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Summary  

Carotid atherosclerotic plaque rupture is known to be a major contributor to ischaemic stroke 

cases. The development of atherosclerotic plaques within the vessel wall alters both the geometry 

and mechanical environment of the tissue. However, current diagnostic measures only focus on 

this change of geometry and not the mechanics of the tissue. Rupture can be observed as a purely 

mechanical event, whereby the forces exerted on the tissue exceeds its mechanical strength. 

Therefore, it is of utmost importance to establish a mechanically sensitive indicator that can 

establish atherosclerotic plaques which are more vulnerable to rupture.  The aim of this thesis is 

to establish possible new diagnostic measures of plaque rupture vulnerability using experimental 

and computational methods. 

In the literature, characterising the location of high stress in the vessel wall has often been 

proposed as a potential indicator of structural weakness. This work shows that without 

consideration of the zero-pressure configuration, residual stress and patient specific material 

parameter there would be an overestimation in the stress calculated. These factors must therefore 

be included for accurate computational analysis. To understand the mechanics of atherosclerotic 

plaque tissue and the role collagen has in its mechanical behaviour, atherosclerotic plaque cap 

samples were pre-screened using small angle light scattering (SALS) to establish the predominant 

collagen fibre orientation and subsequently uniaxial tensile tests to failure were performed. These 

results show that when collagen fibres are in the predominantly axial direction they fail at lower 

stress, higher strain and have lower stiffness while the opposite is observed for tissue with fibres 

in the predominantly circumferential direction. This is important to note as being able to 

characterize the strain or establish the collagen fibre orientation, using in-vivo imaging 

techniques, could potentially aid in determining the overall mechanical strength of the tissue. 

From this mechanical knowledge, patient specific finite element models were created from in-

vivo MRI images for both healthy volunteers and patients. In order to establish the dominant fibre 

orientation within these atherosclerotic plaques, ex-vivo diffusion tensor imaging (DTI) was 

performed to give the helical angle which was used to inform the FE models. A novel remodelling 

metric (RM), dependent on the change of the collagen fibre orientation and the evolution of 

internal variables that captures the softening that is associated with how far the fibres are from 

their optimal configuration when the arterial vessel is subjected to load was used to assess the 

possible vulnerability of atherosclerotic plaques. Overall, this preliminary work has demonstrated 

the capability of using the RM to possibly characterize plaque vulnerability when being informed 

with patient specific fibre angles from ex-vivo DTI. This is because the remodelling metric 

observed is higher when the fibres are not in the load bearing configuration. The last aim of this 

work involved characterizing the strain environment across atherosclerotic plaques using in-vivo 

MRI to establish a sensitive imaging indicator that could possibly aid in determining which 



 

 

plaques are more vulnerable to rupture and verifying these results using patient specific finite 

element models. Acquiring images at two cardiac phases using triggering, the circumferential 

strain and its variability across healthy and diseased carotid bifurcation was calculated. 

Furthermore, patient specific computational models were created, and the circumferential strain 

and its variability was again calculated and subsequently compared to the imaging data. 

Importantly, this study shows that in healthy vessels there is a consistent strain across the 

bifurcation with small variability however, when plaques are present, higher strains can occur at 

locations proximal and distal to location of highest stenosis. High strains could suggest that 

collagen fibres at these locations are disorganised and orientated more axially then in the load 

bearing circumferential direction. Overall, this study shows that characterizing the strain 

environment of atherosclerotic plaques in-vivo can offer a key mechanical insight into the 

mechanical integrity of the tissue and that patient specific finite element models can verify the 

results obtained and allow for further characterization of the vulnerability of atherosclerotic 

plaques to rupture.  
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Chapter 1 Introduction  
 

1.1 Research Motivation 

Cardiovascular disease (CVD) is known to be one of the leading causes of death worldwide and 

was noted to be responsible for an estimated 17.8 million deaths in 2017, representing 32% of 

deaths globally and an increase of 21% from 2007 [1]. Due to these high numbers and an 

increasing trend of CVD development it is predicted a large financial burden can be attributed to 

CVDs [1–3]. The estimated treatment cost of CVDs and stroke reported by the Americana health 

Association (AHA) was 316.6 billion dollars, including 193.1 billion dollars being attributed to 

indirect costs [3–5]. CVDs are a group of diseases that affect the vascular system within the body, 

which include arteries, veins, and the heart. The two most common CVDs to present themselves 

in the vasculature are atherosclerosis and aneurysms [6,7]. Atherosclerosis is the build-up of 

plaque in the arterial wall while an aneurysm is a localized vessel weakness that can expand 

causing an outward bulging of the arterial wall. Diagnosing vulnerable atherosclerotic plaques at 

the carotid bifurcation is extremely important, as plaque rupture at this location is known to be a 

key contributor to ischaemic stroke cases [8]. In diagnosing vulnerable atherosclerotic plaques at 

risk of rupture, the current geometric diagnostic measure, percent stenosis, does not consider 

either the mechanical or structural aspects of the tissue and is based on the luminal narrowing of 

the vessel. Therefore, potential vulnerable plaques are being misdiagnosed as stable. The focus 

of this research is to understand the mechanics of atherosclerosis and how the development of 

this disease significantly alters the mechanical properties of the vessel and the tissue response to 

loading. This understanding would then allow for the establishment of sensitive risk measures 

that can possibly determine which plaques are vulnerability to rupture.  Atherosclerotic plaques 

by their nature are extremely complex tissues that are composed of a number of structurally 

dependent components such as fibrous matrix, lipids, and calcifications [9]. Furthermore, 

changes in the collagen fibre orientation and content are important to characterize, as a lack of 

remodelling or the absence of fibres in the load bearing configuration at vulnerable locations 

could contribute to plaque rupture. In order to improve diagnosis, a sensitive mechanical indicator 

which is determined by the structure of these tissues needs to be established. 

Biomechanical modelling of CVDs is becoming a popular tool in the development of risk metrics 

that could be used for diagnosis and understanding disease progression, with particular focus on 

estimating the stresses and strains in the vessels as a means to ascertain the areas at greatest risk 

of rupture. Whilst many numerical studies use constitutive models for the healthy and diseased 

arteries that incorporate structural details of the vessels, including collagen fibre orientation [10], 

dispersion [11], remodelling [12–15], and damage [16,17], few studies have included the three-
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dimensional nature of the carotid bifurcation with the various plaque components. Some studies 

also make simplifying assumptions and exclude key aspects such as the zero-pressure 

configuration [18,19], residual stress [20–22] and patient specific material parameters [23–25], 

all of which will affect the stress and strain values obtained. Incorporation of these details into a 

simulation that mimics the behaviour and the geometry of the vessel in-vivo can aid physicians 

in making decisions as to whether an intervention needs to take place and aid the development of 

new medical devices. 

To interpret and inform these biomechanical models, ex-vivo mechanical testing or imaging 

techniques must be performed. Mechanical characterization of excised atherosclerotic plaque 

tissue has shown that there is a highly variable mechanical response and that each plaque is 

unique [26]. Furthermore, due to the heterogeneity of the tissue, each component also has its own 

unique mechanical response [27,28]. Even with this, the particular component in the 

microstructure that drives this unique mechanical response is yet to be established. Ex-vivo 

imaging techniques have been established as the gold standard for determining the in-situ 

architecture of both arteries and atherosclerotic plaques. These methods can include histology, 

polarized light microscopy [29,30], multiphoton, second harmonic generation (SHG) [31] and 

small angle light scattering (SALS) [32–35]. These can provide measures such as collagen fibre 

orientation, collagen content and cell content but they are restricted to 2D analyses. Using 

magnetic resonance imaging (MRI) techniques, it is possible to establish the structure of the 

vessel and atherosclerotic plaques using T1 and T2 weighted contrasts. Furthermore, using more 

advanced imaging techniques, such as diffusion tensor imaging (DTI), it is possible to map the 

anisotropy of the tissue and determine the dominant direction of the microstructure [36–39]. 

Lastly, in vivo MRI circumferential strain measurements can be calculated using cardiac gated 

MRI sequences to acquire images at diastolic and systolic phases. Overall, this may prove to be 

the sensitive imaging indicator that is related to the mechanics of the tissue which can be 

interpreted by the insights gained from biomechanical models and experimental testing on plaque 

tissue.  

1.2 Objectives 

The overall aim of this thesis is to investigate the role of the collagen fibres in atherosclerotic 

plaque tissue and how it can determine the tissue’s overall mechanical strength. These findings 

can be incorporated into patient specific computational models that can be used to establish 

whether certain plaques are potentially more vulnerable to rupture, or not. In turn, this will give 

another diagnostic tool to the physician in determining whether a clinical intervention needs to 

take place. To achieve this aim, the following objectives have been met, an overview of which is 

shown in Figure 1.1: 
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1. Develop patient specific finite element models from in-vivo MRI images and incorporate 

key methods such as the zero-pressure configuration and residual stress. Furthermore, a 

method to determine patient specific material properties and the impact excluding the 

zero-pressure configuration and residual stress has on these estimations is presented. 

2. Investigate structurally and mechanically what key component in the arterial 

microstructure determines the ultimate tensile stress, strain, and stiffness of 

atherosclerotic plaque caps, and the location in an atherosclerotic plaque where rupture 

is most likely to occur.  

3. Using ex-vivo diffusion tensor imaging, determine the collagen fibre angle in 

atherosclerotic plaque tissue and inform patient specific computational models. Compare 

healthy fibre structures to diseased fibre structures and determine the collagen fibres’ 

ability to remodel in vivo. Establish if the differences between the optimum fibre 

configuration to the fibre configuration seen in reality may indicate whether a plaque is 

at risk of rupture.  

4. Determine the strain variation across atherosclerotic plaque using in-vivo MRI and 

verifying the results using DTI informed computational models. Observing the strain 

environment and its variability across the plaque could be the possible mechanical 

imaging indicator to determine the vulnerability of the plaque to rupture. 
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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 (one published, one submitted and two in preparation). A brief description 

of each chapter can be found below: 

Chapter 1: Outlines the motivation behind the work completed as part of this thesis, highlighting 

the severity of cardiovascular disease, in particular atherosclerotic plaque development at the 

carotid bifurcation. This chapter outlines the need for patient specific computational models 

combined with novel imaging strategies which can help establish a sensitive mechanical indicator 

of vulnerability to plaque rupture. 

Chapter 2: Firstly, a general review of the cardiovascular anatomy and physiology with a focus 

on atherosclerosis is presented. An in-depth review of the mechanical testing of arterial and 

atherosclerotic plaque tissue along with the development of patient specific computational 

models is carried out to highlight the key features needed to determine a sensitive mechanical 

plaque rupture indicator. Lastly, the relevant structural imaging techniques that are able to 

characterise the microstructure of the vessel and plaques are outlined. 

Chapter 3: Outlines the development of patient specific finite element models from in-vivo MRI 

and implementation of key methods needed, such as the zero-pressure configuration, residual 

stress and patient specific material parameters for robust patient specific stress-strain analysis in 

arterial geometries.  

Chapter 4: Presents an investigation into the critical role of fibre orientation in the ultimate 

tensile strength and stiffness of human carotid plaque caps. Carotid plaque caps are known to be 

the location at highest risk of rupture and therefore determining their mechanical behaviour with 

respect to their structure is critical in establishing a relevant mechanical rupture indicator.  

Chapter 5: Involves observing the role of fibre orientation in the mechanical strength of 

atherosclerotic plaques by using ex-vivo diffusion tensor imaging to establish the fibre 

orientation and inform patient specific finite element models of the carotid bifurcation and 

atherosclerotic plaque. A mechanically sensitive remodelling metric is presented and used to 

establish which plaques are more vulnerable to rupture.  

Chapter 6: Demonstrates a method which uses in-vivo MRI to determine the strain variability 

across atherosclerotic plaques and compares these results with patient specific ex-vivo DTI 

informed biomechanical models.  

Chapter 7 and 8: Concludes with a final discussion to unify the key findings from Chapters 3-6 

and highlights the contribution of this work to the area of atherosclerotic plaque biomechanics. 

Furthermore, 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 vital functions in the body. The circulating blood provides oxygen and 

nutrients for many important functions in the body such as supplying nutrients and removing 

carbon dioxide and waste products from the cells. The cardiovascular system can be split into 

two distinct circuits which depict their blood flow pathways; (i) the pulmonary circuit, which 

carries oxygen depleted blood from the heart to the lungs where oxygenated blood is then 

circulated back to the heart, and (ii) the systemic circuit which carries oxygenated blood to the 

rest of the body and this oxygen depleted blood is then circulated back to the heart [40]. These 

circuits are illustrated in figure 2.1. 

 

Figure 2.1 Pulmonary and systemic circuits with the heart located in the centre [40] 

At the centre of these circuits is the heart. A muscular organ, the heart consists of four chambers. 

The heart receives deoxygenated blood from the systemic circuit into the right atrium and from 

this location, the blood is passed onto the pulmonary circuit to become oxygenated by the lungs 

before returning to the left atrium. The blood passes through the mitral valve to the left ventricle 

which pumps the oxygenated blood through the aorta and around the body via the systemic circuit 

[40]. 
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Figure 2.2 Schematic of the heart anatomy depicting its four chambers and the ventricular 

septum [41,42] 

Considerable research has been done to understand the structure and mechanics of the 

cardiovascular system. However, in order to develop specific treatments and diagnostic metrics 

for cardiovascular diseases that relate to its structural and mechanical function, more research is 

required. 

2.2 Carotid Arteries 

The carotid arteries are located in the upper body, neck and head and are the primary blood 

suppliers of oxygenated blood to these locations. They are classed as large to medium arteries 

that experience different blood pressure in both the systolic (peak pressure during heart 

contraction) and diastolic (minimum pressure in which the heart expands and refills) phases in 

the cardiac cycle. The carotid arteries on the right and left originate from the brachiocephalic 

trunk and the aortic arch, respectively. Although the origins of the left and right carotid are 

different, both arteries diverge to create the internal and external carotid arteries at a location 

known as the carotid bifurcation. The external carotid arteries, which are generally smaller in 

size then the internal carotids, have more branches which supply blood to the face, scalp and 

meninges; meanwhile the internal carotid arteries are arteries with many branches diverting off 

them and supplying blood to the brain (via the circle of Willis) and eyes. The carotid bifurcation 

experiences a complex hemodynamic environment due to its structure and therefore 
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atherosclerotic plaques commonly develop at this location.  The  development of atherosclerotic 

plaques compromises the structure and stability of the vessel [40,41]. 

 

Figure 2.3 Modified image to show the location of the right common carotid artery (CCA) in the 

neck with branching into internal (ICA) and external (ECA) carotid arteries. [41] 

2.2.1 Arterial Structure 

The carotid artery is a heterogenous structure and comprises of three main layers which determine 

its mechanical behaviour, these are the tunica intima, tunica media and the tunica adventitia 

[10,43]. All these constituents contribute to the biomechanical behaviour of the artery. The 

outermost layer, the tunica adventitia, is composed of connective tissue with both collagen and 

elastin fibres [43]. The collagen and elastin fibres are vitally important for maintaining the 

mechanical integrity of the tissue whereby the collagen provides the strength and prevents failure 

at high pressures and elastin provides reversible extensibility during cyclic loading of the cardiac 

cycle. The middle layer of the artery, the tunica media, is the thickest of all the vessels layers and 

is comprised of collagen, elastin, smooth muscle cells and proteoglycans arranged helically [43]. 

The adventitia and media together are known to be the most dominant contributors to the 

mechanical behaviour of healthy arteries [10]. The innermost layer, the tunica intima, is an 

extremely thin layer that consists of longitudinally orientated endothelial cells on a thin basal 

lamina [43]. The intima has little mechanical contribution in arterial tissue in younger people but 

is the layer most impacted by the development of atherosclerosis [44]. The development of 

atherosclerosis in the vessel stiffens and thickens the subendothelial layer, impacting the intima 
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and results in it becoming more mechanically important in the vessel. The width of the layer 

between the tunica intima and the external elastic membrane is called the intima-media thickness 

(IMT). The quantification of the IMT is often used as an indicator of atherosclerosis [45,46]. 

 

Figure 2.4 Structure of the healthy arterial wall depicting its layers and microstructure. The 

tunica intima (I), the tunica media (M) and the tunica adventitia (A) [10]. 

2.2.2 Artery Types 

Arteries can be divided into three categories, (i) elastic arteries, (ii) muscular arteries and (iii) 

arterioles and categorization generally depends on their size, location, and function [47]. Elastic 

arteries are generally the largest in the body and are involved in transporting the largest volumes 

of blood at high pressures away from the heart. This is to facilitate this high-pressure fluctuation 

from diastole to systole and large volumes of blood involved. The tunica media in elastic arteries 

has a higher elastin content and lumen diameter compared to muscular arteries and arterioles. 

The carotid arteries, those of interest in this thesis, are classified as elastic arteries [47,48].  In a 

localised region in the vasculature such as the carotid artery, it has been observed that this elastic 

artery classification may not be true as there a transition from elastic (more elastin less cells) to 

muscular (less elastin more cells) when comparing proximal and distal regions 

Muscular arteries differ from elastic arteries as they have smaller lumen diameters and more 

smooth muscle cells in the media, rather than elastin or collagen fibres. Muscular arteries are 

located distally to elastic arteries and are responsible for the distribution of blood to skeletal 

muscles and internal organs [47]. Cerebral vessels are known to be muscular arteries [49].  
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Arterioles are the smallest of all vessel types mentioned here. They are located distally of 

muscular arteries and are the most distal vessels from the heart. The tunica media in these vessels 

contain a few layers of smooth muscle cells while the adventitia is almost completely absent. The 

blood flow rate in the arterioles is constant. The greater percentage of smooth muscle cells in 

muscular arteries and arterioles is vitally important for controlling blood flow in response to 

certain stimuli. Smooth muscles cells enable contractility of the vessel wall allowing it to relax 

and dilate to reduce resistance and increase blood flow rate accordingly [47]. 

Figure 2.5 Comparing the structure of elastic, muscular and arteriole arteries. 

The relative amounts of elastin and smooth muscle cells are optimized in each artery in order to 

perform the artery’s role while expending minimal energy. It could be suggested that the arteries 

only require smooth muscle cells, and no elastin would give more blood flow control while still 

resisting pressure and reducing flow fluctuations. However, under this circumstance, the smooth 

muscle cells would require a constant supply of energy to continually contract and resist pressure. 

In arteries, the pressure is resisted by the deformation of the elastin and collagen fibres and thus 

uses minimal energy. This leaves the smooth muscle cells to control the contractility of the artery 

and the blood flow rate [47]. 

2.3 Mechanical Behaviour of Arteries 

The mechanical behaviour of the arterial wall is determined by the composition of the artery 

(endothelial cells, smooth muscle cells, elastin and collagen). Due to the highly heterogenous and 

anisotropic nature of the arterial wall, these components are not distributed or orientated in a 

structured fashioned and are sample dependent. The mechanical behaviour tends to be similar in 

healthy arterial vessels. A comprehensive review on the physiological performance of arteries is 

provided by Burton et al (1968) and considerable work has looked at characterizing their non-

linear anisotropic mechanical response [49]. 

Uniaxial tensile testing of arterial tissue is well documented in the literature [26,50]. In all cases, 

the tensile testing of arterial tissue produces the characteristic “J-shaped” curve, where large 

levels of strain are observed at low loads until a stiffening response is initiated [26,50,51]. The 

elastin and ground matrix of the tissue dominates the initial linear region of the curve, where low 
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loads equate to high deformations in the tissue [51]. At this initial uptake, the collagen fibres are 

wavy in nature and do not bear the load until the tissue deforms to a certain level. After this initial 

uptake, the collagen fibres are recruited to bear the load. To do this, the collagen fibres straighten 

and align accordingly [52]. What is important to realise is that the layers of the artery respond 

differently when loaded [53]. Holzapfel et al (2005), looked at the mean response of 13 human 

left anterior descending coronary arteries separated into their individual layers in the longitudinal 

and circumferential directions as illustrated by figure 2.6. This varied mechanical response can 

solely be attributed to the varied microstructural organisation in these layers, in particular the 

distribution of the collagen fibres [53].  

  

Figure 2.6 Mean Cauchy stress-stretch showing layer specific response (intima, media and 

adventitia) for the coronary artery in the circumferential and axial directions [53] 

Arteries behave viscoelastically, this can be shown when creep is induced at constant strain and 

stress relaxation under constant load and hysteresis in cyclic loading. Arteries are relatively 

insensitive to strain rates and can be preconditioned to reduce hysteresis [54]. For this reason, 

preconditioning of arterial vessels in mechanical testing is important in order to capture the true 

mechanical behaviour of the tissue.  

It has been established that the arterial wall has residual stresses that reside in the wall to 

homogenise the stress through the vessel wall in-vivo [21,55,56]. Similar to having different 

mechanical behaviours, the vessel layers also exhibit different residual stresses due to their 

microstructure, to homogenise the stress distribution [57,58]. Holzapfel et al (2007) demonstrated 

this layer specific residual stress response experimentally in human aorta samples. To do this, 

they delineated the artery into its respective layers (intima, media, and adventitia) and cut them 

open as illustrated in figure 2.7. They established that after separation, the adventitia from the 
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ring sprang open by about 180° on average, becoming flat, the intima opened only slightly, but 

the media sprang open by more than 180° (as did the intact strip) [58]. Most importantly, they 

found that residual deformations are three dimensional and cannot be described by a single 

parameter such as the opening angle [58]. 

 

Figure 2.7 Circumferential (a, b) and axial (f, g) strip response after 16hrs of equilibration for 

the adventitia (c, h), media (d, i), and intima (e, j). Observed here is that each layer exhibits 

different opening angles indicating a layer specific residual stress response 

Further mechanical testing has been performed to characterise the behaviour of arteries under 

more physiological conditions such as biaxial and pressure inflation testing. Biaxial testing is 

performed to observe the contribution of collagen fibres with respect to their orientation when 

loaded [54,59,60]. Sommer et al (2009) established the biaxial mechanical properties of intact 

and layer dissected human carotid arteries at both physiological and supraphysiological loading 

conditions highlighting that the level of axial stretch imposed on the tissue effects the overall 

mechanical response of the tissue. Pressure inflation testing is becoming more common in the 
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testing of arterial tissue as it mimics in-vivo loading conditions and facilitates ex-vivo imaging of 

the samples [61,62]. Therefore, using experimental methods that mimic in-vivo conditions allows 

for a more in depth understanding of the stress strain environment of the tissue, what it is 

experiencing in-vivo and offer the capability to translate established methods to a clinical setting. 

2.4 Cardiovascular Diseases 

CVDs are known to be the one of the leading causes of death worldwide [6]. Due to an aging 

world population and the prevention of infectious diseases in developing countries, it is expected 

that the number of people dying due to CVDs is expected to increase [63]. CVDs encompass a 

number of different diseases that all effect the vasculature of the body, and in which the 

development of these diseases generally leads to fatal events such as stroke or myocardial 

infarction.  

2.4.1 Atherosclerosis 

The main reason for stroke occurrence is due to the presence of atherosclerotic plaques in the 

vasculature. Atherosclerosis is a systemic disease of the artery, caused by the accumulation of 

inflammatory cells and lipids inside the arterial wall. Classed as an intima-media disease, this 

accumulation often leads to a thickening and stiffening of the arterial wall [63]. Locations with a 

complex hemodynamic environment, such as the carotid bifurcation, often experience 

accelerated atherosclerotic plaque development [64], as shown in figure 2.8. Due to the carotid’s 

proximity to the smaller muscular arteries that supply blood to the face and brain, detection of 

vulnerable carotid plaques that could possibly rupture at this location is of vital importance. 

 

Figure 2.8 Development of an atherosclerotic plaque at the carotid bifurcation. Plaque, a result 

of cholesterol deposit and cellular proliferations reduces the arterial lumen and alters blood flow 

[52]. 
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In order to understand the development of atherosclerosis in at the arterial wall, the American 

Heart Association (AHA) has developed a classification system which categorizes the plaque 

into eight categories depending on the stage of its development [65,66]. Type I and II lesions 

depict the early developments of atherosclerosis and can be seen as early as infancy. More 

specifically, Type I shows the adaptive thickening of the vessel where lipid laden foam cells 

infiltrate the intima whereas Type II shows macrophage foam cells distributed throughout the 

intimal layer of the artery at highly susceptible locations. Type III lesions progress from the 

aforementioned Type II lesions by developing extracellular lipid pools along with smooth muscle 

cell disruption. Type III lesions are classified as the intermediate stage of atherosclerosis 

development [65,66].  

Type IV, V and VI lesions are classified as the latest stages of atherosclerosis development. Type 

IV lesions develop a core of extracellular lipid (also called the necrotic core) within the wall. 

This signals the development of a clinically relevant atheroma but is absent from both calcified 

and fibrous tissue seen in V and VI lesions. The inclusion of this extracellular lipid significantly 

alters the intima microstructure which impacts the effect it has when reacting to a mechanical 

stimulus. The inability for the collagen and SMCs to remodel and distribute new collagen 

increase the risk [65,66].  
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Figure 2.9 Schematic depicting the progression of a coronary plaque [67] 

Type IV lesions can take several development paths depending on their growth mechanism. Type 

IV lesions can accelerate their progression to become complicated type VI lesions which present 

fissures and hematoma along with surface haemorrhage in the form of thrombus formation.  

Successive type VI lesions may lead to complete occlusion of the artery, which in some cases is 

seen as structurally stable. Healing at stage VI can cause the development of fibrous tissue 

(fibroatheroma) and is then called a type V lesion. The flowchart shown in figure 2.10 illustrates 

that the development of fibrous tissue can lead to a runaway development of thrombosis and 

atheroma. Regression or change in the lipid of lesion types IV, V and VI can result in the 

development of type VII lesions where calcifications are present or type VIII lesions where 

fibrous tissue dominates. These lesions are more mechanically stable than the type IV, V and VI 

lesions but can regress towards these higher risk plaques [65–67]  
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Figure 2.10 Flowchart depicting plaque types and progression mechanisms [65] 

Table 2.1 Summary of histopathological features of atheromatous plaques [68]. 

 

Atherosclerotic plaques can be categorized as either (i) stable or (ii) vulnerable. Vulnerable 

plaques can develop when a plaque has a lipid rich necrotic core covered by a thin fibrous cap. 

Failure is most commonly observed at the location of the fibrous plaque cap, whereby the stress 

exerted on this location exceeds it overall mechanical strength [68]. Type I – III plaques are 
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categorized as asymptomatic plaques; however, these plaques can still be vulnerable to rupture. 

There is currently a lack of understanding of what in the microstructure of atherosclerotic plaques 

drives its overall mechanical behaviour [69].  

Naghavi et al (2003) established the many different forms of the vulnerable atherosclerotic plaque 

[69]. By extending on the initial AHA classifications, Naghavi et al (2003) looked to quantify 

what constitutes not only a vulnerable plaque but a “vulnerable patient”.  This new term 

encompasses a number of different aspects such as the vulnerability of the plaque, blood flow 

and the myocardium condition in order to diagnose patients [68]. Potentially vulnerable plaque 

types based on these criteria are illustrated in figure 2.11. Altogether, 5 major criteria have been 

established to aid in the identification of plaque vulnerability. These are (i) active inflammation, 

(ii) thin fibrous cap, (iii) large lipid core, (iv) endothelial denudation (v) platelet aggregation as 

well as a number of potential intravascular diagnostic measures. A closer look at plaque 

pathogenesis has identified factors behind plaque stabilization, which has been observed to occur 

post rupture, however no clear means for achieving this has been suggested. Despite the 

substantial volume of work to date investigating plaque development, progression, and 

vulnerability, the mechanobiological cues driving atherosclerosis is still unclear. Furthermore, 

determining whether a plaque can be stable or less vulnerable than others is still yet to be fully 

established. 

Figure 2.11 Forms of vulnerable plaque (A) Rupture prone plaque with large lipid core and thin 

fibrous cap infiltrated by macrophages (B) Ruptured plaque with subocclusive thrombus (C) 

Erosion prone plaque with proteoglycan matrix in a smooth muscle cell rich plaque (D) Eroded 

plaque with subocclusive thrombus (E) Intraplaque haemorrhage (F) Vulnerable plaque with 

calcified nodule (G) Critically stenotic vulnerable plaque [68] 
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2.5 Current Diagnosis and Treatments of Vulnerable Atherosclerotic Plaques 

The current method to diagnose plaque vulnerability to rupture is a combination of both clinical 

examination and cardiovascular imaging to determine the degree of percent stenosis. The 

cardiovascular imaging aspect will be explained later in the literature review. Traditionally, only 

diametric measurements are used for the evaluation of stenosis [70], whereby a normal region 

proximal or distal to the lesion serves as the reference and the minimum luminal diameter is the 

target, see figure 2.12a. The percentage of stenosis is then calculated from these measurements. 

There are now two established methods for the grading of the percent stenosis in the carotid. 

These are (i) The North American Symptomatic Carotid Endarterectomy Trial (NASCET) [71] 

and (ii) European Carotid Surgical Trial (ECST) [71]. These metrics are defined by the narrowed 

lumen diameter (a in figure 2.12b), the diameter of the outer wall (b in figure 2.12b) and the 

diameter of the normal lumen (c in figure 2.12b). The relationship between NASCET and ECST 

is shown in figure 2.12b. 

Figure 2.12 (a) Measurements used to determine the degree of stenosis. Rp , Re and Rd can serve 

as the reference value. Percent stenosis is calculated as (1-L/R)x100, where L = lesion diameter 

and R = diameter at reference site. (b) How to establish the degree of stenosis in the internal 

carotid artery using either ECST or NASCET criteria [70]. 

Another important measure is plaque burden, which is the percentage of wall volume of the 

plaque relative to the whole wall volume of the vessel (i.e., wall and lumen volume inclusive). 

Stork et al (2004) specifically showed that plaque burden was a reliable predictor for the presence 

of atherosclerotic plaques in elderly cases [72]. The artery is known to actively remodel when a 

plaque is developing and the thickness of the intima and media increases [72]. As stated 

previously, it is for this reason the intima-media thickness (IMT) has been used as a predictor of 

early onset atherosclerosis [73]. 
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For clinical examinations, the major symptoms include changes in vision, headaches, speech, or 

facial and extremity weakness. Patients with a prior history of stroke or transient ischaemic attack 

(TIA) are especially susceptible to plaque accumulation and are deemed a “risky” group. 

