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ABSTRACT 

 

Arterial inflammation has a central role in the development of cardiovascular disease. 
Cardiovascular disease development and artery re-modelling occurs as part of a complex 
interaction between biological factors and mechanical environment. The early life period is 
important for cardiovascular devolvement and numerous early life factors are strongly 
implicated in cardiovascular disease. As such, the inflammatory process may program an 
unborn child to future cardiovascular pathologies. Thus, an understanding of the effect of 
inflammation in the early life period is crucial for understanding adult disease progression.  

Antenatal steroid treatment is frequently administered to women at risk of preterm delivery 
to improve child health outcomes, and could potentially be used to ameliorate the effects of 
inflammation in the early life period. Upon delivery the preterm infant will often require 
mechanical ventilation due to their immature cardiovascular and respiratory systems, in 
which glucocorticoids may also be administered postnatally. However, there are concerns of 
potential long-term adverse impacts due to both glucocorticoid treatment and ventilation 
practice, including in regard to the cardiovascular system.  

This thesis aimed to determine the biomechanical behaviour, ultimate tensile strength and 
an appropriate constitutive model of the aorta in controls and lambs with systemic 
inflammation. Furthermore, it aimed to determine the impact of postnatal anti-inflammatory 
treatment on the biomechanical properties of the aorta in lambs with pre-natal systemic 
inflammation as well as the effect of both post-natal anti-inflammatory treatment and 
mechanical ventilation over a longer time period. We used a well-established preterm fetal 
lamb model to examine the effects of inflammation and anti-inflammatory glucocorticoid 
treatment, as well as the long-term impacts of glucocorticoid treatment and ventilation 
practice. Aortas were excised, imaged and their mechanical properties measured. Histology 
was performed on samples from each group. A constitutive model was fit to the data to 
characterise mechanical behaviour and quantify differences between groups. 

Antenatally induced inflammation reduced aortic wall thickness and increased stiffness, but 
did not reduce the failure strength of the tissue. Postnatal dexamethasone-treatment of 
lambs with induced inflammation returned the wall thickness and stiffness to levels 
comparable to controls. Postnatal dexamethasone was associated with increased arterial 
stiffness after two months of postnatal development compared to the control group, 
although no difference was noted at seven days.  

This thesis reveals important structural and functional implications of early-life inflammation 
that, if left untreated, could lead to cardiovascular development problems in later life. This 
supports a case for the treatment and management of preterm inflammatory conditions. 
Dexamethasone treatment was shown to ameliorate the effect of inflammation noted above, 
such that it could be a potential treatment for early life inflammation. While dexamethasone 
itself was associated with increased stiffness over a longer time frame, the principle of anti-
inflammatory treatment successfully arresting inflammation-induced stiffness remains 
applicable to numerous other anti-inflammatory treatments, which could offer a safe and 
readily available treatment method for reducing the likelihood of late life cardiovascular 
disease formation. 
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Chapter 1.  Introduction 

1.1.   Overview 

Cardiovascular disease (CVD) is the primary cause of death in the world, accounting for 

approximately 30% of all deaths (Organization 2017). While CVD encompasses a large range 

of different diseases, there are many common factors. Vascular inflammation plays a key role 

in the development of coronary artery disease (Hansson 2005), and occurs in many low-grade 

inflammatory diseases, including rheumatoid arthritis (Sattar, McCarey et al. 2003) and type 2 

diabetes (Duncan, Schmidt et al. 2003). Inflammation is now widely recognized as fundamental 

to the pathogenesis of atherosclerosis (Ross 1999, Libby 2002), and its presence is associated 

with increased cardiovascular risk even in apparently healthy individuals (Rohde, Hennekens 

et al. 1999). Given the long-term structural changes associated with many of these diseases and 

the mechanical role played by vascular tissue, mechanical analysis techniques can add valuable 

insight into disease process. 

1.1.1. Vascular Inflammation in Aortic Biomechanics 

Cardiovascular disease development occurs as part of complex interaction between biological 

factors and mechanical environment. Blood flow conditions, blood pressure and other 

mechanical loads can stimulate biochemical responses and influence the structural and 

morphological development of the artery. Similarly, these biological responses in turn can alter 

the mechanical behaviour and geometry of the artery, mitigating or exacerbating elements of 

the loading conditions or affecting the ability of the tissue to withstand mechanical loads.  



