michael 
Lee, 1999; Wyatt, Bourne and Torzilli, 2009; Robitaille et al., 2011). These strain 
environments may manifest themselves in arterial tissue through atherosclerosis 
induced stiffening, aneurysm development and vessel expansion due to stenting. 
It has yet to be established which, if any, of these strain dependent degradation 
profiles exist in arterial tissue. If established, these responses may play a pivotal 
role in the understanding of disease development, progression and treatment. 

Given the complexity and structural heterogeneity of the arterial tissue, fully 
understanding the strain-dependent mechanisms influencing collagen 
degradation is extremely difficult. Mathematical and computational models can 
help to unravel these mechanisms, due to their versatility and the potential to 
isolate single parameters. A number of numerical studies have been developed to 
explore remodelling of arterial tissue (Hariton, DeBotton, T. C. Gasser, et al., 
2007; Creane et al., 2011) and other soft collagenous tissues (Driessen et al., 2003; 
Loerakker, Obbink-Huizer and Baaijens, 2013; Heck et al., 2015; Tonge, Ruberti 
and Nguyen, 2015; Loerakker, Ristori and Baaijens, 2016), and many of these 
include explicit formulations for the degradation of collagen (Loerakker, Obbink-
Huizer and Baaijens, 2013; Heck et al., 2015; Tonge, Ruberti and Nguyen, 2015; 
Loerakker, Ristori and Baaijens, 2016). Although these computational models are 
based on experimental data (Loerakker, Obbink-Huizer and Baaijens, 2013; Heck 
et al., 2015; Tonge, Ruberti and Nguyen, 2015), no model to-date has compared in 
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silico predictions, incorporating collagen degradation, to experimentally obtained 
strain- or load-induced degradation of intact arterial tissue.  

The overall objective of this study was to determine the strain-dependent 
degradation response of arterial tissue, and in particular, that of the load-bearing 
collagen fibres within the tissue. To achieve this, the study had the following 
specific aims; 1) to directly investigate changes in collagen fibre distributions in 
loaded tissues enzymatically treated with collagenase, 2) to investigate the 
degradation rate of arterial tissue ex vivo subject to increasing strains through a 
series of uniaxial stress relaxation experiments, in the presence of crude and 
purified bacterial collagenase, and 3) to develop a theoretical model of arterial 
degradation to elucidate the influence of non-collagenous matrix and collagen 
crimp in the overall degradation response of the arterial tissue. 

5.2 Tissue preparation 

Fresh porcine common carotid arteries were excised from 6-month-old Large 
White pigs (n = 38) weighing approximately 80 kg at the time of slaughter. 
Carotid arteries were transported on ice and frozen to -80°C at a controlled rate 
of -1°C/min in the presence of a cryoprotectant to maintain mechanical and 
structural properties (Müller-Schweinitzer, 2009). Samples were preserved for a 
period of 2-3 weeks prior to mechanical and structural analysis of the tissue. Upon 
thawing in a water bath at 37°C (Pegg, Wusteman and Boylan, 1997), vessels 
were cut longitudinally and opened flat removing residual strains (Figure 5.1A) 
before circumferential (crude: n = 13; purified: n = 16) and axial (crude: n = 13) 
dogbone specimens were cut for mechanical analysis. Crude collagenase contains 
a mixture of collagenase and other non-specific proteases which results in the 
degradation of collagenous and non-collagenous tissue (Figure 5.1B). In contrast, 
purified collagenase has been treated to contain minimal secondary proteolytic 
activity, allowing for more selective collagen degradation (Figure 5.1B) (Schriefl 
et al., 2015). Circumferential strips (crude: n = 17) of width 4 mm were also cut 
for structural analysis using SALS. Arterial strips were required for SALS 
assessment due to their larger surface area, which reduced after collagenase 
treatment. The intima and adventitia were then carefully removed as carried out 
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elsewhere (Holzapfel et al., 2007; Gaul, Nolan and Lally, 2017), to ensure a 
consistent circumferential collagen fibre architecture (Gaul, Nolan and Lally, 
2017) and to focus on the most mechanically relevant, medial layer within the 
vessel wall (Holzapfel et al., 2007). Removing the intima and adventitia also 
allowed transmission of laser light through the sample, a prerequisite of SALS 
analysis. Sample thickness after layer separation was recorded using a 
measuring microscope with a micrometre controlled stage for dogbone specimen: 
0.711 ± 0.017 (0.112) mm, and strip specimen: 0.646 ± 0.056 (0.144) mm. 
Dimensions are expressed as mean ± SEM (SD). 

 

Figure 5.1 - A) Schematic showing gradient of collagen fibre crimp which is 
exaggerated once residual strains are removed and B) histological images of 
picrosirius red stained artery cross sections showing matrix and collagen degradation 
in the presence of crude collagenase in comparison to selective collagen degradation in 
the presence of purified collagenase. Collagen shows as dark red. 

5.3 Structural response 

5.3.1 SALS analysis 
An in-house SALS system was used to assess changes in fibre architecture due to 
strain-dependent degradation. The system consists of an unpolarised 5mW HeNe 
laser (λ = 632.8 nm; JDSU, Newbury, UK), focusing lens (fl = 75 mm; Edmund 
Optics Ltd, York, UK), automated sample positioner, projection screen and a 
CMOS USB camera as described in Chapter 3 (Gaul, Nolan and Lally, 2017). In 
SALS, laser light is passed through a fibrous test sample and scattered 
orthogonally to the central axis of the samples constituent fibres. From this 
scattered light pattern, orientation and alignment information may be 
determined. 
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SALS structural analysis was carried out on circumferential strip specimens 
which were uniaxially strained and placed in crude bacterial collagenase at 37°C 
for 4 hours. Specimen were analysed by SALS before and after crude collagenase 
treatment to identify relative changes in fibre alignment (Figure 5.2A). 
Specimens were interrogated over a 2 mm x 1.5 mm region at the centre of each 
sample at 192 interrogation regions using a 150 μm beam diameter and a 125 μm 
scanning resolution. 

The scattered light distribution recorded using SALS was used to identify relative 
changes in fibre eccentricity, E, a measure of fibre distribution as carried out in 
Section 4.2.4. Relative changes in eccentricity were determined by evaluating the 
ratio of major to minor axis of the scattered light ellipse shown in Figure 5.2B 
using Equation 3.1 (page 82) and 4.1 (page 97). An eccentricity of 1 represents 
perfect fibre alignment in one direction while an eccentricity of 0 corresponds to 
an isotropic distribution of fibres. Eccentricity results across the 192 
interrogation regions were averaged for each sample. 

 

Figure 5.2 - A) Flow diagram showing SALS analysis to determine relative changes in 
eccentricity and B) SALS images showing a high ratio (high alignment) and low ratio 
(low alignment) of major to minor axis. 

5.3.2 Results: SALS fibre analysis 
SALS analysis of arterial strips subjected to crude collagenase showed strain-
dependent structural changes (Figure 5.3). High relative increases in eccentricity, 
representing alignment, can be seen at low strain levels (<5%), before a sharp 
reduction in eccentricity is observed with increasing strain level (>5%). 
Eccentricity is next seen to plateau (>10%) before a large drop off at high strain 
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levels (>40%). This complex strain induced response may be interpreted as 
follows: 1) At low strains, there is still relatively high dispersion of collagen fibres 
due to collagen fibre crimp or a lack of reorientation. Consequently, these fibres 
are preferentially removed, leaving only fibres strained in the direction of loading, 
resulting in an increase in eccentricity. 2) At intermediary strains, all fibres are 
in the direction of loading so that, regardless of collagen fibre removal, the 
eccentricity remains relatively constant. 3) At high strains, the degradation rate 
has increased, leading to complete degradation of all constituent collagen fibres, 
resulting in little or no sample anisotropy or alignment at the end timepoint. 

 

Figure 5.3 - Relative change in eccentricity for circumferential arterial strip samples 
following 4 hours held at a constant nominal strain in crude bacterial collagenase for 
a range of strains. n=17. 

5.4 Mechanical testing of enzymatically digested tissue 

5.4.1 Experimental setup  
To assess the tissue level mechanical response to collagen degradation, uniaxial 
stress relaxation tests were also carried out on circumferential and axial dogbone 
specimens to determine tissue and collagen degradation rates using a Zwick/Roell 
Z005 material testing machine (Zwick/Roell, Germany) with a 20 N load cell. Each 
specimen was instantaneously strained to a predefined strain level and held at 
this strain level in a PID temperature controlled PBS bath at 37°C (Figure 5.4A). 
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The specimens were allowed to relax for 60 minutes before the PBS was replaced 
with an equal volume of either crude (Type I, 87.5 U/ml; Sigma-Aldrich, Ireland) 
or purified (400 U/ml; Worthington Biochemical, USA) bacterial collagenase in 
PBS supplemented with calcium and magnesium (D8662; Sigma-Aldrich, 
Ireland). The force decay due to degradation was monitored for a further 3 hours 
for samples treated with crude collagenase and 7 hours for those treated with the 
slower acting purified collagenase, resulting in a total test time of 4 hours and 8 
hours respectively (Figure 5.4B). Purified collagenase was used to more 
selectively digest collagen, allowing for the isolation of the collagen degradation 
response from that of collagen and matrix degradation which was observed with 
crude collagenase (Figure 5.1B). Tissue strain was determined by recording the 
displacement of 3 black markers, which were placed along the gauge length, using 
ImageJ (Schneider, Rasband and Eliceiri, 2012b). Buoyancy forces are significant 
in this experiment, and were accounted for by subtracting the force measured 
with no sample present from the experimental results. 

The degradation part of the force relaxation response was fit to Equation 5.1 to 
determine the degradation rate constant, 1 𝜏⁄  for a given instantaneous strain 
level (Huang and Yannas, 1977; Ghazanfari, A. Driessen-Mol, et al., 2016): 

 𝜎 = 𝜎0𝑒−𝑡
𝜏 5.1 

 
1
𝜏

= −
ln ( 𝜎

𝜎0
)

𝑡
 5.2 

where 𝜎0 is the relaxed nominal stress at the beginning of degradation calculated 
from the initial cross-sectional area. The degradation rate constant was 
calculated from the slope of a plot of the log of normalised stress against time, as 
shown in Equation 5.2. 
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Figure 5.4 - A) Experimental setup showing temperature-controlled testing chamber 
and B) schematic of the experimental protocol for determining degradation rate, 1⁄τ, 
showing the stress response to an instantaneous strain, subsequent stress relaxation 
for 1 hour and final stress decay for a period of 3 and 7 hours respectively after either 
purified or bacterial collagenase is added. A greater rate of degradation is observed in 
the presence of crude collagenase due to degradation of non-collagenous matrix and its 
increased cleavage rate. If no collagenase is added the stress reaches an equilibrium 
stress 𝜎0 by 1 hour. 

5.4.2 Results: Crude collagenase 
A near linear increase in tissue degradation rate was found with increasing strain 
in circumferentially (linear fit: R2 = 0.912) and axially (linear fit: R2 = 0.942) 
strained dogbone specimens which were subjected to crude collagenase, see 
Figure 5.5A. Lower degradation rates were observed in axial specimens compared 
to circumferential specimens for equivalent strain levels. Representative force 
relaxation curves are shown in Appendix C for crude and bacterial collagenase. 

 

Figure 5.5 - Degradation rate with applied strain for circumferentially (closed circles) 
and axially (open circles) stretched arterial dogbone samples immersed in A) crude 
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(n=13) and B) purified (n=16) bacterial collagenase. Solid and dashed lines represent 
the linear fit for circumferential (R2 = 0.912) and axial (R2 = 0.942) crude experimental 
data respectively. Each data point represents a single sample. Note y-axis scale 
changes. 

5.4.3 Results: Purified collagenase 
To isolate the contribution of collagen in the degradation response of arterial 
tissue, additional stress degradation experiments were performed substituting 
the crude collagenase with a purified collagenase. A markedly different 
degradation response was found experimentally in circumferential dogbone 
samples treated with purified collagenase (Figure 5.5B). A multi-phase response 
can be seen with an initial increase in the degradation rate followed by a second 
more dramatic increase.  

5.5 Numerical Modelling 

5.5.1 The Fibre-Matrix Unit 
A theoretical model of arterial collagen degradation was developed to elucidate 
the complex interplay between collagenous and non-collagenous matrix 
components in the net mechanical response of the arterial tissue identified 
experimentally. This model is a one-dimensional model, named the fibre-matrix 
(FM) unit. A schematic of a FM unit is shown in Figure 5.7A. The model consists 
of two elements in parallel; the left element represents the stress due to collagen 
fibres stretching 𝜎𝑓, and the right element represents the stress in the non-

collagenous matrix 𝜎𝑚. The total stress, 𝜎FMU in the FM unit is given by the sum 
of stresses in these two elements; 𝜎FMU = 𝜎𝑓 + 𝜎𝑚. The contribution of fibres and 

matrix is weighted by their volume fractions 𝜙𝑓 and 𝜙𝑚 respectively, which sum 

to unity.  