Furthermore, a high-pitched bruit at the carotid artery along with an increase in pulsations of the 

vessel symbolizes turbulent blood flow and is known to be a possible indicator of carotid artery 

disease. Once a vessel has been identified as vulnerable, depending on the severity and location 

of the condition, three methods can be used to treat carotid artery disease. 

1. Medical Treatment 

For the early stages of plaque formation and less vulnerable cases, the physician may recommend 

treatments that encompass a combination of non-invasive treatments directed at correcting 

modifiable risk factors. Management of the risk factors include the support of healthy lifestyle 

choices including diet modification, exercise, and smoking cessation along with antithrombotic, 

antihypertensive, dyslipidaemic, antiarrhythmic and diabetic treatments [6]. 

2. Surgical Treatment 

For more vulnerable cases, surgical intervention can be carried out in the form of a carotid 

endarterectomy (CEA). CEAs are the well-established method for the removal of atherosclerotic 

plaques. Endarterectomies are of greatest benefit to patients with a stenosis of greater than 70% 

and a marginal benefit in symptomatic cases ranging in 50-69% stenosis. Patients that exhibit a 

percent stenosis of <50% showed no significant benefit from endarterectomy procedures [40]. 

For this reason, medical and endovascular treatments could be used for this cohort of patients. 

The carotid endarterectomy procedure, illustrated in figure 2.13, involves several key steps. 

Firstly, an incision is made to locate the carotid artery and the plaque, and then cross clamping is 

done on the common carotid to ensure no blood flow in the region. Once clamped, the lumen of 

the artery is opened up via a small excision into the vessel wall and the plaque is subsequently 

removed. Plaques can be removed both completely intact or with an axial incision, subject to 

surgeon preference. The artery is then sutured closed, and a patch is placed to ensure the lumen 

does not decrease in size. Use of the patch is optional but is more common than not. Homeostasis 

is then achieved by releasing the clamps and allowing for blood flow to perfuse through the vessel 

once again.  
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Figure 2.13 The carotid endarterectomy procedure. 

3. Endovascular Treatment 

Endovascular carotid artery angioplasty and stenting is becoming more common in the treatment 

of atherosclerosis. The procedure is illustrated in figure 2.14 and involves the introduction of a 

catheter via a guidewire and the deployment of a balloon, with or without a stent, to expand the 

lumen of the artery which has been blocked. A stent deployment at this location can also help 

prop open the artery and decrease the possibility of the vessel narrowing again. Once the lumen 

is opened up sufficiently, the device is withdrawn [52]. 

 

Figure 2.14 Illustration of the steps performed in a carotid angioplasty and stenting (a) Emboli 

protection filter is placed to capture any fragments (b) Balloon angioplasty to increase lumen 

diameter (c) Deployment of stent (d) Withdrawal of the emboli-protection filter [52] 
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Uptake of stenting and angioplasty in the treatment of carotid artery disease was initially poor 

due to the low long-term patency of the carotid artery and the risk of embolization of debris 

causing neurological deficits. The development of stents (intraluminal and crush resistant nickel-

titanium) with long patency and double balloon or emboli-protection devices improved results. 

However, compared to the success of the CEA it is still not as popular a form of treatment for 

carotid artery disease and is more suited to locations such as the coronary artery.  

2.6 Mechanical stresses within atherosclerotic plaque tissue 

To fully establish what experimental methods are required to characterize the mechanical 

properties of atherosclerotic plaque tissue, it is important to fully understand the forces that the 

tissue is subjected to in-vivo. Force is known to be a vector that has both a magnitude and 

direction and has the capacity to change an object’s motion. If all forces acting in all directions 

are equal, then no change in motion will occur. Forces influence the mechanics and fluid 

dynamics in arterial tissue and the forces experienced by these tissues have the capacity to alter 

the motion and therefore cause internal stresses [74]. Atherosclerotic plaques are subjected to 

mechanical stresses due to the presence of blood pressure and blood flow. As shown in figure 

2.15, several types of stress are present in atherosclerotic plaques. Firstly, mechanical 

contributions in the form of circumferential, radial, and axial stresses are due to the presence of 

luminal pressure and axial strain. Secondly, fluid forces contribute to the overall force exerted 

on the tissue in the form of shear stress. Shear stress is present due to the frictional forces from 

blood flow across the plaque.  
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Figure 2.15: Illustrative summary of the biomechanical wall stresses present in the vessel wall 

and atherosclerotic plaque. (A) Stresses exhibited in the vessel wall and atherosclerotic plaque 

which are wall shear stress (WSS), peak structural stress (PSS) and axial plaque stress (APS) 

(B) Comparative representation of the stresses and their magnitude (shade of red) in normal and 

atherosclerotic arteries [74] 

Lastly, there is an active force contribution due to the presence of vascular smooth muscle cells 

(VSMCs) in the vessel wall and atherosclerotic plaque which contributes to the overall stress 

experienced by the tissue in-vivo [75]. VMSCs are present at all stages of atherosclerotic plaque 

development and are responsible for contraction and production of extracellular matrix (ECM) 

within the tissue. 

2.7 Mechanical characterisation of atherosclerotic plaque tissue 

To establish possible new metrics to determine a vulnerable plaque to rupture, understanding the 

mechanics of the tissue and the many structural components is crucial. Like the artery, the 

mechanical behaviour of atherosclerotic plaques is also defined by its composition. Due to there 

being many different types and stages of atherosclerotic plaque development, as stated in section 

2.4, the distribution of structural components being different would lead to a unique mechanical 

response of each plaque in each respective patient.  
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Uniaxial tensile testing has been the most common testing method for determining the 

mechanical behaviour of the atherosclerotic plaque tissue from different locations in the 

vasculature. Each method in the literature has varying test protocols ranging from specimen 

retrieval, storage, component testing and length to width ratio of samples [26,76–79], making it 

more difficult to standardise the testing protocols. Walsh et al (2014) reviewed a number of 

studies that looked into the uniaxial tensile testing of atherosclerotic plaques and summarized 

their findings. A brief review of the carotid plaque results and more recent publications will be 

discussed here. Maher et al (2009) performed uniaxial tensile tests of carotid plaques in the 

circumferential direction with samples classified pre-operatively by using duplex ultrasound; 8 

samples were calcified, 4 samples were echolucent and 4 samples were mixed. No significant 

difference  was observed in the mechanical responses of these plaques based on these groupings 

[76]. Teng et al (2009) tested diseased carotid arteries in both axial and circumferential directions 

in each vessel and diseased media strips. Teng observed a stiffer response than the previous study 

because the media and adventitial layers of the vessel were also included [79]. Lawlor et al (2011) 

performed uniaxial tension on plaques in the circumferential direction and also classified the 

plaque specimens using duplex ultrasound. In grouping the samples, 5 were calcified, 2 

echolucent and 6 were mixed [77]. Similar to the results shown in Maher et al (2009), no 

significant difference was seen in the mechanical responses of the tissue. Mulvihill et al (2013) 

performed biaxial extension test of strips of carotid plaque samples in the circumferential 

direction and similar to Maher and Lawlor classified the samples using duplex ultrasound with 5 

calcified, 12 echolucent and 7 mixed. Similar results again were observed as in previous studies 

[80]. An overview of the experimental data from these studies are illustrated in figure 2.16a. 

Furthermore, these plaques have different mechanical responses based on their classification 

from duplex ultrasound, as shown in figure 2.16b, c,d. hereby, calcified plaques exhibited a stiffer 

response to plaques that were lipid rich, highlighting the mechanical and structural variability in 

the tissue.   
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Figure 2.16 (A) Cauchy stress vs stretch ratio data for human atherosclerotic carotid plaques 

undergoing uniaxial tension. Cauchy stress vs stretch ratio data for human atherosclerotic 

carotid plaques based on their classification. (B) Calcified / Hard / Stiff (C) Mixed (D) Soft / 

Lipid rich plaques [26] 

Selective testing of individual plaque components has also been performed in a number of studies 

not mentioned in the review by Walsh et al (2014).  Teng et al (2014) performed uniaxial tensile 

tests on strip samples of the media, fibrous cap, lipid and intraplaque haemorrhage / thrombus 

(IPH/T) and demonstrated the highly variable mechanical response of each component showing 

that the fibrous cap and media are stiffer than either lipid or IPH/T in all cases [28]. Davis et al 

(2016) performed uniaxial tensile tests specifically on the fibrous plaque cap with an aim to 

characterize the fracture behaviour of this tissue. Observing the various mechanical responses 

from atherosclerotic plaque samples, seen in figure 2.17, Davis et al (2016) established that crack 

tip opening displacement (CTOD) could be used as a comparative metric for fracture toughness 

[27]. Furthermore, it was stated here that plaques with high collagen content are able to withstand 

high stresses, though they may still be vulnerable to a strain-based fracture of the fibrous cap [27] 

and that information on the underlying collagen fibre orientation could provide insights into what 

is causing this highly variable mechanical response. 



 

25 
 

 

Figure 2.17 Stress-strain response of several fibrous caps. The dots represent experimental data 

points. Highly variable mechanical response observed across samples [27] 

Compression testing of carotid atherosclerotic plaques and its components has also been 

performed to determine their stiffness properties [76,81–83]. Similar to the uniaxial tension tests, 

these compression methods are different from each other in terms of sample retrieval, storage, 

layers, components tested and variable length to width ratios. Akyildiz et al (2014) summarized 

the testing methods and results for compressions testing for atherosclerotic plaque tissue. A brief 

review of the carotid plaque results in this review and more recent publications will be discussed 

here. 

Maher et al (2009, 2011) performed cyclic dynamic compression tests and compression test up 

to 10% strain for samples taken in the radial directions [76,84]. These experiments showed that 

the plaque has high radial compressive properties even when compared to the study by Barrett et 

al (2009). Variation in this stiffness can be attributed to the sample heterogeneity and the large 

biological variation in the tissue. Chai et al (2013) reported similar stiffness values seen in Barrett 

et al (2009) but the samples were taken in the axial direction. This is important to note as the 

collagen fibres in atherosclerotic plaque tissue can be more disperse and contribute to the loading 

in the radial, circumferential, and axial directions [83,85]. Furthermore, it must be stated that the 

different experimental procedures being used in these examinations contribute to the different 

stiffness responses observed in the tissue. Preconditioning, sample storage, specimen direction 

and collagen fibre orientation all play a significant role in the mechanical behaviour of the tissue 

and must be considered in the testing protocol for full understanding what is happening 

mechanically. 
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2.8 Computational modelling of arteries and atherosclerotic plaques 

As stated in section 2.4, the indication for elective surgery of carotid artery disease is determined 

mainly by the percent stenosis. It is generally suggested that a percent stenosis greater than 50% 

should be used as the threshold for determining when a surgery should take place. Plaque rupture 

however can occur below this set threshold and therefore patients are at risk of being missed in 

diagnosis. Rupture of atherosclerotic plaque tissue can be observed as a purely mechanical event, 

whereby the stresses exerted on the plaque tissue exceeds its overall mechanical strength [86–

88]. A particular location of interest for these computational simulations of atherosclerotic 

plaques is the fibrous plaque cap, where the stress is often the highest and where rupture is 

deemed most likely to occur [89,90]. Finite element (FE) analysis has been used as a tool to 

estimate the stresses experienced by the artery and plaque by using constitutive equations that 

describe the arterial microstructure in patient specific geometries making it a possible  method to 

diagnose vulnerable plaques at risk of rupture in the clinic. However, due to the complexity of 

this simulation, many studies simplify the problem (constitutive equation, geometry extraction, 

meshing technique, exclusion of residual stress) to ensure convergence of the solution and gain 

insight into the behaviour of the tissue. However, these simplifications should not be performed 

if accurate quantification of the stress and strain observed in the simulation is desired as it is not 

truly representative of the in-vivo conditions. 

Previous work has demonstrated the capability of using FE to predict rupture risk in patient 

specific models of abdominal aortic aneurysm (AAA) [91–94]. Fillinger et al (2002) and Heng 

et al (2008) showed that the peak wall stress (PWS) estimated the risk of rupture more reliably 

than standard geometric measures [92,94]. Using this knowledge, Gasser et al (2010) looked at 

determining the feasibility of using PWS and peak wall rupture risk (PWRR) as metrics of rupture 

for AAAs and established that these measurements correlated positively with both maximum 

diameter and intra-luminal thrombus (ILT) volume, see figure 2.18. It is observed that without 

the inclusion of ILT, these metrics are unable to determine rupture and non-rupture accurately. 

This limitation details the need to specify the geometries further for increased prediction accuracy 

[91]. 
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Figure 2.18 Predicted rupture risk of an aortic aneurysm model [91] 

Creane et al (2011) looked at the possibility of developing a vulnerability measure to determine 

vessels at risk of plaque rupture by observing the fibre remodelling of the vessel when subjected 

to different levels of plaque burden [12]. It was established that when the plaque thickness 

increased, so did the remodelling metric developed, indicating that the vessel remodels 

accordingly to accommodate the plaque. Furthermore, a measure of the total predicted fibre 

remodelling (TRM) and total plaque burden (TPB) was found to be higher in the symptomatic 

rather than asymptomatic cases, delivering a possible plaque rupture metric [12]. Overall, this 

suggests that the arteries and atherosclerotic plaque in particular may have an inability to remodel 

and that this inability may be an indicator to plaque rupture vulnerability. 

2.8.1 Constitutive modelling of arteries and atherosclerotic plaques 

When determining the appropriate constitutive law for the computational modelling of arterial 

vessels, it is of vital importance to consider its biological complexity. The arterial wall is defined 

by three layers (. i.e., intima, media, and adventitia) as discussed previously. All these layers 

contain anisotropic components (collagen fibres with given dispersion and orientation) immersed 

in an isotropic ground matrix (elastin dominated). The structural complexity of arterial tissue 

gives it a non-trivial mechanical behaviour; which can be described by the following main 

aspects: (i) non-linear response; (ii) anisotropy, (iii) hysteresis and (iv) non-linear stiffening, 

especially at high levels of strain, due to recruitment of collagen fibres and exhibits the 

characteristic j-shape curve that has been associated with arterial tissue. 

Several constitutive models have been described in the literature to describe the complex nature 

of arterial tissue. These models were firstly characterized by using stress strain data obtained 

from mechanical tests and the appropriate strain energy density function (SEDF) was formulated 

to capture the response. One of the first studies done by Delfino et al, 1997 proposed an 
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exponential isotopic strain energy function for the carotid arteries which predicted the stiffening 

effects at high pressures [21]. In this formulation, 𝐼1 is the first invariant of the strain tensor and 

a. b are the material constants. 

 
𝑊 =

𝑎

𝑏
{exp [

𝑏

2
(𝐼1 − 3)] − 1} 

(2.1) 

Mooney-Rivlin (1948) model proposed an isotropic hyperelastic constitutive equation where the 

strain energy density function is a linear combination of two invariants of the left Cauchy-Green 

deformation tensor B. 

 𝐵 = 𝐹𝐹𝑇 (2.2) 

 

 𝑊 = 𝐶10 ( 𝐼1̅ − 3) + 𝐶01 ( 𝐼2̅ − 3) + 𝐶20 (𝐼1̅ − 3)2

+ 𝐶11 ( 𝐼1̅ − 3)( 𝐼2̅ − 3) + 𝐶30 ( 𝐼2̅ − 3)3 

(2.3) 

Tang et al (2005,2009) and Teng et al (2009) extended this to describe the material properties of 

the vessel wall as well as the plaque component for steady flow in both thin wall and thick-walled 

distensible vessels [79,87,95] . 

 𝑊 =  𝐶1 ( 𝐼1̅ − 3) + 𝐶1 ( 𝐼2̅ − 3) + 𝐷1{exp[𝐷2(𝐼1 − 3)] − 1} (2.4) 

Ogden (1997) proposed an isotropic; hyperelastic constitutive equation that incorporates 6 

material parameters (three dimensional 𝜇1, 𝜇2, 𝜇3 and three non-dimensional a1, a2, a3) which are 

a function of the principal stretch ratios λ1, λ2, λ3) 
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3
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+ 𝜆2
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𝑎𝑖

) − 3 
(2.5) 

For these models, W is the strain energy function, I1 and I2 are the first and second invariants of 

the left Cauchy-Green deformation tensor and a,b, Ci and Di are constants fitted to match 

experimental data. D introduces the material compressibility of the tissue. 

To include the microstructure of the arterial wall, Holzapfel et al (2000) developed constitutive 

equations that incorporate different strain energy density functions for each of the arterial layers. 

Media and adventitia are considered the main contributors to the mechanical properties of the 

arterial wall [10]. The HGO model incorporates the anisotropic collagen fibres with a mean 

orientation, embedded in an isotopic ground matrix (elastin). 

 
𝑊 =

1

2
𝜇(𝐼1 − 3) +

𝑘1

2𝑘2
∑ {exp [𝑘2(𝐼𝑖 − 1)

2
] − 1}

𝑖=4,6

 
(2.6) 
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The isotropic term consists of a shear modulus, 𝜇 and the first invariant of the deviatoric right 

Cauchy-Green tensor, 𝐼1 and the anisotropic term consists of material constants 𝑘1 and 𝑘2. The 

HGO model here assumes incompressibility, a common assumption for arterial tissue and is 

enforced by a Lagrange multiplier in the volumetric component, please refer to Holzapfel et al 

(2000) [10] for further mathematical detail. This however may not be strictly true for arterial 

tissue [96] 

This model was further developed to include the collagen fibre dispersion seen histologically. 

Gasser et al (2006) updated the structural tensor, 𝐻𝑓𝑎𝑚𝑖 to include a fibre dispersion parameter 𝜅, 

to replicate the anisotropy of the tissue due to the collagen fibres. The dispersion term, 𝜅, controls 

the 3D conic splay of fibres with 𝜅 = 0 depicting an anisotropic response and 𝜅 = 0.33 an isotropic 

response [11] 

 
𝑊 = 𝐶1(𝐼1 − 3) +

𝑘1

2𝑘2
∑{exp[𝑘2(𝜅𝐼1 + (1 − 3𝜅)𝐼4 − 1)2] − 1} 

(2.7) 

To accurately predict the stresses and strains, a constitutive model that incorporates the structure 

of the vessel wall is vitally important. 

To add to the complexity of arterial constitutive modelling, the inclusion of atherosclerotic 

plaques adds to the biological complexity that is being simulated. Atherosclerotic plaques as 

stated before are heterogenous tissues that comprise of different components that if included in 

computational simulations need their own separate constitutive law and material parameters to 

describe their mechanical behaviour. Constitutive parameters are often established by 

experimental means, with each component showing a distinct mechanical response. Therefore 

for effective and accurate simulation, it is of utmost importance to determine the best material 

model to characterize the behaviour of atherosclerotic plaque components [97,98]. 

Teng et al (2015) explored and reviewed several strain energy density functions (SEDFs) to 

characterize the behaviour of atherosclerotic plaque tissue under uniaxial tensile loading 

conditions [97]. The models that have been used in this study are Neo Hookean [99], one term 

Ogden [83] , two term Ogden [100,101], Yeoh [77], Mooney-Rivlin [76], Demiray and a 

modified Mooney-Rivlin [102]. Experimental results are fitted to establish material parameters 

for each constitutive model as shown in figure 2.19. 
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Figure 2.19 Stress stretch data obtained from 21 carotid plaque specimens (A) Neo-Hookean (B) 

One-term Ogden (C) Two-term Ogden (D) Yeoh € Mooney-Rivlin (F) Demiray (G) Modified 

Mooney-Rivlin [97] 

No constitutive model has specifically been tailored to modelling atherosclerotic plaques due to 

the heterogenous nature of the tissue [97]. Teng et al (2015) determined that a modified Mooney-

Rivlin model is enough to capture the stress-stretch responses for the plaque components if one 

constitutive equation was to be used. Simpler models, such as the Neo-Hookean is insufficient in 

modelling plaque components due to its inability to capture the non-linear mechanical response 

of the tissue. Ideally, a mixture of constitutive equations should be used in computational 

simulation of atherosclerotic plaques, with the independent behaviour of each component 

described by its own constitutive equation and material parameters. 

2.8.2 Creation of patient specific finite element models from clinical images 

Patient specific finite element models are becoming more commonly used in bioengineering to 

investigate both the local hemodynamics and the stress strain environment within realistic 

geometries in order to better understand the mechanical behaviour of the tissue. Initially, 

geometries took a more idealized approach and were often simplified to represent the artery or 

atherosclerotic plaque [99,103,104]. For example, Akyildiz et al (2011) used idealized 

computational models as shown by figure 2.20, to observe the effects of intima stiffness and 

plaque morphology on the peak cap stress by varying the material properties attributed to the 

fibrotic media. These geometries although simplified, gave key insights into the impact of plaque 

progression throughout the arterial wall such that for soft plaque models, necrotic core thickness 

and angle had the biggest influence on the peak cap stress [99]. 
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Figure 2.20 Idealized plaque model showing different arterial layers (media, adventitia), fibrotic 

media and lipid core, Brown = Adventitia, Red = Media, Yellow = Fibrotic intima and Orange 

= Necrotic Core.  Geometry on left denotes geometric features: α = necrotic core angle, a = 

adventitia thickness, b=media thickness, c= intima thickness behind necrotic core, d= core 

thickness, e = cap thickness. Geometry on the right denotes the shoulder region (s) and the 

midcap region (m) [99] 

To increase the specificity of the developed computational model and to deliver a more patient 

specific response, more complex geometries have been created by segmenting the plaque 

structure from histological images which were retrospectively verified with images taken from 

MRI [100,105]. Due to the histological processing, these models neglect the arterial wall and 

only include the plaque components and looked at peak stresses in the plaque. Similar to the 

simplified models, these models established that in the region denoted as the fibrous plaque cap 

and in particular at plaque shoulders, high stresses are observed. The peak values however are 

now different due to the specificity of the created geometry. 

 

Figure 2.21 Example of plaque component geometry in 2D computational models. Informed by 

(a) in-vivo T2 MRI (b) Histological cross-section showing extensive lipid core region (green star) 

(c) Geometry for FE simulation [100] 
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Geometries that incorporate the many components of atherosclerotic plaques in three dimensions 

have also been developed from CT and MRI images. Huang et al (2010) developed 3D 

geometries of the arterial wall and plaque components for fluid structure analysis [106]. These 

geometries were created using an in-house created software called CASCADE, which is now a 

commercially available software called MRI-PlaqueVIEW. This software receives input of 2D 

axial cross section images of a specific contrast and segments the components based on the signal 

intensities displayed in the images. A 3D reconstruction is then performed as an interpolation 

between the slices with all the components included. This method has been used in a number of 

studies, however the issue with this methodology is that they only use one contrast (T1W, T2W 

or PDW) for their segmentation process [107,108]. MRI contrast weightings are sensitive to 

certain plaque components, therefore a co-registration of multiple image contrasts (T1W, T2W 

or PDW) and verification with initial models from in-vivo MRI, ex-vivo MRI and histological 

images would provide highly specific models of the plaque and vessel wall. 

Figure 2.22 3D geometry creation from MRI images including plaque components (a) In-vivo 

MRI images (b) Segmented contours plots showing plaque components (c) 3D geometry [109] 
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2.8.2.1 Hexahedral meshing of arterial bifurcations and atherosclerotic plaques 

In finite element analysis, establishing the most suitable element type is also important as it is 

these elements and their respective integration points which calculates the stress and strain 

experienced in the model. Tetrahedral elements may not be the best method of meshing when 

determining a patient specific stress strain response. Although tetrahedral elements are highly 

conformable to tortuous geometries, tetrahedral elements are stiffer than hexahedral based 

elements and therefore any stress strain predictions may be overestimated. Furthermore, the 

increase in mesh density when using tetrahedral elements significantly increases the 

computational time, making these non-viable in a clinical setting. Therefore, the creation of finite 

element models with hexahedral elements are more desirable, but without tailored pre-processing 

methods, meshing of tortuous geometries can lead to sharp edges in the model. 

Many approaches to hexahedral meshing of arterial geometry are from blood flow images either 

from CTA or MRI [110–113]. Lee et al (2000), first demonstrated the ability to create automated 

hexahedral meshes from MRA and CTA images to study the complex hemodynamic environment 

of patients with arterial disease development at the carotid bifurcation [111]. Implemented in 

MATLAB, the method for mesh generation has two main steps, (i): axial images of bifurcation 

lumen were converted into 3D geometry and (ii) geometry created was used to generate vertices 

and connectivity of mesh. The meshing technique separates the bifurcation into a bottom, top left 

and top right segments and is meshed as separate blocks with interior points evenly spaced in the 

vertical direction. The number of points is kept the consistent in each segment in order to ensure 

mesh connectivity. Outline vertices are created, and a quadrilateral surface mesh is applied and 

subsequently joined to create hexahedral elements [111]. This is illustrated in figure 2.23. 

Figure 2.23 Segmented tubes with two angled surfaces joined to create 3D bifurcation. Four 

points define separation line followed by vertices and centreline detection. Lastly, angled 

sections for mesh creation and final created mesh [111] 

Wolters et al (2005) developed a process to create hexahedral meshed patient specific fluid 

structure interaction (FSI) models of abdominal aortic aneurysms. To do this, they extracted 
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centrelines by specifying end points using a semi-automated minimum cost path approach and 

segmentation using a 3D active object (3DAO). The 3DAO is initialized as a tubular structure 

around the centrelines and is inflated until it matches lumen boundary. Meshing of this geometry 

is done using these created centrelines and transformation of the centrelines into the patient 

specific configuration to create a triangulated boundary surface. Discrete points are then 

projected to create hexahedral elements in the fluid domain [114]. Creane et al (2010) developed 

an automated MATLAB algorithm to create structured hexahedral meshes of the carotid 

bifurcation from CTA scans as shown by figure 2.24. Segmentation of the CTA images are done 

by flood-fill and morphological operations to extract curves of the geometry. To ensure that the 

mapping of elements is not distorted at the bifurcation, the Wolters method was adapted by 

adding an extra segment (green region) that traverses the bifurcation axially [115].  

Figure 2.24 Segmentation of contours from carotid artery CTA scan and geometries created for 

two patients (a) Segmented contours of lumen and outer wall (b) Contours on CT scan [115] 

De Santis et al (2010) used pyFormex, a python-based software designed to handle large 

geometrical models and process CT files to generate a structured hexahedral mesh of the coronary 

artery. Using the same process, it has also been used to create patient specific models of the 

carotid bifurcation [112]. The methodological framework in PyFormex involves three stages to 

create hexahedral meshes of patient specific geometries and these are (i) topological partitioning, 

(ii) surface reconstruction and (iii) meshing. Topological partitioning separated the geometry into 

three segments (CCA, ECA and ICA) and the surface was reconstructed using Bezier splines 

creating tube like structures. For meshing, parabolic and cubic curves are fitted to the transformed 

topological partitions, allowing for a smooth transition between partitions. Mesh blocks are then 

applied to create the hexahedral mesh structure [112]. Tarjuelo-Gutierrez et al (2014), used MRI 
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images as their input for hexahedral created geometries of abdominal aortic aneurysms. Using 

similar approaches as previously discussed, they divided the geometry into three segments (CCA, 

ECA and ICA), built quadrilateral surface meshes of each section and defined the centrelines. 

Then to build hexahedral meshes, points along the lumen centreline are mapped to the 

quadrilateral mesh and axial contours are joined together creating the desired hexahedral 

structure. Distortion of elements is controlled by early mesh refinement of the quadrilateral 

surface mesh [116]. 

For structural FE analysis, these methods have not been optimized for the segmentation of the 

vessel wall and plaque components together and a major limitation to these methods is that layers 

of elements are added at a fixed thickness to represent the wall thickness. This approximation is 

inaccurate for patient specific analysis as the vessel wall thickness can differ from one location 

to another in the same vessel in both healthy and diseased cases. Therefore, it is important to 

develop a geometry creation and meshing strategy to accurately segment the altering wall 

thickness in arterial geometries, the components within atherosclerotic plaque tissue and a robust 

hexahedral meshing process to accurately characterize the stresses and strains observed in patient 

specific geometries. 

2.8.3 Determination of the zero pressure / unloaded configuration of arteries 

Establishment of the zero-pressure configuration is important for the correct characterization of 

the stress strain distribution in patient specific analysis. It is observed during image acquisition, 

a physiological pressure is present in the arterial system, therefore creation of geometries at this 

stage will lead to the creation of the geometry in an already loaded configuration.  Furthermore, 

loading these geometries created at this “loaded” configuration with in-vivo pressure conditions 

would be incorrect as the vessel has now deformed more then what it would have in-vivo. It is 

not possible to accurately measure the undeformed configuration from MRI; however, it is 

possible to image the vascular geometry at certain cardiac phases by the use of cardiac triggering. 

Creating geometries from these known configurations, it is possible to estimate the initial zero 

pressure configuration by computational means [18]. The majority of studies have looked at 

determining the zero-pressure configuration for AAAs due to the significant level of deformation 

it experiences in-vivo. In order to estimate the zero-pressure configuration, a number of 

assumptions need to be taken such as (i) the in-vivo geometry is known at a certain phase and (ii) 

the residual stress of the vessel is not included.  

Raghavan et al (2006) developed an optimization framework for estimating the zero-pressure 

configuration for abdominal aortic aneurysms. In this framework, they assume that the initial in-

vivo MRI configuration is the zero-pressure configuration, and a forward analysis is done by 

loading this geometry with the known pressure experienced in-vivo and a backwards calculation 
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is performed to get the “actual” zero pressure geometry guess. A scaling parameter k is 

introduced and needs to be optimized so the geometry coordinates can lead to a better estimation 

of the optimized zero pressure geometry. This optimization of the scaling parameter k ensures 

that the “actual” zero pressure configuration, once reloaded with the required pressure, results in 

the original MRI geometry as shown by figure 2.25  [18]. 

Figure 2.25 Zero pressure configuration determined for abdominal aortic aneurysm. The 

difference between the recovered and true zero pressure geometry [18] 

De Putter et al (2007) established a backward incremental (BI) method to estimate the equilibrium 

configuration. This method involves incrementally increasing the pressure and updating the 

deformation gradient to the in vivo pressure experienced, after which a pre-stressed and pre-

strained configuration is obtained. Once obtained, the zero-pressure geometry can be constructed 

by reducing the luminal pressure to 0 Pa as shown in figure 2.26. [19]. Riveros et al (2013) used 

a pullback algorithm similar to Raghavan et al (2006) except they continuously updated the guess 

for the zero-pressure configuration after each iteration [117]. This is further validated by Chandra 

et al (2016) by experimental methods [118]. 
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Figure 2.26 Approximation of the zero-pressure configuration of an AAA. Contours represent 

the von mises stress in kPa. The pressures (P) are in mmHg [19]. 