  Chapter 1 

 

2 

 

Inflammation is widely regarded as a major contributing factor in the pathogenesis of 

atherosclerosis (Ross 1999, Libby 2002). It has been identified as a risk factor for adverse 

cardiovascular events (Bhatt and Topol 2002) and its presence is associated with increased risk 

even in apparently healthy individuals (Rohde, Hennekens et al. 1999). The inflammatory 

process is also associated with the development of aneurysms (Rasmussen, Hallett Jr et al. 

2001), and aneurysms with acute inflammation have been shown to expand at an increased rate 

(Pyo, Lee et al. 2000, Mosorin, Juvonen et al. 2001, Richards, Semple et al. 2011). Although 

vascular inflammation is an established marker of cardiovascular pathogenesis, its role on 

arterial tissue biomechanics is not well understood.  

Diseases of the aorta typically involve extensive vascular re-modelling changes to tissue 

biomechanics, but outside of gross changes to the artery, little work has explored the effect of 

inflammation on tissue biomechanics. Numerous studies have been conducted associating the 

presence of both acute and chronic inflammation with increased arterial stiffness as indicated 

by in-vivo measurements such as pulse-wave velocity (Aznaouridis and Stefanadis 2007, Mäki-

Petäjä and Wilkinson 2012, Park and Lakatta 2012, Jain, Khera et al. 2014). Additionally, 

measures of an arteries biomechanical response, such as bulk arterial stiffness are themselves 

markers for cardiovascular disease progression, with increased arterial stiffness independently 

associated with the progression of atherosclerosis (van Popele, Mattace-Raso et al. 2006) and 

an increased risk of cardiovascular events (Laurent, Boutouyrie et al. 2001, Boutouyrie, 

Tropeano et al. 2002). This stiffening of the arterial wall alters vessel haemodynamics, which 

has a flow-on effect leading to cardiovascular disease pathogenesis and adverse impacts on 

organ function (Lyle and Raaz 2017). 
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Figure 1.1 Reproduced from Lyle et. al. (Lyle and Raaz 2017) Clinical conditions associated with increased 

arterial stiffness and potential mechanisms for arterial stiffening. Green: elastin, fusiform shapes: vascular 

smooth muscle cells, black: calcium deposits, yellow: indicate fibrosis. 

However, the mechanisms behind this increase in stiffness response remain unclear. While 

measurements such as pulse-wave velocity and can illustrate the gross behaviour of arterial 

biomechanics under physiologic loading conditions, the precise effects of inflammation on the 

biomechanics of arteries remains relatively unexplored. Furthermore, in-vivo measurements do 

not distinguish between passive mechanical behaviour and that influenced by biochemical 

factors.  
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Constitutive modelling provides a valuable tool for investigating the mechanisms of vascular 

remodeling in the presence of inflammation. The presence and severity of inflammation could 

potentially lead to drastic changes in the vascular remodeling process, and thus its 

quantification and incorporation into models of vascular disease can shed new light on disease 

progression. Furthermore, its impact on the behaviour of vascular tissue may warrant its use in 

decision support tools or surgical models where material properties are a significant factor in 

the model results. Inflammation can be predicted in-vivo, and could be used to predict 

aneurysmal growth rates (Newby, Forsythe et al. 2017). If inflammation affects the stiffness 

response of arterial tissue, then its presence or severity can become an important factor that 

should be taken into account in models where accurately predicting material deformation is 

required and is sensitive to material properties. Similarly changes in tensile strength have direct 

implications for risk prediction where tissue failure is possible, such as rupture risk prediction 

in abdominal aortic aneurysms or aortic dissection. Thus, quantifying the biomechanical impact 

of inflammation on the arterial wall has implications for clinical use, either through direct 

incorporation of biomechanical or statistical modelling in the clinic or via increasing 

understanding of disease progression. 

Understanding the precise impacts of inflammation on arterial biomechanics could provide 

insight into complex interdependent processes behind arterial re-modelling and cardiovascular 

pathogenesis. Furthermore, this inflammatory process may begin earlier than is typically 

appreciated and may program an unborn child to future cardiovascular pathologies. It is widely 

accepted that cardiovascular disease risk  can start very early in life; impaired in utero growth 

and maternal cardiovascular risk profiles are associated with increased susceptibility  to 

cardiovascular disease later in life (Palinski and Napoli 2008). Furthermore, they have been 

associated with adverse cardiovascular risk factors, many of which result in or are associated 

with the presence of vascular inflammation. Inflammation is a central mechanism in the 

development of atherosclerosis and cardiovascular disease, and thus may play a central role in 

early-life programming for adult cardiovascular disease development. 
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Figure 1.2 Potential mechanisms for inflammation induced increased vascular stiffness, reproduced from Jain 

et. al. (Jain, Khera et al. 2014) :”Mϕ – Macrophage, CRP: C reactive protein, ROS: Reactive oxygen species, 