To represent the crimping of collagen fibres that occurs in arterial tissue when 
there is zero internal pressure and no residual stress, a prestretch, 𝜆𝑝, is 

introduced to the collagen fibres in the FM unit. This is achieved through a 
multiplicative split of the total stretch in the FM unit 𝜆𝑡 into a collagen fibre 
stretch part 𝜆𝑓, and a prestretch part 𝜆𝑝 (Loerakker, Obbink-Huizer and Baaijens, 

2013). 



 

Chapter 5  

 

112 

 

 𝜆𝑡 = 𝜆𝑓𝜆𝑝. 5.3 

Prestretch is represented by the position of the red link in Figure 5.7A and can 
be used to introduce either tensile or compressive strain to the collagen fibre 
element. For a given FM unit configuration, 𝜆𝑝 is a prescribed constant which 

does not change as load is applied. In the initial configuration 𝜆𝑡 = 1. Prestretch, 
𝜆𝑝 is a measure of the degree of crimp in an individual collagen fibre. To set 

collagen fibres to be crimped in the initial configuration one must prescribe a 𝜆𝑝 >

1, such that a 𝜆𝑓 < 1 emerges from Equation 5.3. It is assumed that collagen fibres 

do not support loads in compression, thus, the collagen fibre element contributes 
no stress until the chain-type link in Figure 5.7A is fully straightened; i.e. 𝜎𝑓 = 0 

until 𝜆𝑓 > 1. Collagen fibres have a non-linear elastic response defined by a 

smoothed bilinear function with three strain domains; low, transition, and high 
strain (O’Connor et al., 2017). The low and high strain regions are linear, while a 
quadratic function is used in the transition region to continuously connect the two 
linear regions together. The stress in a fibre is given by the continuous stepwise 
function, 

 
𝜎𝑓 = 𝜙𝑓 × {

𝐸𝑙𝜀𝑓, 𝜀𝑓 < 𝜀𝑡1
𝜎

𝑇1
𝜎𝜀𝑓

2 + 𝑇2
𝜎𝜀𝑓 + 𝑇3

𝜎, 𝜀𝑡1
𝜎 ≤ 𝜀𝑓 ≤ 𝜀𝑡2

𝜎

𝐸ℎ(𝜀𝑓 − 𝜀𝑡2
𝜎 ) + 𝑇1

𝜎𝜀𝑡2
𝜎 2 + 𝑇2

𝜎𝜀𝑡2
𝜎 + 𝑇3

𝜎, 𝜀𝑓 > 𝜀𝑡2
𝜎

 5.4 

where 𝐸𝑙 and 𝐸ℎ are the moduli of the low strain and high strain regions 

respectively, 𝜀𝑓 = (𝜆𝑓
2 − 1)/2 is the Green strain of the fibre, 𝜀𝑡1

𝜎  is the strain at 

which the low strain region switches to the transition region; 𝜀𝑡2
𝜎  is the strain at 

which the transition region switches to the high strain region; and the parameters 
𝑇1

𝜎, 𝑇2
𝜎, and 𝑇3

𝜎 ensure continuity between the three strain regions and are defined 
as, 

 𝑇1
𝜎 = (𝐸𝑙 − 𝐸ℎ)/(2(𝜀𝑡1

𝜎 − 𝜀𝑡2
𝜎 ))

𝑇2
𝜎 = 𝐸𝑙 − 𝜀𝑡1

𝜎 (𝐸𝑙 − 𝐸ℎ)/(𝜀𝑡1
𝜎 − 𝜀𝑡2

𝜎 )

𝑇3
𝜎 = 𝐸𝑙𝜀𝑡1

𝜎 − 𝑇1𝜀𝑡1
𝜎 2 − 𝑇2𝜀𝑡1

𝜎

 5.5 

To fully define Equation 5.4 four parameters are required; 𝐸𝑙, 𝐸ℎ, 𝜀𝑡1
𝜎 , and 𝜀𝑡2

𝜎 . 
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A simple linear elastic relationship, dependent on the Green strain corresponding 
to 𝜆𝑡, was established for the non-collagenous matrix stress; 𝜎𝑚 = 𝜙𝑚𝐸𝑚(𝜆𝑡

2 − 1)/2 
where 𝐸𝑚 is the matrix stiffness. The stress-strain response of the material is 
illustrated in Figure 5.6 below. Material parameters for collagen and matrix can 
be found in Table 5.1. 

 

Figure 5.6 - Stress-strain response after calibration showing the matrix, collagen and 
total response of the tissue using the transition model outlined in Equation 5.4. 

 

Figure 5.7 - A) Schematic showing a fibre-matrix unit which experiences a total stretch 
𝜆𝑡, made up of a fibre stretch 𝜆𝑓 and prestretch, 𝜆𝑝 term. The red link introduces an 
initial tensile or compressive strain. Only matrix stiffness 𝑘𝑚, and not fibre stiffness, 
𝑘𝑓, contributes to the total stress response until the red link is fully straightened. 
Note: 𝜆𝑡 ≠ 𝜆𝑓 + 𝜆𝑝. B) Fibre-matrix units placed in parallel to make up a transmural 
gradient of crimp. C) Underlying V-shaped degradation response, 𝛹𝑓 for a single 
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collagen fibre used in this study which was motivated by SALS analysis and literature 
(Huang and Yannas, 1977; Ghazanfari, A. Driessen-Mol, et al., 2016). 

5.5.2 Stress Degradation of Fibre-Matrix Unit 
Stress degradation behaviour was modelled through reduction of the fibre and 
matrix volume fractions over time. This was governed by a first-order rate 
equation, 

 𝑑𝜙𝑖

𝑑𝑡
= −Ψ𝑖𝜙𝑖, 5.6 

where 𝑖 = {𝑓, 𝑚}, and Ψ𝑖 is the degradation rate constant function, which is 
conceptually equivalent to 1/𝜏 in Equation 5.1. Equation 5.6 was solved using a 
forward Euler method over a period of 4 × 104 s using increments of 20 s.  

Importantly, motivated by the SALS structural analysis and the studies of Huang 
and Yannas (Huang and Yannas, 1977) and Ghazanfari et al. (Ghazanfari, A. 
Driessen-Mol, et al., 2016), Ψ𝑓 is assumed to be dependent on the collagen fibre 

stretch 𝜆𝑓 and is described with a V-shaped degradation response defined by a 

smoothed bilinear function, similar to that used for the collagen stress response, 
with three strain domains; low, transition, and high strain (Figure 5.7C). The low 
and high strain regions are linear with negative and positive slopes respectively, 
while a quadratic function is used in the transition region to continuously connect 
the two linear regions together. The degradation rate in a fibre, Ψ𝑓, is then given 

by the continuous stepwise function, 

 
Ψ𝑓 = 𝐷𝑐 + {

𝐷𝑙𝜀𝑓, 𝜀𝑓 < 𝜀𝑡1
𝐷

𝑇1
𝐷𝜀𝑓

2 + 𝑇2
𝐷𝜀𝑓 + 𝑇3

𝐷, 𝜀𝑡1
𝐷 ≤ 𝜀𝑓 ≤ 𝜀𝑡2

𝐷

𝐷ℎ(𝜀𝑓 − 𝜀𝑡2
𝐷 ) + 𝑇1

𝐷𝜀𝑡2
𝐷 2 + 𝑇2

𝐷𝜀𝑡2
𝐷 + 𝑇3

𝐷, 𝜀𝑓 > 𝜀𝑡2
𝐷

 5.7 

where 𝐷𝑙 and 𝐷ℎ are the degradation moduli of the low strain and high strain 

regions respectively, the Green strain of the fibre, 𝜀𝑓 = (𝜆𝑓
2 − 1)/2; 𝜀𝑡1

𝐷  is the strain 

at which the low strain region switches to the transition region; 𝜀𝑡2
𝐷 is the strain 

at which the transition region switches to the high strain region; and 𝐷𝑐 is a 
constant or baseline degradation rate which translates the bilinear curve along 
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the y-axis. The parameters 𝑇1
𝐷, 𝑇2

𝐷, and 𝑇3
𝐷 ensure continuity between the three 

regions and are defined as, 

 𝑇1
𝐷 = (𝐷𝑙 − 𝐷ℎ)/(2(𝜀𝑡1

𝐷 − 𝜀𝑡2
𝐷 ))

𝑇2
𝐷 = 𝐷𝑙 − 𝜀𝑡1

𝐷  (𝐷𝑙 − 𝐷ℎ)/(𝜀𝑡1
𝐷 − 𝜀𝑡2

𝐷 )

𝑇3
𝐷 = 𝐷𝑙𝜀𝑡1

𝐷 − 𝑇1𝜀𝑡1
𝐷 2 − 𝑇2𝜀𝑡1

𝐷

 5.8 

To fully define Equation 5.7 four parameters are required; 𝐷𝑙, 𝐷ℎ, 𝜀𝑡1
𝐷  and 𝜀𝑡2

𝐷  

The matrix degradation rate constant Ψ𝑚 is assumed to be a linear function of the 
total green strain, 

 Ψ𝑚 = 𝑘𝑚(𝜆𝑡
2 − 1)/2 5.9 

where 𝑘𝑚 is a degradation rate constant. 

As the volume fractions 𝜙𝑓 and 𝜙𝑚 decrease so too do their respective stresses,  

 𝜎𝑓 = 𝜙𝑓𝜎𝑓
𝑡=0, 5.10 

where 𝜎𝑓
𝑡=0 is the collagen fibre stress at time 𝑡 = 0. The matrix stress 𝜎𝑚 is 

reduced in the same manner.  

5.5.3 Prestretch Gradient 
The ability to incorporate a prestretch 𝜆𝑝 into the FM unit was introduced in 

Section 5.5.1. In the zero pressure, zero residual stress, planar configuration in 
which experiments are conducted it is assumed that there is a gradient of collagen 
fibre crimp through the radial thickness of the artery wall. This transmural crimp 
was modelled by placing 20 FM units in parallel; each FM unit had a unique fibre 
prestretch. This is shown schematically in Figure 5.7B. Thus the total stress 𝜎𝑡 =

∑ 𝜎FMU
𝑛20

𝑛=1 . 

5.5.4 Model Calibration 
A collagen fibre volume fraction, 𝜙𝑓, of 42% was used based on experimental data 

on collagen content for porcine arterial tissue obtained through image processing 
(see Appendix C) and is supported by literature (Fischer and Llaurado, 1966; de 
Figueiredo Borges et al., 2008; Tsamis, Krawiec and Vorp, 2013). Sensitivity to 
the ratio of collagen and matrix can be found in Figure 5.8. To model the axial 
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experimental data, a collagen volume fraction, 𝜙𝑓, of 5% was used which was 

supported by experimental data showing minimal axial collagen fibres in the 
porcine carotid artery (Gaul, Nolan and Lally, 2017). This ensures that collagen 
fibres have a much lower contribution to the stress response of the axial test case, 
as in native tissue.  

The material properties used as an input for the model (Figure 5.10) were 
calibrated from experimental data published previously (Ghasemi, Nolan and 
Lally, 2018). The matrix modulus, 𝐸𝑚 was calibrated from the initial linear stress-
strain experimental response of porcine arterial tissue (de Figueiredo Borges et 

al., 2008; Ghasemi, Nolan and Lally, 2018). To ensure that the initial mechanical 
response was attributed solely to the matrix, the initial response was compared 
to that of the vessels treated with collagenase to degrade all collagen (see 
Appendix C) (Ghasemi, Nolan and Lally, 2018). The bi-linear stress-strain 
response for collagen fibres shown in Figure 5.6, was calibrated from the same 
data set as that for the matrix modulus (see Appendix C) (Ghasemi, Nolan and 
Lally, 2018). The V-shape degradation response was defined using the stepwise 
smoothed bilinear function outlined in Section 5.5.2. The initial negative slope, 
𝐷𝑙, was chosen to be double that of the final positive slope, 𝐷ℎ, as approximately 
found by Huang & Yannas (Huang and Yannas, 1977) and Ghazanfari et al. 