Bols et al (2013), developed a backward displacement method based on a fixed-point algorithm 

to determine the zero-pressure configuration not only for an idealized cylinder geometry but also 

in the geometry of a mouse abdominal aorta segmented from CT scans. Again, the original image-

based geometry is used as an initial guess and a fixed point-based iteration is performed until 

convergence is reached. An equilibrium configuration is calculated from the intermediate 

configuration loaded with the known pressure. The displacements are calculated from this 

forward analysis and subtracted from the initial MRI geometry coordinates to give the zero-

geometry configuration. The mesh is also updated at this stage. Convergence is reached when the 

residual vector is smaller than a set convergence criterion [119]. To speed up this convergence, 

Bols et al (2013) also developed a quasi-newton (QN-LS) algorithm to estimate the zero-pressure 

configuration by estimating the jacobian from a least squares model [119]. Overall, these both 

achieved the same result by estimating the zero-pressure configuration, however the time of 

estimation was improved. 

2.8.4 Inclusion of the residual stress in computational modelling 

Studies have demonstrated the importance of including the residual stresses in computational 

models to get an accurate calculation of the stress distribution throughout the wall 

[21,22,120,121]. Estimating the residual stresses in arterial tissue is often achieved by doing an 

opening angle experiment whereby a ring sample of the tissue is cut longitudinally to release the 

residual stress. Quantification of this “opening” and its corresponding angle can be related to the 
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residual stress, but it is important to know that cutting at different locations gives different 

opening angles. Even with this pitfall, the use of the opening angle is the most common method 

for inclusion of residual stresses. 

Computationally, to incorporate the residual stress the model should start in its stress-free open 

state, with displacement boundary conditions imposed to close the artery to its unloaded state, as 

shown in figure 2.27. This closing of the angle will incorporate the residual stress into the FE 

simulation and can then be loaded with a pressure force for accurate prediction of the stress 

distribution through the wall. It is important to note that exclusion of the residual stress, a 

common assumption in many computational simulations has far reaching consequences on the 

stress state in the vessel wall. If no residual stress is present, the inner wall would be subjected 

to significantly higher stress and stretch when compared to the outer part of the wall. The 

incorporation of the residual stress homogenises the gradient of stress throughout the vessel wall. 

Fung et al (1991) proposed that this is because the artery grows and remodels itself accordingly 

that the circumferential strain and stress are transmurally uniform at mean arterial pressure 

(MAP) [122]. 

Figure 2.27 Opening angle experiment for determination of residual stresses. Stress-free (𝛽0), 

unloaded (β*) and deformed configuration (β) of an arterial segment. The coordinates (ρ,ϕ,ξ), 

(R,Ɵ,Z) and (r,θ,z) are associated with the radial, circumferential, and axial directions of the 

respective domains. 

Delfino et al (1997) introduced residual strain in a bifurcation artery model via an opening angle 

approach and compared the results to what would be expected if this stress gradient was not 

introduced. They showed that the inclusion of residual strain, particularly at the apex of the 

bifurcation, decreases the maximum principal stress and makes the stress field more uniformly 

distributed throughout the bifurcation as shown in figure 2.28 [21]. 
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Figure 2.28 Effect of the inclusion of residual strain on the stress field at the carotid bifurcation 

(a) without residual strain (b) with residual strain [21] 

Raghavan et al (2004) looked at how the residual strain is introduced into computational models 

and compared an idealized cylinder geometry and non-circular geometry to predict the residual 

stresses. It was observed that the distribution of the residual stress differed when the geometry 

was non-uniform, as the residual stress differs in certain locations [56]. This may be more 

representative of what is happening in-vivo due to the variable thickness of the vessel wall. 

Alustrue et al (2007) assessed the use of the opening angle method when enforcing residual 

stresses in patient specific arteries using an anisotropic material model. To do this, they assume 

that the total deformation gradient tensor can by multiplicatively decomposed into an initial non-

compatible part composed of the opening angle experiment deformation gradient and a part 

produced a compatibility enforcement deformation gradient and showed similar results to 

Delfino and Raghavan [123]. For cylindrical example, they observed a stress gradient through 

the wall that normalized the stress field once loaded and a different circumferential stress when 

the geometry was non-uniform. They also demonstrated different residual stresses for the media 

and adventitia, where they observed compressive stress in the media at the luminal side and 

tensile stress near the adventitia. Overall, they concluded that the residual stress must be 

accounted for in the analysis of stresses for tissues that exhibit a non-linear behaviour [123]. 

Schroder et al (2014) developed a novel method to determine the residual stress directly from the 

current stress state within the arterial wall and that the gradient seen must be smoothed between 

inner and outer layers of the vessel. Circumferential residual stresses are compressive on the 

inner part of a ring and tensile on the outer part. To simulate this behaviour, they focused on the 
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distribution of fibre stresses in the radial direction. As an underlying optimization, the deviations 

of suitable stress invariants from their volumetric mean values in segmented sections are 

smoothed between inner and outer margins of the individual vessel layers [22]. To verify these 

results, simulations were carried out on a simple cylinder model and a cross section of a diseased 

artery, which showed a smoothing of stress gradient in the models and stress responses once 

loaded similar to previous studies. Furthermore, a demonstration of the release of residual stress 

was also shown when a radial cut was simulated and shown by figure 2.29. 

Figure 2.29 (a) Two-dimensional circular ring consisting of media and adventitia. Distribution 

of fibre stress (b) without residual stresses (c) with residual stresses (d) simulated opening angle 

releasing residual stresses [22] 

The inclusion of residual stress in arteries for computational stress simulations led to a substantial 

reduction in the circumferential and axial stress in the arterial wall. The opening angle, which is 

usually used for calculation of the residual stress distribution through the arterial wall cannot be 

obtained directly in-vivo. Methods like the one established by Schroder et al (2014), that 

introduces a stress gradient throughout the wall, without direct input from opening angle 

measurements seems to be the most applicable for a clinical setting. 

2.8.5 Constitutive material parameter estimation 

Determination of the material parameters used in the constitutive models are vitally important in 

establishing the actual material behaviour of the tissue in-vivo. Inclusion of a patient specific 

material response along with the input of a patient specific geometry and the in-vivo loading and 

boundary conditions would create highly specific models to determine the stress strain response. 

Common methods for determining material parameters are by fitting to experimental data and 

extrapolating the parameters via an inverse finite element approach. Kroon and Holzapfel (2009) 

demonstrated the ability to estimate material properties based in boundary conditions and 

displacement/ strain fields measured experimentally for vascular membranes [124]. Avril et al  

(2010) and Genovese et al (2013) used the virtual field method for extracting both homogenous 

and heterogenous constitutive parameters from in-vitro measurements of blood vessels (mouse 

aorta) and in an unloaded configuration [125,126]. However, these ex-vivo techniques often 

exclude in-vivo characteristics of the blood vessels such as the pulsatile loading and unloading 
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of the vessel, axial stretching and residual stresses. Making these determined material parameters 

inaccurate for in-vivo stress strain analysis. 

Estimation of material properties from in-vivo images and inverse finite element analysis often 

involves three key steps: (1): Estimation of the zero-pressure configuration. (2) deforming this 

geometry with in-vivo loading conditions with estimated initial input material parameters and (3) 

using optimization techniques and applying appropriate boundary and loading conditions. The 

estimated material parameters are adjusted through minimization of some physical measurement 

(stress/strain/displacement) of the deformed configuration and the in-vivo loaded configuration. 

Wittek et al (2013, 2016) developed two methods for estimation of the material properties of the 

Gasser-Ogden-Holzapfel (GOH) model by using 4D ultrasound and minimizing the strain 

differences [23,24]. A limitation of this process is that the computational workload was expensive 

and therefore made it inapplicable for clinical use. Liu et al (2017) determined material 

parameters for the aortic wall by using two main steps: (i) computation of an “almost true” stress 

field from the geometry in-vivo loading conditions and (ii) building of an objective function 

based on this “almost true” stress state and “true” stress state experienced using desired 

constitutive equations and deformation relations, estimating the material parameters by 

minimization of this objective function. To compute this “almost true” stress field, very stiff 

material properties were applied to the vessel wall, making the deformation infinitesimal and yet 

the stress calculated should be close to the true stress of the wall [25]. The unloaded configuration 

is then attributed material parameters and the deformation established between the systolic and 

diastolic phases. Optimization methods are then used to find the “true” material parameters such 

that differences between the actual and “almost true” stress states are minimized. This method 

was not very computationally expensive as multiple iterations of FE simulations were not 

required and furthermore optimized material parameters were achieved quickly [25]. 

Figure 2.30 Flowchart of material parameter estimation process in Liu et al (2017) [25] 



 

42 
 

Akyildiz et al (2016) developed an ex-vivo framework on pressurized porcine iliac arteries 

imaged with ultrasound, simulated with FE and inverse finite element analysis to estimate the 

material parameters based on a minimization of the displacements between the two. To quantify 

this displacement, a grid procedure was used to accurately correspond to the element sizes to 

ensure accuracy [127]. Chen-Ket Chai et al (2015) also determined local anisotropic properties 

from atherosclerotic plaques using nano-indentation and FE to determine fibre stiffness [128]. 

 

Figure 2.31 Methodology imposed for the estimation of material parameters from displacement 

measurements from ex-vivo ultrasound images and FE simulation [127] 

The carotid artery experiences dynamic loads in-vivo and displays two different configurations 

at both its systolic and diastolic phases. It is possible to recover these geometries in MRI by 

cardiac triggering based on the patient’s heartbeat and estimate material parameters using similar 

methods discussed here. Inclusion of patient specific estimated material parameters would give 
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real stress strain information that is experienced in-vivo and possible mechanical indicators of 

plaque rupture risk. 

2.8.6 Arterial remodelling algorithms 

To characterize the microstructure of the artery and accurately predict the in vivo vessel response, 

remodelling algorithms have been implemented by a number of studies to simulate the collagen 

fibre dispersion and orientation in the artery when subjected to different loading conditions due 

to disease development. Remodelling algorithms are classified on how they determine the 

optimum fibre distribution; in the literature the most common are (i) stretch [129,130] (ii) strain 

[131] and (iii) stress [15,132]. It is important to mention that geometric measures have also been 

used to determine the optimum fibre orientation [133,134].  

Driessen et al (2003) proposed a remodelling algorithm that is governed by the principal stretch 

directions. In this implementation, it is assumed that the angle of fibres is between the first and 

second principal stretches. The extent of the angle is determined by a ratio of these principal 

stretches. Fibre dispersion was also included. Results from this implementation of fibre remodelling 

was verified experimentally and was found to mimic the collagen fibre architecture of arterial tissue 

[130].  Creane et al (2010) developed a robust fibre remodelling algorithm to determine the 

optimum fibre directions at the carotid bifurcation for healthy volunteers and demonstrated the 

capability of collagen to remodel to accommodate atherosclerotic plaques [131]. This remodelling 

algorithm based on principal strains experienced in-vivo uses the max and intermediate principal 

strains as a ratio to determine the mean fibre angle and dispersion. For healthy cases, the fibres are 

observed to be highly aligned at the apex (rectangle region in figure 2.32) to accommodate the 

highest load while low alignment is observed at regions proximal to the apex (triangular region in 

figure 2.32). Fibres are shown to actively remodel in the vessel to accommodate the plaque in order 

to sufficiently bear the load [131]. 
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Figure 2.32 Healthy fibre architecture in second layer of healthy wall elements of a carotid 

bifurcation model for four volunteers. Square indicates unidirectional region at the apex (high 

alignment), triangle indicates multidirectional region (low alignment) [131]. 

Hariton et al (2007) also demonstrated the capability to predict fibre patterns by using the max and 

intermediate principal stresses. To determine these stresses an iterative simulation of the 

remodelling process was proposed that initially used an isotropic constitutive law to determine 

principal stresses in an FE model. After this, if convergence of stress field is not met after 

implementation of the anisotropic constituent law, the fibre directions are modified until they meet 

it, see figure 2.33 [132]. The fibre directions determined at the bifurcation in this study were similar 

to the fibre directions seen in Creane et al (2010), see figure 2.34, whereby, the apex of the 

bifurcation showed high alignment while locations proximal to the apex showed low alignment 

[131,132]. 

Figure 2.33 Distribution of maximal principal stresses for the isotropic, fixed angle and 

remodelling models [132] 
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Figure 2.34 Principal stress segments (black) and collagen fibre orientation (red) at the carotid 

bifurcation. High alignment observed at the bifurcation apex [132] 

Geometric systems for defining the fibre directions have been used by Kiousis et al (2009) and 

Mortier et al (2010). To do this, they create a local basis in the elements of the FE mesh and the 

fibre directions are set at an angle between the circumferential and axial directions [133,134]. The 

method here is further illustrated by figure 2.35 

Figure 2.35 Outermost layer of the bifurcation mesh. Assigned fibre orientations and illustration 

of the mean fibre directions (M and M') for finite elements [133]. 

 

More recently, Ghasemi et al (2021) has established a sensitive remodelling metric to determine 

plaque vulnerability to rupture [135]. Using a previously developed continuum damage model 

(CDM), in which the influence of collagen fibres in the mechanical response of arterial tissue to 

physiological and supraphysiological loads was captured [16], the ability to characterise the lack of 

remodelling to the optimum fibre configuration in atherosclerotic plaques could be determined. It 

was observed that the further away the fibres from this optimum configuration (optimum 

configuration measured according to the ratio of maximum and intermediate Cauchy stresses 

[15,132]), the stiffness of the tissue is reduced, resulting in higher strains in these high-risk 

atherosclerotic plaques [135]. 
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Inclusion of the arterial fibre orientation and dispersion is important for determining the correct 

response of the microstructure to high loading conditions. Incorporating the residual stress would 

alter these predictions of the highly aligned fibre structure as more uniform stress distributions 

are seen, particularly at the bifurcation apex. These models can be informed by magnetic 

resonance imaging (MRI) and diffusion tensor imaging (DTI) measurements in-vivo or ex-vivo 

to characterize the actual microstructural nature of the vessel and atherosclerotic plaque, giving 

a more patient specific response.  

2.9 Ex-vivo imaging techniques of arteries and atherosclerotic plaque tissue 

Many imaging techniques have been used to establish the characteristics of arterial and 

atherosclerotic plaque tissues ex-vivo. The translation of these techniques to be clinically 

applicable has been difficult as these techniques often need extraction of the tissue followed by 

destruction of the sample. These destructive methods will be discussed as they provide the 

fundamental understanding of what is expected in-vivo. Clinically, the imaging modalities used 

for diagnosis can be ultrasound, CT, and MRI. 

2.9.1 Bright field light microscopy 

Optical light microscopy is the most popular method for viewing and characterising the structure 

of tissue samples. By using histological stains such as Haematoxylin and Eosin (H&E), Verhoeff 

van Gieson (VVG), Picro-Sirius Red (PS-Red), and Masson’s trichrome or Movat pentachrome, 

different microstructural components can be differentiated from each other. Image processing 

techniques can then be used to more quantitively analyse the tissue microstructure. 

Figure 2.36 Histological images of arterial tissue (a) Haematoxylin and Eosin (H&E) (b) 

Amended Verhoeff van Gieson (c) Picro-Sirius Red (PS-Red) (d) Polarized light (PLM). Scale 

bar 250μm [39] 

Studies that have used histological approaches characterise the structure of arteries and determine 

key attributes such as collagen content, dispersion and orientation [29,30,136–138]. Douglas et 

al (2017) demonstrated the ability to determine fibre orientation and dispersion of atherosclerotic 

plaque tissue from standard histological images obtained as shown figure 2.37. 
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Figure 2.37 (a) Representative Elastin Van Gieson (EVG) image of atherosclerotic plaque (b) 

Map of fibre orientation (green - better alignment with lumen) (c) Map of fibre dispersion (green 

- less fibre dispersion) [30] 

Histology is still the most commonly used validation tool of more advanced imaging modalities 

and experimental results of tissue. However, for in-vivo analysis, it is not a viable option as the 

plaque needs to be excised and destroyed before analysis can be performed. 

2.9.2 Polarized light microscopy 

Polarized light microscopy (PLM) is an extension of bright field microscopy and takes advantage 

of the birefringent properties exhibited by tissues [137,138]. Using the same setup as the bright-

field microscope, polarized lenses are placed before and after the light passes through the tissue 

sample. The first polarizer lens polarizes the antagonistic light before it interacts with the sample, 

the disturbed light then passes through the second polarizer lens, known as an analyser.  

Gasser et al (2012) used PLM and Picro-Sirius red to identify structural differences in healthy 

and aneurysmal human aortic tissue. 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 [138]. 

These findings suggest that maladaptive remodelling occurs in diseased vessels which may 

potentially lead to a fatal event occurring. Schriefl et al (2012) employed PLM in conjunction 

with Picro-Sirius 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 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 [137]. The orientation of fibres in the intima were found 

to be in between that of the media and adventitia, as illustrated in figure 2.38.  
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Figure 2.38 Polarized light images of (A) intima, (B) media and (C) adventitia showing layer 

specific fibre architecture. Scale bar = 50μm [32] 

2.9.3 Confocal, Multiphoton and Second Harmonic Generation (SHG) microscopy 

Confocal microscopy achieves a higher level of focus than standard brightfield microscopy 

techniques. It achieves this by passing the light source through a sample and only collecting the 

in-focus light via a pin-hole aperture in the same focal plane as the sample. Rezakhaniha et al 

(2012) tagged the collagen with CNA35 probe which fluoresces when illuminated by a light 

source of a certain wavelength [139]. 

 

Figure 2.39 Confocal microscopy visualizing the adventitial collagen fibres tagged with CNA35 

probe [139] 

Multiphoton microscopy uses the material’s non-linear optical properties to excite fluorophores 

through the absorption of energy from photons. This imaging technique involves minimal sample 

preparation and thick samples can be imaged so a 3D image can be constructed [140]. 

Multiphoton microscopy has been used as a source of real time imaging that can view 

remodelling of collagen subject to loading as shown by figure 2.40. 



 

49 
 

Figure 2.40 Multiphoton images of collagen in the coronary artery under increased loading 

[140]. 

Second Harmonic Generation (SHG) uses the fluorescent properties exhibited by collagen and 

its non-symmetric nature to visualise its structure. Collagen exhibits an SHG response when two 

photons of light of the same frequency are absorbed by the collagen and effectively combined to 

emit a photon of twice the frequency and half the wavelength [141]. 

2.9.4 Small Angle Light Scattering (SALS) 

Small angle light scattering (SALS) is an imaging technique that uses light scattering principles 

to determine structural information from the sample such as the orientation of collagen fibres. To 

do this, incident light passed through the sample and is scattered orthogonally to the central axis 

of a sample’s constituent fibres [32–35]. SALS also offers the possibility to determine real-time 

structural changes of intact tissue in response to load. Gaul et al (2017) demonstrated that SALS 

can be used to quickly determine the orientation of collagen fibres in arterial tissue and verified 

this with a histological orientation analysis on polarized light images. The fibre orientation is 

determined by a metric called eccentricity, where a more eccentric profile with value of 1 is 

anisotropic (has a principal direction) and less eccentric profile with value of 0 is isotropic 

(directions all the same) [32].  

Figure 2.41 Histological orientation analysis (HOA) of fibre orientations for (A) Media and (B) 

Adventitia [32] 
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Figure 2.42 (A) Medial fibre distribution determined using SALS and HOA. (B) Correlation 

coefficients between SALS and HOA for each layer, n=10 [32] 

Although these methods have helped  ascertain the structure of arterial tissues and atherosclerotic 

plaques, due to the dynamic loading conditions experienced by the tissue in-vivo, determining 

the structure of the vessel wall and how the tissue can actively remodel the collagen fibre 

structure is of utmost importance.  An inability to remodel during the onset of disease may lead 

to an indicator of possible plaque rupture. 

2.9.5 Ultrasound 

Carotid Duplex Ultrasound (CDUS) is a non-ionizing imaging modality used in the determination 

of percent stenosis and flow rates for evaluation of the carotid arteries [142–145]. The principle 

here is based in reflection and transmission of high frequency sound waves, where the waves are 

reflected or absorbed as they transmit through the tissue. Depending on the tissue composition, 

these sound waves are attenuated and reflected via echoes. Due to the duplex effect, sound waves 

that are attenuated for a moving target (e.g., blood flow) that has velocity cause a shift in 

frequency in the sound wave reflected and can be used for velocity estimation and visualization 

of blood flow. Ultrasound is useful as it can determine the composition of atherosclerotic plaque 

due to the different attenuations from components in the tissue. Furthermore, using more 

advanced techniques such as elastography, it is possible to establish the stiffness and strain 

environment in a diseased vessel. Huang et al (2016) established the capability of differentiating 

between vulnerable and stable plaques using the maximum amplitude strain rate (MASR), 

showing that a sensitive mechanical measure via imaging is possible [146]. 
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Figure 2.43 Ultrasound Images of the Carotid Bifurcation (a) Healthy (b) Proximal ICA plaque 

[144] 

A major limitation of ultrasound is the scanning depth it can achieve, making it only useful for 

more superficial vessels such as the carotid artery. However, due to the presence of the jaw (bone 

cannot be penetrated by sound wave), only a small section of the carotid can be scanned. 

Furthermore, it suffers from poor resolution as echoes are reflected from all tissues in the region 

that is being scanned. It can therefore be difficult to determine the correct dimensions and size of 

plaque components in the vessel wall. 

2.9.6 Computed Tomography (CT) 

The fundamental concept behind CT is very similar to conventional x-ray that is used in medical 

diagnostics. The patient is placed inside the CT bore and an x-ray source is rotated around the 

patient at high RPM (rotations per minute). The x-ray source emits x-rays that pass through the 

patient and is attenuated by the tissue depending on the tissue’s absorption capabilities. These 

attenuated x-ray photons are then collected via photomultiplier tubes and the intensities are 

reconstructed by filtered back projection to create 3D reconstructions. Computed Tomography 

Angiography (CTA) is one of the gold standard techniques in determining the degree of stenosis 

and location / size of the plaque [147–149]. A contrast agent is often used to increase the x-ray 

attenuation of the blood flow and allow for visualization of the carotid bifurcation as shown in 

figure 2.44a. Geometric measures are taken following either NASCET or ESCT schemes to 

determine the percent stenosis. 

Koelemay et al, 2004 showed that CTA is highly sensitive and specific in determining carotid 

artery stenosis, with an 85% sensitivity and 93% specificity for stenosis of 70%-99% [149].  A 

comparative study by Wardlaw et al, 2006 showed that CTA had the highest specificity at 95% 

among all non-invasive imaging modalities for determining plaques with 70%-99% stenosis. 

However, in determining stenosis less than 70%, CTA proves to be less efficient . 
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2.9.6.1 Micro CT (μCT) 

Micro CT offers the capability to image ex-vivo samples of atherosclerotic plaques at 

significantly higher resolution then any imaging modality to date. Furthermore, it offers 

significant advantage over conventional histology as it does not involve destruction of the 

sample.  Imaging the structure of soft tissue requires the use of a heavy ion contrast agent, such 

as iodine, phosphotungstic acid (PTA) or phosphomolybdic acid (PMA) [150–154]. Some of 

these particular contrast agents are more preferable in certain soft tissues as the molecules are 

variable in size and have different diffusion capabilities through the tissue. Nierenberger et al, 

(2015) established the relevant contrast agents for the MicroCT of porcine iliac veins, stating that 

both PTA and PMA are effective in terms of differentiating the layers of the vein and observing 

the microscopic collagen networks, see figure 2.44b [153]. More recently, Robinson et al, (2021), 

stained cadaveric specimens with iodine contrast agent to demonstrate the capability of 

visualizing the spatial distribution of features in three dimensions and guide histologic analysis 

[154]. However, quantitative measurement on collagen content and collagen fibre orientation in 

arterial vessels directly from MicroCT is still yet to be established. 

 

Figure 2.44 (a) Clinical CTA showing severe carotid stenosis with deep plaque ulceration (i) 

axial image (ii) sagittal image (iii) 3D rendered image [155] (b) Contrast enhanced MicroCT of 

porcine iliac vein (i) Grey level profile in Hounsfield units along the thickness of the vein wall 

showing contrast obtained. (ii) PTA staining raw data. Scale bars = 2mm [153] 



 

53 
 

2.9.7 Magnetic Resonance Imaging (MRI)  

MRI operates via a completely different principle than what is used in either ultrasound or CT. 

Key to the understanding of the mechanisms behind MRI is the behaviour of hydrogen atoms 

within a biological material in a strong magnetic field B0. The nucleus of the hydrogen atom 

contains one proton that exhibits the property called spin. Under a magnetic field, the spins 

associated with the protons align in a certain direction with the main magnetic field. The sum of 

all these spins vectors in this area is called the net magnetization vector. The magnitude of the 

net magnetization vector is recorded for each voxel representing the tissue and is presented as an 

image after signal reconstruction. MRI offers the ability to structural visualize the vessel wall 

and plaque components at high resolution, a significant advantage over CT and ultrasound. 

Furthermore, MRI can be used to determine blood flow measurements similar to duplex 

ultrasound and determine percent stenosis via magnetic resonance angiography (MRA) [156–

158]. 

The most common weightings used in MRI for added contrast are T1, T2 and proton density. 

These are commonly used to visualize structural information of the arterial wall and plaque. T1 

(spin lattice relaxation) contrast is achieved by the longitudinal relaxation of the tissue’s net 

magnetization vector. Aligned spins in a strong magnetic field B0 are put in the transverse plane 

by a radiofrequency (RF) pulse and left to relax to equilibrium at B0. T1 weighting often has 

short echo (TE) and repetition times (TR). Contrast agents are more commonly used for T1 

weighted images to prolong this relaxation. T2 (spin-spin relaxation) contrast is achieved by 

capturing the decaying spins from their aligned precession in the transverse plane. T2 weighting 

often has a long TE and TR. Proton density weighting is an intermediate sequence that shares 

both features of T1 and T2 and is weighted to reflect the actual density of protons [158,159].  
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Figure 2.45 Contrast weightings from the different MRI sequences at the bifurcations (a) Time 

of flight (TOF) angiogram – disrupted dark band (arrow) shows presence of fibrous cap (b) T1 

weighted image – high intensity region denotes the presence of haemorrhage (c) T2 weighted 

image –  Low intensity denotes lipid rich necrotic core (d) Contrast enhanced T1 weighted image 

[160]. 

Clinically, current techniques to evaluate carotid stenosis using MRI often use 2D time of flight 

(TOF) or multiple overlapping thin slab acquisition (MOTSA) sequences to visualise the blood 

flow through the artery. Slow, turbulent, and absent blood flows are poorly distinguished by 

magnetic resonance angiography (MRA) techniques, including when contrast enhancement 

agents are used. 
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Figure 2.46 MRA of the carotid arteries. (A) 2D TOF showing signal drop-off at ICA (arrow) (B) 

Gadolinium contrast enhanced MRA of normal carotid bifurcation (C) Gadolinium contrast 

enhanced MRA showing severe stenosis in the ICA (arrow) – ulcerated carotid plaque observed 

(arrowheads) [144] 

High resolution MRI has been used extensively in the imaging of the carotid artery and 

classifications have been established to correspond to plaque types discussed by the AHA [157]. 

Cai et al (2005) used TOF, T1W, T2W and PDW images to classify the plaque types and 

validated this by means of histological staining. A limitation of this study is that the plaques taken 

here are from patients undergoing endarterectomy. Thus, the majority of specimens were in the 

advanced stages of atherosclerosis. Studies by Saam et al (2005,2007) also used high resolution 

MRI and multiple imaging contrasts to determine the composition of the plaque and its 

components [158,159]. As shown in figure 2.47, results reveal good agreement between the in-

vivo MRI and histology for quantitative measurements of the plaque components such as fibrous 

tissue, lipid core, calcification, and loose matrix. 
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Figure 2.47 Plaque composition calculated as the percentage of vessel wall area for 31 samples 

[158] 

Atherosclerotic plaque characterization in all of these studies are based on the signal intensities 

and the morphological appearances of the plaque on T1W, T2W, proton density weighted (PDW) 

and TOF images as summarized by table 2.2 [161]. Lipid rich necrotic cores (LR/NC) appear 

hyperintense in TOF, T1W, PDW and T2W images while haemorrhage is hyperintense on T1W, 

T2W and TOF, but receives heterogenous signal for PDW. Fibrous caps, which can be difficult 

to differentiate from fibrotic media in in-vivo images appear as isointense in all images and 

calcifications are defined as hypointense regions within the plaque for TOF, T1W, PDW and 

T2W images. Fibrosis changes from isointense to hyperintense in T1W, PDW and T2W but 

hypointense in TOF [161,162]. 
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Table 2.2 Plaque imaging characteristics for different imaging contrasts [161] 

 

2.9.7.1 Diffusion Weighted Imaging (DWI) and Diffusion Tensor Imaging (DTI) 

Diffusion weighted imaging (DWI) is an alternative to T1 and T2 and has primarily been used to 

investigate neurological disorders, such as patients suffering from white matter disorders or 

stroke. For DWI to work, the signal needs to be sensitized to diffusion in a certain direction by 

using strong magnetic field gradient pulses. This degree of diffusion is controlled by the b-value 

(b), a factor determined by the gyromagnetic ratio (𝛾), gradient strength (G), gradient duration 

(𝛿) and time spacing (𝛥): 

 𝑏 =  𝛾2𝐺2𝛿2( 𝛥 − 𝛿
3⁄ )  (2.8) 

The optimum choice of b-value changes depending on the anatomical structure, number of signals 

averaged and field strength. Routine DWI uses b-values from 0 to 1000. For arterial tissue ex-

vivo, a b-value of 800 s/mm2 was deemed to be sensitive to measure diffusion [36,37]. Diffusion 

tensor imaging (DTI) is an extension of diffusion weighted imaging (DWI) and has been used as 

a sensitive probe to the structure of tissues by measuring the diffusion of water molecules to 

obtain sensitive microstructural measurements such as the fractional anisotropy (FA), mean 

diffusivity (MD) and helical angle (HA). 