O2−: Superoxide, H2O2: Hydrogen peroxide, Akt/PKB: Serine threonine kinase/Protein kinase B SMC: Smooth 

muscle cell, MMP: Matrix metalloproteinases, TIMP: Tissue inhibitor of matrix metalloproteinases, BM: 

Basement membrane, ECM: Extracellular matrix, PO4
3−: Phosphate, GAG: Glycosaminoglycan, TNF-α: Tumor 

necrosis factor α, IL-1: Interleukin-1”. 

1.1.2. Vascular Inflammation and Early Life 

Given that cardiovascular pathogenesis is frequently linked to the inflammatory process and 

that numerous early life factors are strongly implicated in cardiovascular disease (Nguyen, 

Wallace et al. 2015), data on the relationship between perinatal inflammation and 

cardiovascular pathogenesis are surprisingly scarce. 
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Perinatal inflammatory exposure is most commonly expressed in utero as chorioamnionitis. 

Chorioamnionitis is often associated with inflammation of the fetal membranes, triggering a 

maternal and fetal inflammatory response showing both local and systemic inflammatory 

markers (Malaeb and Dammann 2009). Subclinical chorioamnionitis is asymptomatic, while 

clinical chorioamnionitis is less common but is characterised by preterm rupture of membranes 

and maternal fever (Galinsky, Polglase et al. 2013). Chorioamnionitis is strongly associated 

with preterm birth: while the incidence of chorioamnionitis is between 1%-13% in term 

pregnancies, its prevalence in the case of preterm births jumps to between 40%-70% (Tita and 

Andrews 2010). Preterm infants exposed to chorioamnionitis continue to present with 

inflammation into the postnatal period (Rafferty, McGrory et al. 2016).  

Fetal inflammation is associated with numerous adverse outcomes including 

bronchopulmonary dysplasia (lung damage), necrotizing enterocolitis (severe bowel 

inflammation leading to tissue death, more common in preterm births), and systemic 

hypertension (Woldesenbet and Perlman 2005, Bersani, Thomas et al. 2012, Galinsky, Polglase 

et al. 2013). Inflammation in early life is a potential mechanism for later life cardiovascular 

disease. Preterm birth and poor fetal development leading to low birth weight are both 

associated with a persistent state of inflammation (Trevisanuto, Doglioni et al. 2007, Tzoulaki, 

Jarvelin et al. 2008, Lo Vasco, Cosmi et al. 2012), both of which are associated with a range 

of cardiovascular issues including endothelial dysfunction, increased blood pressure, 

hypertension, and subclinical atherosclerosis (Norman 2008, Szostak-Wegierek and 

Szamotulska 2011, Visentin, Grumolato et al. 2014), as well as being linked to long-term 

cardiovascular risk (Norman and Bonamy 2005, Napoli 2011). Furthermore, there is evidence 

that preterm infants small for their gestational age have increased arterial stiffness (Cheung, 

Wong et al. 2004, Mori, Uchida et al. 2006, Tauzin, Rossi et al. 2006, Sehgal, Doctor et al. 

2013). 
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Figure 1.3 Reproduced from Nguyen et. al. (Nguyen, Wallace et al. 2015). Potential links between intrauterine 

factors and adult development of cardiovascular disease where inflammation may play a role. Intrauterine risk 

factors are associated with adverse intermediate phenotype expression in early life as well as the development 

of traditional cardiovascular risk factors, leading to an increased risk of adult cardiovascular disease. Red 

highlights indicate the factor has been associated with heightened inflammation, suggesting potential links in 

cardiovascular disease development. 

In addition, it has been shown that increased stiffness of the ascending aorta during early life 

is associated with arterial stiffening in later life (Redheuil, Yu et al. 2010). Given the extensive 

cardiovascular re-modelling and that the formation of the arterial extracellular matrix is highest 

during the fetal and neonatal period, disruption of this process through adverse mechanical 

conditions or biological response could have long term impacts, and is a potential factor in the 

development of adult cardiovascular disease. Thus, the study of early life cardiovascular 

development and its response to perinatal inflammation could potential shed light on the 

mechanisms underpinning cardiovascular disease formation. 
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1.1.3. Preterm Care and Cardiovascular Dynamics 

Antenatal steroid treatment is frequently administered to women at risk of preterm delivery to 

improve child health outcomes. Upon delivery, the preterm infant will often require mechanical 

ventilation due to their immature cardiovascular and respiratory systems (Finer, Carlo et al. 