(Ghazanfari, A. Driessen-Mol, et al., 2016). The magnitude of this function was 
iteratively determined from the experimental results for pure collagenase (Figure 
5.10). A minimum degradation rate was chosen at a strain of approximately 17% 
after an iterative process, corresponding closely to data from Ghazanfari et al. 
(Ghazanfari, A. Driessen-Mol, et al., 2016). The constant, 𝐷𝑐, which simply shifts 
the bilinear curve along the y-axis, was set such that a minimum degradation rate 
irrespective of strain exists, as seen experimentally (Huang and Yannas, 1977; 
Ghazanfari, A. Driessen-Mol, et al., 2016). This constant, 𝐷𝑐 was chosen so that 
the V-shaped degradation response shifted an order of magnitude higher for the 
crude collagenase case, while keeping the same degradation profile, mimicking 
what was seen experimentally. This scaling process is illustrated through the 
flowchart in Figure 5.10. By increasing the collagen volume fraction of the tissue, 
the re-emergence of the underlying V-shaped degradation curve for pure collagen 
can be seen (Figure 5.8A). Increasing the collagen volume to 100%, leads to 
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complete re-emergence of a V-shaped curve (Figure 5.9) and may explain the V-
shaped response found in bovine pericardium, a much more collagenous tissue 
(Ghazanfari, A. Driessen-Mol, et al., 2016). Similarly, reducing the stiffness of the 
matrix material, results in a similar response as collagen begins to dominate the 
mechanical degradation response of the tissue (Figure 5.8B). A reduction factor 
for degraded material, 𝑅, of 0.0001 was chosen through a sensitivity test, such 
that the degraded matrix and collagen had no mechanical contribution. The 
matrix degradation rate 𝑘𝑚 was assumed to be a linear function of strain, as 
observed in the crude experimental results in the axial direction where it was 
assumed that very few collagen fibres contributed to the stress decay (Figure 
5.10). The matrix degradation rate 𝑘𝑚 was subsequently calibrated from these 
crude collagenase results. Sensitivity to this parameter can be found in Appendix 
C. The prestretch gradient parameters, 𝜆𝑝

min and 𝜆𝑝
max, were determined 

iteratively. An initial 𝜆𝑝
min of 1.03 was chosen as it is the parameter that controls 

the strain at which degradation begins and coincided with the experimental 
findings. Increasing 𝜆𝑝

min delays the degradation response of the tissue as collagen 

does not contribute to load bearing until higher strains are reached (Figure 5.8C). 
The gradient was determined iteratively to ensure that the degradation 
behaviour was captured over a similar range to the purified collagenase results 
and such that all fibres are fully straightened at the start of the transition region 
of the stress strain curve, i.e. 𝜆𝑝

𝑖 > 1 for all 𝑖 = {1 → 𝑛}. Sensitivity to the 

magnitude and gradient of prestretch can be found in Figure 5.8 below. Increasing 
the collagen crimp gradient in the tissue leads to a smoothing of the degradation 
curve as some fibres are protected from degradation while others experience 
accelerated degradation (Figure 5.8D). Inversely, reducing the gradient of crimp 
results in a sharper, more distinct response as all fibres experience a similar 
degradation rate at a given tissue strain. The list of parameters used for 
degradation of the FM unit can be found in Table 5.2. The calibration process is 
described schematically in Figure 5.10. To assess the accuracy of the model, a 
non-parametric Spearman correlation coefficient was calculated for both the 
crude and purified data.  
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Figure 5.8 - Model sensitivity to A) Collagen content, B) Matrix stiffness, C) Pre-stretch 
origin and D) gradient of pre-stretch. 

 

Figure 5.9 - Degradation response of artery with no matrix contribution while 
maintaining a crimp gradient, showing the re-emergence of the V-shaped strain 
dependent degradation response of pure collagen. 
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Table 5.1 - Material parameters for single fibre-matrix unit calibrated from 
experimental data. 

𝐸𝑙 
(MPa) 

𝐸ℎ 
(MPa) 

𝜀𝑡1
𝜎  𝜀𝑡2

𝜎  𝐸𝑚 
(MPa) 

0.004 0.4 0.3 0.7 0.02 
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5.5.5 Model results: Crude collagenase 
Incorporation of matrix degradation in the model allowed the prediction of a 
similar continuously increasing degradation response to that found 
experimentally. The model was also capable of identifying the experimentally 
observed differences in degradation rate for circumferentially and axially 
stretched samples where fibres were parallel and perpendicular to the direction 
of applied strain respectively (Figure 5.11A). A high correlation was seen between 
numerical and experimental results for both circumferential (𝑟 = 0.940, 𝑝 < 0.001) 
and axial (𝑟 = 0.808, 𝑝 < 0.005) data. 

5.5.6 Model results: Purified collagenase 
The numerical model was capable of accurately capturing the experimental 
response found in purified collagenase where no matrix degradation occurs. The 
model captured the initial degradation increase followed by a dip and subsequent 
increase in degradation which was observed experimentally (Figure 5.11B). A 
high correlation (𝑟 = 0.835, p< 0.001) was also found between the experimental 
and numerical results for purified data.  

 

Figure 5.11 - Numerical degradation rate with applied strain for circumferentially 
(solid lines) and axially (dashed line) stretched arterial dogbone samples immersed in 
A) crude and B) purified bacterial collagenase overlaid on experimental data (circles) 
after calibration. Inset: V-shaped degradation found for pure collagen [Adapted from 
(Huang and Yannas, 1977)], showing how scaling of the x-axis is required to produce 
the degradation response at the tissue scale. This scaling process is further illustrated 
in Figure 5.10. 
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5.6 Discussion 

Collagen degradation is a driving force in collagen remodelling in arterial tissue, 
which may be critical in the progression and development of vascular disease and 
determining the long-term success of interventional medical devices. The goal of 
this study was to identify the strain-dependent degradation response of, and 
mechanical factors influencing collagen degradation in arterial tissue, using a 
combination of experimental and theoretical methods. 

SALS alignment analysis identified strain mediated structural changes in 
arterial tissue due to enzymatic degradation, suggesting that an underlying bi-
linear V-shaped degradation response may exist for arterial collagen. 
Interestingly, mechanical testing identified two different strain mediated 
degradation responses in arterial tissue depending on whether crude or purified 
collagenase was used to degrade the tissue. A near linear degradation profile was 
seen experimentally for crude collagenase while a complex multiphase response 
was seen in pure collagenase, both of which differed to that of pure collagen in 
literature (Huang and Yannas, 1977) and what was expected from the SALS 
analysis. These differences identified experimentally were explained through the 
development of a novel 1D numerical model, however, only after a gradient of 
collagen fibre crimp, matrix contribution and degradation of this matrix were 
incorporated (see Figure 5.8 and Figure 5.9). Taken together, these results 
identify the significance of collagen fibre crimp and matrix stiffness in strain 
dependent arterial degradation, improving the understanding of arterial 
remodelling in disease development, progression and treatment. 

SALS results suggest that a strain mediated degradation response exists in 
arterial tissue (Figure 5.3). The initial increase in fibre eccentricity observed at 
low strain levels suggests the preferential degradation of unstrained collagen 
fibres, whilst the reduction in eccentricity at high strain levels suggests 
preferential degradation of highly strained fibres. A similar response was 
observed using SALS at low strain levels in corneal tissue, however, higher strain 
levels were not considered (Robitaille et al., 2011). This SALS data supports the 
existence of a strain-dependent degradation curve for collagen fibres within 
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arterial tissue at the fibre level, even if a more complex degradation response 
exists at the tissue level. 

Uniaxial stress relaxation experiments using crude bacterial collagenase 
identified a continuous increase in degradation rate with increasing strain for 
circumferential and axial specimen (Figure 5.5). This response differs 
significantly from the bi-linear V-shaped degradation response observed in 
reconstituted collagen tapes (Huang and Yannas, 1977) as well as bovine 
pericardium (Ghazanfari, A. Driessen-Mol, et al., 2016), although it bears 
similarities to another study on bovine pericardium (Ellsmere, Khanna and 
Michael Lee, 1999). The model shows that the lack of an emerging bi-linear 
degradation response may be due to the gradient of collagen crimp across the 
vessel thickness (Figure 5.1A), the non-collagenous matrix mechanical 
contribution and in particular, the partial degradation of this matrix due to the 
use of crude collagenase (Figure 5.1B). If true, this highlights the importance of 
considering collagen undulation and the role of non-collagenous constituents in 
analysing collagen degradation, particularly in heterogeneous tissues. The higher 
degradation rate in circumferential samples is believed to be associated with the 
higher number of load bearing collagen fibres orientated in this direction, which 
leads to a larger stress decay when degraded under strain. A different, more 
refined strain mediated degradation response was identified using purified 
bacterial collagenase where no matrix degradation occurs (Figure 5.7). The 
emergent response also differs from that seen in literature with an initial increase 
in degradation followed by a subsequent, more pronounced increase in 
degradation rate. This subsequent increase was found to begin close to the 
transition strain (30 %) of the tissue, something which has also been observed in 
other collagenous tissues (Huang and Yannas, 1977; Ghazanfari, A. Driessen-
Mol, et al., 2016).  

The complementary numerical model helps unravel the mechanisms at play for 
both the crude and purified collagenase experiments. Starting with the purified 
case: no degradation occurs initially; as collagen fibres at low strain are crimped 
they bear no load and hence do not contribute to strain mediated degradation 
induced stress decay. Next, degradation increases as fibres begin to uncrimp and 
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take up the load. When all fibres are fully stretched, the V-shaped behaviour 
resumes. To explain the crude collagenase results; matrix degradation is 
incorporated into the model, whereby the degradation of mechanically relevant 
matrix material at lower strain levels, smooths the ultimate degradation response 
of the arterial tissue. To evaluate the degradation response in the axial direction, 
a collagen volume fraction of 5% was used, representing the low volume of axial 
fibres observed in earlier studies (Gaul, Nolan and Lally, 2017). Volume fractions 
up to 15% had minimal influence on the degradation response in the axial 
direction. Although a large number of parameters were required for the model, 
these parameters all have a physical meaning and were supported by 
experimental data where possible. The versatility of this model allows for the 
investigation of the strain-dependent degradation response of other collagenous 
tissues by incorporating different ratios of collagen and matrix as well as different 
levels of collagen fibre pre-crimp (Figure 5.8). Increasing the collagen content and 
reducing the gradient of crimp (Figure 5.8) results in the re-emergence of the V-
shaped degradation curve of pure collagen observed in Figure 5.7C. This may 
explain the strain induced protection found in tendon tissue at low strain levels 
(Wyatt, Bourne and Torzilli, 2009) as well as the V-shaped degradation response 
observed in bovine pericardium across a larger strain range (Ghazanfari, A. 
Driessen-Mol, et al., 2016). Sensitivity to these parameters can be found in Figure 
5.8 and Appendix C. 

The cause of the underlying V-shaped collagen degradation response, and 
consequently the influence on a tissue’s mechanical properties, is not fully 
understood; however, some mechanisms have been postulated in the literature. 
On the one hand, a reduction in tissue porosity with stretch has been suggested 
as a potential reason for an initial decrease in degradation (Huang and Yannas, 
1977; Wyatt, Bourne and Torzilli, 2009); while, opening up binding sites with 
further fibre stretching allows subsequent accelerated degradation (Huang and 
Yannas, 1977; Ellsmere, Khanna and Michael Lee, 1999; Chang and Buehler, 
2014). On the other hand, conformational changes and increased monomer 
thermal stability due to collagen tension have also been proposed as a reason for 
reduced degradation (Nabeshima et al., 1996; Miles and Ghelashvili, 1999; Bhole 
et al., 2009; Wyatt, Bourne and Torzilli, 2009; Chang and Buehler, 2014). 
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Additionally, load transfer from degraded fibres to neighbouring fibres, thus 
increasing fibre stress has also been suggested as a potential reason for 
accelerated degradation (Huang and Yannas, 1977). The conflicting findings seen 
in literature may be influenced by this lack of understanding surrounding 
mechanisms of degradation as well as interpretation of results. For instance, it is 
unknown whether the degradation response differs when considering single 
collagen fibrils or thicker bundles of fibres. Collagen fibre damage which is likely 
to occur at the high strain levels experienced in this study is also likely to affect 
the degradation response and may influence the final degradation increase 
identified in this study. The underlying V-shaped degradation curve minimum 
determined in arterial tissue is also found to occur at a substantially higher strain 
magnitude to that found in reconstituted collagen (17% vs. 4%) (Huang and 
Yannas, 1977). The differences for this apparent shift are not clear, however it 
may be influenced by the structural hierarchy of collagen in whole tissues where 
collagen molecules form fibrils, in turn forming undulated, dispersed fibres within 
the tissue. As collagen moves from the micro to macro scale, it may permit 
increased levels of reorientation, straightening and sliding before the strain 
protection mechanism is engaged. Further details on the possible explanations 
behind this shift at different collagen scales can be found in Section 2.7.1 and 
2.7.2. The shift found in this work is also supported by studies which have also 
found a V-shaped response occurring at the tissue scale in bovine pericardium 
(Ghazanfari, A. Driessen-Mol, et al., 2016) and lung alveoli (Yi et al., 2016). In 
addition to a shift in strain range, there are also differences in the magnitude of 
degradation identified in literature (Huang and Yannas, 1977; Ghazanfari, A. 
Driessen-Mol, et al., 2016); however, these can be explained by the choice of 
collagenase as well as the concentration used which has been shown to vary 
linearly with increasing concentration (Huang and Yannas, 1977). The strain 
protection magnitude of 17% also corresponds approximately to healthy 
physiological strain ranges occurring at 100 mmHg which will be later seen in 
Figure 6.5 which may play a part in maintaining homeostasis. It is important to 
note that human arterial tissue has been found to be less compliant to that of 
porcine arterial tissue used in this study (Sommer and Holzapfel, 2012). 
Consequently, a minimum degradation strain may exist at a lower fibre strain to 
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that found here. Despite this difference, similar strain induced degradation 
trends are likely to occur in human tissue, with implications in the development 
and progression of disease. 