Ex-vivo MRI studies looking into arterial tissue have looked at determining the feasibility of 

applying this technique to arterial tissue to determine the collagen fibre orientation and 

reorganization in response to loading conditions. Flamini et al (2010) first demonstrated the 

ability to use DTI to determine fibre structure of porcine aortic artery [36]. Here, it was 

determined that the optimal b-value for arterial tissues was approximately 800 s/mm2, as this is 

the value that there is a balance between the eigenvector angles in tensor maps produced and the 

fibre data obtained by the fibre tracking procedure used [36]. Ghazanfari et al (2012) detailed the 

fibre structure of porcine carotid arteries using DTI and fibre tractography. In the DTI analysis, 

it was seen that the carotid artery exhibited a predominant circumferential orientation. This was 

then validated using SHG with strong agreements [31]. Further ex-vivo studies by Tornifoglio et 

al (2020) have determined the diffusion responses from porcine artery when structural 

components such as collagen, elastin and smooth muscle cells have been selectively taken out by 

use of purified collagenase solutions, purified elastase solution and decellularization protocols. 
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The common belief in diffusion MRI of arterial tissues is that the collagen fibre alignment 

dictates the water diffusion in the tissue to be anisotropic. However, when the collagen was 

selectively degraded using purified collagenase solution, some anisotropic behaviour is still 

observed whilst when the tissue is decellularized, a dominant isotropic response is observed, see 

figure 2.48. This indicates that it is actually the cells that predominantly determine this anisotropy 

[39]. This misconception could be from the fact that cells and collagen are aligned in the same 

direction in arterial tissue and is generally only validated by histological means [39]. 

Figure 2.48 Parametric maps of fractional anisotropy (FA) in a representative slice for each of 

the tissue models. Measured in the vessel media, both (a) native (N) and (b) fixed native (F) 

porcine carotid artery (PCaA) showed significantly higher FA than both the (d) elastin degraded 

(E) and (e) decellularized (D) tissue models. Collagen degraded PCaA also showed a 

significantly higher FA than both elastin degraded and decellularized PCaA. FA maps scaled to 

show 0 to 0.5 (**p=0.0018 (C vs. E), **p=0.0016 (C vs. D), ****p<0.0001) [39]. 

Studies by Akyildiz et al (2017) showed the fibre orientation for an entire plaque specimen using 

a DTI sequence in a 9.7 Tesla scanner. They determined that the most dominant fibre orientation 

in this case was in the circumferential direction (52%), but fibres can be orientated in the axial 

and radial directions throughout the plaque and at risky locations such as the fibrous plaque cap, 

as shown in figure 2.49 [38], demonstrating that the fibre orientation is highly variable throughout 

the plaque. 
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Figure 2.49 Fibre orientations of a 3D plaque sample (left panel) and principal predominant 

fibre orientation in four selected cross-sections (mid panel), together with elevation and 

azimuthal angle histograms (right panel) [38] 

Oppreisnig et al (2018), have shown in a cadaveric specimen the fibre orientation of the common 

carotid artery with an atherosclerotic plaque, see figure 2.50. They determined from these initial 

results that the fibrous cap fibre orientation must be aligned circumferential to have mechanical 

integrity [163], which would be in agreement with mechanical assessments [164]. 
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Figure 2.50 2D Fibre Orientation of vessel and atherosclerotic plaque from cadaveric specimen 

(a) Specimen schematic (b) Fractional anisotropy (FA) maps (c) Fibre tractography [163] 

Further ex-vivo studies of the vessel and plaque should be done to determine optimum b-values 

to be used in analysis as the suggested value of b = 800 s/mm2 may not be suitable in -vivo. 

Furthermore, DTI of the arterial vessel in a longitudinally tethered state and loaded with pulsatile 

motion could aid possible translation to in-vivo settings and possibly give insights into the 

remodelling of arterial tissue. There has only been one study to date that has demonstrated the 

ability to do DTI of the carotid artery in-vivo. Oppreisnig et al (2017) used a Siemens 3T Prisma 

and a 2D DTI read-out segmented EPI sequence using four b-values (0 – 600 s/mm2) and 18 

diffusion directions. In this study, it was determined that the principal direction of diffusion was 

tangential to the applied diffusion direction which shows that healthy vessels have a dominant 

circumferential orientation [165]. 

2.10 Summary 

Extensive research has been performed to investigate the structure and function of the arterial 

wall, atherosclerotic plaques and their many components. The collagen fibre architecture has 

been the primary focus of much of this work, due to the fact that it is the major load bearing 

component of the tissue.  Remodelling of this collagen fibre architecture is critical in order to 
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maintain healthy arterial function. An inability for the fibres to remodel to the optimum load 

bearing configuration in atherosclerotic plaques may increase the vulnerability of the plaque to 

rupture. To fully understand the mechanisms behind plaque rupture, a greater understanding of 

the atherosclerotic plaque microstructure and its response to loading needs to be established. 

Studies to date have tested atherosclerotic plaques and their components (see section 2.6) 

depicting a highly variable mechanical response. However, the relationship between the 

mechanical strength and collagen fibre orientation in the plaque and its fibrous cap is yet to be 

quantified. By pre-screening the tissue before testing with a non-destructive imaging technique 

such as SALS, it may be possible to answer this question.  

To investigate the varying number of different cases of CVDs, numerous biomechanical models 

have been developed in an effort to determine relevant measures that can quantify the risk of 

vessel or plaque rupture (see section 2.7). However, certain limitations can be associated with 

these techniques mentioned, as they use peak stress as their sensitive indicator to rupture. Firstly, 

extracted geometries are already in a loaded configuration, and estimation of the zero-pressure 

configuration is not determined. This may lead to an incorrect deformation being imposed on the 

vessel as is not mimicking in-vivo conditions. Secondly, the residual stress of the vessel is 

generally excluded from the simulations. Residual stress is known to homogenise the gradient of 

stress through the vessel wall. Furthermore, simplified constitutive laws and material parameters 

from literature are not able to characterize the individual mechanical response of the tissue. To 

have a fully specified biomechanical model and more importantly robust stress strain results, 

these aspects need to be considered.   

Lastly, the clinical technique for assessing the risk of plaque rupture using ultrasound or CT is 

insufficient as percent stenosis is based purely on the geometric measures and not mechanical or 

structural aspects. Furthermore, studies have shown that there is not a direct correlation between 

plaque rupture and percent stenosis. Characterizing the strain environment these plaques are 

subjected to in-vivo has shown promise in determining the difference between vulnerable and 

stable plaques. Such a measure can then be used in combination with patient specific finite 

element models informed from other established imaging techniques such as DTI to possibly 

determine the vulnerability of plaque rupture on an individual basis. Furthermore, it is 

hypothesised in this thesis that knowing the optimum configuration of the collagen fibres and 

comparing this with the real distribution of the fibres in the tissue, it may be possible to identify 

the lack of remodelling in atherosclerotic plaque tissue computationally, establishing which 

atherosclerotic plaques are vulnerable to rupture.  
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Chapter 3 Inverse material parameter estimation of 

patient specific finite element models at the carotid 

bifurcation: The impact of excluding the unloaded zero 

pressure configuration and residual stress 
 

3.1 Introduction 

The carotid bifurcation experiences a complex loading environment due to its anatomical 

structure. Previous in-vivo material parameter estimation methods often use simplified model 

geometries, isotropic hyperelastic constitutive equations or neglect key aspects of the vessel, such 

as the zero-pressure configuration or residual stress. These factors have independently been 

shown to alter the stress environment of the vessel wall. Characterising the location of high stress 

in the vessel wall has often been proposed as a potential indicator of structural weakness. 

However, excluding the afore-mentioned zero-pressure configuration, residual stress and patient 

specific material parameters can lead to an incorrect estimation of the true stress values observed, 

meaning stress alone as a risk indicator of rupture is insufficient. In this study, a computational 

investigation is performed to see how the estimated material parameters and overall stress 

distributions in geometries of carotid bifurcations, extracted from in-vivo MR images, alter with 

the inclusion of the zero-pressure configuration and residual stress.  

This approach consists of the following steps: (1) geometry segmentation and hexahedral 

meshing from in-vivo MRI images at two known phases; (2) computation of the zero-pressure 

configuration and the associated residual stresses; (3) minimisation of an objective function built 

on the difference between the stress states of an “ almost true” stress field at two known phases 

and a “deformed” stress field by altering the input material parameters to determine patient 

specific material properties; and (4) comparison of the stress distributions throughout these 

carotid bifurcations for all cases with estimated material parameters. This numerical approach 

provides insights into the need for estimation of both the zero-pressure configuration and residual 

stress for accurate material property estimation and stress analysis for the carotid bifurcation, 

establishing the limitations of stress as a rupture risk metric.  

3.2 Methods 

3.2.1 In-vivo MRI imaging protocol 

In Vivo MRI scans of the carotid arteries were obtained from healthy volunteers using a 3T whole 

body MRI scanner (Achieva, Phillips Medical Systems, Best, Netherlands) combined with an 8-

channel dedicated bilateral carotid artery coil (Shanghai Chenguang Medical Technologies, 
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Shanghai, China). For each volunteer, cuff diastolic and systolic pressures were recorded as 

shown in Table 3.1 and used as loading conditions in these finite element simulations. The 

imaging parameters used for the creation of the geometries are stated in Table 3.2 with the field 

of view (FOV) centred on the carotid bifurcation after localization using the time of flight (TOF) 

sequence. A triggering time was imposed so imaging could be performed at both diastolic and 

systolic phases of the cardiac cycle. This changed the overall scan time for each patient as it was 

dependent on their heart rate. 

Table 3.1: Information acquired from volunteers during scanning 

Acquired Information Volunteer #1 Volunteer #2 Volunteer #3 

Age (Years) 25 30 42 

Diastolic Pressure (mmHg) 75 68 82 

Systolic Pressure (mmHg) 112 107 120 

 

Table 3.2: In-vivo image acquisition parameters used for visualisation of the carotid bifurcation 

Acquisition 

Parameters 

Time of flight 

(TOF) 

T1 weighted T2 weighted Turbo spin 

echo (TSE) 

Number of slices 48 8 8 8 

TE (ms) 25 984 3000 2 R-R intervals 

TR (ms) 3 11 38 38 

Resolution (mm) 0.5 x 0.5 0.5 x 0.5 0.5 x 0.5 0.5 x 0.5 

Slice thickness 

(mm) 

3 3 3 3 

Number of 

echoes 

1 1 1 6 

Scan time (mins) 2:06 6:30 6:38 6:38 

 

To test the impact of image axial resolution on the stress results obtained from the computational 

models, the FOV was translated by 1mm in the z-direction and then shifted 1mm again with 

acquisitions being taken at both stages. This allowed for the creation of a higher resolution with 

an “apparent” slice thickness of 1mm by reallocating respective slices into the imaging stack, 

with a registration landmark set at the centre of the lumen to ensure images were correctly aligned 

and accurate segmentation could be performed. 
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3.2.2 Segmentation, preparation and hexahedral meshing of arterial bifurcations 

3.2.2.1 Segmentation 

After image acquisition, the DICOM stacks were input into Simpleware ScanIP (Synopsys, Inc., 

Mountain View, USA) for segmentation. The stack was first cropped to the region of interest and 

a mask was defined to perform the segmentation. Curves were delineated and arteries were then 

segmented manually from T2 weighted images of the carotid artery due to the high contrast of 

the vessel wall compared to the lumen and the surrounding tissue, see figure 3.1A. Each slice 

was analysed independently to ensure that the segmentation was as accurate as possible. This 

method accounted for the variable wall thickness of the vessel wall. 

3.2.2.2 Geometry preparation 

Once created, the segmented geometries needed to be smoothed further to avoid sharp edges in 

the reconstructed artery. This was especially important at the location of bifurcations, where an 

un-smoothed geometry could result in sharp elements that cause not only numerical convergence 

issues but locations of high stress. Using ANSYS Spaceclaim (ANSYS Inc, USA), the geometry 

was imported and the STL facets were checked using the inspect function. Sharp edges, as shown 

in figure 3.1B, were highlighted and subsequently smoothed using the fix sharps tool. After all 

sharp edges were removed, curves were extracted from the boundaries of the vessel wall by 

obtaining cross sections of the geometry using a series of parallel planes, see figure 3.1C. These 

curves were then connected to construct the inner and outer surfaces of the arterial wall. The 

geometry was then stitched together to ensure there were no gaps between surface interfaces in 

the next step. The blend function was then applied to connect the inner and outer vessel wall to 

ensure a connected geometry. These smoothed surfaces were then saved as STL meshes to export 

to ANSA pre-processor software.  

3.2.2.3 Hexahedral meshing 

After importing the new processed STL geometry, hexahedral meshing was performed using 

ANSA pre-processor software (v17.0, BETA CAE Systems, Thessaloniki, Greece). Using the 

Hexa Block module, the volume of the STL was defined initially in the form of a box, see figure 

3.1D. This box was first split into four sections and the outside perimeters of the boxes were then 

moved to fit to the curvature of the geometry. Crosshatch faces, which are the intersecting planes 

between adjacent boxes, were then selected to separate the joined boxes in order to fit three 

independent boxes defining the three different sections of the carotid artery, more specifically, 

the common carotid, internal and external carotid. The perimeters of each defined box were then 

assigned to the outer wall of the geometry using the project to surfaces tool while the edges at 

proximal and distal were assigned using the project to edges tool. To include the inner wall, the 
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O-Grid function was used, whereby inner perimeters were created and assigned to the interior 

wall using the project to surfaces and project to edges tools. To complete meshing, the connecting 

hatches in the lumen of the model were removed leaving just the assigned boxes to the vessel 

wall. This step is not necessary if fluid-based models are desired. Lastly, the Pure Hexa module 

was applied to automatically generate a structured hexahedral mesh of the bifurcation with the 

desired mesh density. This mesh density could be set by setting the desired number of elements 

on the perimeters of assigned boxes.  

 

Figure 3.1: (A) Delineation of vessel from T2 weighted MRI images and creation of 3D stack (B) 

Initial model created – determining the location of sharp edges and smoothing the geometry                

(C) Surfaces of new smoothed surface are extracted and volume model is created for export into 

mesh pre-processor (D) Hexa-block tool used to define the geometry and create hexahedral finite 

element meshes of the bifurcation.  
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3.2.3 Constitutive equation 

For implementation in all models, the fibre reinforced HGO hyperelastic material model was 

used [10].  This model assumes that the tissue is composed of a matrix material that is embedded 

with two families of fibres, each has a preferred fibre direction. Mathematically, the model can 

be expressed by the strain energy function W: 

 
𝑾 = 𝑪𝟏𝟎(𝑰𝟏 − 𝟑) +

𝒌𝟏

𝟐𝒌𝟐

∑ {𝒆[𝒌𝟐( 𝐼�̅� − 𝟏)𝟐] − 𝟏}

𝒊=𝟒,𝟔

 

Where 𝜅 =  ∫ 𝜑(𝜃)𝑠𝑖𝑛3𝜃𝑑𝜃
𝜋

0
 

(3.1) 

Where 𝐶10 is used to describe the isotropic matrix material along with the deviatoric strain 

invariant 𝐼1. k1is a positive material parameter with the units of kPa while k2 is a dimensionless 

parameter. The deviatoric strain invariant 𝐼�̅�  is used to characterize each fibre family and κ is used 

as a dispersion parameter describing the fibre distribution, whereby κ = 0 describes high 

alignment while κ = 0.33 means the fibres are isotopically distributed. Θ is defined as the angle 

between the fibre direction and the circumferential axis. For further mathematical background, 

the reader is referred to Holzapfel et al 2000 [10] and the Abaqus documentation. Five material 

parameters are therefore required to be input for the models and the values used are those in 

Balzani et al (2012) and are reported in Table 3.3. 

Table 3.3: Material parameters taken from Balzani et al (2012) implemented in computational 

models [17] 

𝐂𝟏𝟎 (kPa) 𝐤𝟏 (kPa) 𝐤𝟐    𝛋 𝛉 (deg) 

6.56 1482 561 0.16 37 

 

3.2.4 Determining the zero-pressure configuration of arterial bifurcations 

The method for estimation of the zero pressure configuration is detailed in the schematic figure 

3.2, the workflow in figure 3.3 and is adapted from Raghavan et al, 2006 [18]. In this adaptation, 

the initial “loaded” in-vivo geometry is assumed to be stress free and to be at a known pressure. 

From this configuration, the displacement between the deformed and in-vivo geometry is 

calculated. The subtraction of this calculated displacement from the in-vivo geometry gives the 

first guess of the estimated zero pressure configuration. To ensure this is correct, the estimated 

configuration is loaded again to give a new configuration that should equal the in-vivo geometry. 

This is further optimized using the scaling parameter K to ensure the comparison between these 

configurations is sufficient. Once optimized, the estimated zero configuration is then determined.  
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Figure 3.2: Schematic illustration for estimating the zero-pressure configuration from an in-vivo 

geometry segmented at a known pressure state. 

The process of estimating the zero-pressure configuration stated previously is implemented in 

MATLAB (MATLAB 2019a, The MathWorks, Inc., Natick, Massachusetts, United States). 

Here, X is the N x 3 array that describes the original undeformed nodal coordinate positions (x, 

y and z) and x is denoted to represent the deformed configuration after pressure loading. Element 

connectivity is kept constant throughout ensuring that no errors were incurred between initial and 

deformed configurations. Illustrated by the algorithmic workflow in figure 3.3, the in-vivo 

geometry was extracted using the protocols described in Section 3.2.1 and 3.2.2. This initial in-

vivo geometry (𝐗𝟏) is initially assumed to be stress free and loaded with in-vivo pressure 

conditions (𝐏𝟏).  To create the candidate zero pressure configuration, the displacement vector 

field (𝐔𝟏) was calculated. This displacement field vector is a subtraction of the initial in-vivo 

geometry and the deformed configuration (𝐱𝟏). 

 𝐔𝟏 = 𝐗𝟏 − 𝐱𝟏 (3.2) 

Once calculated, the displacement field is scaled using a parameter K and subtracted from the in-

vivo geometry to obtain the first estimate of the zero-pressure configuration (X2). 

 𝐗𝟐 = 𝐗𝟏 − 𝐊.𝐔𝟏 (3.3) 
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Here, it is again assumed that this first estimate of the zero-pressure configuration is stress free. 

The same pressure condition (𝐏𝟏) is imposed as in the previous step to obtain a new deformed 

configuration (𝐗𝟑). 

 𝐔𝐨𝐛𝐣 = [(𝐗𝟏 − 𝐱𝟑)
𝟐] (3.4) 

Theoretically, this new deformed configuration (𝐱𝟑) should be equal to the in-vivo geometry (𝐗𝟏)  

from the initial step. However, due to the mechanical properties, the deformation of the geometry 

will be different. Therefore, to improve accuracy of the geometry estimated, an objective function 

of the displacement (𝐔𝐨𝐛𝐣) between the initial in-vivo geometry (𝐗𝟏)  and the deformed zero-

pressure (𝐱𝟑) configuration is implemented. 

𝐔𝐨𝐛𝐣 is then minimised until it reaches a set tolerance of less than 0.05 mm. If the geometry is 

not deemed optimised after a pre-set criterion of 50 iterations, a new value of K is implemented 

by incrementing the previous value by 0.05.  

 

Figure 3.3: Algorithmic workflow for extracting the zero-pressure configuration from an in-vivo 

arterial bifurcation geometry with known pressure conditions.  

3.2.5 Incorporation of the residual stress in arterial bifurcations 

For the entire mathematical derivation, the reader is directed to Schroder et al, 2014 [22]. Details 

included here are a summary of the algorithm implemented in that publication. Firstly, for 
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implementation into the computational models, it is assumed that arterial tissue is an 

incompressible material. Secondly, for fibre reinforced tissues such as arteries, the Cauchy stress 

tensor 𝛔 is additively decomposed into deviatoric ground stresses 𝛔∗ and reaction stresses 

𝛔𝐫𝐞𝐚𝐜𝐭𝐢𝐨𝐧 , which represent the influence of the fibre stress state. 

 𝛔 = 𝛔∗ + 𝛔𝐫𝐞𝐚𝐜𝐭𝐢𝐨𝐧 (3.5) 

It is then assumed that this reaction stress is composed of the hydrostatic pressure imposed, the 

fibre tensions 𝐓𝟏 and 𝐓𝟐 and the structural tensors 𝐦𝟏 and 𝐦𝟐 which incorporate the preferred 

fibre directions 𝐚𝟏 and 𝐚𝟐. 

 𝛔𝐫𝐞𝐚𝐜𝐭𝐢𝐨𝐧 = 𝐓𝟏�̅�𝟏 + 𝐓𝟐�̅�𝟐 (3.6) 

 

 �̅�𝐚 = �̅�(𝐚) ⊗ �̅�(𝐚) with a=1,2 (3.7) 

For the fibre tensions, 𝐓𝟏 and 𝐓𝟐, these can be obtained by using equation 3.8 and 3.9 respectively. 

Here the abbreviations 𝛏 =  �̅�𝟏: �̅�𝟐 = 𝐜𝐨𝐬𝟐∅ , where ∅ is the inclination angle between the two 

fibre directions. 

 
𝐓𝟏 =

𝛔: �̅�𝟏 − 𝛔: �̅�𝟐: 𝛏

𝟏 − 𝛏𝟐  
(3.8) 

 

 
𝐓𝟐 =

𝛔: �̅�𝟐 − 𝛔: �̅�𝟏: 𝛏

𝟏 − 𝛏𝟐  
(3.9) 

For physiological loading conditions, local volume averages of the fibre stresses are calculated 

for each decomposed volume segment 𝐯𝐦𝐚𝐭 

 
𝐓𝟏

𝐦𝐚𝐭 =
𝟏

𝐯𝐦𝐚𝐭
∫𝐓𝟏𝐝𝐯 

(3.10) 

 

 
𝐓𝟐

𝐦𝐚𝐭 =
𝟏

𝐯𝐦𝐚𝐭
∫𝐓𝟐𝐝𝐯 

(3.11) 

With the difference between this mean value and the fibre stresses giving equations 3.12 and 3.13 

 𝚫𝐓𝟏 = 𝐓𝟏 − 𝐓𝟏
𝐦𝐚𝐭 (3.12) 
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 𝚫𝐓𝟐 = 𝐓𝟐 − 𝐓𝟐
𝐦𝐚𝐭 (3.13) 

From which, the residual stress can be included: 

 𝛔𝐫𝐞𝐬 =  −∆𝐏 + 𝚫𝐓𝟏�̅�𝟏 +  𝚫𝐓𝟐�̅�𝟐 (3.14) 

By which, ∆P can be calculated from the tensional fibre stress differences from equation 3.12 and 

3.13 

 
∆𝐏 =

𝟏

𝟑
(𝚫𝐓𝟏 + 𝚫𝐓𝟐) 

(3.15) 

Now that residual stress tensor 𝛔𝐫𝐞𝐬 can be calculated, it can be subtracted from the Cauchy stress 

tensor shown by equation 3.16 to give the actual stress response in the tissue. 

 𝛔 = 𝛔∗ − 𝛔𝐫𝐞𝐬 (3.16) 

The method implemented in this study follows the algorithmic approach detailed in Schroder et 

al, 2014 [22]. Extended to 3D models, the residual stresses are incorporated by including a 

tensional fibre stress to homogenize the stress gradient throughout the vessel wall. Implemented 

via Abaqus UMAT and URDFIL subroutines connected by common blocks to allow the 

exchange of variables such as section volume, the algorithm is as follows: 

(a) Segment the arterial wall into volume sections (see figure 3.4). Done in ANSA pre-processor 

software. 

(b) Define a suitable stress measure (tensional fibre stress). 

(c) Compute the local volume averages of the stress measure and the deviation of local and 

averaged stress measure in a section of interest. 

(d) Define the amount of residual stress and apply a proportionate value to the equilibrium stress 

state (state at which geometry is loaded and not considering the residual stresses). 

(e) Iterate until convergence of the stress measure is observed. 

Like Schroder et al, 2014, steps (c-e) are denoted as a “smoothing loop”; by which the smoothing 

loop is repeated until convergence of the solution is reached when no significant changes in the 

residual stresses are observed. 
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Figure 3.4: Defining volume sections throughout the bifurcation models. The material is defined 

in each section and volumes are calculated. L denotes that the bifurcation is on the left side while 

R denotes that the bifurcation is on the right side.  

3.2.6 Inverse material parameter estimation  

The method of parameter estimation in this study is adapted from the implementation in Liu et 

al, 2017 [25]. The following statements are made to provide clarity in the method implemented: 

(a) In-vivo loaded geometries are extracted from two known phases in the cardiac cycle (. e.g., 

diastole and systole) 

(b) Finite element meshes at the two phases are constructed to ensure they have mesh 

correspondence. i.e., consistent number of elements and connectivity. This ensures that the 

displacement field can be obtained correctly 

(c) Thickness of the vessel wall can be directly inferred from MR Images. 

(d) Assuming that the vessel is statically determinant, assigning linear elastic properties (E = 2 x 

104 GPa and v = 0.49 [25]) will give the “almost true” stress state of the vessel, within 10% of 

the actual true stress experienced by the vessel 

The inverse finite element algorithm workflow for material parameter estimation is illustrated by 

the algorithmic workflow in figure 3.5 and is performed in Isight (Dassault Systemes Simulia 

corporations, Velizy-Villacoublay, France). This approach leverages that the “almost true” stress 

field of the vessel wall can be approximately determined using linear elastic properties.  
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Figure 3.5: Algorithmic workflow of the implemented inverse FE algorithm for material 

calibration of the carotid artery in Isight. 

Different parameterized Abaqus input files have been designated accounting for the diastolic, 

systolic and zero pressure configuration cases. The input files are imported into the Abaqus 

component of Isight with the material parameters set as optimization variables. The optimization 

process is then formulated as follows: the objective is to find a set of constitutive parameters 

(𝐶10, 𝑘1, 𝑘2, 𝜅, 𝜃), for the element type C3D8H in Abaqus. The square stress at all integration 

points was calculated and summed together as the value of the objective function as stated in the 

equation: 

 
𝒈𝒆𝒓𝒓 = ∑ ∑[𝝈𝒔𝒚𝒔

𝒔𝒊𝒎

𝟔

𝒊=𝟏

− 𝝈𝒔𝒚𝒔
𝒆𝒔𝒕

𝑵

𝒎=𝟏

(𝑪𝟏𝟎, 𝒌𝟏, 𝒌𝟐, 𝜿, 𝜽)]𝟐 
(3.17) 

Where 𝜎𝑠𝑦𝑠
𝑠𝑖𝑚is the “almost true” stress state and 𝜎𝑠𝑦𝑠

𝑒𝑠𝑡 is the estimated stress state with assigned 

material parameters. N is the number of elements used in the optimization. Upper and lower 

bounds stated in table 3.4 are set for all parameters and are based on previous studies [17,25].  

Table 3.4: Lower and higher bounds set for material parameter estimations [17,25].  

Parameters 𝐂𝟏𝟎 (kPa) 𝐤𝟏 (kPa) 𝐤𝟐     𝛋 𝛉 (deg) 

Lower Bound 0 0 0 0 0 

Initial Input 

Parameters 

6.56 1482 561 0.16 37 

Higher Bound 20 2000 1000 0.33 45 
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To test the effect of including the zero-pressure configuration and residual stress on estimated 

material parameters and the overall stress distribution throughout the bifurcation, a number of 

cases are considered: 

Case 1: Models extracted at diastole are simulated with literature material parameters  

Case 2: Models are simulated with estimated material parameters from diastole to systole 

Case 3: Models start in the zero-pressure configuration with estimated parameters going from 

this zero-pressure configuration to diastole and systole 

Case 4: Residual stress is included at zero-pressure configuration and simulated with estimated 

material parameters from the zero-pressure configuration to diastole and systole. 

To further investigate the effect of including the zero-pressure configuration and residual stress 

on the stress response, a single element attributed with estimated material parameters is simulated 

in uniaxial tension for each case. Furthermore, percentage volume plots are extracted from the 

bifurcation models to observe the effect these implemented methods have on the stress 

distribution. 

3.3 Results 

3.3.1 Effect of image resolution on stress calculations 

To demonstrate the sensitivity of these finite element models to stresses calculated, it is important 

to perform a mesh convergence analysis. This is important as it allows for stress calculations to 

be performed in the least amount of computational time without compromising the accuracy of 

the result. In this mesh convergence analysis, the location of highest stress was the location of 

interest, and like the literature and from these biomechanical models, highest stresses were 

observed at the location of the apex of the bifurcation. 
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Figure 3.6: Mesh convergence results for bifurcation geometry 2L at two different resolutions. 

Low resolution model where S = 8 and high-resolution model where S = 24. S represents the 

number of images slices in this case.  

For robust mesh convergence analysis, it would be logical to argue that for models of similar 

geometry, then the same level of mesh refinement would be suitable to obtain the same level of 

accuracy. Therefore 250,000 elements are deemed enough for this analysis as values do not 

change by more than 5% of the previous value, see figure 3.6. Interestingly, it is observed that 

convergence of stress results is independent of the model resolution. For the low-resolution 

model, the convergence is observed at a stress value of 286 kPa while for the high-resolution 

model the convergence is observed at stress values of 145 kPa.  The sensitivity difference 

between these two observed values was calculated to be 49%, which is a significant increase and 

would lead to an overestimation of the stresses at the apex location.  

3.3.2 Optimization of the zero-pressure configuration  

3.3.2.1  Cylinder model  

For the estimation of the zero-pressure configuration, an idealized cylinder model is first used to 

test the robustness of the implemented algorithm. In the idealized model, the wall thickness was 

set to be 0.75mm with an inner diameter of 2mm. An internal pressure was also assigned to be 

16kPa. As demonstrated by figure 3.7A, the estimated zero pressure configuration comprises of 

a lower luminal radius and larger wall thickness when compared to the initial loaded 

configuration. This is expected and follows results demonstrated in Raghavan et al, 2006 [18]. 

3.3.2.2  Bifurcation Model 

As shown by figure 3.7B, the algorithm shows convergence of the used scaling parameter K to 

be in between 0.9 and 1 for all 6 bifurcation models, which is similar to results obtained in 
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Raghavan et al, 2006 for an aneurysmal model. After finding the optimal zero-pressure 

configuration, the wall thickness of the bifurcation models increased with a decrease in luminal 

radius. It is important to note that lower increments <0.05 increase the accuracy of the estimated 

zero pressure configuration. However, due to a new simulation being needed after each iteration, 

this would increase the computational time needed.  