2004, Polglase, Miller et al. 2014), in which glucocorticoids may also be administered 

postnatally in order to wean them from ventilator support (Doyle, Ehrenkranz et al. 2014). 

However, despite the efficacy of this approach, concerns exist around the potential for long 

term adverse impacts due to both ventilation techniques and glucocorticoid treatment. 

Glucocorticoid treatment in cases of preterm birth has proven enormously effective, with 

antenatal administration reducing the risk and severity of respiratory distress syndrome in 

preterm infants (Liggins and Howie 1972, Newnham, Moss et al. 2002), reducing preterm 

infant mortality. Glucocorticoids are also employed postnatally to promote respiratory function 

and lung formation (Gupta, Prasanth et al. 2012). Dexamethasone, a potent glucocorticoid, is 

often employed for this purpose, although concerns around its side effects have led to it being 

used largely in cases where the preterm infant presents with moderately severe 

bronchopulmonary dysplasia. Outside of the perinatal treatment, glucocorticoids are often used 

as an anti-inflammatory agent (Coutinho and Chapman 2011), and show potential as a 

treatment option for inflammation in cases of atherosclerosis (Maki-Petaja and Wilkinson 

2009) or to reduce arterial stiffness (Maki-Petaja and Wilkinson 2009, Schillaci, Bartoloni et 

al. 2012, Janic, Lunder et al. 2014). Thus, they may show promise in reducing the severity or 

duration of early-life inflammation. 
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Despite their efficacy, glucocorticoids treatment in cases of preterm birth is associated with the 

development of adult-onset diseases in the infant (Newnham 2001, Newnham and Moss 2001). 

Postnatal glucocorticoid exposure in preterm infants has been shown to potentially induce 

many adverse conditions, including thickening of the ventricular wall (hypertrophic 

cardiomyopathy) (Gupta, Prasanth et al. 2012) and neurodevelopmental delay (Yeh, Lin et al. 

1998). Studies utilising animal models have linked antenatal dexamethasone with impaired 

cardiac function (Dodic, Samuel et al. 2001, Dodic, Abouantoun et al. 2002, O'Regan, Kenyon 

et al. 2004, O'Sullivan, Cuffe et al. 2013) and adult hypertension (Woods and Weeks 2005). 

Further to this, clinical studies have shown antenatal glucocorticoid use is correlated with 

reduced infant birthweight and head circumference (French, Hagan et al. 1999, Thorp, Jones 

et al. 2002), as well as neurodevelopmental delay (Yeh, Lin et al. 1998).  

Postnatal mechanical ventilation techniques can also have adverse impacts on the infant, 

potentially leading to alterations in pulmonary blood flow and adverse effects on cardiac output 

(Polglase, Miller et al. 2012), as well as causing pronounced lung inflammation (Hillman, Moss 

et al. 2007, Polglase, Hillman et al. 2008, Hillman, Kallapur et al. 2010). Mechanical 

ventilation can initiate a pulmonary inflammatory response leading to systemic inflammatory 

cascade, with adverse effects on the infant (Davide, Gorsev et al. 1999, Hillman, Moss et al. 

2007, Polglase, Hillman et al. 2009). 

Given the current standard of care for preterm infants often involves antenatal and postnatal 

administration of glucocorticoids as well as mechanical ventilation, there are clearly important 

factors that must be considered in the case of the preterm infant. Given the correlation between 

disturbed arterial biomechanics and the emergence of cardiovascular disease (Quinn, 

Tomlinson et al. 2012), it is necessary to investigate the biomechanical impact of these 

treatment methods in conjunction with that of fetal inflammation. 
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1.2. Role of Biomechanics in Clinical Treatment 

There exist many applications of biomechanics which are relevant in treating cardiovascular 

disease. Mechanical engineering techniques can help predict disease progression, guide 

surgical interventions and provide decision support in the clinic. 