One limitation of the current study is the use of bacterial collagenases to assess 
degradation responses to strain rather than MMPs and cysteine collagenases 
which are responsible for collagen degradation in vivo (Aikawa, 2004; Abdul-
Hussien et al., 2007). It is also worth noting that the effect of strain on the 
production of collagenase inhibitors in vivo has not been considered and may 
influence the net degradation response (Abdul-Hussien et al., 2007). It is 
important to note that diffusion kinetics also play a role in the degradation results 
as shown in Figure 5.1B, where a gradient of collagen degradation can be 
observed in the purified degradation case. As a result, highly strained samples 
where pore size is reduced within the tissue may reduce the diffusion rate of the 
collagenase. However, this work identified an increased rate of degradation at 
high strains, any reduction in diffusion with increasing strain is not the dominant 
effect at play. In support of this, reduced porosity of rabbit patellar tendon due to 
strain has been shown to not affect the diffusion of radiolabelled collagenase 
through the tissue (Nabeshima et al., 1996). However, diffusion kinetics is likely 
to become more important when considering other experimental setups such as 
pressure inflation degradation experiments where collagenase is actively being 
pushed through the tissue. Additionally, the stress relaxation experiments were 
carried out on planar specimens and in the absence of the residual strains present 
within an intact vessel, although this is accounted for by incorporating a gradient 
of fibre crimp in the model. Finally, the presence of an intimal and adventitial 
layer in vivo, not considered in this study, may also protect the vessel from 
experiencing the supraphysiological strain environments considered in the 
current study. 

The results of this study have identified, for the first time, the strain-dependent 
degradation behaviour of arterial tissue using a combination of experimental and 
theoretical methods. These findings show distinctly different degradation 
responses when using crude or purified collagenase, highlighting the need to 
carefully select the appropriate enzyme when investigating tissue degradation, 
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particularly in tests involving highly heterogeneous tissues. A 1D numerical 
model has been developed with an underlying V-shaped degradation response 
observed for pure collagen, which is capable of predicting arterial degradation 
through the incorporation of matrix content and a transmural gradient of collagen 
crimp. By incorporating matrix degradation, it is also possible to explain the 
differences found experimentally in the crude and purified collagenase studies. 
These findings offer substantial new insights into arterial degradation, with 
implications for the design and development of mechanical devices which treat 
diseased arteries.
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Chapter 6 Pressure-Induced Degradation 

in Arterial Tissue: Experimental and 

Computational Investigation 

6.1 Introduction 

As we have seen in Section 2.7, many studies have investigated the strain and 
load depended degradation of collagen, however, relatively fewer studies have 
investigated the tissue level degradation response, particularly at physiologically 
relevant loads (Section 2.7.2). It has been suggested that the degradation 
response of collagen may also be influenced by moving from the nanoscale to the 
macroscale due to molecular, fibril and fibre sliding, unfolding, reorientation and 
straightening (Willett, Labow and Lee, 2008; Chang et al., 2012; Chang and 
Buehler, 2014; Gaul et al., 2018). Similarly, packing of collagen molecules into 
fibrils and fibres may influence the degradation response further by increasing 
the thermal stability of the collagen (Miles and Ghelashvili, 1999; Willett, Labow 
and Lee, 2008). Understanding the physiologically relevant tissue scale response 
is critical in understanding and treating diseases, which if left unchecked, may 
lead to an adverse clinical event (Thompson, Geraghty and Lee, 2002). 

Like existing molecular and fibril scale studies, tissue scale studies have 
identified conflicting findings as to whether strain enhances (Ellsmere, Khanna 
and Michael Lee, 1999; Willett, Labow and Lee, 2008) or inhibits (Nabeshima et 

al., 1996; Ruberti and Hallab, 2005; Lotz et al., 2008; Wyatt, Bourne and Torzilli, 
2009; Zareian et al., 2010; Robitaille et al., 2011) collagen degradation or whether 
a combination of both occur (Ghazanfari, A. Driessen-Mol, et al., 2016; Yi et al., 
2016; Gaul et al., 2018). The work carried out in Chapter 5 (Gaul et al., 2018), 
supports the existence of a V-shaped degradation response in arterial collagen 
which is partially masked at the tissue scale due to the mechanical contribution 
of the non-collagenous matrix and a gradient of collagen fibre crimp through the 
wall thickness. In addition, this response was supported by a 1D numerical model 
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capable of accurately explaining the experimental results. However, these 
findings were determined in excised dogbone specimen with an altered gradient 
of collagen fibre crimp and without the residual stresses which are present in 
physiologically relevant native vessel geometries. Unlike the 1D numerical 
model, a number of models in literature have also used a 3D computational 
framework, allowing them to model physiologically relevant conditions 
(Loerakker, Obbink-Huizer and Baaijens, 2013) and even disease development 
(Grytz et al., 2012; Loerakker, Ristori and Baaijens, 2016). 

Motivated by the findings arising from Chapters 3-5, the aim of this study is to 
determine the strain-dependent degradation response of intact arterial vessels at 
physiologically relevant blood pressures. To achieve this, the study had the 
following specific aims; 1) to investigate the creep response of vessels as they 
degrade in the presence of collagenase at constant pressures, 2) to develop a 3D 
finite element model based on the findings in Chapter 5 (Gaul et al., 2018), to 
explain the experimental creep data and 3) to investigate a case study on the 
potential role of strain-dependent collagen degradation in aneurysm development 
in an idealised vessel geometry. 

6.2 Methods 

6.2.1 Tissue preparation 
Fresh porcine common carotid arteries were excised from 6-month-old Large 
White pigs (n = 30) weighing approximately 80 kg at the time of slaughter. 
Excised carotid arteries were frozen to -80°C at a controlled rate of -1°C/min in a 
cryoprotectant to maintain mechanical and structural properties during storage 
(Müller-Schweinitzer, 2009). Prior to testing, vessels were thawed in a water bath 
at 37°C to minimise tissue damage (Pegg, Wusteman and Boylan, 1997), washed 
in PBS to remove any residual cryoprotectant and cut to approximately 30 mm in 
length for testing. Loose adventitial and connective tissue was carefully removed 
using a forceps and scalpel, facilitating accurate strain measurements and 
structural analysis during testing. Each specimen was then cannulated using 
nylon barbs and tied using nylon thread. A random speckle pattern which is 
required for digital image correlation (DIC) strain analysis was then applied 
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using black alkyd resin spray paint from a distance of approximately 70 cm. 
Unlike ink dots that are often applied directly to tissue for strain tracking which 
can dehydrate the tissue, spray paint ink is effectively dry as it lands on the 
tissue, minimising potential tissue dehydration which may influence mechanical 
results. To mitigate the risk of pattern disruption during testing, the following 
procedure was performed: 1) sample was blotted dry, 2) speckle pattern was 
applied, 3) loose paint flakes were blotted off with tissue, 4) sample was placed in 
PBS to wash off any other loose paint flakes, 5) sample was blotted one final time 
to remove any remaining loose flakes before testing.  

6.2.2 Pressure inflation – degradation tests 
To assess the structural response of intact vessels to collagen degradation, 
pressure inflation tests were carried out in the presence of purified bacterial 
collagenase (400 U/ml; Worthington Biochemical, USA). Briefly, one end of the 
cannulated vessel was connected to a PID controlled syringe pump and the other 
end was connected to a slider and sealed with a cap. The slider end piece, which 
sits into a guide rail, allowed free expansion of the vessel in the axial Z direction, 
minimising rigid body motion and aiding the DIC analysis. A pressure transducer 
was then inserted through a valve fitting allowing for pressure feedback control 
as the vessel degrades. Once connected, the vessel was placed in a temperature-
controlled water bath at 37°C. Purified bacterial collagenase in PBS 
supplemented with calcium and magnesium (D8662; Sigma-Aldrich, Ireland) was 
added to both the syringe and the water bath. Each specimen was then 
pressurised to a set pressure and allowed to degrade to the point of vessel rupture 
or emptying of the collagenase filled syringe (16 ml). Fluid seeps through the 
tissue due to vessel permeability which also increases with degradation. Vessels 
were pressurised from 60 mmHg to 180 mmHg in 40 mmHg increments to 
determine vessel degradation across a large physiological pressure range. The 
experimental setup is depicted in Figure 6.1. Three specimens were tested at each 
pressure in the presence of collagenase, while one control vessel was evaluated at 
each pressure in the absence of collagenase to confirm vessel rupture does not 
occur in native tissue across the pressure range tested. Additionally, separate 
pressure-diameter curves were determined across 5 vessels for model calibration. 
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The pressure feedback system was controlled via LabVIEW (National 
Instruments, Berkshire, UK).  

6.2.3 Pressure failure tests 
To thoroughly investigate the degradation response at low pressures, where 
minimal expansion occurs, an additional set of pressure inflation experiments 
were carried out in a similar fashion to those outlined above. Vessels were first 
pressurised in purified bacterial collagenase to either 60 mmHg or 100 mmHg for 
45 minutes to allow for collagen degradation differences to emerge. Vessel 
pressure was then removed before a pressure of 180 mmHg was reapplied. The 
time to failure was subsequently recorded. These tests allowed for experimental 
evaluation of whether a strain induced protection mechanism exists at a healthy 
physiological pressure (100 mmHg), which would lead to an increased time to 
failure. 

 

Figure 6.1 - Schematic showing experimental setup consisting of a PID controlled 
pressure pump to maintain constant pressure during vessel degradation. Vessel 
degradation is measured through DIC analysis of a speckle pattern on the artery 
surface throughout degradation in a temperature-controlled water bath containing 
purified bacterial collagenase. 

6.2.4 Strain measurement 
Strain was tracked throughout degradation using a commercially available 2 
camera DIC system (Dantec Dynamics, Ulm, Germany), allowing for 3D strain 
displacement mapping (Figure 6.2). Prior to testing, the system was calibrated in 
a water bath at the correct focal distances to mimic testing conditions. Calibration 
was achieved through the successive tilting and rotation of a commercially 
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supplied checkerboard pattern to determine the distances and angles between 
both cameras as well as the cameras and the sample. Once calibrated, the 
experimental setup was placed beneath the camera setup for final adjustment. 
Fine tune adjustments were made to the camera through the aperture and focal 
rings on the camera lenses. Once tuned, a recording procedure was set up to take 
images at a frequency 5 Hz to capture the initial rapid vessel expansion. The 
recording frequency was incrementally reduced over the course of the experiment 
until reaching 0.0166 Hz, corresponding to the acquisition of an image every 1 
minute to reduce the amount of data acquired. Circumferential strain was 
calculated within the software with a cubic spline smoothing filter applied using 
recommended values supplied by the company (Grid Reduction = 2, Smoothing 
Factor = 0). After testing, circumferential strain data was exported and post-
processed in Matlab (MathWorks, Cambridge, UK) to determine the mean rate of 
change in circumference as the vessel degrades at a given pressure. A selection of 
DIC results were compared with vessel diameter measurements as well as 
speckle displacement results in ImageJ to validate the DIC results obtained. The 
wall thickness of all vessels was recorded using a measuring microscope with a 
micrometre stage pre- (918.7 ± 26.4 (111.8) μm) and post-degradation (672.7 ±

31.2 (132.5) μm). Dimensions are expressed as mean ± SEM (SD).  

 

Figure 6.2 - Representative images of DIC analysis carried out on vessels in purified 
bacterial collagenase A) unpressurised at 0 minutes, B) pressurised to 180 mmHg at 
10 minutes and C) pressurised to 180mmHg at 60 minutes. Top panel shows raw data 
images, bottom panel shows DIC measured circumferential strain overlaid. 
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6.2.5 Histological processing 
Degraded vessel sections and undegraded adjacent sections of the vessel were 
processed for histology to confirm collagen degradation. All samples were fixed in 
10% formalin overnight at 4°C, dehydrated in a graded series of ethanol baths 
(EtOH), cleared in xylene before being embedded in paraffin wax. The resulting 
paraffin-embedded samples were sectioned at 8 μm using a microtome (RM-

2125RT, LEICA, Germany) and affixed to microscope slides. Slides were stained 
with picrosirius red and viewed under polarised light to evaluate collagen 
degradation. Picrosirius red enhances the natural birefringence of collagen 
allowing one to only see collagen when viewed under polarised light (Figure 6.3) 
(Junqueira, Bignolas and Brentani, 1979). 