 

Figure 3.7: Optimization of the zero-pressure configuration for an idealized cylinder model. The 

wireframe shown in (i) depicts the initial geometry while the green geometry shown in (ii) shows 

the estimated zero pressure configuration. (B) Optimization of the zero-pressure configuration 

for patient specific carotid bifurcation models 

3.3.3 Optimization of residual stress inclusion 

To validate the accuracy of the implemented algorithm, a theoretical calculation is obtained from 

a simplified cylindrical model. The reason for this is to have an approximate value of stress to 

optimize towards otherwise a complete smoothing of the gradient would be achieved. Using 

classical mechanics, it was possible to calculate the expected stress manually before simulation 
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and validate the calculated stresses observed in the model. By assuming that the model is a thin-

walled cylinder, the circumferential stress can be calculated by: 

 
𝝈𝒄𝒊𝒓 =

𝑷𝒅

𝟐𝒕
 

(3.18) 

Where P is the pressure imposed, d is the inner diameter of the model and t is the wall thickness. 

For the cylindrical model, the wall thickness was 0.75mm with an inner diameter of 2mm. 

Pressure imposed for the model was set to be 120mmHg which corresponds to approximately 16 

kPa. The circumferential stress calculated for this cylindrical model was 21.3 kPa, see figure 

3.8A. 

3.3.3.1  Cylinder model  

Using the same dimensions as the theoretical model, both the tensional fibre stresses 𝑻𝟏 , 𝑻𝟐 and 

maximum principal stress gradients decrease when imposing an increased number of smoothing 

loops. Residual stress was deemed to be incorporated into the model when the tensional fibre 

stress 𝑻𝟏 converged but preserved the small gradient of maximum principal stress from the inner 

to outer wall, as shown by figure 3.8B. Tensional fibre stress 𝑻𝟐 is equal to 𝑻𝟏. 10 smoothing 

loops was determined to be enough to incorporate residual stresses into the cylindrical model as 

the tensional fibre stress converged when the tensional fibre stress from inner to outer wall was 

within 10%. For the cylindrical models, the maximum principal stress from outer to inner wall 

goes from 25 kPa to 21 kPa with the inclusion of residual stresses as illustrated in figure 3.8C. 

This is in the range of the theoretical calculation that the vessel wall experiences a stress of 

approximately 21.3kPa. 
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Figure 3.8: Inclusion of residual stresses in a cylindrical model (A) Theoretical calculation of 

the circumferential stress (B) Circumferential stress contour plots showing (i) without the 

inclusion of residual stress and (ii) with the inclusion of residual stress (C) (i) Fibre stress T1 

(kPa) over the normalized radius (mm) after applying 0,5 and 10 smoothing loops (ii) Impact of 

inclusion of residual stresses on the maximum principal stress (kPa) after applying 0, 5 and 10 

smoothing loops 

3.3.3.2  Bifurcation Model 

To determine the optimum number of smoothing loops needed for the bifurcation models, the 

process was extended to include additional smoothing loops until the values of less than 5 kPa is 

seen in the tensional fibre convergence. The location of interest is the bifurcation apex, where 

the largest gradient of stress is observed through the vessel wall. 
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Figure 3.9: (A) Set definition at locations across the bifurcation for theoretical approximation of 

the circumferential stress (B) Inclusion of the residual stress at the common, external and internal 

carotid  (C) Inclusion of residual stresses in the bifurcation model looking at the Fibre stress T1 

(kPa) over the normalized radius (mm) after applying 0,5,10 and 15 smoothing loops (D) Impact 

of inclusion of residual stresses on the maximum principal stress (kPa) after applying 0,5,10 and 

15 smoothing loops 

Like the results obtained in the cylinder model. Both the tensional fibre stress 𝑻𝟏  and maximum 

principal stress gradients decrease when imposing an increased number of smoothing loops, see 

figure 3.9C and figure 3.9D. The gradient of stress seen initially is considerably larger than the 

cylindrical model and therefore requires more smoothing loops for the tensional fibre stress to 

converge to the pre-set criterion. Furthermore, the gradient of stress is preserved from inner to 
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outer wall, demonstrating the inclusion of the residual stress in the computational models. Again 

theoretically, the predicted stress at locations such as the common, internal and external carotid 

are similar to the predicated values after the inclusion of the residual stress, see figure 3.9A and 

3.9B. 

3.3.4 Estimation of material parameters and calculation of the stress distribution in 

arterial bifurcations 

Presented in figure 3.10 are the results obtained after simulating each case for one geometry. 6 

geometries were simulated in total, and the reader is directed to the supplementary documentation 

provided for the simulation results on the other 5 geometries. 

Table 3.5: Implemented material properties after optimization in each case for one geometry. 

Parameters 𝐂𝟏𝟎 (kPa) 𝐤𝟏 (kPa) 𝐤𝟐     𝛋 𝛉 (deg) 

Case 1 6.56 1482 561 0.16 37 

Case 2 9.36 1639 528 0.16 37 

Case 3 6.72 1836.93 817.22 0.13 35 

Case 4 11.68 1468.93 512.62 0.23 39 

Figure 3.10: (A) Simulated stress result for case 1 (B) Simulated stress result for case 2 (C) 

Simulated stress result for case 3 (D) Simulated stress result for case 4 (E) Single element test of 

estimated material parameters under uniaxial tension (F) Percentage of volume graph for the 4 

cases showing the stress distribution throughout the vessel wall 

Figure 3.10 (A-D) demonstrates that the peak stress values are different in all cases considered. 

In all models presented here and in the supplementary documentation, the stress is highest with 

material parameters taken from literature (case 1) and the lowest when taking account of both the 
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zero-pressure configuration and residual stress (case 4).  In case 2 material parameter estimations, 

the geometry extracted from diastole is attributed literature material parameters that need to be 

optimized. It is observed that due to the small deformation from diastole to systole that the most 

significant parameter change comes from 𝐶10, which describes the isotropic ground matrix of the 

tissue and is responsible for its elastic response. In case 3 material parameter estimations, when 

the zero-pressure configuration of the geometry is incorporated and then loaded to both diastole 

and systole, due to the greater deformation of the geometry to the desired phases, the material 

parameters now start to alter more significantly. In this estimation, the parameters 𝐶10 , k1 and 

k2 differ significantly from the original input parameters. κ and θ alter slightly but not 

significantly from the original input parameters. In case 4 material parameter estimations, where 

the zero-pressure configuration and residual stress is included, it is observed that loading this to 

both diastole and systole, not only do they alter 𝐶10 , k1,  and k2 parameters, but also the 

dispersion parameter κ. These results could be due to the fibres becoming more disperse when 

residual stress is included, and this ultimately leads to a decrease of the peak stress values 

observed in all regions of the bifurcation. The single element results shown in Figure 3.10E, 

highlight the effects of the estimated material parameters with the inclusion of the zero-pressure 

configuration and residual stress. In all cases, the parameters taken directly from literature show 

a stiffer response than what is seen when models have optimized patient specific parameters. 

Furthermore, it is observed that the inclusion of the zero-pressure configuration and residual 

stress has a distinctly less stiff response. Lastly, the decrease in peak stress values and the stress 

distribution is further validated by the percentage volume plots, see figure 3.10F. It is observed 

that there is an increase in the percentage volume of the lower stress value band (0-50kPa) when 

the zero-pressure configuration and residual stress is included in the model (Case 4), depicting a 

less stiff response and lower peak stress values when compared to literature parameters (Case 1). 

3.4 Discussion 

3.4.1 Impact of image axial resolution on the stress calculated in patient specific finite 

element models of the carotid bifurcation. 

As observed in section 3.1 results, the high-resolution model with an “apparent” image slice 

thickness of 1mm and a total of 24 slices reduced the calculated stress at the apex of the 

bifurcation models. This agrees with previous research undertaken by Nieuwstadt et al, 2014, by 

which on a simulated MRI dataset they determined that lower stresses are predicted with higher 

resolution models [166]. To the authors knowledge, this investigation is the first to look at 

whether this holds true for in-vivo MRI datasets. In terms of the created geometries, convergence 

of stress values at the bifurcation apex was observed at a mesh density of approximately 250,000 

elements. Convergence was deemed enough when the stress values did not differ by more than 

5% of the previous value. Interestingly, it was observed that for both the higher and lower 
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resolution models, convergence is observed at different stress values. This can be solely attributed 

to the geometries that are created with one being at a higher resolution than the other.  A limitation 

that must be considered is scanning duration, as acquiring a desired high resolution would require 

longer scan times that is not suitable for clinical practice. Furthermore, longer scan times would 

also lead to more image artifacts, such as bulk motion that can affect the segmentation accuracy 

and therefore a compromise must be made. Overall, a robust technique for creating carotid 

bifurcation geometries from MRI has been established. From segmentation, preparation and 

meshing, these techniques can be translated to other arterial geometries if required. The 

sensitivity of stresses calculated is dependent on the resolution of the acquisition that is used; 

therefore, a higher resolution scan is desirable. 

3.4.2 Inclusion of the zero-pressure configuration 

Using the method presented in section 3.2.4, the zero-pressure configuration can be extracted for 

idealized models and arterial bifurcations. For the idealized cylinder model, the robustness of the 

algorithm was demonstrated by recovering the estimated zero pressure configuration after 

inputting a known pressure state. The scaling parameter K was optimized at 0.90 to 1 in the 

idealized case. For the bifurcation models, the algorithm successfully estimated the zero-pressure 

configuration from geometries at a known phase in the cardiac cycle. Due to the geometry not 

being idealized, the scaling parameter needed to be optimized to determine the optimum 

incrementation to be used for robust estimation, and this was observed to be in the region of 0.9 

and 0.95 for all geometries tested here, see figure 3.7. It was determined that an incrementation 

of 0.05 for new guesses of the zero pressure geometry delivered sufficient accuracy and proved 

to be most time effective for the computational models and is also the incrementation 

implemented in Raghavan et al, 2006 [18]. Although, it can be suggested that lower 

incrementations along with higher computational power will be able to perform this analysis. The 

inclusion of the zero-pressure configuration will alter estimations of stress throughout the vessel 

wall and compromise the time for the analysis to complete. However, if stress is to be used as a 

clinical vulnerability indicator, the zero-pressure configuration must be included in the 

simulation of the arterial bifurcation.  

3.4.3 Inclusion of the residual stress 

The algorithm presented in this study shows the homogenization of the gradient of stress in the 

radial direction to represent the presence of residual stress in both the idealized cylinder model 

and the bifurcation models, see figure 3.8 and 3.9. The idealized cylinder model shows the 

robustness of this method and can be compared to the 2D simulations in Schroder et al, 2014, 

where the gradient of stress is homogenized in the radial direction to a reasonable degree after 

10 smoothing loops. The circumferential stress values observed through the wall thickness also 
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falls in the range of the theoretically calculated value of 21.3kPa, further validating its 

implementation. The method presented here extends the method demonstrated in Schroder et al, 

2014 to three-dimensional patient specific models of the carotid bifurcation. Including residual 

stress into the patient specific bifurcation geometry shows a homogenization of the gradient of 

stress observed throughout the bifurcation but does not completely remove it. This is noticeably 

seen at the bifurcation apex, where the highest change in peak stress values occur when residual 

stress is included. The preservation of this gradient through the thickness is important and 

observed in the work of Delfino et al, 1999 and Raghavan et al, 2003 to name a few a couple 

[21,56]. It is important to remember that the residual stress inclusion shown in these studies used 

the opening angle approach, something that was not used in this implementation. The reason for 

this is because the opening angle varies through the bifurcation and cannot be quantified in-vivo. 

Therefore, using the approach presented here, the opening angle is neglected, but the residual 

stress of the vessel can be incorporated in the computational models. 

3.4.4 Effect of implemented methods on the estimated material parameters and stress 

distribution in patient specific finite element models of the carotid bifurcation.  

From the results presented here, the estimated material parameters alter with each geometry even 

without considering both the zero-pressure configuration and residual stress. This is due solely 

to the fact that the geometries are all different, therefore, validating the need to have patient 

specific material parameters. Looking at each geometry individually, it is observed that from 

diastole to systole (Case 2) that changes in the material parameters are mainly governed by the 

𝐶10 parameter, meaning the response is mostly in the low strain region. It is observed when the 

zero-pressure configuration is included in these estimations, the geometry has to undergo further 

deformation to reach the diastolic and systolic phases, which effects the overall stress that is 

calculated. The introduction of the zero-pressure configuration also shows larger changes in the 

𝑘, 𝑘2 parameters along with an observed change in 𝐶10. It can be stated with the inclusion of the 

zero-pressure configuration that the contribution of the collagen fibres in the stress distribution 

are now being observed. Lastly, the inclusion of the zero-pressure configuration and residual 

stress alter the 𝐶10 , k1,  k2 and the dispersion parameter κ. Furthermore, the literature and the 

results presented here shows that the presence of residual stress throughout the arterial wall 

homogenizes the gradient of stress through the wall thickness. This homogenization effects the 

parameter estimation and depicts the fibres to be more dispersed, therefore decreasing the overall 

stress of the model. This decrease in the stress gradient from inner to outer wall is seen in all 

models that includes the residual stress of the vessel. It is also observed that the maximum 

principal stress for each model is overestimated when simulated with material parameters taken 

from the literature as there is a clear decrease in the stress values when the zero-pressure 

configuration and residual stress are included. This is important as it demonstrates the need for 
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tailoring the analysis to be patient specific, which in this context means the incorporation of the 

zero-pressure configuration, residual stress and estimated material parameters in the 

computational models. Clearly, an overestimation of the stress with literature parameters and 

exclusion of the zero-pressure configuration and residual stress would lead to a 

mischaracterization of the vulnerability of the vessel if stress was to be used as a vulnerability 

measure. Therefore, in order for individually created geometries to be patient specific in this 

context, the inclusion of the zero-pressure configuration, residual stress and estimated material 

properties is required. 

3.4.5 Limitations  

The work presented here shows the impact of excluding the zero-pressure configuration and 

residual 

stresses in the estimation of material parameters and stresses at the carotid bifurcation. The first 

limitation of the study is that the carotid wall is assumed to be made of one material. This is not 

the case as arterial tissue is composed of three distinct layers, the tunica intima, the tunica media, 

and tunica adventitia. All of these layers would independently have their own opening angle and 

therefore, residual stresses. The protocol for geometry segmentation and meshing has been 

extended to include the meshing of multiple layers and plaque components and will be future 

work. The second limitation of the study is exclusion of diseased vessel bifurcations in the 

analysis of the effect of the zero-pressure configuration and residual stresses. Although the 

residual stress does not have a major influence in atherosclerotic plaque tissue, the exclusion of 

the residual stress from the vessel wall with plaque tissue may alter the calculated stress values. 

The reason for this is because if you consider plaque tissue and the vessel wall to be separate 

entities, the role of residual stress can be quite different. As stated before, the general procedure 

to quantify the amount of residual stress in the vessel wall is via the opening angle experiment, 

whereby once axially cut the vessel springs open releasing the strain energy within the tissue. 

However, when the same is done for atherosclerotic plaque tissue this springing open of the tissue 

does not occur, suggesting no residual stress is present. For this reason and for accurate 

simulation, it is important to take out the plaque, include the residual stress in the vessel wall and 

re-incorporate the plaque back into the model. Lastly, the angle of fibres does not show 

considerable change in all estimations undertaken here. This could be from the fact that different 

ranges of axial strain were not implemented in the material parameter estimation and kept 

constant for all models. It is expected that if higher levels of axial strain are imposed, the angle 

of fibres would alter and will start to play a more significant role in the stress distribution and 

peak stress values.  
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Chapter 4 An investigation into the critical role of fibre 

orientation in the ultimate tensile strength and stiffness 

of human carotid plaque caps 
 

4.1 Introduction 

The development and subsequent rupture of atherosclerotic plaques in human carotid arteries is 

a major cause of ischaemic stroke. Mechanical characterization of atherosclerotic plaques can 

aid understanding of plaque rupture risk. Despite this however, experimental studies on human 

atherosclerotic carotid plaques, and fibrous plaque caps in particular, are very limited. This study 

aims to provide further insights into atherosclerotic plaque rupture by mechanically testing 

human fibrous plaque caps, the region of the atherosclerotic lesion most often attributed the 

highest risk of rupture. The results obtained highlight the variability in the ultimate tensile stress, 

strain and stiffness experienced in atherosclerotic plaque caps. By pre-screening all samples 

using small angle light scattering (SALS) to determine the dominant fibre direction in the tissue, 

along with supporting histological analysis, this work suggests that the collagen fibre alignment 

in the circumferential direction plays the most dominant role for determining plaque structural 

stability. The work presented in this study could provide the basis for new diagnostic approaches 

to be developed, which non-invasively identify carotid plaques at greatest risk of rupture. 

4.2 Methods 

4.2.1 Sample preparation 

Carotid plaque specimens were obtained from 20 symptomatic carotid endarterectomy (CEA) 

patients at St James Hospital Dublin. These patients were aged from between 50 and 85 years of 

age and had been diagnosed with a percent stenosis of greater than 50%. Ethical approval for 

obtaining the plaques in this study was obtained from St. James Hospital ethical committee in 

compliance with the declaration of Helsinki. These carotid plaque specimens were firstly washed 

in phosphate-buffered saline (PBS) to remove residual blood and then stored in tissue-freezing 

medium (RPMI-60 Media, 1.8 M DMSO; and 0.1 M sucrose), placed into a Mr. Frosty 

cryosystem containing 2-proponol and cryopreserved at −80 °C until the day of testing. 

Cryopreservation has been shown to have a nonsignificant effect on the tissue and there- fore is 

the method of storage. On the day of testing, samples were defrosted in PBS at ambient 

temperature and then sectioned as shown in Fig. 4.1. The location of the plaque cap was first 

located by finding the location of high stenosis and observing where the cap was covering over a 

lipid core region. The plaque cap was carefully delineated and dissected up to the plaque 

shoulders by using tweezers, as shown in Fig. 4.1 A. Plaque cap samples were dissected to yield 
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circumferential strip samples with a 4:1 (length: width) ratio, as recommended in [26]. 

Furthermore, dimensions of each plaque cap were recorded (width and thickness) using a light 

microscope. The plaque cap was first placed on a glass slide on the stage of the microscope and 

brought into focus, by which the stage was then moved using two digital micrometres that allow 

for measurements to be recorded. For thickness measurements, the sample was orientated on its 

side. Three measurements were taken, and the mean width and thickness were used for 

calculation of the cross-sectional area. For accurate analysis of UT stress, UT strain and stiffness, 

only samples that failed in the centre were included. To prevent sample slippage, Velcro was 

used on the grips. 

 

Figure 4.1: (A) Section of atherosclerotic plaque - Red box indicates the delineation of the fibrous 

plaque cap from the underlying tissue. (B) Separated plaque cap and underlying tissue (C) 

Circumferential strip sample of the atherosclerotic plaque cap; scalebar = 1 mm. The 

circumferential direction is in the same direction as FC. 

4.2.2 Small Angle Light Scattering (SALS) 

Using an in-house SALS system [32], the dominant fibre orientation of these excised 

atherosclerotic plaque cap test specimens could be determined before testing. Using a purpose-

built MATLAB (MathWorks, Cambridge, UK) code allowing for the pre-dominant direction to 

be determined, the centroid of the scattered light pat- tern was established before cycling through 

all angles from 1 to 360, computing the light intensity at each angle. In SALS, the light is scattered 

perpendicular to the dominant fibre direction. Placing the sample on a glass slide within the SALS 

system, raster scanning was performed over a set region of interest and the dominant direction in 

each region was established. The scattered light profile can either be an elliptical shape if a 

dominant direction is observed or a circular shape if no dominant direction is observed. This is 

described by the eccentricity (E), which provides the light distribution at a given interrogation 

point as a ratio based on the major and minor axes, i.e. 
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(4.1) 

An eccentricity of 1 corresponds to perfect fibre alignment in one dominant direction, while an 

eccentricity of 0 corresponds to an isotropic distribution of fibres [32], see Fig. 4.2 . During the 

pre-screening procedure and due to the variable sample sizes, a 3 mm x 1 mm region of interest 

was selected in the centre of each sample, with the SALS resolution being set at 0.25 mm x 0.25 

mm, thereby allowing a more accurate determination of the dominant fibre direction in the sample 

in the location of expected failure. After analysis, each sample was then characterized by its 

dominant fibre orientation, whereby a predominantly axial fibre orientation (FA) had fibres 

perpendicular to the direction of loading ( θ from 45 °to 90 °and −45 °to −90 °) and a 

predominately circumferential fibre orientation (FC) had fibres parallel to the direction of loading 

( θ from 0 °to ±45 °). 

 

Figure 4.2: Schematic illustration of the specimen fibre orientation and the resulting scattered 

ellipse. (A) Fibres in predominantly axial direction (FA). (B) Fibres in predominantly 

circumferential direction (FC ). 

4.2.3 DIC and mechanical testing 

Uniaxial tensile tests to complete failure were performed using a uniaxial test machine (Zwick 

Z005, Zwick GmbH & Co. Ulm, Germany). All tests were performed in a water bath of PBS 

solution at 37 °C, to simulate the physiological environment. The testing procedure was similar 
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to that outlined in Ghasemi et al. [16], whereby, a sequence of cyclic loading steps was imposed 

on the tissue at a constant displacement rate (30 mm/min) with strain limits set for each loading 

step (10%, 20% and 30%). This displacement rate allowed for easy matching of the DIC 

acquisition time to the zwick testing time. Preload was set to be at 0.01 N to remove any slack in 

the tissue before preconditioning and testing and was subsequently zeroed before testing began. 

Five preconditioning cycles at 10% strain were performed before the loading steps to remove 

viscoelastic effects in the tissue. None of the samples included in this analysis failed in 

preconditioning. Digital Image Correlation (DIC) was used to track local strain deformations in 

the area of failure during testing and was set to a region of 12mm2. Furthermore, the DIC was set 

up to record the entire experiment at a rate of two frames per second. Cameras were calibrated 

and focused before data acquisition to ensure robust results are obtained. A stochastic pattern was 

applied using spray paint which allowed displacement of the tissue to be tracked, see Fig. 4.3 . 

Loading continued in each sample until failure of the tissue occurred and the final force-

deformation cycle prior to failure was evaluated to establish the stress-strain behaviour of the 

samples. Only samples that failed approximately in the centre of the sample were considered for 

analysis to ensure only robust ultimate tensile stress, strain and stiffness measures were obtained. 

Ultimate tensile stress and ultimate tensile strain values were then extracted at the point of failure 

of the sample. Stiffness (E) was also calculated for each sample by taking 10 data points and 

calculating the slope of the final linear region observed in the stress-strain curves but ending 

before the final 20% of the curve to ensure consistency across samples [33]. 

 

Figure 4.3: (A) Experimental setup as seen in the lab (B) Schematic showing the experimental 

setup used for the uniaxial tensile tests.  

4.2.4 Histology 

The use of histology with certain tissue stains such as Haematoxylin and Eosin (H&E) and 

Picrosirius red (PSR) enables quantitative analysis of the tissue microstructure along with 

microscopy techniques such as polarized light microscopy (PLM) which can extract information 
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on the collagen content and collagen fibre orientation [27,30,167]. After testing, carotid plaque 

cap samples were fixed in 10% formalin at 4 °C for 24 h. The samples were then dehydrated 

(Leica TP1020, Semi-enclosed benchtop tissue processor, Germany) and embedded in paraffin 

wax blocks. Following this, 8 μm cross sections were cut from the paraffin blocks using C35 

microtome blades and floated on distilled water at 37 °C before being mounted on glass slides. 

The slides were left to dry overnight. Staining of the samples was done by using a Leica 

Autostainer (Leica ST5010, Autostainer XL, Germany), that incorporated the de- paraffinization 

and rehydration of the samples. Slides were stained with PSR to visualize and quantify the 

collagen fibre alignment and collagen content [168]. Once stained, the slides were imaged using 

a brightfield and polarized light microscope (Leica, Wetzlar, Germany) at a range of 

magnifications (2x and 4x) to allow for detailed analysis. The results for both content and the 

orientation analysis were determined from an average across two sections taken through the 

thickness of each sample. 

4.2.5 Content analysis 

To determine the content of collagen within tissue samples, post-processing of the PSR stained 

tissue sections was performed. Content was determined based on the fractional area of 

birefringence observed. Firstly, an image of the tissue sample was collected in brightfield and the 

total tissue area was measured. The same slide was then examined with polarized light and an 

im- age was collected and binarized, see Fig. 4.4. This binarization was kept at a constant value 

(0.2) for all images as it was sufficient to remove the background and highlight areas in the 

polarized light to be just collagen. The collagen content of the sample was then calculated from 

comparing the birefringent area to the total tissue area [27]. 

 
Collagen Content (%) =  

Collagen Area

Tissue Area
x 100 

(4.2) 

 

4.2.6 Orientation analysis 

For collagen fibre orientation assessment via histology, the method used was similar to that 

reported in Douglas et al. [29]. A canny edge detection filter was used to isolate the collagen 

fibres in the image. The filter was applied both horizontally and vertically to remove any noise 

or speckles in the image and thresholds were set so any small components were removed. 

Connected adjacent pixels were then found using the regionprops function in MATLAB. 

Delineated fibres containing less than eight or fewer connected pixels were removed, as they 

were deemed too small to give robust fibre properties [29]. Following this, the code MatFiber 
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[167] was used to determine the mean fibre angle across the sample. The process for content and 

orientation analysis is summarized in the workflow illustrated in Fig. 4.4. 

 

Figure 4.4: Workflow of processing from histological images to obtain both the collagen content 

and fibre orientation of atherosclerotic plaque caps; scalebar = 1 mm. 

4.2.7 Statistical analysis 

Statistical analysis was performed with Prism 8 statistical software (GraphPad Software Inc., San 

Diego, California) and the data for the ultimate tensile (UT) stress, UT strain, stiffness and 

collagen content were grouped according to the SALS data. Two-tailed unpaired t-tests using 

Welch’s correction were performed on the UT stress, UT strain, stiffness and collagen content 

values to investigate statistical significance (i.e., p < 0.05) between the predominately axial fibre 

datasets and predominately circumferential fibre datasets due to the uneven sample sizes in each 

group. 

4.3 Results 

4.3.1 Width and thickness measurements across atherosclerotic plaques 

Three width and thickness measurements were recorded for all atherosclerotic plaque cap 

samples that underwent testing and are presented in Fig. 4.5. Plotted as mean and standard 

deviation for each, every individual point corresponds to one measurement. Overall, the width of 

these samples is in the range of 2.52 mm ± 0.58 mm and the thickness of these samples is in the 

range 0.54mm ± 0.11 mm, showing the thickness of the plaque cap varies within and between 

samples, and that this can be attributed to the heterogeneity of the tissue. 
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Figure 4.5: (A) Width measurements taken across the atherosclerotic plaque cap samples tested 

(B) Thickness measurements taken across the atherosclerotic plaque cap samples tested. Plots 

detail the mean and standard deviation of the measurements taken. 

4.3.2 Dominant collagen fibre orientation in carotid plaque caps using SALS. 

The mean fibre angle (θ) and standard deviation within samples was determined using SALS and 

is shown in the order in which samples were tested in Fig. 4.6, where considerable variation in 

the dominant fibre angle is evident across these plaques harvested from different patients. The 

samples were therefore grouped in terms of their dominant fibre direction, whereby, 

predominantly axial fibre orientation (FA) samples are those where fibre angles, θ from ±45° to 

±90°, and predominantly circumferential fibre orientation (FC) samples have fibre angles, θ from 

0° to ± 45°. After determining the respective groupings, a total number of 12 samples with 

predominately axial fibre orientation and 8 samples with predominately circumferential fibre 

orientation. Fig. 4.7A and 4.7B show both the SALS eccentricity plots and fibre (elevation) angle 

distributions for all samples, detailing the sample-to-sample variation in eccentricity values and 

fibre distributions. The elevation angle is an angular measurement in a spherical coordinate 

system whereby, for this analysis, an elevation angle at 0° corresponds to the circumferential 

direction and ± 90° corresponds to the axial direction. 

 

Figure 4.6: Mean Fibre Angle, θ, and standard deviation obtained from samples in the order of 

testing. Samples where θ is from ± 45 ° to ± 90 ° are denoted as samples with predominantly 

axial fibres (FA) and those with , θ from 0 ° to ± 45 ° are denoted as having predominantly 

circumferential fibres (FC). Each datapoint is one sample. 
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Figure 4.7: SALS eccentricity plots and histograms displaying fibre angle distributions after 

grouping into (A) predominantly axial fibre dataset (FA) and (B) predominantly circumferential 

fibre dataset (FC). 
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4.3.3 Ultimate tensile strength of carotid plaque caps 

Data presented here are from samples that failed in the centre of the tissue sample, with a 

representative sample shown in Fig. 4.9. Stress-strain curves for all samples demonstrated the 

characteristic non-linear J-shaped curves typical of vascular tissue (Fig. 4.10 A and 4.10 B). 

Engineering stress was calculated using the Zwick force divided by the original cross-sectional 

area and engineering strain was calculated using the DIC. Figure 4.8 shows the step-by-step 

process of a representative sample that has been analysed using DIC. Figure 4.8A shows the 

speckle pattern and the region of interest selected for data extraction. In this set region, the 

average value of engineering strain across the tissue is calculated and the stress strain curves are 

corrected with the engineering strain measured from DIC. Figure 4.8B shows the strain 

experienced in the atherosclerotic plaque sample after preconditioning while figure 4.8C shows 

the strain experienced in atherosclerotic plaque sample just before failure. As observed in figure 

4.8C, high strains (red) are observed in the failure location. 

 

Figure 4.8 Representative example of an atherosclerotic plaque sample analysed with DIC (A) 

DIC view of the atherosclerotic plaque sample with speckle pattern and region of interest set for 

calculation of the engineering strain in region, (B) Sample at start of test, (C) Sample just before 

point of rupture where peak strain (red) is evident at the location of rupture  
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To observe the effect of fibre orientation, the uniaxial test results were again grouped according 

to the predominant fibre direction, namely axial fibres and circumferential fibres based on the 

SALS results, see Fig. 4.10A and 4.10B, respectively. Fig. 4.10 C–E demonstrate significantly 

different results between the samples with predominantly axial and circumferential fibres for UT 

stress, strain and stiffness. The mean UT strain is significantly higher (0.13 ± 0.04 versus 0.09 ± 

0.04), and mean UT stress significantly lower (0.31 ± 0.18 MPa versus 0.87 ± 0.63 MPa) in 

predominately axial fibre datasets, whilst the mean stiffness of samples with predominately axial 

fibres is also considerably lower than samples with predominately circumferential fibres (0.05 ± 

0.03 MPa versus 0.19 ± 0.07 MPa), see Fig. 4.10E. 

 

Figure 4.9: DIC view of plaque cap with speckle pattern undergoing uniaxial test showing (A) 

initial sample setup and (B) failure at centre of sample. 
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Figure 4.10: Engineering stress-strain curves for A) predominantly axial fibre datasets (FA) and 

(B) predominantly circumferential fibre datasets (FC). Statistical analysis detailing the 

significant difference between (C) Ultimate tensile stress, (D) Ultimate tensile strain and (E) 

Stiffness between the groupings, ∗ p < 0.05, ∗∗∗ p < 0.0 0 05. 