At the fundamental level, biomechanical data and models can be used to increase our 

understanding of pathogenesis. On the one hand, many cardiovascular diseases involve a 

complex interaction between mechanical and biological factors, in which case mechanical 

analysis can elucidate the mechanical components of cardiovascular disease progression. On 

the other hand, many cardiovascular events involve the mechanical failure of load-bearing 

vessels (e.g. aneurysm rupture, arterial dissection, atherosclerotic rupture) and thus 

biomechanical modelling can provide crucial insights into the nature of mechanical failure. In 

both cases, biomechanical models provide a means to simulate and explore complex 

mechanical environments. For instance, fluid–structure interaction models has been used to 

examine artery biomechanical behaviour under a range of conditions, varying flow profiles, 

geometries and arterial wall material properties (Scotti, Jimenez et al. 2008, Saeid Khalafvand 

and Han 2015, Sharzehee, Khalafvand et al. 2018). A constitutive modelling approach has been 

used to investigate the relationship between artery stiffness, blood pressure and age (Spronck, 

Heusinkveld et al. 2015). Similarly, constitutive modelling has been used to better understand 

the role of microstructural components in the biomechanics of coronary arteries (Chen and 

Kassab 2017).  
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Biomechanical modelling can also play a role in offering support in guiding surgical 

operations. With appropriate biomechanical models, the ability to model the behaviour of 

vessels under physiological and supra-physiological loading conditions can lead to the design 

and optimization of therapeutical interventions, such as modelling stress produced in arterial 

clamping (Gasser, Schulze-Bauer et al. 2002) and balloon dilation (Balzani, Brinkhues et al. 

2012) procedures. Similarly, biomechanical simulation can be incorporated into the design of 

medical devices designed to remain in the body, such as arterial stents. Biomechanical 

simulation allows the user to model the effects and interactions of an inserted arterial stent 

under a range of loading conditions (Fortier, Gullapalli et al. 2014), which has implications for 

stent selection and design. Studies have also examined the impact of stent stiffness in tapered 

arteries (Timmins, Meyer et al. 2008). Combining patient specific data with the appropriate 

biomechanical models and the possibility of custom stent manufacture, and biomechanical 

simulation could allow for the introduction of personalised stent design. 

In certain cases, biomechanical simulation has the potential to be a potent decision support tool 

in the clinic. If the output of a biomechanical model can be linked to clinical outcomes – either 

directly, or as a component in a data pipeline – then it can be incorporated into the surgical 

workflow as a simple tool to quantify risk when considering treatment options. For instance, 

biomechanical models of aneurysms have frequently been proposed for predicting rupture risk 

(Gasser 2016), which could provide invaluable support in managing the tradeoff between the 

risk of surgical complications and the risk of aneurysm rupture. Biomechanical models could 

be used as standalone tools, particularly if their key output is shown to be clinically relevant, 

or in conjunction with other models. In the case of Vande Geest et. al. (Vande Geest, Di 

Martino et al. 2006), a workflow is proposed in which biomechanically predicted aneurysm 

wall stress is combined with statistical prediction of arterial wall strength to calculate a rupture 

risk metric.  
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Similarly, biomechanical models may be used to generate metrics, which may not have clinical 

significance individually, but when combined with other metrics can provide useful models of 

risk assessment. These outputs could be incorporated into a statistical method, such as a 

machine learning algorithm capable of translating the biomechanical outputs into clinical 

outcomes. It is here that biomechanical models for understanding disease progression can also 

guide the choice of model features and inputs, that may not otherwise be available from 

commonly collected clinical data but could offer superior predictive capabilities. For instance, 

biomechanical modelling of patient-specific aneurysms shows vessel asymmetry is strongly 

associated with increased wall stress (Doyle, Callanan et al. 2009), suggesting vessel 

asymmetry could easily be measured and incorporated as a feature for predicting rupture risk. 

Biomechanical modelling provides for the creation of a potentially limitless number of features 

that could be incorporated into statistical models. 

1.3.  Summary  

A reduction in arterial strength has important implications for biomechanical models used for 

predicting the risk of a cardiovascular event where tissue failure is a component of that event 

– if inflammation is associated with decreased wall strength, it could be a crucial factor in 

predicting risk. Increased stiffness of the arterial wall has implications for biomechanical 

models where tissue deformation needs to be accurately predicted and material properties of 

the arterial wall are required. As increased arterial stiffness has been linked to cardiovascular 

outcomes, the increase of passive arterial stiffness in the early life period would suggest 

potential mechanisms linking preterm birth to adult cardiovascular pathogenesis, as well as 

supporting the case for managing preterm inflammatory conditions. If dexamethasone is able 

to partially or wholly mitigate any biomechanical changes that would be induced by 

inflammation, then it supports the use of dexamethasone or a similar glucocorticoid as a 

potential method of treatment. Finally, if dexamethasone or the mechanical ventilation preterm 

infants often receive is associated with adverse cardiovascular remodeling, it suggests the need 

for alternate treatment methods with less adverse side effects.   
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1.3.1. Hypotheses and Aims 

This study proposes to investigate the biomechanical impact of inflammation in the preterm 

lamb via a constitutive modelling approach to data collected from mechanical testing. The main 

hypotheses tested are as follows:  

• That the inflammatory process leads to reduced arterial tensile strength;  

• That the inflammatory process leads to increased passive stiffness of the arterial tissue;  

• That glucocorticoid treatment mitigates the biomechanical effects of inflammation;  

• That both glucocorticoid treatment and the mechanical ventilation frequently provided 

to preterm infants are themselves both associated with an increase in arterial stiffness.  