 

Figure 6.3 - Histological image of picrosirius red stained artery cross section viewed 
under A) light at 2x and B) polarised light at 40x showing a gradient of collagen fibre 
crimp through the thickness of an unpressurised vessel with the greatest crimp 
observed at the inner luminal surface. Undulation is also seen to increase in the 
adventitial layer which is removed during the current experiments.  

6.2.6 Model development & Calibration 
To model vessel degradation under constant pressure, the previously developed 
1D numerical degradation model outlined in Section 5.5 was used (Gaul et al., 
2018) and adapted it for use in 3D finite element simulations. The model consists 
of an anisotropic collagen fibre component and an isotropic non-collagenous 
matrix component accounting for constituents such as elastin, 
glycosaminoglycans and the passive response of smooth muscle cells. A more 
thorough description of the model can be found in Section 5.5 (Gaul et al., 2018). 
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The total stress, 𝜎𝑇 is given by the sum of collagen fibre stress and matrix stress 
which are weighted by their volume fractions 𝜙𝑓 and 𝜙𝑚, respectively. These 

volume fractions sum to unity as before. 

 𝜎𝑡 = 𝜎𝑓 + 𝜎𝑚 6.1 

Collagen fibre crimp which can be seen experimentally in unpressurised arteries 
(Figure 6.7), is modelled by a multiplicative split of the total stretch, 𝜆𝑡 into a 
collagen fibre stretch component, 𝜆𝑓 and a prestretch component, 𝜆𝑝 defined in 

Equation 5.3 (page 112). Like before, collagen fibres are crimped in the initial 
configuration if 𝜆𝑝 > 1, such that a 𝜆𝑓 < 1 emerges. Importantly, collagen fibres 

are assumed to only bear load in tension and thus, do not contribute to the stress 
until 𝜆𝑓 > 1. 

Unlike the previous degradation model in Section 5.5 (Gaul et al., 2018), and more 
similar to (Loerakker, Obbink-Huizer and Baaijens, 2013), collagen fibres have 
an exponential stress-stretch relationship as proposed by Driessen et al. (Driessen 
et al., 2007) which was scaled by the collagen volume fraction: 

 𝜎𝑓 =  𝜙𝑓 𝑘1(𝜆𝑓)2(𝑒𝑘2((𝜆𝑓)2−1) − 1),  𝜆𝑓 ≥ 1 6.2 

where 𝜙𝑓 is the collagen volume fraction, 𝑘1 and 𝑘2 are collagen fibre stiffness 

parameters calibrated to experimental data, and 𝜆𝑓 is the collagen fibre stretch 

for a given tissue stretch, 𝜆𝑡, defined in Equation 5.3 (page 112). 

The non-collagenous matrix contribution to the total stress was modelled using a 
Neo-Hookean material and scaled by its volume fraction: 

 𝜎𝑚 =  𝜙𝑚(𝜅 ln(𝐽)
𝐽

𝐼 + 𝐺
𝐽

(𝐵 − 𝐽2 3⁄ 𝐼)), 6.3 

where 𝜙𝑚 is the non-collagenous matrix volume fraction, 𝐽 = det(𝐹), 𝐵 = 𝐹 ∙ 𝐹𝑇 
and 𝜅 and 𝐺 are the bulk and shear modulus, respectively. 

6.2.6.1 Stress degradation 

Collagen degradation was modelled by reducing the collagen volume fraction over 
time based on the collagen fibre stretch using the first order rate equation in 
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Equation 5.6 (page 114). Unlike in Chapter 5, only collagen volume was reduced 
while matrix content was maintained here. 

As the collagen volume fraction reduces, so too does the collagen stress 
contribution as outlined in Equation 6.2. Collagen degradation was described by 
a V-shaped degradation profile based on the findings in Chapter 5 (Gaul et al., 
2018) and findings in literature (Huang and Yannas, 1977; Ghazanfari, A. 
Driessen-Mol, et al., 2016; Yi et al., 2016), where stretch initially reduces the 
degradation rate before degradation once again increases above a protective 
stretch threshold (Figure 5.7, page 113). This V-shaped profile was captured using 
the smoothed bilinear function outlined in Equation 5.7 (page 114), with three 
domains; low strain, transition strain, and high strain (O’Connor et al., 2017). As 
the volume fraction of collagen, 𝜙𝑓, decreases so too does its respective stress 

(Equation 5.10, page 115). 

6.2.6.2 Prestretch gradient 

Previously in Section 5.5.3, the gradient of prestretch was iteratively determined 
based on experimental findings (Gaul et al., 2018), however, in the current study, 
this gradient was set up to emerge naturally across the vessel wall. To achieve 
this, it was hypothesised that the gradient of collagen fibre crimp is minimised 
and is in a strain protection region at physiological pressure (100 mmHg/13 kPa). 
To determine the crimp gradient in the unpressurised state based on this 
hypothesis, the following process was carried out: 

1. Assign arbitrary material parameters to an idealised vessel. 
2. Apply a displacement boundary condition to achieve the circumferential 

strain experienced experimentally at 100 mmHg (i.e. 20%, see Figure 6.5). 
3. Optimise the initial prestretch, 𝜆𝑝 across the wall thickness of the 

undeformed configuration to minimise the gradient of fibre stretch, 𝜆𝑓 

around the collagen strain protection region (approximately 17%, Figure 
5.7, page 113 (Gaul et al., 2018)) in the deformed, pressurised 
configuration.  

4. Calibrate the material properties from experimental pressure-strain 
measurements using the optimised prestretch, 𝜆𝑝. 
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This process is shown schematically in Figure 6.4. 

 

Figure 6.4 - Schematic showing A) calibration of the undeformed prestretch gradient 
by minimising the difference between the gradient of crimp occurring at a physiological 
strain magnitude and the strain at which collagen is protected from degradation 
(approximately 17%). Once minimised, B) material properties are calibrated based on 
experimental pressure inflation curves. 

6.2.6.3 Model calibration 

The values obtained for collagen and matrix volume fraction (𝜙𝑓 = 42%, 𝜙𝑚 =

58%) were determined previously for Chapter 5 in Appendix C (Gaul et al., 2018) 
and are also supported by literature (Fischer and Llaurado, 1966; de Figueiredo 
Borges et al., 2008; Tsamis, Krawiec and Vorp, 2013). The material properties of 
the vessel wall were calibrated from experimental pressure diameter curves 
shown in Figure 6.5 after the gradient of fibre prestretch, 𝜆𝑝 through the vessel 

wall was set (Section 6.2.6.2 above). Briefly, the neo-Hookean non-collagenous 
matrix material was calibrated from experimental data at 60 mmHg where 
minimal collagen was judged to be contributing to the load. This assumption was 
based on experimental pressure degradation observations and histological 
evaluation of low pressure samples, where minimal vessel expansion was 
observed during collagen degradation (Figure 6.6 and Figure 6.7). Once 
calibrated, the anisotropic portion of the model was calibrated to experimental 
pressure-diameter curves by optimising  𝑘1 and  𝑘2, to reduce the error between 
the experimental and computational pressure-diameter curves, as shown in 
Figure 6.5. The V-shaped degradation response was defined using a stepwise 
smoothed bilinear function and is described in detail in Section 5.5.2 on page 114 
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(Gaul et al., 2018). The parameters used in all simulations can be found in Table 
6.1. 

6.2.6.4 In-silico pressure inflation – degradation tests 

To predict the pressure inflation-degradation experiments, the degradation model 
was applied to an idealised quarter model of a cylindrical vessel geometry of 
similar dimensions to experimentally tested samples (inner radius 𝑅𝑖 = 2 𝑚𝑚, 
outer radius 𝑅𝑜 = 3 𝑚𝑚, length 𝑙 = 0.5 𝑚𝑚, C3D20RH elements). Symmetry 
boundary conditions were applied to both circumferential side faces. The axial 
faces of the vessel were kept parallel using a constraint equation, mimicking the 
experimental setup described above and preventing convergence issues as the 
vessel degrades at different rates through its thickness. An internal luminal 
pressure was then applied and held constant to mimic the experimental setup. 
Degradation was allowed to occur only after full expansion of the vessel under 
pressure. Circumferential strain was exported and plotted against time during 
degradation for each pressure allowing for comparisons to be drawn with 
experimental data. The model was implemented using a user-defined subroutine 
(UMAT) in the commercial finite element software, Abaqus (Dassault Systèmes 
Simulia corporations, Vèlizy-Villacoublay, France). 

6.2.6.5 Degradation case study: Aneurysm progression 

Finally, the model was applied to an idealised vessel to investigate the possible 
role that strain-dependent collagen degradation plays in degenerative arterial 
disease such as aneurysm progression. To achieve this, an idealised geometry was 
created using a vessel with the same healthy inner and outer radius as before and 
with a reduced vessel thickness mid-way along the vessel segment (length 𝑙 =

20 𝑚𝑚). Vessel thickness was gradually reduced by 0.25 mm along the central 10 
mm portion of the vessel to act as the site of initial aneurysm development. This 
reduction in thickness served as a location of increased wall strain which may 
arise due to a reduction in elastin content which has been linked to aneurysm 
formation (Thompson, Geraghty and Lee, 2002). Cyclic and axial symmetry 
boundary conditions allowed 1 8⁄  of the idealised vessel to be modelled. A 
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physiological pressure of 100 mmHg (13 Kpa) was applied to the internal luminal 
surface and degradation was monitored across the full vessel over time. 

6.3 Results 

6.3.1 Model calibration 
Experimental pressure inflation experiments of vessels found a logarithmic type 
response with circumferential strain plateauing at approximately 25% strain 
with increasing pressure (Figure 6.5). A very close fit was achieved between the 
calibrated model and the experimental data mean with a RMSE of 0.86% strain. 
As anticipated with biological tissue, however, considerable sample variability is 
observable with circumferential strain ranging from 18.98% to 33.37% at 180 
mmHg. 

Table 6.1 - Parameters used in the current model. 

Model component Parameter Value Source 

Vessel setup 𝜙𝑓 0.42 (Gaul et al., 2018) 

 𝜙𝑚 0.58 (Gaul et al., 2018) 

 𝜆𝑝
𝑚𝑖𝑛 1.01 Calibrated 

 𝜆𝑝
𝑚𝑎𝑥 1.19 Calibrated 

 𝑅𝑖 (𝑚𝑚) 2.00 Idealised 

 𝑅𝑜 (𝑚𝑚) 3.00 Idealised 

 𝑙 (𝑚𝑚) 0.5 Idealised 

Material properties E (MPa) 0.20 Calibrated 

  𝑘1 (kPa) 2.14 Calibrated 

  𝑘2 7.56 Calibrated 

Collagen degradation 𝜀𝑡1
𝐷  0.08 (Gaul et al., 2018) 

 𝜀𝑡2
𝐷  0.23 (Gaul et al., 2018) 

 𝐷𝑙 (𝑚𝑠−1) -1.50 (Gaul et al., 2018) 

 𝐷ℎ (𝑚𝑠−1) 0.75 (Gaul et al., 2018) 

 𝐷𝑐 (𝑚𝑠−1) 0.21 (Gaul et al., 2018) 
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Figure 6.5 – Pressure-inflation curves for porcine carotid arteries and the calibrated 
FE model. Individual vessels are shown in light grey with the average for each pressure 
shown in black. The pressure-inflation response of the model is shown in red. 

6.3.2 Experimental degradation curves 
Pressure inflation-degradation experiments showed significant vessel creep with 
increasing pressure leading to vessel rupture at higher pressures (Figure 6.6A). 
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Figure 6.6 - Experimental pressure-inflation response over time of A) vessels in purified 
bacterial collagenase (n=3) and B) control vessels in PBS (n=1). Noticeable creep can 
be observed in the degradation case, particularly at high pressures. Control vessels 
show minimal expansion after the initial creep response within the first 20 minutes. 
Individual vessels are plotted in grey while the mean response per pressure is shown 
in black alongside error bars of SD. Vessels which failed through rupture are marked 
with an x. 
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Vessel experiencing 180 mmHg showed the highest rate of creep while no 
significant creep was observed in vessels experiencing 60 mmHg despite complete 
collagen degradation (Figure 6.7). Vessels which did not reach the 8 hours end 
time of the experiment failed through either vessel rupture or loss of finite 
pressurisation fluid (collagenase) due to increased vessel permeability during 
degradation. Vessels which failed through rupture are indicated symbolically in 
Figure 6.6A. Significant reductions in vessel thickness were also observed post 
degradation using a paired t-test (918.7 ± 26.4 (111.8) μm vs. 672.7 ±

31.2 (132.5) μm, p<0.0001). 