4.3.4 Histological analysis of carotid plaque caps 

4.3.4.1 Histological evaluation of collagen fibre orientation and content in atherosclerotic 

plaque cap samples. 

Fig. 4.11A shows output images from both the light and polarized light and after histological 

analysis (content and orientations). Collagen content for samples with fibres predominantly in 

the axial direction was found to have a wider range of content values when compared to samples 

with predominantly circumferential fibres, see Fig. 4.11C. No significant difference in collagen 

content was identified between the datasets, however, suggesting that collagen content does not 

play a significant role in determining the UT stress, UT strain and stiffness of the tissue. From 

these results, it is shown that the histological fibre angle, shown in Fig. 4.11B is quite different 

to the SALS fibre angles shown in Fig. 4.6. A Pearson correlation analysis performed between 

the two datasets, however, showed a good degree of correlation between the SALS fibre angle 

measurements and the histological fibre angle calculated, with an R2 = 0.61, see Fig. 4.11D. 
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Whilst SALS obtains an average fibre angle from the laser light passing through the tissue prior 

to testing, histology is performed on only a limited number of thin sections of the tissue and it is 

also performed after mechanical testing. In addition, histology requires a number of processing 

steps before final analysis which can induce sample shrinkage. The process also relies on 

obtaining a flat cross section of tissue during sectioning to ensure robust fibre angle calculations. 

Fig. 4.12A and 4.12B show a poor correlation between collagen content and UT stress (R2 = 

−0.02) and UT strain (R2 = 0.02), respectively. These findings are independent of fibre 

orientation.  

 

Figure 4.11: (A) Representative images detailing the post-processing of tested plaque cap tissue 

after histological staining with PSR; scalebar = 1 mm. (B) Mean fibre angle and standard 

deviation extracted from samples in the order of testing. (C) Collagen content comparing the 

predominately axial fibre group and predominately circumferential group. (D) Pearson 

correlation test between SALS fibre angle and calculated fibre angle from histology. 
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Figure 4.12: Correlation plots for (A) collagen content and ultimate tensile stress and (B) 

collagen content and ultimate tensile strain, when not considering fibre angle groupings. 

4.4 Discussion 

The highly variable nature of the mechanical properties of atherosclerotic plaques has been 

observed in these samples, validating the observations seen in previous studies. Throughout the 

study, SALS was used as a pre-screening tool to determine the dominant fibre orientation of these 

samples, thereby determining the anisotropic nature of the atherosclerotic plaque cap. The 

eccentricity in these samples was low at approximately 0.6 (Fig. 4.7) which would suggest that 

whilst the cap has an anisotropic collagen structure, it may not be coherently aligned in a 

particular direction. Thickness variability in the samples can also contribute to this low SALS 

eccentricity measure. Despite the eccentricity values, once samples were grouped based on SALS 

fibre angle measurements into those with predominantly axial fibres and predominantly 

circumferential fibres, these results demonstrate that the orientation of the collagen fibres in the 

plaque caps plays a significant role in determining the ultimate tensile strength and strain in the 

plaque caps. The plaque caps with predominantly circumferential fibres demonstrate superior 

load bearing capacity with higher stresses borne before failure when compared to the 

predominantly axially aligned fibre samples. It is important to note that throughout the 

preconditioning phase of the test, there was no evidence of failure or micro-failure in the samples. 

Whilst it is possible that micro failures could go undetected, it is worth noting that the 

preconditioning strain level was lower than the strain at which ultimate failure was observed in 

all samples. When comparing the SALS fibre angle to the histology fibre angle, there can be a 

huge variation in the fibre angle observed. Although this may suggest a significant 

methodological issue, its moreover a limitation of histological analysis. The SALS fibre angle is 

measured as an average through the thickness of the tissue whilst the histology fibre angle is the 

average angle from 3 cross-sections across the thickness. Interestingly, the histological results 

suggest that collagen content alone does not play a dominant role in the strength and stability of 

atherosclerotic plaque cap tissue given that no significant difference was observed in collagen 
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content between the two plaque cap groupings. Furthermore, when looking at the correlation of 

collagen content to the ultimate tensile stress and strain, independent of groupings, there is not a 

correlation between the collagen content and ultimate tensile stress and strain, suggesting that 

collagen content alone does not play a significant a role in the load bearing capacity of the tissue. 

A particularly interesting finding from this work is the failure of samples with fibres in 

predominantly the axial direction at lower UT stress and higher strains than the samples with a 

predominantly circumferential fibre arrangement. This key finding offers potential mechanistic 

insight into the results demonstrated in previous in vivo imaging studies such as Huang et al. 

[146], where vulnerable plaques were found to have a higher maximum value of absolute strain 

rate from diastole to systole. Without knowing the mechanical structure of the plaque and vessels 

in the Huang et al. [146] study, the results here would suggest that these vulnerable plaques could 

possibly have fibres more axially aligned which would consequently fail at lower UTS and 

thereby make them more vulnerable to rupture. This hypothesis clearly warrants further 

investigation using in vivo imaging studies on potentially vulnerable plaques, but it could 

possibly open up new diagnostic techniques with a clear mechanical origin. Finally, as outlined 

in Davis et al. [27], the use of stress as a rupture metric, as used in many computational studies 

[87,169], may not be the most appropriate mechanical measure to use when trying to determine 

plaque rupture vulnerability. This is since plaque caps with collagen orientated in the dominant 

load bearing direction can withstand higher stresses, however, without this microstructural 

insight, the stress alone does not offer a robust rupture index, especially as this study highlights 

that collagen content alone does not correlate with the UT stress and UT strain. Stress can only 

act as a true rupture measure when it can be determined accurately and compared to a known 

tissue rupture strength. In contrast, tissue strain measures may offer insights into the underlying 

microstructure, particularly when considered in the context of the data presented here where 

higher strains are consistently associated with tissue of lower fracture strength. Characterizing 

locations across a plaque cap where the deformation of the tissue is increased compared to normal 

arterial deformation values would suggest microstructural changes to the tissue and overall 

structural weakness. Furthermore, the current study addresses the limitations stated in Davis et 

al. [27] and includes the fracture behaviour of fibrous plaques with respect to their underlying 

fibre orientation, finding that plaque caps with axially aligned fibres would strain more and fail 

at lower UT stress. Whilst this study provides critical new insights into the mechanical behaviour 

of atherosclerotic plaque caps, there are some limitations in the study; firstly, only fibrous plaque 

caps were tested and other components that could contribute to the overall mechanical response 

of the plaque were not considered here. Akyildiz et al. [38] demonstrated using ex-vivo MRI that 

the fibre orientation varies throughout an atherosclerotic plaque, and that pre-screening and 

subsequent testing of entire atherosclerotic plaque specimens should be explored as this can 

provide further insight into the mechanical strength of the plaque and the importance of collagen 
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fibre orientation within them. Furthermore, using other novel imaging methods, such as 

polarization-sensitive optical coherence tomography demonstrated Nadkarni et al. [170], it would 

be possible to quantify both the collagen fibre orientation and collagen content with 

corresponding mechanical data similar to the methods in this study and further validate these 

observations. Calcifications can lead to localized stress concentrations and can even potentially 

alter the fibre orientation within the plaque cap [171,172] and would therefore be of interest in 

future investigations. Secondly, plaque caps were only tested in the circumferential direction due 

to the challenge of working with such small tissue explants, however additional axial or biaxial 

loading may provide further insight into the mechanical response of the tissue. Lastly, the 

influence of macrophages was not investigated in this study. Macrophages are known to infiltrate 

the plaque cap during inflammation and can potentially degrade the matrix of the tissue, thereby 

weakening the mechanical integrity of the plaque [173]. Whilst macrophage content was not 

directly explored, the influence of matrix degradation was investigated by quantifying collagen 

content within the plaques. 

4.5 Conclusion 

Carotid plaque cap rupture is a local mechanical event in the vessel wall, whereby the stress 

exerted on the plaque exceeds its mechanical strength causing it to rupture. Parameters such as 

the percent stenosis do not provide robust metrics for determining plaque vulnerability especially 

for lower grades of stenosis as they do not consider the underlying mechanical strength of the 

plaque tissue. The current study demonstrates that the mechanical integrity of the plaque cap is 

governed by collagen fibres and that collagen content alone may not be a robust predictor of 

plaque rupture. The critical role of collagen fibre orientation relative to the dominant loading 

direction in the vessel shows, that for maximum strength, collagen fibres should be in the load 

bearing circumferential direction. When collagen fibres are predominantly in the circumferential 

direction, the tissue exhibits a higher ultimate tensile strength and overall stiffer behaviour with 

lower strains, as compared to plaque tissue with collagen fibres orientated in a predominantly 

axial direction. This is important as being able to characterize the strain, using in-vivo imaging 

techniques, could potentially aid in the identification of fibre orientations and the overall 

mechanical strength of the tissue and thereby offer a more mechanistic basis for a clinical 

indicator of carotid plaque rupture risk. 
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Chapter 5 A computational investigation to establish a 

sensitive plaque rupture vulnerability measure using 

patient specific finite element models informed by ex-

vivo diffusion tensor imaging and mechanical data. 
 

5.1 Introduction 

The collagen fibres are known to be the major load bearing component within the arterial vessel 

wall and atherosclerotic plaques. It has been established that the orientation of these collagen 

fibres significantly determines the overall mechanical response of the tissue. Atherosclerotic 

plaque tissue is known to be heterogenous in nature and comprises of many components such as 

the fibrotic media, plaque cap, calcification and the lipid pool, all of which contribute to the 

tissues overall mechanical response. Patient specific finite element (FE) models have the 

capability to estimate the stresses and strains that the tissue is experiencing in-vivo and allows 

for the development of new diagnostic measures that are able to characterize structural 

weaknesses within the vessel. In this study, the aim is to investigate the role of fibre orientation 

in the mechanical strength of atherosclerotic plaques. By assessing the influence of changing the 

directionality of the fibres on observed computational results, the focus here is to establish a 

novel indicator to characterize how far the fibres are from the optimal load bearing configuration 

within the tissue. Due to computational complexity and the aim of this study, the methods 

established in chapter 3 of this thesis were excluded in this analysis.  Firstly, volunteers and 

patients were scanned using in-vivo MRI to establish both the structure of the vessel wall and 

atherosclerotic plaque and allow for patient specific geometries to be created from these scans. 

In order to establish the dominant fibre orientation within these atherosclerotic plaques, ex-vivo 

diffusion tensor imaging (DTI) was performed, and the dominant fibre angle was then used to 

inform the FE models. These imaged atherosclerotic plaques were then uniaxially tested to 

establish the mechanical behaviour of the tissues. Lastly, a local stress modulated remodelling 

algorithm is proposed to characterize the mechanical response of the tissue to the re-orientation 

of collagen fibres. It is suggested that arterial tissue should have its optimum stiffness and 

strength when the collagen fibres are aligned in the optimum configuration established from the 

ratio of the maximum and intermediate principal stresses. The continuum damage model (CDM) 

implemented here establishes a novel remodelling metric (RM) which characterises how far the 

fibre distribution is from the optimum distribution for the fibres to have their maximum strength. 

A fibre distribution which is far from the optimum distribution results in a weaker mechanical 

structure and in the vessel wall this can increase the possibility of atherosclerotic plaque rupture.  
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The results presented here initially highlight the variability in the mechanical responses of 

atherosclerotic plaque tissue, which can be attributed to the highly variable orientation of the 

collagen fibres within the tissue. Interestingly, in the majority of the samples tested in this study, 

it was observed that there were multiple failure points in atherosclerotic plaque tissue, with there 

being an initial failure followed by an uptake of load before final failure. This is an interesting 

observation which shows rupture not only occurs mostly on the luminal side but from the DTI it 

is observed that this is probably due to the fibres being in the non-load bearing axial direction. 

Furthermore, this work again supports observations seen in Ghasemi et al (2021), where larger 

remodelling values were obtained when fibres were further away from the optimum 

configuration, indicating that the remodelling capability of the plaque is not optimized. Extending 

on this previous work, it is observed that when models with atherosclerotic plaques are informed 

with ex-vivo fibre angles extracted from DTI, the RM is higher than the circumferential fibre 

cases but lower than the axial fibre cases. This suggests that these plaques are quite vulnerable 

to rupture, especially at localized regions where the RM is high. The workflow for this study is 

presented in Fig 5.1.  

 

Figure 5.1: Workflow of experiments performed in this study. 

5.2 Methods 

5.2.1 In-vivo MRI and sample collection 

In-vivo MRI scans of the carotid arteries were obtained from healthy volunteers using a 3T whole 

body MRI scanner (Achieva, Phillips Medical Systems, Best, Netherlands) combined with an 8-

channel dedicated bilateral carotid artery coil (Shanghai Chenguang Medical Technologies, 

Shanghai, China). Imaging parameters used in acquisition are stated in Table 3.2, with the field 

of view centred on the carotid bifurcation after localization to the region of interest using the time 
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of flight (TOF) imaging sequence. For each patient volunteer in this study, ECG was used to 

allow for cardiac triggering to be performed. This was done in order to acquire images at known 

phases of the cardiac cycle.  

5.2.2 Ex-vivo DTI of atherosclerotic plaque tissue 

Using previous established protocols stated in Tornifoglio et al (2020), a small bore (35 cm) 

horizontal 7 T Bruker BioSpec 70/30 USR system (Bruker, Ettlingen Germany) equipped with a 

receive only 8-channel surface array coil, birdcage design transmit coil, shielded gradients 

(maximum strength 770 mT/m) and Paravision 6 software was used for imaging all 

atherosclerotic plaques. All atherosclerotic plaques were positioned using a custom-made 3D 

printed holder placed in a 50ml falcon tube and immersed in fresh PBS prior to imaging at room 

temperature. A 3D DTI sequence with the following parameters was used: TE/TR: 17.682/1000 

ms; image size: 64x64x64, field of view: 16x16x16 mm, isotropic resolution 250x250x250 μm, 

b-values: 0, 800 s/mm2, 10 b-directions, with fat suppression and acquisition time: 12 hours and 

30 minutes. After imaging, the sample was cryopreserved again to ensure no degradation occurs 

in the tissue as cryopreservation is known to have no effect on the mechanical properties of the 

tissue [26] 

5.2.2.1 Data reconstruction and establishing the helical angle. 

All raw data was denoised [174] and corrected for Gibb’s ringing [175] in MRtrix3 [176] 

(http://www.mrtrix3.org) prior to the mono-exponential tensor model fitting in ExploreDTI 

[177]. The mono-exponential equation expands to incorporate the diffusion tensor and b-matrix 

which characterises the diffusion sensitivity from the effects of the diffusion gradients, imaging 

gradients and cross-terms. From the tensor, the mean diffusivity (MD), fractional anisotropy (FA) 

and first-eigenvector (FE) were calculated and exported from ExploreDTI. The MD represents 

the total diffusion within a voxel, while FA is indicative of the degree of anisotropic diffusion 

occurring within a voxel on a scale of 0–1 [178,179]. This is undertaken for the imaging aspect 

of this study and is not included in this thesis. 

In order to import ex-vivo DTI-derived fibre orientation information, the helical angle was 

calculated in order to be incorporated into the finite element models. Here, the FE was used to 

calculate the helical angle, the angle of the predominant direction of diffusion, with respect to the 

plane normal to the main magnetic field, B0. The ex-vivo imaging set-up ensured that B0 aligned 

with the longitudinal axis of the plaques. The FE gives directional information on the dominant 

orientation of water diffusion within the microstructure [180]. For calculation of the helical angle 

(𝛼), the reader is referred to figure 5.2; 
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Figure 5.2: Establishment of the helical angle (𝛼) from ex-vivo DTI. 

where 𝛼 is the helical angle, 𝐸1𝑧 is the z-component of the first eigenvector and 𝐸1𝑥 is the x-

component as shown in Fig. 5.2. The helical angle was calculated on a voxel wise basis, but then a 

mean value in a region of interest within the atherosclerotic plaque sample was incorporated into 

the computational model. This allowed for the incorporation of different helical angles into different 

plaque layers; for example – the luminal edge versus a more medial section of the plaque wall. The 

directionality of the structure was also visualised using first eigenvector-fractional anisotropy maps 

(FEFA). These maps show the directionality of the FE which is visualised by hue (red, green or 

blue), while the FA weights the intensity. For clarity, the blue regions in the image would represent 

a dominant direction in the z direction whilst green/red regions would represent the x/y direction.  

 

5.2.3 Sample preparation 

Using previously established protocols stated in chapter 4 of this thesis, carotid plaque specimens 

were obtained from 4 symptomatic carotid endarterectomy (CEA) patients at St James Hospital 

Dublin. These patients were aged from between 50 and 85 years of age and had been diagnosed 

with a percent stenosis of greater than 50%. Ethical approval for obtaining the plaques in this 

study was obtained from St. James Hospital ethical committee in compliance with the declaration 

of Helsinki. Similar to the previous study, carotid plaque specimens were firstly washed in 

phosphate-buffered saline (PBS) to remove residual blood and then stored in tissue-freezing 

medium (RPMI-60 Media, 1.8 M DMSO; and 0.1 M sucrose), placed into a Mr. Frosty 

cryosystem containing 2-propanol and cryopreserved at −80 °C until the day of testing. On the 

day of testing, samples were defrosted in PBS at ambient temperature and then cut into 

circumferential strip samples using a custom-made cutting tool as shown in Fig. 5.3.  
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Figure 5.3: (A) Atherosclerotic plaque sample (B) Preparing circumferential strip samples for  

uniaxial mechanical testing (C) Thickness and width measurements are taken from images of 

strip samples for calculation of the cross-sectional area. 

5.2.4 DIC and Mechanical characterization 

Stated in chapter 4 of  this thesis, uniaxial tensile tests to complete failure were performed using 

a uniaxial test machine (Zwick Z005, Zwick GmbH & Co. Ulm, Germany). All tests were 

performed in a water bath of PBS solution at 37 °C, to simulate the physiological environment. 

Five preconditioning cycles at 5% strain were performed before the loading steps to remove 

viscoelastic effects in the tissue. None of the samples included in this analysis failed in 

preconditioning. Loading continued in each sample until failure of the tissue occurred and the 

final force-deformation cycle after preconditioning and prior to failure was evaluated to establish 

the stress-strain behaviour of the samples. Only samples that failed approximately in the centre 

of the sample were considered for analysis to ensure only robust ultimate tensile stress, strain and 

stiffness measures were obtained. Furthermore, any samples that showed signs of slippage were 

also excluded from the end analysis. Digital Image Correlation (DIC) was used to track local 

strain deformations in the area of failure during testing. Furthermore, the DIC was set up to record 

the entire experiment at a rate of 5 Hz. Cameras were calibrated and focused before data 

acquisition to ensure robust results were obtained. A stochastic pattern was applied using spray 

paint which allowed displacement of the tissue to be tracked. 
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Figure 5.4: Experimental setup in the lab with sample placed in grips and DIC cameras focused 

on sample. This setup is exactly the same as demonstrated in Johnston et al, 2021 [164] 

5.2.5 DTI informed patient specific finite element model 

Patient specific finite element (FE) models are created from structural in-vivo MRI images using 

the protocol established in chapter 3. To ensure the capability of increasing the specificity of the 

created patient specific finite element model to the results obtained from DTI, the plaque is 

separated into two layers that allowed for independent angles to be inputted as shown by figure 

5.5. The inner layer of the plaque includes all elements from the lumen to the edge of the lipid 

pool. If no lipid is present, the mesh is split into two to account for the inner and outer layers of 

the plaque. 
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Figure 5.5: Creation of the DTI informed patient specific finite element model. (A) Delineation 

of artery and atherosclerotic plaque  (B) Created geometry after initial mesh creation (C) 

Layered plaque mesh in patient specific to allow for independent fibre angles to be incorporated 

into each layer. 

5.2.6 Constitutive Modelling 

In this study, the anisotropic hyperelastic constitutive model proposed in Gasser et al (2006) was 

used to capture the mechanical behaviour of both the healthy and diseased components in both 

the healthy and diseased patient specific arterial geometries and similar to Ghasemi et al. (2021) 

[16,181]. This constitutive model captures the mechanical behaviour of the tissue by additively 

decomposing the response of the tissue into its respective components.  

 𝜓 = 𝜓𝑣𝑜𝑙+ �̅�𝑖𝑠𝑜 + �̅�𝑐𝑓 (5.1) 

The response of the non-collagenous tissue was captured using the neo-Hookean material model 

(𝜓𝑣𝑜𝑙+ �̅�𝑖𝑠𝑜). The response of the collagenous tissue was captured by postulating two symmetric 

families of collagen fibres, �̅�𝑐𝑓. The volumetric free energy function (𝜓𝑣𝑜𝑙) can be expressed as 

follows; 
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𝜓𝑣𝑜𝑙(𝐽) =

1

2
𝜅0(𝐽 − 1)2 

(5.2) 

where 𝜅0 serves as a penalty parameter that controls the compressibility of biological soft tissue. 

The isotropic strain energy function (SEF), (�̅�𝑖𝑠𝑜), can be written as follows; 

 
�̅�𝑖𝑠𝑜(𝐂) =

1

2
𝜇(𝐼1̅ − 3) 

(5.3) 

where 𝜇 is the shear modulus of the ground matrix. The SEF to capture the mechanical behaviour 

of the collagenous tissue can be written as follows; 

 
�̅�𝑐𝑓(𝐂) = ∑

𝑘1

2𝑘2
(exp (𝑘2(𝜅𝐼1̅ + (1 − 3𝜅)𝐼�̅� − 1)2) − 1)

𝑀𝑐𝑓=𝑀4,6

 
(5.4) 

where 𝑘1 and 𝑘2 are material parameters and 𝐼�̅�4
 and 𝐼�̅�6

 are the square of the stretch in the 

direction of collagen fibres and correspond to two unit vectors, 𝐌4 and 𝐌6, respectively. For 

further information on this constitutive model the reader is referred to Gasser et al. (2006) [181]. 

Having these SEFs, Cauchy stress can then be defined as follows; 

 
𝛔 =

2

𝐽
𝐅
∂𝜓

∂𝐂
𝐅𝑇 

(5.5) 

 

5.2.7 Remodelling algorithm 

Collagen fibre directions re-orient in-vivo in order to maximise the load bearing capacity of the 

tissue. Following established methods demonstrated in Hariton et al. (2006) [14] and Fausten et 

al (2016) [15] it was assumed that the collagen fibres are located in the plane made by the 

eigenvectors of the two largest principal stresses σ1 and σ2. The spectral decomposition of this 

stress tensor can be written as follows: 

 𝜎 = 𝜎1𝑒 1 ⊗ 𝑒 1 + 𝜎2𝑒 2 ⊗ 𝑒 2 + 𝜎3𝑒 3 ⊗ 𝑒 3 (5.6) 

where 𝜎1 ≥ 𝜎2 ≥ 𝜎3. In the first step of this re-orientation algorithm, the influence of collagen 

fibres on the mechanical response of the tissue is neglected. The stress values in this step are 

therefore calculated using the isotropic hyperelastic neo-Hookean material model. This is a valid 

assumption and has been performed in previous re-orientation algorithms. The reason for this 

assumption is that the anisotropic behaviour of the soft tissue develops due to tissue remodelling 

and adaptation to mechanical loads and that the behaviour of the tissue in the neonatal stage of 

development is isotropic [182]. 
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In this implementation of collagen fibre re-orientation, the ratio between the magnitude of the 

two largest principal stresses was used to define the angle of alignment of the collagen fibres with 

respect to the direction of the maximum principal stress, as follows. 

 𝑡𝑎𝑛(𝛼) = 𝜎2/𝜎1 (5.7) 

Using this equation, two-unit vectors defining the optimum directions of two families of collagen 

fibres in the spatial configuration were obtained as follows. 

 𝒎𝟒𝒐𝒑⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗  = cos(𝛼)𝑒 1 + sin(𝛼)𝑒 2 (5.8) 

 𝒎𝟔𝒐𝒑 ⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗  ⃗ = cos(𝛼) 𝑒 1 − sin(𝛼) 𝑒 2 (5.9) 

To calculate the stress in the current configuration, the distribution of collagen fibres in 

undeformed configuration needed to be determined. For this purpose, the vector 𝒎𝟒𝒐𝒑⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗   and 𝒎𝟔𝒐𝒑⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗   

were pulled back to the reference configuration as follows: 

 
𝑴𝟒𝒐𝒑
⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗  =

𝐅−𝟏𝒎𝟒𝒐𝒑⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗  

|𝐅−𝟏𝒎𝟒𝒐𝒑⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗  |
 

(5.10) 

 
𝑴𝟔𝒐𝒑
⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗  =

𝐅−𝟏𝒎𝟔𝒐𝒑⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗  

|𝐅−𝟏𝒎𝟔𝒐𝒑⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗  |
 

(5.11) 

In this study, the dispersion of collagen fibres was also subjected to these remodelling rules. 

Following the method established in Driessen et al. (2006) [129],  the ratio of the maximum and 

intermediate principal stress was used to define the optimum dispersion of the collagen fibres in 

the spatial configuration, as follows; 

 𝑏 =
𝜎1

𝜎2
− 1 (5.12) 

Where b is the concentration parameter which can be attributed to the von-Mises periodic 

distribution function as follows: 

 

𝜌(𝛼, 𝑏) = 4√
𝑏

2𝜋
exp[𝑏𝑐𝑜𝑠(2𝛼) + 1] /𝑒𝑟𝑓𝑖(√2𝑏)   

(5.13) 

The von-Mises distribution has been used to define the distribution of embedded collagen fibres 

within the tissue. The concentration parameter b was correlated with the dispersion parameter 𝜅 

as follows; 

 
𝜅 =

1

4
∫ 𝜌(𝛼, 𝑏) sin3(𝛼)

𝜋

−𝜋

 
(5.14) 
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To calculate the optimum dispersion of fibres in the undeformed configuration a generalized 

structure tensor was firstly made in the deformed configuration using both the optimum fibre 

direction and dispersion of fibres. This structure tensor h was then pulled back to the undeformed 

configuration as follows; 

 𝐇 = 𝐅−𝟏𝐡𝐅−𝐓 (5.15) 

The spectral decomposition of the tensor H was calculated to determine the eigenvalues of the 

structure tensor H in the undeformed configuration. The ratio of the maximum and intermediate 

eigenvalues in the undeformed configuration was then used to calculate the dispersion of fibres 

in the undeformed configuration, the reader is referred to Ghasemi et al (2021) for the 

mathematical derivation.  

Once the optimum direction and dispersion of fibres was calculated, both vectors and dispersion 

of fibres remodelled toward this preferred configuration. The vector of fibres was remodelled 

incrementally in the undeformed configuration toward its optimum direction by adding a fraction 

(𝜏) of the total difference between the optimum direction and initial direction of fibres. This 

process also established the next initial direction of the fibres for the next remodelling step, see 

figure 5.6. A similar approach was used in Fausten et al (2016) [15] 

 

 

Figure 5.6 A schematic presentation of the remodelling process. Once the vector presenting the 

optimum direction of the fibres was calculated (�⃗⃗� 4𝑜𝑝) a fraction of the total difference between 

optimum fibre configuration and the initial configuration (𝜏𝛥�⃗⃗� ) was added to the initial 

configuration of the fibres (�⃗⃗� 04𝑖𝑛𝑖) resulting in the initial configuration for the next iteration of 

the remodelling process (𝑴⃗⃗ ⃗⃗  ⃗𝟏
𝟒𝒊𝒏𝒊

). In this figure, 𝛥𝜙 indicates the angle between the optimum 

fibre direction and initial direction of fibres. Schematic here is taken from Ghasemi et al (2021) 

The dispersion of fibres was remodelled toward its optimum value using a linear rate equation as 

follows; 
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 𝑑𝜅

𝑑𝑡
=

1

𝜏𝜅

(Δκ) =
1

𝜏𝜅
(𝜅 − 𝜅𝑖𝑛𝑖) 

(5.16) 

 

5.2.8 Remodelling metric 

The stiffness of arterial and atherosclerotic plaque tissue has directly been associated with the 

orientation of fibres. Using the established method in Ghasemi et al, 2021 [16]. The concept of 

the continuous damage model (CDM) was employed to correspond to the stiffness of the arterial 

tissue to the distribution of the collagen fibres. Arterial tissue is assumed to have its optimum 

stiffness where the collagen fibres are aligned with the predicted optimum configuration of fibres. 

The lack of orientation from this optimum configuration results in softening and weakening of 

the tissue. In this implementation and like Ghasemi et al (2018), two internal variables, 𝛾𝑅𝑀 and 

𝛽𝑅𝑀  were used to capture the softening that is associated with orientation of the fibres away from 

their optimal configuration [59]. Physically, 𝛾𝑅𝑀 and 𝛽𝑅𝑀 describes the continuous and 

discontinuous damage experienced within the tissue. Furthermore, these parameters develop as 

the fibres begin to reorientate as set in the simulation. Therefore, the further away the fibres are 

from the optimal configuration would lead to an increase in these values (which would suggest 

softening induced damage) and therefore increase the RM value observed in the tissue. Therefore, 

these two internal variables together are denoted as the remodelling metric (RM), which is 

dependent on the change of the collagen fibre orientation and the evolution of these internal 

variables when the arterial vessel is subjected to load. A brief inclusion overview of the 

mathematical derivations is detailed below. 

Evolution of the internal variable γ during the re-orientation ([0,T]) can be written as follows. 

 𝛾𝑅𝑀 = max
𝑡∈[0,𝑇]

〈𝐼�̅�
∗ − 𝐼�̅�

∗𝑖𝑛𝑖〉 (5.17) 

Where 𝐼�̅�
∗  is a pseudo invariant associated with each family of fibres (M) and can be written as 

follows. 

 𝐼�̅�
∗ = 𝜅𝐼1̅ + (1 − 3𝜅)𝐼�̅� (5.18) 

𝐼�̅�
∗𝑖𝑛𝑖  is the value of  𝐼�̅�

∗  defined at the beginning of the re-orientation process. The internal 

variable 𝛽
𝑅𝑀

 can be defined as follows. 