In order to test these hypotheses, the following aims have been developed that each use aorta 

tissue collected from a pre-term lamb model. 

1. Determine the biomechanical behaviour, ultimate tensile strength and an appropriate 

constitutive model of the aorta in controls and lambs with systemic inflammation.  

2. Investigate the effect of post-natal anti-inflammatory treatment on the biomechanical 

properties of the aorta in lambs with pre-natal systemic inflammation. 

3. Investigate the effect of both post-natal anti-inflammatory treatment and mechanical 

ventilation on the biomechanical properties of the aorta in lambs. 
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1.4.  Overview of the Thesis 

Chapter 2, published in (Macrae, Miller et al. 2016), comprises a summary of the literature on 

experimental techniques in characterising the biomechanical behaviour of arterial tissue. There 

are numerous challenges in characterising the behaviour of soft biomaterials like vascular 

tissue, and in-vitro biomechanical testing offers the advantages of a strictly controlled 

mechanical environment in which to conduct testing.  

Biological material characterisation is frequently complicated by highly non-linear stress-strain 

relationships, large deformations under loading, irregular geometries, potential heterogeneity 

of material properties, and pronounced material anisotropy. Basic mechanical testing can yield 

insight into the nature of vascular tissue by strictly limiting and controlling the mechanical 

environment. More complex methods are required when multi-axial, anisotropic or material 

heterogeneities are to be characterized. Further, mechanical testing can be used in conjunction 

with biological experimental setups to explore dynamic and long-term mechanical responses, 

or to take into account active biological contributions to mechanical behaviour of the tissue. 

This chapter summarizes the current approaches, their relevant experimental design 

considerations, and techniques for quantifying the biomechanical behaviour of arterial tissue 

in-vitro. In addition, it examines some general considerations when testing arterial tissue, the 

relative advantages and disadvantages of particular methods, and looks to the future to see how 

these testing methods may evolve. 
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Chapter 3, material from which is published in (Macrae, Pillow et al. 2017), outlines the 

experimental techniques used to characterize arterial tissue in this project, as well as the novel 

approaches developed in analysing and validating the data to account for the specific challenges 

encountered during testing. The purpose is to describe the development of a robust approach 

to constitutive modelling of lamb aortic specimens via the uniaxial extension of aortic ring 

specimens, with an aim to collect stress-stretch data as well as the failure properties of arterial 

tissue.  

There exist may experimental techniques for characterising the material properties of arterial 

tissue, and care must be taken when interpreting and applying the results for a given 

experimental technique. Analytic relations used in constitutive parameter identification rest on 

numerous assumptions about the deformation behaviour of specimens, specimen geometry, 

boundary conditions and the experimental setup. Finite element modelling is applied to refine 

the analytic approach and validate some of the assumptions made in the course of the analysis. 

The use of finite element modelling in experimental tests is a novel approach to validating 

results and overcoming certain experimental limitations to improve confidence in the results 

generated. 

This chapter describes the testing protocol used throughout the project, as well as discusses the 

analytic method used to characterize the biomechanical behaviour of the arterial tissue. It also 

elucidates two modifications to the constitutive model fitting process in the case of aortic ring 

testing. A modification to the process of computing local stretch is proposed to compute model 

parameters for specimens with non-uniform thickness. Finite element modelling is applied to 

validate assumptions, leading to a modification of the average stretch function to improve the 

initial estimates for constitutive parameters. 
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Chapter 4: Arterial inflammation has a central role in the development of cardiovascular 

disease and evidence suggests that such diseases are implicated in early life factors. The aim 

of the study was to examine the impact of vascular inflammation on the passive mechanical 

behavior of the aorta, as well as the effects of potential anti-inflammatory treatment methods. 

This study reveals important structural and functional implications of early-life inflammation 

that, if left untreated, could lead to cardiovascular development problems in later life. 

The hypothesis is that the biomechanical behaviour of the developing aorta in a fetal lamb 

model of systemic inflammation would be different than controls, manifesting via differences 

in the stiffness response and differences in the ultimate tensile strength of the aorta. 