Experimental pressure inflation experiments for undegraded control vessels show 
no significant creep occurring with increasing time in comparison to collagenase 
treated vessels (Figure 6.6B). Control vessels were found to reach approximately 
90% of their final circumferential strain within 20 minutes of pressurisation. No 
vessel failure was observed. 

 

Figure 6.7 Histological images of picrosirius red stained artery cross sections at 4x 
magnification for A) a control vessel and B) a vessel subjected to 60 mmHg in the 
presence of collagenase showing complete collagen degradation. Collagen shows as 
dark red. Despite complete collagen degradation, no significant vessel expansion is 
found in Figure 6.6. 

6.3.3 Pressure failure tests 
Vessels experiencing 100 mmHg prior to pressurising to 180 mmHg exhibited 
significantly longer (p<0.05) failure times compared to those experiencing an 
initial 60 mmHg. This longer failure time suggests a strain induced protection 
mechanism occurs at 100 mmHg (Figure 6.8). Failure time analysis provides 
additional insight which is not visible in Figure 6.6. No trend was found in vessel 
strain across samples. One outlier as determined through a Grubbs outlier test 
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(alpha = 0.05) was removed from the 100/180 mmHg dataset, although this did 
not affect statistical significance. Complete data set including the outlier 
measurement is shown in Appendix D. 

 

Figure 6.8 - Time to failure for specimen experiencing 180 mmHg only (n=3, Figure 
6.6A) as well as those which were initially pressurised to 60 mmHg or 100 mmHg for 
45 minutes before a high pressure of 180 mmHg was applied until vessel failure (n=4). 
Vessels initially experiencing 100 mmHg initially show increased time to failure 
suggesting slower initial degradation i.e. protection. 

6.3.4 Model degradation 
A similar degradation creep response was found through the computational 
model, with the highest rate of creep occurring at 180 mmHg (Figure 6.9). The 
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Figure 6.9 - Computational pressure-inflation response of degrading vessels at 60, 100, 
140 and 180 mmHg. Noticeable creep can be observed as vessels degrade, particularly 
at high pressures. 



 

Chapter 6  

 

143 

 

model also found minimal creep occurring at 60 mmHg as observed 
experimentally despite a high rate of collagen degradation. Slight differences can 
be seen with the rate of expansion predicted by the model and that observed 
experimentally, which may arise due to a number of factors including the 
influence of diffusion at different experimental pressures. The 100 mmHg 
condition can be observed to level off at approximately 33% circumferential strain 
as the collagen volume fraction reduces to 0% and the intraluminal pressure is 
borne by the non-collagenous matrix alone. Representative images of these 
simulations are shown for 100 mmHg in Figure 6.10. 

 

Figure 6.10 - A) collagen content and B) collagen fibre stretch are shown at i) 0 mmHg 
and ii) 100 mmHg prior to degradation and iii) 100 mmHg after degradation at 
increment 1500. At 100 mmHg before degradation, the gradient of collagen fibre 
stretch is minimised about the 17% protection strain. As the vessel degrades, vessel 
stretch and consequently fibre stretch increases leading to further degradation. Note 
change of legend for collagen stretch at 100 mmHg. 

6.3.5 Degradation case study: Aneurysm progression 
The model also predicted aneurysm growth occurring in an idealised vessel due 
to an initial flaw which was prescribed by a slight thinning (0.25 mm) of the vessel 
wall midway along the vessel’s length (Figure 6.11). This thinning led to a higher 
initial circumferential strain, stimulating a higher rate of degradation. This 
increase in degradation reduces the vessel’s stiffness, allowing for further 
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expansion and subsequent degradation through positive feedback. Consequently, 
the rate of degradation, resulting in vessel expansion can be observed to 
accelerate at a greater rate proximally to the aneurysm compared to distally 
(Figure 6.11B). This is further illustrated in Figure 6.11C, which shows the outer 
diameter of the vessel at increasing time points, with the greatest increase 
occurring at the site of the initial vessel flaw. 

 

Figure 6.11 - A) Idealised vessel showing the development of an aneurysm through a 
reduction in collagen content at regions experiencing high strain. B) The rate of strain 
increase can be seen to be larger proximal to the aneurysm due to a reduction in 
collagen content. C) Changes in vessel outer diameter along the vessel length, showing 
aneurysm development over time. 

6.4 Discussion 

Degradation of structurally significant collagen fibres is a critical process in 
healthy arterial remodelling; however, excessive degradation could potentially 
compromise vessel integrity leading to the development of progressive, 
degenerative disease. The objective of this study was to investigate the 
degradation response of intact arterial vessels at physiologically relevant 
pressures using a combination of experimental and computational approaches. 
These findings were then applied to a simple case study investigating a potential 
means of aneurysm growth through strain-dependent collagen degradation. 

Increasing vessel pressure resulted in an increased initial circumferential strain, 
an increased rate of vessel creep and a reduced time to failure across collagenase 
treated vessels (Figure 6.6). Ostensibly, these findings bear similarities to 
previous creep studies on collagenase treated bovine pericardium which found a 
reduced time to failure with increasing load (Ellsmere, Khanna and Michael Lee, 
1999). Unlike these findings, a higher initial rate of creep is observed in bovine 
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pericardium experiencing low loads. These differences may be attributed to the 
greater influence of the non-collagenous matrix in arterial tissue which is the 
dominant load-bearing constituent at low-pressure (Roach and Burton, 1957). 
This matrix response masks the underlying degradation response of collagen. 
Consequently, the low pressure condition (60 mmHg) which was assumed to have 
a high rate of collagen degradation (Gaul et al., 2018), exhibited minimal 
degradation induced creep and consequently, no tissue level failure. Histological 
analysis of these vessels also confirmed complete collagen degradation (see Figure 
6.7), suggesting that the non-collagenous matrix prevents further vessel 
expansion at low pressures even in the absence of collagen. This hypothesis is 
supported by Figure 6.5 which shows a linear strain-pressure response up to 80 
mmHg, suggesting that collagen doesn’t contribute significantly up to this 
pressure. The increased rate of degradation at low pressures was also 
demonstrated through the pressure failure tests in Figure 6.8. The reduced time 
to failure in the 60-180 mmHg case compared to the 100-180 mmHg case, suggests 
that a higher degradation rate occurs at 60 mmHg when compared to 100 mmHg. 
Extending these findings to in vivo conditions suggests that although degradation 
may be elevated in low-pressure environments, tissue failure is unlikely unless 
high pressure and consequently increased strain conditions develop. This 
response may also contribute to the increased risk of adverse clinical 
cardiovascular events associated with hypertension (WHO, 2014).  

The complementary computational model, calibrated from independent 
experimental data, was found to predict a similar degradation response occurring 
at each pressure (Figure 6.6). The model supported experimental observations 
that minimal vessel expansion occurs with collagen degradation at 60 mmHg due 
to the stiffness of the non-collagenous matrix. A similar response is also observed 
in the 100 mmHg model where strain plateaus as collagen is removed and 
pressure is borne by the non-collagenous matrix alone. This response is partially 
observed experimentally, with the two 100 mmHg tests found not to fail by 
rupture also displaying a plateauing at approximately 200 minutes. A similar 
non-collagenous matrix influence was reported in Chapter 5 occurring in flat 
dogbone specimens of arterial tissue which masked an underlying V-shaped 
collagen degradation response (Gaul et al., 2018). Interestingly, a number of 
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studies have found a V-shaped degradation response occurring at the tissue level 
(Ghazanfari, A. Driessen-Mol, et al., 2016; Yi et al., 2016). This observation 
suggests that the non-collagenous matrix has a reduced mechanical contribution 
at low strains in these tissues and does not mask the underlying collagen 
degradation response. Although the same trend in degradation was found 
between the model and experimental results, the rate at which degradation 
occurs was found to differ slightly. These differences are likely influenced by a 
number of factors including sample variability which was noted in Figure 6.5. A 
second factor potentially influencing these results is the rate of collagenase 
diffusion through the artery wall at each pressure condition (Zareian et al., 2010). 
Converting the increments on the x axis of Figure 6.9 into time results in a much 
slower degradation response (approximately 8 times slower) to what was found 
experimentally in Figure 6.6. Unfortunately, determining a diffusion scaling 
factor is also not straightforward as each data set experiences a different internal 
pressure and consequently, a different rate of diffusion. As a result, a unique and 
somewhat artificial scaling factor would be required for each data set with 
minimal experimental basis. The influence of diffusion is also highlighted 
histologically when comparing the timeframes required to investigate 
degradation with and without pressure (see Appendix D). Additional failure 
modes other than fibre degradation such as fibre rupture are also likely to occur 
at increasing pressures and may lead to further differences between experimental 
and computational results.  

Finally, the fundamental insights into strain-dependent collagen degradation 
acquired here and in the proceeding studies, were applied to explore its potential 
role in progressive degenerative disease. Strain-dependent collagen degradation 
was identified as a potential cause of aneurysm development through a positive 
feedback loop which leads to accelerated degradation and weakening at the site 
of aneurysm formation (Figure 6.11). Although similar degradation models have 
been employed to investigate valve retraction in tissue engineered heart valves 
(Loerakker, Ristori and Baaijens, 2016) and lamina cribrosa thickening in 
glaucoma (Grytz et al., 2012), this is the first use of such a model for investigating 
arterial disease. In order to initiate aneurysm formation, an initial flaw is 
required which results in increased vessel expansion. It is important to note that 
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thinning of vessel wall only serves as a method of introducing a location of 
increased wall strain and may not be representative of in vivo aneurysm 
development. In vivo, this process could be initiated by the gradual age-related 
reduction in elastin content at specific location (Thompson, Geraghty and Lee, 
2002) resulting in greater vessel and collagen strain at a given pressure. Elastin 
degradation may also influence wall thickness through the removal of non-
collagenous extracellular material. Interestingly, elastin degradation has also 
been found to be a strain-dependent process (Jesudason et al., 2010), which would 
further serve to accelerate aneurysm growth. Importantly, in vivo collagen 
degradation would also be accompanied by the production of new collagen 
(Thompson, Geraghty and Lee, 2002), which would aid in restabilising 
degenerative tissue. Unfortunately, if the rate of production is surpassed by 
degradation or if new collagen fibres are not laid down in tension, disease 
progression is likely to continue. This process may explain localised changes in 
tissue mechanics identified thoracic aortic mice aneurysms during aneurysm 
progression (Bersi et al., 2018). Aneurysm development is strongly linked to 
inflammation which is associated with increased macrophage presence and 
consequently MMPs including MMP-1, -8, -9 as well as cysteine collagenases such 
as Cathespin K, L and S (Thompson, Geraghty and Lee, 2002; Abdul-Hussien et 

al., 2007). Additionally, a reduction in collagenase inhibitors including TIMP-1 
and Cystatin C have also been linked to aneurysm progression (Abdul-Hussien et 

al., 2007). These factors may serve to further accelerate the potential role that 
strain-dependent degradation plays in aneurysm progression and rupture. In 
addition to investigating aneurysm formation, the current model may also 
provide insights into other fatal degenerative arterial diseases as well as complex 
vessel geometries and loading environments. Applying this model to other 
arterial diseases such as atherosclerosis may help identify vessels at risk of 
plaque rupture due to excessive degradation at sites of higher or low strain. 
Similarly, the current model may also aid in understanding the remodelling 
response caused by medical devices such as stents and prosthetic heart valves, 
which change the local mechanical environment of arterial collagen (Ghazanfari, 
Anita Driessen-Mol, et al., 2016).  
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A limitation of the current study is the use of bacterial collagenase rather than 
physiologically relevant MMPs and cysteine collagenases which degrade collagen 
in vivo (Aikawa, 2004; Abdul-Hussien et al., 2007). Bacterial collagenases also 
commonly contain non-specific enzymes which can influence the experimental 
degradation response; however, this was mitigated through the use of purified 
bacterial collagenase (Gaul et al., 2018). Diffusion of the collagenase solution 
through the vessel wall is also likely to influence the rate of degradation observed 
(Zareian et al., 2010), with accelerated diffusion occurring at higher pressures. 
Unfortunately, diffusion and pressure are intrinsically linked in the current 
experimental setup, with pressure dictating the strain experienced in the vessel 
wall. Computationally, a diffusion rate could be incorporated to account for these 
differences, although the current predictions are suitably accurate even without 
accounting for diffusion. Furthermore, diffusion would only serve to increase the 
accuracy of the model in predicting experimental data, with diffusion less 
physiologically relevant due to collagenase production occurring in situ in vivo 

(Aikawa, 2004). Finally, vessel variability is likely to influence the degradation 
response based on factors such as vessel diameter and tissue thickness as well as 
collagen and elastin content. 