 𝛽𝑅𝑀 = 〈𝛽𝑅𝑀 − 𝛽𝑅𝑀
𝑖𝑛𝑖〉 (5.19) 

Where 𝛽𝑅𝑀
𝑖𝑛𝑖  are the values of the variable �̃�

𝑅𝑀
 at the initial increment of the re-orientation step in 

the arterial tissue. The variable 𝛽𝑅𝑀 can be written as follows. 
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𝛽𝑅𝑀 = ∫〈𝐼�̅�

∗ 〉𝑑𝑠

𝑇

0

 
(5.20) 

In equations 5.17, 5.19 and 5.20, 〈(•)〉 are Macaulay brackets that filter out the negative values. 

A similar form for the evolution of internal variables was used in studies as Miehe (1995), Balzani 

et al. (2012) and Ghasemi et al. (2018) [16,183,184] 

These two internal variables were then attributed to a softening function as follows; 

 𝑅𝑀 = 𝑅𝑀∞[1 − exp (−
𝛾

𝛾∞
)] [1 − exp (−

𝛽

𝛽𝑠
)] , 𝑅𝑀 ∈ [0,1] (5.21) 

Where, 𝛾∞ and 𝛽𝑠  are material properties. 𝑅𝑀∞  denotes a predefined maximum softening level 

for this function (𝑅𝑀∞= 0.99). 

5.2.9 Finite Element (FE) implementation 

The algorithm was implemented into the commercial FE solver Abaqus, where a user subroutine 

(UMAT) was used to define the behaviour of different components of healthy and diseased 

arterial wall whereby the definition of both the Cauchy stress and tangent modulus was required 

[183]. 

The arterial bifurcations were segmented into two parts: healthy arterial wall (consisting of the 

adventitia and media) and  the fibrous plaque (composed of plaque atheroma and lipid pool); both 

of which were observed in the MRI images. Material parameters were taken from Balzani et al, 

2012 and are stated in Table 3.3 [17]. Material parameters for the adventitia, media and lipid pool 

were kept constant throughout the entire study.   

Four diseased bifurcations were analysed in this study. The analysis was performed in three main 

steps. 

1. The artery was subjected to axial displacements using and isotropic material model. 

2. The artery was subjected to known systolic blood pressure taken from measurements during 

MRI acquisition. At this stage, the optimum vector and dispersion of collagen fibres were 

calculated at the end of this step. This step also uses and isotropic material model. 

3. Both vector and dispersion of collagen fibres were subjected to remodelling rules as stated 

in section 5.2.7 using the anisotropic hyperelastic material model.  To analyse the models 

presented here, three different cases were postulated as the initial configuration of fibres in 

the plaque tissue, where fibres are located at: (i) parallel to the direction of the intermediate 

principal stress (ii) DTI informed helical angle with respect to the maximum principal stress. 

(iii) parallel to the direction of maximum principal stress 
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Figure 5.7: Workflow depicting the finite element implementation of the remodelling and CDM 

algorithm in Abaqus. 

5.3 Results 

5.3.1 Ex-vivo DTI of atherosclerotic plaque tissue and establishment of the 

microstructural orientation. 

Four atherosclerotic plaques were imaged in this study and the dominant microstructural 

orientation within the tissue was established. As shown by figure 5.8, FEFA maps show the 

directionality of the FE, controlling hue and fractional anisotropy controlling brightness. For 

clarity, the blue regions in the image would represent a dominant direction in the z direction 

whilst green/red regions would represent the x/y direction. Qualitatively, it can be observed that 

in samples 2 and 3 there is a trend of more axial alignment with a sudden change in the orientation 

to represent a circumferential alignment through the thickness of the samples. The helical angles 

for each specimen were established using the method stated in section 5.2.2.1 and is reported in 

figure 5.8. Furthermore, extracted helical angles for two datasets that represent the inner and 

outer layers are also reported here showing that plaques can have mixed (sample 1 and 4) or 

layered (sample 2 and 3) fibre orientation. The effect of this layered fibre orientation response is 

investigated further using specified patient specific computational models. 
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Figure 5.8: First eigenvector fractional anisotropy maps (FEFA) showing directionality of the 

microstructure in atherosclerotic plaque strip samples for N=4 and extracted helical angles for 

(A) Sample 1 (M represents the outer layer of specimen, I represent the inner layer of specimen) 

(B) Sample 2 (C) Sample 3 (D) Sample 4 

5.3.2 Mechanical characterization of atherosclerotic plaques 

Data presented here are the circumferential strip samples that failed in approximately the centre 

of the tissue sample. Stress-strain curves for all samples exhibited the characteristic non-linear J-

shaped curve, which is indicative of arterial and atherosclerotic plaque tissue, see figure 5.9. 

Engineering stress was calculated using the Zwick force displacement divided by the original 

cross-sectional area and the strain was extracted directly from the Zwick. Each sample is plotted 

individually as shown in figure 5.9A,B,C,D and altogether in figure 5.9E. Data presented here 

shows the processed data up to the initial failure point where rupture was observed. 
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Figure 5.9: Engineering stress vs strain results for atherosclerotic plaque samples where each 

curve represents one circumferential strip sample tested (A) Sample 1 (B) Sample 2 (C) Sample 

3 (D) Sample 4 (E) All samples plotted together. 

In total, 19 strip samples were tested from four atherosclerotic plaques. An interesting 

observation in these samples is the layered failure observed in the majority of tests as shown by 

a representative example of the raw data in figure 5.10 A. A number of samples exhibit this 

behaviour whereby an initial failure is observed on the inner side of the strip sample followed by 

further up taking of the load before final failure as shown by figure 5.10 B,C and D.  

 

Figure 5.10: (A) Representative stress vs strain curve showing what has been observed in the 

raw data for 19 samples during testing. Note the uptake of load after significant failure of the 

strip sample on the inner layer (B) Visual representation of two samples (C) Visual 

representation of first failure from DIC for two samples (D) Visual representation of final failure 

from DIC for two samples 
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5.3.3  Patient specific finite element models informed by ex-vivo and in-vivo DTI.  

5.3.3.1  Remodelling in healthy carotid artery 

To validate the use of 5% axial strain used in previous studies in these simulations, three cases 

are simulated to observe the effect this boundary condition has on the direction of the maximum 

principal stress. This is especially important as the reorientation algorithm implemented here 

depends on the ratio between the magnitude of the two largest principal stresses and was used to 

define the angle of alignment of the collagen fibres with respect to the direction of the maximum 

principal stress. As shown by figure 5.11, the imposed boundary condition has a significant 

impact on the magnitude and directionality of stress. It is observed that a 5% axial strain preserves 

the circumferential orientation of the maximum principal stress which is vital for accurate 

implementation of the remodelling algorithm. Higher levels of axial strain, as seen in the 10% 

case would alter this so the maximum principal stress in now in the axial direction. This is not 

correct as the circumferential orientation of collagen fibres within the vessel is known to be the 

load bearing orientation [32,181] and deviation of this would significantly affect the prediction 

of the optimum fibre direction and the fibre remodelling algorithm implemented. It is for this 

reason, an axial strain of 5% is used in all models presented here. 
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Figure 5.11: Arterial remodelling implemented in a healthy geometry undergoing three different 

levels of axial strain (A) 0% axial strain (B) 5% axial strain (C) 10% axial strain. Direction of 

the maximum principal stress after each case is also shown. 

5.3.3.2  Remodelling in diseased atherosclerotic carotid artery and remodelling 

metric to determine plaque vulnerability 

Figure 5.12 shows the remodelling algorithm implemented in a diseased geometry with a specific 

focus on the atherosclerotic plaque. Similar to the results observed in the healthy case, when axial 

strain is imposed on the model it changes the directionality of the maximum principal stress and 

when pressure is imposed the directionality then changes back to the circumferential direction as 

expected. Again, the level of axial strain would change this directionality but for consistency 

with the result found in the healthy datasets, this was set to 5%.  
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Figure 5.12: Arterial remodelling algorithm implemented in a diseased geometry with 

atherosclerotic plaque also observing the maximum principal stress after each step in the 

implementation of the algorithm. 

Figure 5.13 shows the remodelling metric being implemented in 4 diseased vessels in which 

atherosclerotic plaques are present. In each geometry, similar trends are observed whereby, fibres 

set in the circumferential orientation show the smallest amount of remodelling needed for 

maximum load bearing capacity while fibres set in the axial orientation show a significant need 

of remodelling in order for the vessel to be in the optimum orientation. This inability to remodel 

when the fibres are not in the load bearing configuration is important to characterize as this can 

demonstrate which plaques are more likely to be vulnerable to rupture as it is structurally weak. 

Interestingly, models that have been informed by DTI extracted fibre angles depict a response 

that is very much that is in between both the cases where fibres are set in the axial or 

circumferential directions. This is important as plaque with a higher RM present within them can 

suggest which ones are more vulnerable to rupture. In all DTI fibre models, there is an increase 

in the RM observed when compared to the circumferential fibre models, suggesting that the fibres 

are not in the load bearing configuration and an intervention should take place.  
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Figure 5.13: Remodelling metric in diseased arterial bifurcations (N=4). (A) Geometry 1 with 

axial, DTI and circumferential fibres set (B) Geometry 2 with axial, DTI and circumferential 

fibres set (C) Geometry 3 with axial, DTI and circumferential fibres set (D) Geometry 4 with 

axial, DTI and circumferential fibres set. 
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To investigate the layered failure responses observed from the mechanical data, figure 5.14 shows 

the response obtained from layered models from two cases with the atherosclerotic plaque having 

hypothesised fibre orientations set in axial and circumferential orientations in respective layers 

and finally with fibre angles calculated from ex-vivo DTI for each layer. Interestingly, in the DTI 

datasets it is observed that due to the presence of the fibres being more axial on the inner layer, 

there is a greater RM value on the inner wall then observed in the previous cases shown figure 

5.13, where the average fibre angle was implemented across the entire thickness of the plaque. 

This is important as it suggests the need to further specify created patient specific FE models to 

be sensitive to the microstructure that is being modelled as its only then can you capture the true 

mechanical response of the tissue.  Lastly, it is observed in the mechanical tests that there is 

failure on the intimal side first for the majority of the samples tested here. At high RM in the 

computational models is due to the fact fibres are not in the load bearing orientation and tend to 

be more axially aligned, possibly suggesting that it’s the collagen fibre orientation that governs 

the structural integrity of the tissue.  

 

Figure 5.14: Investigating the response after setting fibre orientation in independent layers 

within the plaque fibrotic media for N=2 models (A) Difference in helical angle observed for 2 

models depicting layers in the fibrotic media (B) Computational model with inner layer set with 

fibres with axial orientation and outer layer set with fibres with circumferential orientation (C) 

Computational model with inner layer set with fibres in circumferential orientation and outer 

layer set with fibres in axial orientation (D) Computational model with layers informed from DTI  
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5.4 Discussion 

Similar to previous results shown in chapter 4, the highly variable mechanical nature of 

atherosclerotic plaques has been observed in all the samples tested, again verifying results from 

the results shown in chapter 3 and in previous studies [26,164,185]. Throughout this study, these 

atherosclerotic plaque samples were imaged using ex-vivo DTI in order to establish the 

microstructural orientation of the tissue and by observing the first eigenvector maps. It is 

important to note that cells align with collagen in the vessel wall, therefore the establishment of 

the fibre angle can be directly related to the directionality of the collagen fibres [39], allowing 

this to be incorporated into the computational models. The first observation from ex-vivo MRI 

measurements is the highly variable nature of the microstructural orientation in each sample, see 

figure 5.8. Furthermore, this variability is also observed from specimen to specimen in the same 

samples. For incorporation into computational models, the value of the averaged helical angle 

across the specimen is used. Interestingly, in samples 2 and 3 there is a similar trend where the 

fibres are more axially aligned on the luminal side with an abrupt change to more circumferential 

through the thickness of the samples. An interesting observation that has not been documented 

in the literature to the authors knowledge is the layered failure of the atherosclerotic plaque strip 

samples. This was observed in the majority of the samples tested as shown by representative 

samples in figure 5.10 and provides a very interesting insight into the mechanical behaviour of 

atherosclerotic plaque tissue. A hypothesis from this research is that this initial failure is due to 

the fibres on the luminal side of this tissue being in the axial direction. This would also agree 

with previous work as it is observed when collagen fibres are aligned in the non-load bearing 

direction, the samples fail at a lower stress and higher strain and would be deemed more 

vulnerable [42]. 

The distribution of collagen fibres in healthy tissues are known to evolve in vivo in order to 

maximize the load bearing capacity of the arterial tissue [186,187]. To-date, many studies suggest 

different forms of constitutive laws that incorporate the distribution of collagen fibres to capture 

the mechanical behaviour of the arterial tissue such as stress or strain in both axial and 

circumferential directions respectively. The anisotropic behaviour of the tissue in both the 

circumferential and axial directions is due to the orientation of the collagen fibres [188]. The 

remodelling metric (RM) presented here, which is based on the evolution of internal variables 

during the reorientation process was able to characterize the how far from the optimal distribution 

the fibres are when set in the axial, circumferential and when informed by DTI directions 

respectively. Firstly, these results verified observations previously stated in Ghasemi et al (2021), 

whereby a higher RM is needed for fibres in the axial direction while lower RM values is required 

for fibres in the circumferential direction. More interestingly though is that when the models have 

been informed by ex-vivo DTI the values of the RM fall very much in between that of both axial 
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and circumferential cases but certain locations within the plaque do exhibit high RM values. 

What this means is that for the two idealized cases where the fibres are set in the axial and 

circumferential directions respectively, this represents the two extreme cases and the RM values 

expected when the fibres are in the non-load bearing and load bearing respectively. When models 

have been informed with DTI fibre angles it is observed that the RM values are no longer at the 

extremes seen in the idealized cases. In all cases, the DTI informed models show a trend away 

from the circumferential arrangement and towards the axial arrangement. This high RM could 

suggest that the structure at these locations is possibly weaker due to fibres not  being in the load 

bearing configuration. It is suggested to further investigate this observation; pressure inflation 

testing of these plaques after establishment of the RM values when informed by DTI should be 

performed. This will allow for the capability to observe localized rupture of the tissue in a 

mechanical environment similar to that experienced in-vivo and will verify the locations of high 

RM predicted to have fibres in the non-load bearing orientation.  Furthermore, the reason for 

collagen fibres in the non-load bearing configuration in atherosclerotic plaque tissue is still 

unknown but a few reasons can be suggested that contribute to this behaviour. Firstly, 

atherosclerotic plaque tissues are extremely heterogenous tissues that comprise of many 

components such as calcifications and lipid pools that effect the stress distribution throughout 

the vessel wall. Collagen fibres typically align in the circumferential load bearing direction; 

however, the presence of these components can alter the dominant load direction, causing fibres 

to be deposited in a configuration not typically to be load bearing.   Secondly, the degradation 

observed in arterial tissue is known to be strain dependent [189]. Locations which experience 

higher strains could have increased degradation of the collagen fibres within these locations due 

to the presence of matrix metalloproteases (MMPs) within the tissue. Lastly, in atherosclerotic 

plaque tissue there has been a reported decrease of vascular smooth muscle cells and these cells 

would be needed in the tissue to sufficiently produce new collagen oriented in the load bearing 

configuration [190]. This lack of new collagen production would inherently affect the 

remodelling capability of the tissue and there would be a lack of reorientation of the fibres to the 

optimum load bearing configuration as the geometry changes, which in turn could weaken the 

vessel wall and increase the likelihood of rupture at these locations.  

Overall, the computational results of plaques informed with DTI fibre angles suggest that all 

plaques show locations of structural weakness and should be deemed as vulnerable plaques. 

However, some plaques are more structurally weak than others due to higher values of the RM 

present across a larger area of the model. It would be suggested that these plaques that would be 

deemed to be more vulnerable to plaque rupture and an intervention should take place sooner. 

Although, a higher sample number and correlation with mechanical data would be required to 

fully support this association. Lastly, MRI and mechanical results highlighted the interesting 
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phenomenon of multiple layers within the atherosclerotic plaque. To investigate this further, two 

computational models of atherosclerotic plaques that exhibited this trend were created and 

respective fibre angles calculated from DTI were imported into each layer respectively, with the 

inner layer being more axially oriented and the outer layer being more circumferentially oriented. 

Interestingly, the observed RM value in these cases were higher than the RM value observed 

when the averaged fibre angle was used across the entire plaque. This would suggest that in order 

to have increased accuracy of the RM to establish locations of structural weakness, the 

computational model itself must include the microstructural orientation of the tissue being 

modelled 

Overall, this preliminary work has demonstrated the capability of using the remodelling metric 

(RM) to characterize plaque vulnerability when being informed with patient specific fibre angles 

from ex-vivo DTI. This remodelling metric is sensitive to when fibres are not in the load bearing 

configuration and can characterize which plaques are more vulnerable to rupture, aiding in 

diagnosis and eventual treatment options. 

 

5.4.1 Limitations 

A number of limitations that must be mentioned as a part of this study. Firstly, computational 

models in this study do not include the zero-pressure configuration, residual stress or patient 

specific material parameters except for the changing of the fibre angles once informed with DTI. 

The reason for this is that it allows for direct understanding of the impact of varying the fibre 

angle has on the simulation and the estimated RM values. To ensure a more patient specific 

response, these methods should be included in future simulations. However, because this study 

solely is focused on the fibre orientation and the incorporation of DTI fibre angles and the effect 

this has on the calculated remodelling metric, these methods were excluded. Another limitation 

of this study is the inability to use DIC to correct the strain data obtained from the zwick for my 

data. Due to the samples exhibiting this layered failure and the speckle pattern being administered 

on the luminal side it was not possible to obtain robust results of the local tissue strain using DIC, 

so the Zwick strain is used in this analysis. Lastly, it must be stated that the rate of remodelling 

and the production and degradation of collagen that are involved in the remodelling process is 

neglected in this work. However, what we do know is this “snapshot” in time and what the 

predicted optimum fibre angles should be and therefore at that moment in time how vulnerable 

the plaque could be. 



 

122 
 

5.5 Conclusion 

This study establishes that the microstructural orientation, which is governed by the direction of 

collagen and cells within the tissue, can be incorporated into a patient specific finite element 

model and the remodelling metric can establish locations within the plaque where fibres are not 

in the load bearing configuration, suggesting structural weakness and possible rupture locations. 
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Chapter 6 Establishing a sensitive imaging indicator 

capable of differentiating atherosclerotic plaques more 

vulnerable to rupture based on its strain environment 

using in-vivo MRI: Verified using patient specific 

finite element models.  
 

6.1 Introduction 

Establishing a sensitive plaque rupture vulnerability measure has been the focus of many studies 

in the literature. This is due to the fact that atherosclerotic plaque rupture in the carotid arteries 

can directly lead to stroke, is one of the major contributors to CVDs and a major cause of death 

worldwide. Current diagnostic measures to assess vulnerable plaques at risk of rupture are mostly 

based on general risk factors (hypertension, age, and family history) and geometrical plaque 

features (degree of stenosis, intima-media thickness, and irregular plaque morphology). The most 

common geometrical measure used for diagnosis is the degree of stenosis, a measure based solely 

on luminal narrowing. It is insufficient in establishing plaque vulnerability to rupture as rupture 

can occur below the clinical threshold set. Rupture of atherosclerotic plaques can be observed 

purely as a mechanical event, where the forces imposed on the tissue exceeds its overall 

mechanical strength. Therefore, using mechanically sensitive imaging indicators or image-based 

patient specific finite element (FE) models that can estimate the stress and strain environment 

may be useful for plaque vulnerability assessments and prediction of future clinical events.  

In this study, the aim is to characterize the strain environment across atherosclerotic plaques using 

in-vivo MRI and establish a sensitive mechanical imaging indicator that could aid in determining 

which plaques are more vulnerable to rupture.  This study excludes the inclusion of the zero-

pressure configuration and residual stress methods established in chapter 3 of this work. To do 

this, the circumferential strain was calculated from images taken at both diastole and systole over 

several slices across the entire bifurcation and plaque. The variation of the strain was also 

established. To verify these measurements biomechanical models that were informed from 

structural magnetic resonance imaging (MRI) and ex-vivo DTI  were used, and the 

circumferential strain and the variation was calculated using set path definition to represent 

regions at similar intervals as the in-vivo MRI data. A statistical comparison was then made to 

establish the robustness of the techniques and if they can be used to verify the measurements 

obtained. Furthermore, in the imaging data a comparison between the healthy and diseased cases 

(both contralateral and ipsilateral sides) is performed and this comparison is similarly done for 

the computational models for healthy and diseased cases. 
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6.2 Methods 

6.2.1 In-vivo imaging and characterizing the circumferential strain and the variation of 

strain across atherosclerotic plaques. 

In-vivo MRI scans of the carotid arteries were obtained from healthy volunteers using a 3T whole 

body MRI scanner (Achieva, Phillips Medical Systems, Best, Netherlands) combined with an 8-

channel dedicated bilateral carotid artery coil (Shanghai Chenguang Medical Technologies, 

Shanghai, China). In total, four healthy volunteers and nine patients were scanned, with both left 

and right side of healthy volunteers grouped as healthy datasets and diseased datasets were split 

into contralateral (opposite side to symptomatic location) and ipsilateral (side of symptomatic 

location) groups. Similar to the protocol explained in chapter 3 of this thesis, structural MRI 

images were acquired at two cardiac phases which allowed for the calculation of the 

circumferential strain across healthy vessels and diseased vessels with atherosclerotic plaques 

present from the delineated boundaries of the vessel, see figure 6.1. 

 

Figure 6.1: 2D structural MRI images showing different contrast weightings visualising the 

carotid bifurcation (A) Time of flight (TOF) (B) T1 weighting (C) T2 weighting (D) Turbo spin 

echo. (E) and (F) show delineation of bifurcation from structural T2 images for healthy and 

patient volunteers respectively, allowing calculation of the circumferential strain.  
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The circumferential strain was calculated for every imaging slice and is recorded so the 

coefficient of variation across healthy vessels and atherosclerotic plaques can be calculated using 

the following equation: 

 𝐶𝑜𝑒𝑓𝑓𝑖𝑐𝑖𝑒𝑛𝑡 𝑜𝑓 𝑣𝑎𝑟𝑖𝑎𝑡𝑖𝑜𝑛 (𝐶𝑂𝑉) =  
𝜎

𝜇
 (6.1) 

Where σ = standard deviation of the population and μ = mean of the population.  

6.2.2 Patient specific model creation  

Similar to the procedure discussed in chapter 3, section 3.2.2 the patient specific finite element 

geometries were created from structural in-vivo MRI images of the carotid bifurcation and 

atherosclerotic plaque. Differing from the previous protocol, one element thick models were also 

created from the delineated curves as shown by figure 6.2. To create these models, a quadrilateral 

surface mesh was created for each layer of the vessel wall and the plaque. After this, the offset 

function in ANSA (v17.0, BETA CAE Systems, Thessaloniki, Greece) was used to create 1 

element thick models.  To do this, the size of the single element in the z-direction was set to the 

slice thickness of the scan with a similar segmentation for the components in the vessel and 

atherosclerotic plaque. This allows for more accurate representation of the in-vivo data obtained. 

In total, four healthy and four diseased geometries were analysed in this study. 

Figure 6.2: One element thick and 3D model creation of the diseased vessel wall with 

atherosclerotic plaque present. (A) delineation of plaque and vessel wall (B) One element thick 

models with plaque components (fibrotic media and intima) (C) Corresponding 3D model. 
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6.2.3 Statistical analysis 

Firstly, in comparing the ipsilateral, contralateral and healthy in-vivo imaging datasets, two-tailed 

unpaired t-tests using Welch’s correction was performed with Prism 8 statistical software 

(GraphPad Software Inc., San Diego, California). This allowed for direct comparisons just for 

the imaging datasets. Secondly, the level of agreement between the circumferential strain 

measurements and the coefficient of variation of circumferential strain calculated using MRI and 

patient specific finite element models was assessed using the Bland-Altman technique and was 

performed using GraphPad Prism Software. Confidence intervals in the Bland-Altman analysis 

were set at 95% of the bias, whereby the bias is the difference between the means of the 

measurement from both methods. Lastly, two-tailed unpaired t-tests using Welch’s correction 

were performed to compare the coefficient of variation of circumferential strain extracted from 

MRI and FE for both healthy and diseased datasets.  

6.3 Results 

6.3.1  In-vivo circumferential strain across healthy and diseased vessels. 

Extracting circumference measurements from structural images of the bifurcation at diastole and 

systole allowed for the calculation of circumferential strain in these vessels. Circumferential strains 

ranged from 8-12% in healthy carotid arteries with the values of circumferential strain and apparent 

elastic modulus consistent in each dataset, see figure 6.3A. In the diseased vessels, it was observed 

that higher strains (>12%) occurred at locations proximal and distal to plaque build-up (see figure 

6.3B). Lower strains and increased stiffness were observed at locations where plaque inwardly 

remodels occluding the lumen diameter (see figure 6.3B i,ii and iii). There was high variability in 

all datasets diagnosed as symptomatic atherosclerotic plaques, with larger differences observed in 

dataset 3 compared with dataset 1, perhaps suggesting that the vessel in dataset 3 may be more 

vulnerable to rupture than the vessel in dataset 1or 2, see figure 6.3B. Furthermore, as shown by 

figure 6.3C, the variation of circumferential strain of the ipsilateral side was significantly different 

to both the contralateral side of the same patient and healthy volunteers. Interestingly, the 

contralateral side and the healthy were not significantly different from each other but the variation 

of circumferential strain was greater on the contralateral side, suggesting plaque development 

although not as severe as the ipsilateral side. 
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Figure 6.3: (A) Representative circumferential strain and apparent elastic modulus across 

healthy (n=3) datasets. (B) Representative circumferential strain and apparent elastic modulus 

across patient (n=3) datasets. (C) Coefficient of variation of circumferential strain across 

healthy (n=8) and patient (n=9) datasets. Diseased datasets were split looking at contralateral 

and ipsilateral sides. (**p<0.01) 

6.3.2 Characterizing the circumferential strain from patient specific finite element 

models. 

Similar to the results obtained in section 6.3.1, circumference measurements were extracted via 

path definitions set in the computational model at both diastole and systole that allowed for the 

circumferential strain to be calculated in a similar fashion to the MRI data. Like the imaging data, 

the representative healthy datasets showed a consistent strain range from 9-11%. In diseased 

vessels, again, similar to the imaging cases, there was a larger variability in the strain observed 

from 4-12%, with lower strains again highlighting locations where plaque inwardly remodels and 

occludes the lumen diameter, see figure 6.4B. The variation in the circumferential strain from 

healthy to diseased FE models showed a significant difference, see figure 6.4C, similar to the 

observations in MRI cases.  
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Figure 6.4: Characterizing the circumferential strain in finite element models (A) Representative 

circumferential strains across healthy (n=3) datasets. (B) Representative circumferential strains 

across patient (n=3) datasets. (C) Coefficient of variation of circumferential strain across 

healthy (n=4) and patient datasets (n=4), *p < 0.05 

6.3.3 Statistical Analysis 

Bland Altman analyses show the agreement between calculated circumferential strain 

measurements from both in-vivo MRI and patient specific computational models. Relatively, a 

good agreement was observed between the MRI and FE measurements, with all points falling 

within the confidence intervals set, see figure 6.5. It must be stated however that this comparison 

can be improved further especially on the computational side as it is expected that with tailored 

material properties (not just the fibre angles as implemented here) it could be possible to exactly 

match the deformation seen in-vivo. 
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Figure 6.5: Bland Altman analyses comparing circumferential strain measurements extracted 

from in-vivo MRI and patient specific finite element models for all (A) healthy and (B) diseased 

cases examined. Each data point represents the difference in circumferential strain between an 

image slice in MRI and the created one element thick model.  

Furthermore, comparing the coefficient of variation of circumferential strain for both FE and 

MRI measurements, figure 6.6 shows that there was no statistically significant difference 

between the healthy MRI to the corresponding healthy FE models or the diseased MRI to the 
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corresponding diseased FE models. This suggests that the FE models accurately capture the 

response expected in-vivo. Lastly, figure 6.6 also shows that healthy MRI measurements were 

significantly different than both the diseased MRI measurement and the FE measurements, 

showing that the variation in the circumferential strain can be used to characterize the difference 

between healthy and diseased.  

 

Figure 6.6: Unpaired t-test comparing the coefficient of variation of circumferential strain 

estimated from finite element models and In-vivo MRI across healthy and diseased datasets, *p 

< 0.05, **p < 0.005 

6.4 Discussion 

This study shows that characterizing the strain environment of atherosclerotic plaques in-vivo can 

offer a key mechanical insight into the mechanical integrity of the tissue and that patient specific 

finite element models can verify the results obtained and allow for further characterization of the 

vulnerability of atherosclerotic plaques to rupture. Ultrasound studies have shown the capability 

of differentiating between vulnerable and stable plaques by observing the strain environment of 

them in-vivo [146]. The method demonstrated here shows that characterizing the variation in the 

circumferential strain across atherosclerotic plaque in-vivo using MRI also has the capability of 

distinguishing between healthy and diseased atherosclerotic arteries. It was observed in figure 

6.3, that in healthy vessels there was a consistent strain across the bifurcation with small 

variability. However, in diseased vessels it was observed that higher strains (>12%) occur at 

locations proximal and distal to the location of highest stenosis and lower strains and increased 

stiffness were observed at locations where plaque inwardly remodels occluding the lumen 
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diameter. This an important observation, as previous work presented earlier in this thesis would 

suggest that the reason for this high strain would be due to the collagen fibres at these locations 

being disorganised and orientated more axially then in the load bearing circumferential direction. 

Therefore, this indicates that the vessel has structural weakness and could be vulnerable to 

rupture. Another interesting point to note from the literature is that collagen degradation has been 

established as a strain driven process [189]. This suggests that in atherosclerotic plaques where 

a higher variability in and magnitude of the strain environment is observed there could be 

increased collagen degradation in the tissue. This effectively alters the capability of the tissue to 

remodel effectively to bear the load and remain structurally stable.  