Furthermore, the work aimed to determine the impact of postnatal anti-inflammatory treatment 

on antenatal inflammation-induced biomechanical changes. A well-established preterm fetal 

lamb model was used, with four groups of antenatal/postnatal exposures: saline/saline; intra-

amniotic lipopolysaccharide (LPS)/saline; saline/anti-inflammatory (dexamethasone); 

LPS/dexamethasone. Lambs were delivered and the aortas excised, imaged and mechanical 

properties measured. Histology was performed on samples from each group.  

Chapter 5: Given the current standard of care for preterm infants often involves antenatal and 

postnatal administration of glucocorticoids as well as mechanical ventilation, and that both 

have been associated with adverse outcomes in fetal development, these constitute important 

factors that must be considered in the developing arterial biomechanics of the preterm infant. 

The aim of the study described in Chapter 5 was to investigate differences in biomechanical 

behaviour of large arteries between dexamethasone treated and control lambs subject to 

preterm delivery, over a longer time period than described in Chapter 4. Further, the study aims 

to clarify the interaction of dexamethasone with exposure to intrusive ventilation strategies, in 

the context of it its effect on the development of the aorta.  
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The hypothesis is that the biomechanical behaviour of the aorta in a fetal lamb model treated 

with low dose dexamethasone would be different than controls, with an increase in the stiffness 

response of the treated population. An additional hypothesis is that lambs treated with intrusive 

ventilation strategies would manifest a difference in the biomechanical behavior of the aorta. 

We used a well-established preterm fetal lamb model and created four groups of postnatal 

exposure/ventilation strategy groups: saline/continuous positive airway pressure (CPAP; 

dexamethasone/CPAP; saline/endotracheal tube (ETT), dexamethasone/ETT. Lambs were 

delivered and maintained in a clinical environment for two months, in contrast to the seven 

days lambs in Chapter 4 were maintained for. It was hypothesised this increased postnatal 

period would lead to the differences between groups in the structural development of the aorta, 

manifesting as differences in mechanical behavior. Control and dexamethasone treated lambs 

were compared with their seven-day corollaries from Chapter 4. Aortas were excised, imaged 

and mechanical properties measured. Histology was performed on samples from each group.  
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Chapter 2.  Methods in Mechanical Testing  

of Arterial Tissue - A Review 

2.1 Introduction 

Cardiovascular disease remains the leading cause of death in the developed world (World 

Health Organization 2012). There exist many applications of mechanical engineering which 

are relevant to treating cardiovascular disease. Mechanical engineering techniques can help 

predict disease progression, guide surgical interventions and inform personalised treatment 

plans. An understanding of the biomechanical behaviour of vascular tissue is central to this, 

and in-vitro biomechanical testing can provide valuable insight. However, there are many 

challenges in characterising the behaviour of soft biomaterials like vascular tissue. These 

include their highly non-linear stress-strain relationships, large deformations under loading, 

potential heterogeneity and pronounced anisotropy. While simple mechanical tests can yield 

insight into the nature of vascular tissue, more complex methods are required to accurately 

characterise its behaviour, particularly in the case of samples with complex boundary 

conditions and irregular geometries. Similarly, methods capable of accurately assessing local 

mechanical behaviour and long-term responses to mechanical conditions are required to 

characterise the dynamic mechanical behaviour of arteries due to vascular remodelling and 

disease progression.  

Material properties and constitutive equations for arterial tissue have a wide range of 

applications in the field. The ability to model the behaviour of vessels under physiological and 

supra-physiological loading conditions can lead to the design and optimization of therapeutical 

interventions, such as modelling stress produced in arterial clamping (Gasser, Schulze-Bauer 

et al. 2002) and balloon dilation (Balzani, Brinkhues et al. 2012). Similarly, data on the tensile 

strength of arterial tissue can be incorporated to model arterial damage and increase the 

accuracy of rupture risk prediction models (Vande Geest, Wang et al. 2006, Weisbecker, Pierce 

et al. 2012, Pierce, Maier et al. 2015), as well as provide models for other failure mechanisms 

such as artery buckling (Han, Chesnutt et al. 2013). Furthermore, changes in the material 
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properties of the wall are linked with many pathologic conditions, and can be used to 

characterise long term changes in arterial structure due to active vascular remodelling 

processes. With methods capable of assessing the elastic properties of arteries in-vivo emerging 

(Franquet, Avril et al. 2013), relations between material properties and vascular disease could 

even be used to infer disease progression or arterial integrity from in-vivo measurements. 