The results of the current study have identified, for the first time, the strain-
dependent degradation response of intact arterial vessels at physiologically 
relevant pressures. These findings have expanded on existing work on flat 
dogbone arterial specimen, identifying a different tissue-level response occurring 
in the native arterial state. Increased rates of vessel expansion were only found 
to occur at high intraluminal pressures, despite an increased rate of collagen 
degradation also occurring at low vessel pressures. These findings highlight how 
arterial collagen strain may contribute to accelerated collagen degradation in 
aneurysm growth in vivo and may apply to other progressive degenerative 
vascular diseases.
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Chapter 7 Final Discussion 

With the number of CVD related deaths expected to rise by more than 26% to 22.2 
million by 2030, improved screening methods and treatment strategies will be 
central to reducing the burden of CVD (WHO, 2014). Improving our 
understanding of cardiovascular biomechanics and mechanobiology is one 
approach which offers a potential pathway to achieving this goal of advanced 
screening and treatment. Remodelling of the structurally significant collagen 
fibre architecture is particularly important as collagen dictates the mechanical 
stability of healthy and diseased vessels (Roach and Burton, 1957; Thompson, 
Geraghty and Lee, 2002). Remodelling encompasses the reorientation, production 
and degradation of collagen, with the latter in particular, likely to play a major 
role in tissue instability (Thompson, Geraghty and Lee, 2002). Despite the 
importance of collagen fibre remodelling, the influence of the surrounding 
mechanical environment on remodelling remains largely unknown. The objective 
of this thesis was to explore the influence of mechanical stimuli on the 
reorganisation and degradation of arterial collagen, to gain fundamental insights 
into arterial remodelling. To achieve this, a combination of experimental and 
computational investigations were conducted to evaluate arterial remodelling, 
both structurally and mechanically. 

Chapter 3 outlined the development of an optimised SALS system for arterial 
tissue and investigated its ability to measure fibre orientation and reorientation 
in response to load (Gaul, Nolan and Lally, 2017). A single family of 
circumferentially orientated collagen fibres was identified in the intimal and 
medial vessel layers which was supported by both PLM imaging and by literature 
(Sáez et al., 2016). This architecture differs from that reported in many other 
vessels, whereby two or more fibre families were observed (Schriefl et al., 2012). 
Variations in fibre orientation and alignment in response to load also highlight 
SALS ability to determine structural changes due to mechanical stimuli. This 
ability to non-destructively quantify structural changes also offers a means of 
investigating load induced remodelling responses. The findings which arise from 
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this work form the foundations of the studies which follow, where fibre orientation 
with respect to tissue loading direction was found to be key to establishing the 
degradation response of arterial collagen. 

The investigation into collagen degradation in loaded arterial tissue using SALS 
in Chapter 4, found a strain-dependent degradation response. This was concluded 
through structural analysis whereby alignment was found to increase at 
intermediary strain magnitudes and reduce at high strain magnitudes. This 
result agrees with strain-dependent degradation responses identified in both pure 
collagen (Huang and Yannas, 1977) and other collagenous tissues (Ghazanfari, A. 
Driessen-Mol, et al., 2016; Yi et al., 2016). These results indicate that strain has 
an important influence on arterial remodelling; both accelerating and 
decelerating the rate of degradation in arterial collagen. The close link between 
the structural organisation of collagen fibres and the tissue’s mechanical 
properties highlight the importance of these findings in tissue stability and 
performance. This preliminary study is the first to investigate strain-driven 
collagen degradation in arterial tissue. These structural findings also serve as the 
motivation for the subsequent studies carried out, which investigated the 
degradation response mechanically and numerically. 

To extend the structural findings in Chapter 4, the biomechanical response of 
loaded dogbone specimens during degradation was investigated in Chapter 5. The 
study identified a unique stress degradation response which differs from any 
response reported in literature to-date. This response was explored through a 
series of stress relaxation experiments in the presence of crude and purified 
bacterial collagenase, where the rate of stress decay was calculated. A 
complementary numerical model was also developed to elucidate the complex 
response observed. Here, non-collagenous matrix material and a gradient of 
collagen fibre crimp were found to mask an underlying V-shaped collagen 
degradation response which was suggested in Chapter 4. This V-shaped 
degradation response, reported elsewhere (Huang and Yannas, 1977; Ghazanfari, 
A. Driessen-Mol, et al., 2016; Yi et al., 2016), may also serve to explain the 
seemingly conflicting findings reported in literature which suggest that strain 
increases (Ellsmere, Khanna and Michael Lee, 1999; Willett, Labow and Lee, 
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2008) or decreases (Bhole et al., 2009; Wyatt, Bourne and Torzilli, 2009) collagen 
susceptibility to degradation. If an underlying V-shaped degradation exists for 
collagen, the application of strain initially slows degradation before increasing 
above a strain protective threshold. Consequently, testing across a large strain 
range is paramount to comprehensively investigate a tissue’s degradation 
response. This V-shaped response was found to occur at similar strain 
magnitudes to those reported in other collagenous tissue (Ghazanfari, A. 
Driessen-Mol, et al., 2016; Yi et al., 2016), but much higher strains than those 
reported for pure collagen (Huang and Yannas, 1977). This observation also 
highlights the importance of considering the organisational hierarchy of collagen 
and collagenous tissues when evaluating remodelling responses. The underlying 
V-shaped degradation response may be one of the many biomechanical 
mechanisms employed to maintain equilibrium or homeostasis in collagenous 
tissues in vivo. 

Having established that a strain-dependent degradation mechanism exists in 
arterial collagen, Chapter 6 extended this degradation investigation to a more 
physiologically relevant environment. Through a series of pressure inflation creep 
experiments at physiological pressures, the rate of vessel expansion due to 
degradation was calculated. As with Chapter 5, the findings arising from these 
experiments were not intuitive. Interestingly, a low rate of expansion occurred at 
low pressures, where degradation was expected to be elevated. These findings 
were explained by a complementary computational model, which identified that 
the non-collagenous matrix was capable of withstanding the low-pressure 
environment even in the absence of collagen. These findings were supported 
through a set of pressure-failure tests where vessels experiencing an initial low 
preload pressure failed earlier than those experiencing a healthy physiological 
preload pressure. This work further highlights the importance of computational 
models in explaining experimental results through the isolation of individual 
biomechanical factors. The clinical relevance of this work is illustrated through a 
simulation of aneurysm development due to collagen degradation. Vessels 
experiencing increased strain experience accelerated degradation of structurally 
significant collagen, resulting in further increases in strain. Unfortunately, this 
may lead to a runaway process through positive feedback, potentially explaining 
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late stage aneurysm progression (Thompson, Geraghty and Lee, 2002; Tsamis, 
Krawiec and Vorp, 2013). Likewise, accelerated degradation may also play a role 
in plaque weakening at locations experiencing hypo- or hyper-physiological 
strain. It’s important to note that increased strain has also been linked with 
increased levels of collagen production which may offset collagen degradation 
(O’Callaghan and Williams, 2000; Ferdous, Jo and Nerem, 2011). However, if 
collagen production is unable to match the rate degradation, or if new collagen is 
not laid down in tension (i.e. uncrimped), it would permit further tissue expansion 
and potential tissue failure. This process would also facilitate aneurysm growth 
where no net change in collagen volume occurs, as also observed in the literature 
(Tsamis, Krawiec and Vorp, 2013). 

To thoroughly evaluate strain-driven collagen remodelling in arterial tissue, this 
thesis combined structural, mechanical and computational analysis of arterial 
organisation and degradation. To achieve this, a SALS system was developed and 
optimised for arterial tissue, providing insights into the native vessel 
architecture. This system was then employed to investigate if a strain-dependent 
degradation response occurs in arterial tissue. To more comprehensively explore 
the response observed using SALS, extensive mechanical testing was carried out 
to characterise the tissue and collagen degradation response. A complementary 
numerical model was developed in parallel, informed by both literature and 
experimental structural results. This model was able to explain the unique 
mechanical response observed. Finally, this work was translated to a more 
physiologically relevant environment, where intact vessel geometries were 
investigated experimentally and computationally. The computational model was 
also employed to highlight how these findings may be implicated in disease 
development and progression. Applying this model to realistic vessel geometries 
and loading environments may also allow a greater understanding of arterial 
remodelling in vivo, and in particular, the development of other progressive 
degenerative diseases. The understanding arising from this work should now 
facilitate the development of new and improved screening techniques; where 
patients at risk of accelerated tissue degeneration could be identified and 
interventional measures taken at an early stage. This work can also assist in the 
design and development of new and existing medical devices such as stents. 
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Understanding the degradation response, due to changes in the mechanical 
environment, may facilitate the design of devices capable of slowing or even 
reversing maladaptive remodelling associated with disease. It is clear that 
extensive work is required to offset the expected rise in CVD over the coming 
years, however, a greater understanding of the role that biomechanics and 
mechanobiology play in disease development and treatment may provide a means 
to achieve this.
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Chapter 8 Concluding Remarks 

8.1 Summary of Key Findings 

The objective of this thesis was to explore the influence of mechanical stimuli on 
arterial remodelling which was achieved through structural, mechanical and 
computational analysis. The key contributions to the field of biomechanics 
emanating from the research presented in this thesis are summarised below. 

• An optimised SALS system was developed which was capable of non-

destructively characterising collagen fibre architecture in intact layers of 

arterial tissue, highlighting it as a powerful method for elucidating 

collagen fibre remodelling. 

• A strain-dependent structural degradation response was identified in 

arterial tissue using SALS. SALS identified increased fibre alignment 

occurring at intermediary tissue strains suggesting the existence of a 

collagen fibre protection mechanism. 

• A unique strain-dependent degradation response was also identified in 

arterial tissue mechanically, through a series of stress relaxation 

experiments in bacterial collagenase. Markedly different degradation 

responses were observed depending on the collagenase type chosen, 

highlighting the importance of collagenase choice for future studies of 

strain-dependent collagen degradation. 

• The development of a novel numerical degradation model identified an 

underlying V-shaped degradation response in arterial collagen which is 

masked at the tissue scale by a gradient of collagen fibre crimp and the 

mechanical contribution of the non-collagenous matrix. 
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• Further insights into arterial collagen degradation were determined in 

physiologically relevant intact arterial vessels under pressure. Vessels 

experiencing super-physiological pressure and consequently, strain, 

experienced an increased rate of vessel expansion and reduced time to 

failure. Despite experiencing elevated degradation at low pressure, the 

non-collagenous matrix was capable of withstanding vessel expansion at 

these low-pressure conditions. This low-pressure response may play a role 

in the reduced risk of adverse clinical events in hypotensive patients. 

• Tthe strain protection mechanism identified was found to occur at 

approximately 17% fibre strain, corresponding to values found in other 

collagenous tissues but substantially higher than that found in pure 

collagen. This observation highlights the importance of considering 

collagen fibre hierarchy when investigating strain mediated degradation 

responses. 

• Finally, the model highlighted how vessels experiencing elevated strain 

may be more susceptible to aneurysm development and progression 

through a positive feedback loop, potentially leading to a major adverse 

clinical event. This response may also play a role in other degenerative 

arterial diseases and in the biomechanical response to medical device 

deployment. 
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8.2 Future perspectives 

The studies outlined in this thesis provide insight into the strain-driven 
remodelling response of arterial tissue through a combination of experimental 
and computational investigations. Motivated by these insights, the following 
recommendations are proposed for future investigations: 

• The volume fraction of collagen during degradation could be assessed 

using a hydroxyproline assay or histological analysis at specific time 

points. This would provide additional support to the mechanical rate of 

degradation data. Furthermore, it could be used to assess the critical 

collagen volume fraction required, below which, rupture occurs.  

• Future studies should also investigate the strain-dependent degradation 

response during dynamic loading, which has been shown to accelerate 

degradation in other tissues. This study would provide physiologically 

relevant data for incorporation into future degradation models. 

• The current degradation model could also be applied to real vessel 

geometries to investigate remodelling in healthy, atherosclerotic and 

aneurysmal tissue. If this were to be coupled with a critical collagen 

volume criterion, it may also show promise as a future preclinical tool for 

identifying vessels at risk of rupture. 

• The degradation model may also be expanded to incorporate more complex 

remodelling algorithms which include fibre reorientation and damage. 

• As collagen fibre remodelling also incorporates production of new collagen 

which was beyond the scope of the current thesis, future work should 

investigate strain mediated collagen production. The findings of this work 

could provide critical information in the tissue remodelling process which 

could also be incorporated into the existing degradation model.  
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• The work completed to date could also be extended to diseased tissue such 

as atherosclerotic plaque acquired through carotid endarterectomy 

procedures. These results would help establish whether a similar 

degradation response is found in diseased atherosclerotic human tissue. 