A question put forward in this study is how reliable the patient specific computational models 

were in estimating the circumferential strain and its variability across healthy and diseased 

vessels respectively. When comparing the computational measurements for the circumferential 

strain to the MRI, it was observed that there was an overprediction of the coefficient of variation 

of circumferential strain observed in the computational models for both healthy and diseased 

cases, see figure 6.6. Although, all circumferential strain measurements fall between the 

confidence intervals set in the Bland Altman analyses for comparing between the methods, see 

figure 6.5 and show no significant difference between MRI and FE in establishing the coefficient 

of variation of the circumferential strain, see figure 6.6. There could be several reasons for this 

overprediction of the circumferential strain observed in the FE models. One main reason would 

be that the material parameters were kept constant throughout every model except for alteration 

of the fibre angles as informed by DTI. In order to perfectly match the deformation observed in-

vivo other material parameters need to be optimized. Most importantly though, is that even 

though the variation does not match exactly, there was a no significant difference observed in the 

values of variation of the circumferential strain when comparing MRI to the patient specific FE 

models. This is important as clinically FE can possibly be used as a verification tool for relevant 

imaging measures, such as the variation in circumferential strain. It must be noted that this is 

being suggested to be used as a clinical diagnosis measure involving patients whereby the 

relevant diagnostic scans take a significant amount of time. FE in this instance offers the choice 

to significantly decrease scan time but offer the same measure that can be used to aid diagnosis 

and treatment options. However, until this is established, and the FE protocols become more 

automated, it is still some way off clinical use. 

6.4.1 Limitations 

As stated previously, computational models in this study do not include the zero-pressure 

configuration, residual stress or patient specific material parameters except for the changing of 

the fibre angles once informed with DTI. Inverse FE analysis in conjunction with imaging 



 

132 
 

techniques can be used to obtain the undeformed configuration of real vessel geometries and 

characterise the patient specific material properties. It is expected that with the inclusion of these 

methods, a more accurate model will be created that can match the deformation experienced in-

vivo. Another limitation is the small sample size tested for both imaging and computational 

analysis. To further prove the validity of the variation of circumferential strain to predict more 

vulnerable plaques at risk of rupture, a larger dataset would be required. Furthermore, a sensitive 

threshold in which a level of variation in circumferential strain would need to be established in 

order to become a clinically sensitive measure. Although it can be said that initial observations 

are extremely promising. 

6.5 Conclusion 

In conclusion, this study supports characterising the circumferential strain in-vivo in diseased 

carotid arteries via imaging or computational analysis to determine the plaques at greatest risk of 

rupture, as by knowing the strain environment, it can be predicted whether the collagen fibres are 

no longer aligned in the load bearing circumferential direction and consequently the risk of tissue 

failure may be increase. 
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Chapter 7 Final Discussion 

Cardiovascular diseases (CVDs) are known to be one of the leading causes of death worldwide. 

Furthermore, CVDs were noted to be responsible for an estimated 17.8 million deaths in 2017, 

representing 32% of deaths globally and an increase of 21% from 2007 [1]. A contributing factor 

to these deaths is the development of atherosclerotic plaques in the carotid arteries. Furthermore, 

the presence of atherosclerotic plaques in this region is known to be a key contributor to 

ischaemic stroke cases. The presence of atherosclerotic plaques alters both the mechanical 

behaviour and the geometry of the arterial wall. Therefore, an increased understanding of the 

mechanical behaviour of healthy and diseased arterial tissue can enhance not only the treatment 

option but aid in the development of new metrics for diagnosing vulnerable plaques at risk of 

rupture. Remodelling encompasses the reorientation, production and degradation of collagen, 

with the reorientation of fibres and the inability of fibres to remodel playing a major role in the 

tissue’s mechanical integrity. Despite the importance of the fibre orientation within these tissues, 

no diagnostic measure has been able to be directly associated with the microstructure. Therefore, 

the overall objective of this thesis was to establish the role of collagen fibres in the mechanical 

response of atherosclerotic plaque tissue and suggest new diagnostic measures that can infer what 

is happening in the microstructure. To achieve this, a combination of experimental, imaging and 

computational investigations was conducted to establish new sensitive indicators that indicate 

vulnerable plaques at risk of rupture. 

The first objective of this thesis was to develop patient specific finite element models extracted 

from in-vivo MRI and establish the importance of including the zero-pressure configuration, 

residual stress and estimated material parameters to accurately estimate the stress experienced 

in-vivo. The reason for this is because many studies in the literature have associated the risk of 

atherosclerotic plaque rupture with locations subjected to high stresses in the arterial wall 

[88,191]. According to studies, plaques subjected to stresses in the range of 300-500 kPa 

generally would suggest they are vulnerable to rupture [192]. However, the robustness of 

computational models to accurately estimate the stress and for it to be used as a robust indicator 

of plaque rupture vulnerability is still up for question. From this work, stress cannot be a robust 

rupture vulnerability indicator without inclusion of the zero-pressure configuration, residual 

stress and estimated material parameters. Firstly, it is known that geometries extracted from in-

vivo scans are already in a loaded configuration [18], therefore, simulation of a geometry at this 

configuration would not mimic what is occurring in-vivo and the resulting stress would be higher 

as the imposing luminal pressure will be exerted over a smaller area. Correct simulation would 

be to predict the zero-pressure configuration and restore the cross-sectional area as done in this 

thesis to then pressurize the vessel and capture the actual stress response experienced in-vivo. 

This is generally not considered in studies and therefore stress values are overpredicted and 
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would be in the “vulnerable” 300-500 kPa range. Secondly, residual stress is neglected which 

also has a major effect on the distribution of stress throughout the vessel wall. Residual stress is 

important as it homogenises the gradient of stress and this effectively removes peak stresses at 

more vulnerable locations [21,22]. Therefore, exclusion of this would again overpredict the 

stresses estimated. Lastly, the exclusion of patient specific material parameters would also impact 

the final stress calculation and should be estimated. It was observed in these results that the 

material properties change for each geometry, and this was done for a number of factors, such as 

the geometry and pressure exerted. Using literature values that are specific only to that 

tissue/geometry it estimated values from other geometries would not be correct as every geometry 

and its corresponding mechanical properties are different, even in the same person. It is observed 

in these simulations, using literature values would again overpredict the stress experienced in the 

vessel and only after estimation of patient specific properties can we better characterize these 

values. Overall, results shown in chapter 3 highlight that for accurate patient specific analysis of 

arterial bifurcations and to mimic in-vivo conditions the zero-pressure configuration, residual 

stresses and patient specific material parameters are of utmost importance and would need to be 

included for any patient specific analysis. 

Having established that stress is not a robust indicator for measuring the level of plaque rupture 

vulnerability, the second objective of this thesis was to explore the influence of the collagen fibre 

orientation in determining the ultimate tensile strength and strain of atherosclerotic plaque tissue, 

specifically looking at the location deemed the most vulnerable to rupture, which is the 

atherosclerotic plaque cap. In chapter 4 of this thesis, the highly variable nature of the mechanical 

properties of atherosclerotic plaques was observed in these samples, supporting the observations 

seen in previous studies [7]. SALS, a non-destructive imaging technique, was used as a pre-

screening tool to determine the dominate fibre orientation in these samples, thereby determining 

the anisotropic nature of the atherosclerotic plaque cap. These results demonstrate that the 

collagen fibre orientation plays the most significant role in determining the mechanical strength 

of the atherosclerotic plaque cap. From this data, it appears that for a given load plaque cap tissue 

with fibres that are aligned in the axial direction would experience higher strains and lower 

stresses at failure when compared to plaque cap tissue with fibres aligned in the circumferential 

direction. Furthermore, when we look at the correlation of collagen content to the ultimate tensile 

stress and strain, independent of fibre groupings, the correlation was poor, suggesting that 

collagen content alone does not play a significant role in the tissue’s mechanical stability.  

These variations in the distribution of the collagen fibres in the atherosclerotic plaque caps may 

be explained by looking at remodelling the diseased tissues. Bennett et al. (1999) showed that 

apoptosis can change the architecture of the arterial wall and lead to positive or negative 

remodelling of the artery during atherosclerotic plaque development [190]. Bennett et al. (1999) 
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also showed that apoptosis of the vascular smooth muscle cells (VSMCs) can be a major 

contributor to vulnerable atherosclerotic plaque rupture, where a paucity of VSMCs was 

observed - particularly at plaque shoulders [190]. The lack of VSMCs in the atherosclerotic 

atheroma can also result in lack of remodelling as new collagen fibres cannot be produced in the 

preferred direction to maximize the load bearing capacity of the tissue. An inability of fibres to 

remodel back to the load bearing configuration can lead to weakening of the arterial wall and 

potentially result in plaque rupture. Alongside apoptosis, studies have shown that collagen 

degradation is a strain dependent process [61]. Higher strains observed at locations with fibres 

aligned in the non-load bearing axial direction would suggest increased collagen degradation 

alongside this lack of new collagen deposition due to the lack of cells present.  

From the knowledge obtained in chapter 4 of this thesis, the third and fourth objective of this 

thesis was to establish sensitive computational and imaging indicators that could aid in 

establishing structural weakness in atherosclerotic plaque tissue. Having observed the critical role 

of the collagen fibres in the mechanical response of atherosclerotic plaque caps, the distribution 

of the collagen fibres in healthy and diseased carotid bifurcations was investigated in Chapter 5 

of this thesis. To date many constitutive laws have been proposed in the literature to incorporate 

the distribution of collagen fibres to accurately capture the mechanical behaviour of arterial tissue 

[10,181]. However, these models generally assume collagen fibre orientation from histological 

means [30]. The results from chapter 5, demonstrate that the remodelling metric (RM) presented 

here, which is based on the evolution of internal variables during the reorientation process, was 

able to characterize the deviation of fibres from the optimal configuration when fibres are set in 

the axial, circumferential and DTI-informed directions respectively. The results presented here 

verified previously observations stated in Ghasemi et al (2021), whereby a higher RM was 

estimated for fibres in the axial direction while a lower RM value was required for fibres in the 

circumferential direction. More interestingly though, is that in the models that have been 

informed by ex-vivo DTI, the values of the RM fall very much in between that of both axial and 

circumferential cases but certain locations within the plaque do exhibit a higher RM value and 

would be deemed vulnerable. This would suggest that the structure at these locations is weaker 

due to fibres not being in the load bearing configuration and that the fibre alignment  is 

significantly different to the optimum configuration. The most important output from this work 

is that the RM can characterize locations where collagen fibres are not in the load bearing 

configuration and it is expected from the mechanical results observed in chapter 4, that these 

locations of high RM would also be experiencing higher strain.  

Lastly, the mechanical results from chapter 4 offer potential mechanistic insights into the imaging 

results and computational results shown in chapter 6, which suggest that when a plaque is present, 

the variation of the circumferential strain experienced is significantly higher than when no plaque 
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is present. In diseased datasets, both MRI and FE showed that higher strains were experienced at 

the “shoulder” regions of the plaque and the lowest strain where the plaque showed the highest 

level of stenosis. This is important to note as these studies would suggest that these vulnerable 

plaques more than likely have fibres aligned more axially in these higher strain regions, which 

would subsequently fail at a lower UTS and thereby make them at higher risk of rupture. 

Furthermore, this study supports characterising the circumferential strain in-vivo in diseased 

carotid arteries via imaging or computational analysis to determine the plaques at greatest risk of 

rupture. By knowing the strain environment, it can be predicted whether the collagen fibres are 

no longer aligned in the load bearing circumferential direction and consequently the risk of tissue 

failure may be increased. Furthermore, computational analysis allows for the use of other metrics 

to measure plaque rupture vulnerability, such as the remodelling metric presented in chapter 5.  
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Chapter 8 Concluding Remarks 
 

8.1 Summary of key findings 

The overall objective of this thesis is to investigate the role of the collagen fibres in 

atherosclerotic plaque tissue and how it determines the tissue’s overall mechanical strength. Key 

insights from these findings can then be used to interpret results and establish sensitive 

mechanical plaque rupture indicators which was achieved through structural, imaging and 

computational analysis. The key contributions this research has made in the field of arterial and 

plaque biomechanics are summarised below. 

• A robust geometry creation protocol was established alongside a novel meshing 

technique that delivers high quality hexahedral meshes for healthy and diseased 

bifurcations also accounting for the atherosclerotic plaque and its components. This 

process can be altered for other vessels such as the aortic arch and heart valve leaflets. 

 

• Correct simulation of the carotid bifurcation and any patient specific geometry is of 

utmost importance in order to establish accurate measurement of the stress and strain. In 

this research a robust zero pressure configuration, residual stress and inverse finite 

element material parameter estimation algorithm was presented on a number of 

geometries and can be extended to atherosclerotic plaques and its components. Each 

method impacts the estimated stress and strain observed in the finite element models and 

for accurate simulation, should be included. 

 

• It is the opinion after this research that stress in not a robust indicator of the rupture risk 

and there are several reasons for this: Firstly, stress as an entity is not an easy thing to 

measure in-vivo. It is possible to do strain-based imaging or either elastography to 

establish the strain or stiffness respectively and it is why circumferential strain is 

suggested in later chapters. Secondly, without use of the methods established in chapter 

3 of this thesis, the specificity of the stress measurement comes into question. As 

previously stated, the geometry acquired at imaging is already in a loaded configuration, 

so without going back to the unloaded configuration first the stress predicted will not be 

what it is in-vivo. Furthermore, the arterial wall has residual stress that homogenises the 

stress gradient and this is generally neglected. Lastly estimated material parameters are 

needed to correctly map the deformation observed in-vivo, and these factors all effect the 

estimated stress and therefore increase the difficulty for it to be used as a robust indicator 

of rupture risk 
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• The collagen fibre orientation plays a critical role in the mechanical strength of 

atherosclerotic plaque cap tissue. The study presented in chapter 4 demonstrates that the 

mechanical integrity of the plaque cap is governed by collagen fibres and that collagen 

content alone may not be a robust predictor of plaque rupture. The critical role of collagen 

fibre orientation relative to the dominant loading direction in the vessel shows, that for 

maximum strength, collagen fibres should be in the load bearing circumferential 

direction. When collagen fibres are predominantly in the circumferential direction, the 

tissue exhibits a higher ultimate tensile strength and overall stiffer behaviour with lower 

strains, as compared to plaque tissue with collagen fibres orientated in a predominantly 

axial direction. 

 

• Using a previously established remodelling metric based on a continuum damage model 

that involves the evolution of internal variables, it is established that computational 

models with collagen fibres orientated in the axial direction require a larger degree of 

remodelling to be in the optimal configuration while the opposite trend is observed  for 

computational models with fibres in the circumferential direction. Furthermore, models 

that have been informed with DTI fibre angles have RM values that fall very much in 

between both axial and circumferential cases with locations of higher RM observed at 

more vulnerable locations such as plaque shoulders. Furthermore, the severity of each 

plaque analysed here is quite different to each other as certain plaques have higher RM 

present. Overall, these high RM values would suggest that these plaques are more likely 

to be structurally weak as fibres are not in the load bearing configuration and therefore 

would be deemed more vulnerable  

 

• The variation of circumferential strain observed across atherosclerotic plaques on the 

ipsilateral side is significantly different from both healthy and contralateral sides. Larger 

strains observed at plaque shoulders (regions proximal and distal to higher stenosis) 

would suggest that the collagen fibres at this location are not in the load bearing 

configuration and ultimately would fail at lower stress. This suggests that not only can 

characterizing the strain variation differentiate between vulnerable and more stable 

plaques but it can also infer information on the expected fibre orientation within these 

plaques, whereby a larger strain would suggest more axially aligned fibres and in turn 

structural weakness. 
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• Patient specific finite element models informed by ex-vivo DTI fibre angles can 

accurately capture the strain variation observed in the in-vivo MRI data. The results 

shown highlight that patient specific finite element models can be used in conjunction 

with imaging data to estimate the strain environment accurately but can also give 

information on other measures of relevance such as the remodelling metric presented 

here.  

8.2 Future perspectives 

Whilst this thesis makes considerable advancement in terms of assessing the risk of 

atherosclerotic plaque rupture by understanding more of the mechanics of the tissue, the 

following recommendations are proposed for future investigations: 

• Results shown in chapter 3 highlight that for accurate simulation of patient specific 

geometries it is important to estimate the zero-pressure configuration, residual stress and 

material parameters for every individual case. It is suggested that the inclusion of these 

methods become standard practice for future computational models looking into 

developing diagnostic measures. 

 

• Results shown in chapter 4 demonstrate that the collagen fibre orientation plays a critical 

role in determining the mechanical strength of atherosclerotic plaque tissue. It is expected 

that increased sample numbers would strengthen this relationship further and is 

suggested as future work. An area that is neglected in this work is to quantify the 

calcification content and the number of microcalcifications within these atherosclerotic 

plaque caps. Microcalcifications can act as stress concentrators within the tissue and 

depending on their location within the cap can promote fracture. A suggestion would be 

to also group tested plaque cap samples by calcification content or microcalcification 

number in order to establish which plaques are more fibrous, which ones are more 

calcified and their corresponding mechanical response.  

 

• Results shown in chapter 5 suggest the DTI shows great promise in establishing the 

dominant microstructural orientation within arterial and plaque tissue and can be used to 

directly inform patient specific computational models for more accurate estimation of 

the stress-strain environment of the tissue. Furthermore, the results in chapter 5 also 

demonstrate that the remodelling metric implemented could possibly be used as an 

indicator of whether plaques have fibres in the load bearing or non-load bearing 

configurations respectively. To further validate the robustness of this indicator, a larger 

dataset is recommended but initial observations are promising. In addition, a sensitive 

threshold for the RM presented here could be calibrated using in vitro inflation tests. 
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• Results from chapter 6 show the highly variable strain environment that atherosclerotic 

plaques experience in-vivo and that these measurements can accurately be predicted 

using patient specific finite element models that are informed by the collagen fibre 

angles. Future work should look at increasing the total number of datasets analysed to 

further prove the robustness of both techniques.  

 

• In this thesis, the influence of cells on the mechanical behaviour of arterial tissue and 

atherosclerotic plaques was neglected in these simulations. Cells are known to contribute 

to the production and growth of the collagen fibres in arterial tissue. However, in 

atherosclerotic plaque tissue there may be reduced vascular smooth muscle cells in the 

tissue limiting the production of new collagen oriented in the load bearing configuration. 

Future work should look to include the influence of cells on the mechanical behaviour of 

the tissue. Moreover, the active contribution cells play in terms of contractility of the 

tissue should be investigated further. 

 

• Another aspect not addressed in this thesis is the degradation of collagen in arterial tissue 

and atherosclerotic plaques. It is known that matrix metalloproteases (MMPs) degrade 

the extracellular matrix of the tissue and previous research has shown that collagen 

degradation in arterial tissue is strain dependent. Degradation would have significant 

influence on the artery and the atherosclerotic plaque’s ability to remodel sufficiently 

and cause weakening at locations experiencing high strain variability. A study to 

investigate which MMPs drive this degradation response would be of key interest. 
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A  Protocol for meshing arterial bifurcations. 

These instructions give a demonstrate the of meshing complex arterial geometries after initial 

segmentation and reconstruction from clinical MRI or CT images. The software used for this is 

the ANSA BETA pre-processor. This process is simpler for more cylindrical geometries. 

For a simple demonstration of meshing, please view the attached video in this development. 

Process 

Initial ANSA window – Ensure selection of the Abaqus module deck (Top right corner) 

 

Preliminary Steps 

This section deals with the initial settings of geometry import and meshing parameters that must 

be fixed before geometry  

1. Set the initial scale of the geometry. 
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Tools → Settings  

This opens the window for the ANSA settings. Select Resolution/Tolerances/Units to set the input 

dimensions. 

 

 

 

 

 

 

Scaled model dimensions is important so the model that you 

are working on is realistic. 

 

2. Import the geometry – common inputs 

For importation of the geometry we have two methods depending on the file type. 

• For VDA, IGES and CATIA inputs 

File → Open → “Choose file” 

• For STL, INP inputs 

` File → Input → “Choose desired input”  
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More inputs can be imported into the software using these two methods. The inputs addressed 

here are the most common. 

 

3. Setting of mesh thresholds  

For mesh parameters – find the following toolbar 

For mesh parameters 

For Quality criteria  

 

Values inputted here from windows 

Meshing Procedure 
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4. After Importation of the geometry we now must assign boxes via the hexa box 

module. 

Boxes → New                       A window should now pop up. 

FE Entities – STL imports 

Geometry – VDA, IGES imports 

Select all the geometry in the window 

 

Ortho or min volume can be chosen here as this gives the general shape of the hexablock  

5. For IGES and VDA inputs we must set the perimeter lengths accordingly, so we can 

get the correct shape of the geometry 

 

IGES Import and VDA Import  

 

For refinement of geometry before hexa 

box  

 

Mesh Module → Perimeters → Number 

 

Then we can define hexa box on these 

geometries 

 

 

6. Now I have the hexa box – refine so we have more blocks to fit to the geometry. 
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Boxes → Split 

Number – Select box edge 

and set number 

User – Select box edge 

 

As a preference – it is easier to work on STL geometries. I 

would recommend that if possible that stl imports are used 

7. Split the hexa boxes until it gets to the bifurcation. 

Turn on box hatches as shown – this allows for us to pick 

box faces 

Boxes   → Release – Select centre box faces 

      This disconnects the hexa boxes. 
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Move boxes accordingly – centre points should split to 

create new separate boxes. 

Modification   → Move – Select points 

Do this until boxes are split to resemble bifurcation 

 

 

      Boxes can be adjusted until we obtain a good mapping of the geometry. 

 

Once we have the boxes we must apply topology, so 

boxes do not split when we move them. 

Boxes →Topo – Select all boxes 
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We now have the boxes over the 

geometry as shown. Now we need to 

map the boxes to the geometry 

 

       

 

8. Map the boxes to the geometry 

Three methods of mapping: 

Association → Points 

“Project to points” 

Select point in box and then point on the geometry 

Association → Edges 

“Project to Edges” 

Select box edge then select geometry 

edge 

Association → Edges 

“Project to Surfs” 

Select entire the boxes and the entire 

geometry for quick association. 

Can use alternative methods of 

association of boxes to geometry. 

These seem to be the most efficient. 
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9. Creation of Internal radius using OGRID  

Boxes → OGRID 

A new window should pop up with OGRID 

topology 

- Click the action symbol 

- New 

Another window should pop up. Here we select all the boxes. Then continue 

 

 

For box faces we select the proximal and distal surfaces of the geometry 

 

Continue when we have completed this operation 
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     Now we must define the pattern type 

Pipe → Branches – Select the box faces 

up to bifurcation 

 

Define the OGRID parameters  

Value = 1.000 → Absolute offset value 

Pattern – Set = 1.000 

 

This creates inner boxes from the assigned outer boxes. This gives the uniform thickness to the 

geometry 
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To assign the inner boxes to the inner surfaces of the geometry we must hide the outer assigned 

boxes and geometry 

Select the not option → “ – “ on the toolbar 

Select the feature edge on the toolbar – Can change the 

degrees to select boxes / geometry 

Now we can select the outer assigned boxes and geometry. 

 

10.  Assign the inner boxes and the inner surface of geometry. 

 

Use the same tools as addressed in 

step (8) to assign the boxes to the 

inner surface 

 

 

 

 

 

To double check that we have assigned both outer and 

inner surfaces we can bring back all geometry 

Select the “  “   on the toolbar 

To take away the centre of OGRID so we have the 

lumen. From inner surface assigned only – see image. 

Boxes → Delete  

This leaves us the hexa boxes mapped to the geometry 

(outer and inner surfaces) with variable thickness. 

11. Hexahedral Meshing 

Volume Mesh → Pure Hexa 
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Project on geometry 

Tolerance set 

Project not associated boxes  

Can create multiple properties if geometry is 

segmented and meshed accordingly 

 

To increase the density of the mesh 

Edges → Length 

Edges → Number – Set Number 

Can control distortion here by adjusting the distance 

 

Once set with the parameters set  

 

Meshed geometry 

 

 

 

 

 

 

 

 

 

 

Window should pop up to defined whether this is a solid mesh. 
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Define Solid_Section → Type “Element Type” → Optional “Select element criteria” 

 

To look at the parts, materials, sets and includes can be done by 

selecting the icons on the toolbar 

 

 

To create more sections, materials. Etc.  

- Select the following parameter on toolbar 

- Select settings icon 

- New 

- Solid Section / Material 

This can be attributed to have multiple sections and multiple 

material properties assigned in the same geometry 
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12. Output the geometry to Abaqus 

File → Output → Abaqus 

ABAQUS output parameter windows pop up 

- General Tab - Select Output format to version of Abaqus 

Then OK 

- Filter Tab - Advanced Output Options. Select desired outputs. 

All the rest stays the same 

Then OK 

- Miscellaneous Tab – All predefined settings 
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B  Supplementary information for chapter 3. 

Table 1: Material parameters used for each case for simulation of the stress for geometry 

2. Case 2, 3 and 4 have been optimized under certain conditions previously stated in the 

text 

Parameters 𝑪𝟏𝟎 (kPa) 𝒌𝟏 (kPa) 𝒌𝟐     𝜿 

 

𝜽 (deg) 

 

Case 1 6.56 1482 561 0.16 37 

Case 2 5.82 1512 522 0.16 37 

Case 3 8.35 1428.61 941.13 0.12 38 

Case 4  9.42 1489.1 385.61 0.20 37 

 

 

Figure B1: Maximum Principal Stress (kPa) observed in geometry 2 with (i) material parameters 

taken from literature (Case 1) (ii) optimized parameters without the inclusion of zero pressure 

configuration and residual stress (Case 2) (iii) optimized parameters with the inclusion of the 

zero pressure configuration (Case 3) (iv) optimized parameters with the inclusion of the zero 

pressure configuration and residual stress (Case 4) (v) Single element test undergoing uniaxial 

tension looking at stress strain response of each case (vi) Percentage of volume graph for the 4 

cases showing the stress distribution throughout the vessel wall 
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Table 2: Material parameters used for each case for simulation of the stress for geometry 

3. Case 2, 3 and 4 have been optimized under certain conditions previously stated in the 

text 

Parameters 𝑪𝟏𝟎 (kPa) 𝒌𝟏 (kPa) 𝒌𝟐     𝜿 

 

𝜽 (deg) 

 

Case 1 6.56 1482 561 0.16 37 

Case 2 3.26 1472 571 0.16 37 

Case 3 6.06 1479.29 862.02 0.17 39 

Case 4  8.68 1546.92 423.17 0.22 39 

 

 

 

Figure B2: Maximum Principal Stress (kPa) observed in geometry 3 with (i) material parameters 

taken from literature (Case 1) (ii) optimized parameters without the inclusion of zero pressure 

configuration and residual stress (Case 2) (iii) optimized parameters with the inclusion of the 

zero pressure configuration (Case 3) (iv) optimized parameters with the inclusion of the zero 

pressure configuration and residual stress (Case 4) (v) Single element test undergoing uniaxial 

tension looking at stress strain response of each case (vi) Percentage of volume graph for the 4 

cases showing the stress distribution throughout the vessel wall 

 



 

172 
 

Table 3: Material parameters used for each case for simulation of the stress for geometry 

4. Case 2, 3 and 4 have been optimized under certain conditions previously stated in the text 

Parameters 𝑪𝟏𝟎 (kPa) 𝒌𝟏 (kPa) 𝒌𝟐    ( 𝜿 

 

𝜽 (deg) 

 

Case 1 6.56 1482 561 0.16 37 

Case 2 8.82 1568 586 0.16 37 

Case 3 7.98 1653.13 616.09 0.15 38 

Case 4  9.64 1369.46 224.64 0.24 38 

 

 

Figure B3: Maximum Principal Stress (kPa) observed in geometry 4 with (i) material parameters 

taken from literature (Case 1) (ii) optimized parameters without the inclusion of zero pressure 

configuration and residual stress (Case 2) (iii) optimized parameters with the inclusion of the 

zero pressure configuration (Case 3) (iv) optimized parameters with the inclusion of the zero 

pressure configuration and residual stress (Case 4) (v) Single element test undergoing uniaxial 

tension looking at stress strain response of each case (vi) Percentage of volume graph for the 4 

cases showing the stress distribution throughout the vessel wall 
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Table 4: Material parameters used for each case for simulation of the stress for geometry 

5. Case 2, 3 and 4 have been optimized under certain conditions previously stated in the text 

Parameters 𝑪𝟏𝟎 (kPa) 𝒌𝟏 (kPa) 𝒌𝟐     𝜿 

 

𝜽 (deg) 

 

Case 1 6.56 1482 561 0.16 37 

Case 2 12.46 1549 561 0.16 37 

Case 3 7.75 1722.37 684.81 0.12 37 

Case 4  8.76 1682.12 464.21 0.18 38 

 

 

Figure B4: Maximum Principal Stress (kPa) observed in geometry 5 with (i) material parameters 

taken from literature (Case 1) (ii) optimized parameters without the inclusion of zero pressure 

configuration and residual stress (Case 2) (iii) optimized parameters with the inclusion of the 

zero pressure configuration (Case 3) (iv) optimized parameters with the inclusion of the zero 

pressure configuration and residual stress (Case 4) (v) Single element test undergoing uniaxial 

tension looking at stress strain response of each case (vi) Percentage of volume graph for the 4 

cases showing the stress distribution throughout the vessel wall 
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Table 5: Material parameters used for each case for simulation of the stress for geometry 

6. Case 2, 3 and 4 have been optimized under certain conditions previously stated in the text 

Parameters 𝑪𝟏𝟎 (kPa) 𝒌𝟏 (kPa) 𝒌𝟐     𝜿 

 

𝜽 (deg) 

 

Case 1 6.56 1482 561 0.16 37 

Case 2 6.87 1362 486 0.16 37 

Case 3 6.43 1280.77 744.01 0.08 38 

Case 4  10.24 1864.22 486.46 0.18 37 

 

 

Figure B5: Maximum Principal Stress (kPa) observed in geometry 6 with (i) material parameters 

taken from literature (Case 1) (ii) optimized parameters without the inclusion of zero pressure 

configuration and residual stress (Case 2) (iii) optimized parameters with the inclusion of the 

zero pressure configuration (Case 3) (iv) optimized parameters with the inclusion of the zero 

pressure configuration and residual stress (Case 4) (v) Single element test undergoing uniaxial 

tension looking at stress strain response of each case (vi) Percentage of volume graph for the 4 

cases showing the stress distribution throughout the vessel wall 
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C  Supplementary information for chapter 4. 

 

 

Figure C1: Correlation analysis for (A) collagen content and UT stress for predominately 

circumferential fibre datasets and (B) collagen content and UT strain for predominately 

circumferential fibre datasets. 

 

Figure C2: Correlation analysis for (A) collagen content and UT stress for predominately axial 

fibre datasets and (B) collagen content and UT strain for predominately axial fibre datasets. 

 