• Finally, a limitation of the current work is the use of bacterial collagenase 

as opposed to more physiologically relevant MMPs. Purified bacterial 

collagenase was used during this work to mitigate some of the potential 

issues with bacterial collagenase such as the lack of specificity outlined in 

Section 2.7.3. Despite this, it may be worth confirming whether a similar 

strain dependent degradation response occurs using these mammalian 

collagenases.
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Appendices 

A Applications of SALS 

A.1 Introduction 

As previously outlined in Section 2.6.6, SALS is a versatile technique for 
structural characterisation of fibrous soft tissues. This has led SALS to be used 
to evaluate a host of collagenous tissues in literature including skin (Kronick and 
Buechler, 1986; Ferdman and Yannas, 1993), dura mater (Hamann, Sacks and 
Malinin, 1998), cornea (Robitaille et al., 2011), valvular tissue (Cochran and 
Kunzelman, 1991; Billiar and Sacks, 2000) and bovine pericardium (Sacks, 
Chuong and More, 1994; Sacks, Smith and Hiester, 1997). One trait which these 
tissues share is their relatively thin and transparent structure which is a 
prerequisite for SALS analysis. Given the flexibility of the system, SALS analysis 
has also been used to investigate the structure of a number of other soft tissues 
during the course of this research including, human carotid plaque sections, 
intact human carotid plaque cap tissue, decellularised porcine carotid artery, 
porcine cerebral dura mater, bovine pericardium and porcine corneal tissue. 
Preliminary results arising from these feasibility studies are presented below for 
a selection of tissues. 

A.2 Methods 

Briefly, the system consists of an unpolarised 5mW HeNe laser (λ = 632.8 nm; 
JDSU, Newbury, UK), focussing lens (fl = 150 mm; Edmund Optics Ltd, York, 
UK), automated sample positioner, projection screen and a CMOS USB camera 
as outlined in the main body of the thesis. A 150 μm beam diameter was used to 
investigate regions of different sizes across the various tissues using scanning 
grids ranging from 125 x 125 μm to 1000 x 1000 μm. Collagen fibre alignment 
was determined based off the ratio of major to minor axis of the scattered light 
ellipse as before.  
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Human plaque tissue was obtained from carotid endarterectomy procedures after 
approval from the local ethics committee with all patients giving written informed 
consent. Plaque cap samples were dissected by gently separating the cap from the 
underlying tissue using a forceps at existing layer boundaries. Regions of 
calcification were avoided as they did not permit smooth layer delamination. 
Plaque separation is shown in Figure A.1 prior to intact plaque cap SALS 
analysis. Additional plaque samples were also histologically processed at 8 μm 
slices and stained prior to histological SALS analysis. 

 

Figure A.1 - A) Human carotid plaque obtained from carotid endarterectomy 
procedures showing the locations of plaque sections in B) and C). Individual plaque 
caps dissected and subsequently analysed using SALS are shown in D). 

Decellularised porcine carotid tissue was also analysed to investigate whether 
any structural changes in collagen occurred due to the decellularisation process. 
Briefly, vessels were decellularised using 0.1M sodium hydroxide solution 
(NaOH, S8045, Sigma-Aldrich) for 18 hours to breakdown cellular content 
followed by a 3-hour rinsing process with 0.9% saline (NaCl) to remove cellular 
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debris from the vessel wall. The decellularisation protocol was based off a protocol 
used for coronary artery and adapted for use on porcine carotid arteries 
(Campbell, Cahill and Lally, 2012). Decellularised and control vessels were then 
histologically processed and stained prior to histological SALS analysis. 

Excised porcine dura mater was also characterised using SALS to identify 
whether porcine dura mater should be considered structurally isotropic or 
anisotropic. One half of the dura mater was cut into 6 smaller patches of 
approximately 25 mm x 10 mm allowing SALS interrogation. 

A.3 Results 

A.3.1 Histological human atherosclerotic plaque cross sections 

Human atherosclerotic plaque tissue was found to exhibit structural variations 
across the plaque sample with regions of dense cellular and collagenous tissue as 
well as regions of low cell and collagen content (Figure A.2). SALS orientation 
plots of histological plaque samples showed regions of high alignment denoted by 
warm colours at regions of high collagen content and alignment as observed by 
strong picrosirius red birefringence in polarised light images (Figure A.3C). 
Likewise, regions of low collagen at the centre of the plaque burden show low 
alignment through SALS analysis. The circumferential fibre orientation of the 
artery wall is also observed with regions of transition occurring at plaque 
shoulders. 

 

Figure A.2 - Cross section of human carotid plaque stained with A) H&E, B) picrosirius 
red, C) picrosirius red and viewed under polarised light and D) analysed using SALS 
for a single cross section.  
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Serial SALS analysis generated through stacking, co-registration and 
interpolation of sequential SALS images provides 3-dimensional visualisation of 
the plaque structure (Figure A.3A). This study was conducted in collaboration 
Professor Michael Sacks (University of Texas at Austin) using their inhouse 
developed serial SALS analysis technique (manuscript on serial SALS technique 
in preparation). Analysis of three distinct regions found clear differences in the 
plaque structure as seen in Figure A.3B. As a single sample case, statistical 
analysis was not carried out between these regions due to the associated bias of 
measurements being taken from neighbouring regions.  

 

Figure A.3 - A) Reconstructed human carotid artery using serial SALS stacking of 
individual slices of plaque showing the alignment of collagen across the plaque. B) 
Alignment determined via orientation index with SD shown for each highlighted 
region in A) for a single plaque sample. 

A.3.2 Intact human atherosclerotic plaque cap 

Preliminary analysis of human plaque tissue shown in Figure A.1 found large 
variations in the structural organisation of collagen fibres in terms of both 
orientation and alignment (Figure A.4).  Sample 1 shows a predominantly axial 
fibre orientation with low alignment while sample 2 shows strong circumferential 
alignment. Finally, sample 3 shows the greatest fibre dispersion with fibres 
orientated in multiple directions. 
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Figure A.4 - SALS plots showing plaque orientation and alignment for plaques 1, 2 
and 3 dissected in Figure A.1. Plaque 1 and 2 are orientated with the long edge 
corresponding to the circumferential vessel direction while plaque 3 was cut along the 
longitudinal direction. 

A.3.3 Decellularised porcine arterial tissue 

SALS analysis found no significant differences between mean fibre angle for 
control and decellularised tissue in intimal (0.10° ± 2.52 (6.17°) vs -0.84° ± 1.98 
(4.86°)) and medial tissue (-1.04° ± 9.20 (9.20°) vs 0.97° ± 2.86 (7.00°)), see Figure 
A.5. Angles are presented as mean ± SEM (SD). 

 

Figure A.5 - Mean fibre angle for control and decellularised porcine carotid artery 
showing no significant change in collagen fibre architecture. Collagen fibres are found 
to align circumferentially (0 degrees) with minimal dispersion in native and 
decellularised vessels 

A.3.4 Porcine dura mater 

SALS contour plots were generated for one half of the DM and the results were 
mirrored along the superior sagittal sinus (Figure A.6).  Results indicate that 
there are local regions of high alignment (shown in yellow and inset), however 
there is no global preferred orientation as seen in Figure A.7. The lack of a 
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dominant angle in the frequency distribution plot in Figure A.7 indicates that 
dura mater is globally isotropic. 

 

Figure A.6 - Global and local (inset) SALS contour plots of porcine dura mater showing 
global fibre dispersion as well as local anisotropy. Only the left hand portion of the 
dura mater is analysed with the right hand side generated through mirro symmetry 
along the superior sagittal plane. 
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Figure A.7 - Normalised orientation distribution plot of global dura mater fibre 
directions showing no dominant fibre direction. 

A.4 Discussion 

A.4.1 Histological human atherosclerotic plaque cross sections 

SALS histological analysis highlights SALS ability to distinguish different plaque 
regions quickly and objectively through orientation and alignment analysis 
(Figure A.2). Unlike traditional histological analysis, SALS does not require 
sample staining which was carried out here for comparison purposes. SALS also 
removes much of the subjectivity and bias associated with histological analysis 
which can occur in the absence of rigid analysis protocols. This is the first time 
SALS has been used for investigating human plaque tissue and supports it’s use 
for future plaque investigations. The ability to extend 2D SALS analysis to 3D 
may also provide a means of incorporating 3D alignment data into future 
computational models. 

A.4.2 Intact human atherosclerotic plaque cap 

SALS analysis identified variations in fibre orientation and alignment across the 
three plaque cap samples investigated (Figure A.4). These findings may offer a 
potential technique for plaque screening prior to mechanical testing and 
subsequent mechanical characterisation. Non-destructive SALS analysis of 
plaque caps would permit categorisation of plaques according to fibre direction or 
explain early failure in samples with fibres aligned orthogonally to the direction 
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of mechanical loading. Consequently, much of the variation associated with 
plaque testing may be removed (Davis et al., 2016).  

A.4.3 Decellularised porcine arterial tissue 

SALS analysis of decellularised porcine carotid arteries identified no significant 
changes in fibre orientation or dispersion after the decellularisation process 
(Figure A.5). This finding supports the use of 0.1M sodium hydroxide solution as 
a structure preserving decellularisation solution at the timeframe considered in 
the current study. 

A.4.4 Porcine dura mater 

SALS orientation analysis shows global isotropy in the dura mater, highlighted 
by the lack of a dominant direction in the orientation distribution plot shown in 
Figure A.7. There are, however, regions of local fibre alignment, such as the 
temporal region which has been reported elsewhere for human DM (Hamann et 

al.). These similarities suggest that porcine DM may be a suitable model for 
human tissue. The local fibre alignment observed are likely to influence 
subsequent mechanical testing of dura mater. SALS may also aid in preselecting 
samples based on fibre directions, allowing for improved material 
characterisation in future studies. 

A.5 Summary 

The results outlined above highlight the ability of SALS to interrogate a wide 
range of intact and histologically sectioned tissues to determine structural 
organisation. The use of SALS for human plaque screening is one particularly 
interesting application of SALS. The ability to characterise fibre architecture 
before mechanical evaluation may allow more detailed relationships to be drawn 
between plaque geometry, type, structure and mechanics. 
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B Study 1 

 

Figure B.1 - A) Tiled 20x SHG image of medial collagen fibres shown in blue showing 
B) a circumferential fibre distribution identified using the OrientationJ plugin for 
ImageJ. 

 

Figure B.2 – Polar histogram plot of fibre distribution of intact layers cleared using 
glycerol to increase transparency. 
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Figure B.3 – Polar histogram plot of fibre distribution of full intact vessel wall cleared 
using glycerol to increase transparency showing differences based on whether the 
adventitia faced A) toward the laser or B) away from the laser. 

Table B.1 – Quantitative results of fibre distribution of full intact vessel wall cleared 
using glycerol showing bias imposed by the layer which the laser light passes through 
last.  

 
Adventitia facing laser (°) Adventitia facing away from laser (°) 

Mean Angle 2.953 -8.423 

SD 0.5791 6.573 

SEM 0.4095 4.648 
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Figure B.4 – Reduction in eccentricity as sample thickness increases caused by a 
reduction in light transmission and subsequent drop in the signal to noise ratio. 
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C Study 2 

 

Figure C.1 – Representative force relaxation (raw data; stress not shown) curves for A) 
sample experiencing 40% uniaxial circumferential strain in Crude bacterial 
collagenase and B) 44% uniaxial circumferential strain in Purified bacterial 
collagenase. Note: Accelerated degradation in the crude case (A), leads to the sample 
breaking at approximately 12,000 seconds. Consequently, the degradation rate was 
calculated prior to this point. 
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Figure C.2 - Collagen content analysis process showing A) picro-sirius red stained 
tissue under normal light, B) thresholded image with total tissue content in black, C) 
picro-sirius red stained tissue under polarised light and D) thresholded image showing 
collagen fibres as white. 10x magnification. 

 

Figure C.3 - Collagen content for arterial tissue found using image processing. N=6. 
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Figure C.4 - Calibration of collagen and matrix stiffness using experimental results of 
native and collagen digested porcine arterial tissue loaded in the circumferential 
direction from (Ghasemi, Nolan and Lally, 2018). 

 

Figure C.5 - Model sensitivity to matrix degradation rate, 𝑘𝑚. 
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D Study 4 

 

Figure D.1 - Histological images of picrosirius red stained artery cross sections at 10x 
magnification for A) an unpressurised vessel after 22 hours incubation in collagenase 
still showing collagen in dark red and B) a vessel subjected to 60 mmHg in the presence 
of collagenase showing complete collagen degradation after 8 hours highlighting the 
influence of pressure on degradation. 

 

Figure D.2 - Time to failure results shown in Figure 6.7 including data point identified 
as an outlier for the 100/180 mmHg condition. Statistical significance is still 
maintained with the inclusion of the outlier. P < 0.05. 
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