This review aims to provide a summary of the current approaches, and their relevant 

experimental design considerations, to quantifying the biomechanical behaviour of arterial 

tissue in-vitro. Section 2 describes some general considerations when testing arterial tissue. 

Section 3 examines each of the specific biomechanical test methods typically employed. 

Finally, in Section 4 we summarise the field and look ahead to the future. 

2.2 General Considerations When Testing Arterial Tissue 

When testing biological tissues, there are a number of common experimental design 

considerations that must be taken into account. As this paper is concerned with in-vitro 

biomechanical testing of arterial samples, effects peculiar to the in-vivo state such as nerve 

control responses, neighbouring organs and connective tissue effects will not be discussed, 

although their potential impact should be acknowledged when considering in-vivo behaviour. 

Thus, this chapter only concerns itself with measuring the passive mechanical properties of 

arterial tissue. 

2.2.1 Human Tissue 

Vascular tissue is composed of three major layers: the intima, the media and the adventitia. The 

intima is the innermost layer, and is composed of an endothelial layer of cells, a sub-endothelial 

layer and an internal elastic membrane that separates the intima from the media. The elastic 

membrane comprises the bulk of the intima’s thickness, and in larger arteries the intima can 

constitute a significant proportion of the artery wall’s thickness. As the arteries become more 

peripheral, the thickness of the intimal layer decreases. Due to the thinness of the intimal layer, 

it frequently has a negligible effect on the solid mechanics of the artery. However, it has been 

shown that the intimal layer grows gradually throughout the human lifetime, and in aged 

humans can contribute significantly to mechanical behaviour (Velican and Velican 1985, 

Schulze-Bauer, Morth et al. 2003). The intimal layer is largely composed of type I collagen 
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interspersed with smooth muscle cells. This collagen is distributed at various orientations, 

arranged in layers (Canham, Finlay et al. 1989). 

The media is composed of smooth muscle cells, elastic fibres and collagen fibres. In larger, 

elastic arteries - particularly the aorta - the media layer is divided by concentric lamellae of 

elastic fibres, between which are the smooth muscle cells and collagen fibres (Rhodin 2011). 

Smooth muscle cells in the media are circumferentially aligned (Canham, Finlay et al. 1989). 

The adventitial layer contains fibroblasts and fibrocytes, as well as a large degree of collagen 

fibrils. Collagen orientation is widely dispersed in the adventitia (Canham, Finlay et al. 1989), 

although its mean alignment is circumferential. Due to this collagen structure, the adventitia 

lends considerable structural strength to the artery, particularly at high pressures where the 

large stretch allows the long collagen fibres to straighten out and bear much of the load. The 

adventitia is also surrounded by connective tissue, which is removed prior to biomechanical 

testing. 

In cases where sections of the arterial vessel are excised for testing, more accurate data can be 

obtained via separation of the component layers and conducting individual tests upon each, in 

order to determine stress-strain relationships specific to each layer (Holzapfel, Sommer et al. 

2005). Fung’s group (Yu, Zhou et al. 1993) used bending tests to find the neutral axis location 

of the layered aorta and showed the variation in strain distribution across the thickness of the 

aorta, avoiding the need for layer separation. However, in order to assess stress-strain 

relationships in across the wall with common test methods, layer separation is achieved via 

carefully peeling each layer from the sample and separating any connective tissue. After 

testing, histological imaging of the samples must be conducted to ensure the sample is 

composed of a single arterial layer and that no significant damage has occurred, otherwise the 

data should be discarded. 

2.2.2 Animal Models 

Investigation of cardiovascular diseases employs a wide range of animal models, each of which 

has its own considerations in designing mechanical testing systems and protocols. Generally, 

the most common models of cardiovascular diseases are mouse, rat, rabbit, swine and dog 

animal models (Hasenfuss 1998, Russell and Proctor 2006, Zaragoza, Gomez-Guerrero et al. 

2011). At the most basic level, test devices must be sized appropriately for the intended animal 

model and intended sample location. Test protocol should be designed such that it 
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approximates in-vivo loading conditions. For simple uniaxial and biaxial testing, loading rates 

should correspond to the approximate physiological values, which can be inferred from heart 

rate and blood pressure (see table 1). In the case of inflation-extension or whole-body tests 

where it is desirable to reproduce in-vivo conditions, it is necessary to provide an axial stretch 

to the vessel. During excision, the artery will spring back to an unloaded configuration, and 

thus physiological stretch can be approximated via: 

𝜆i =
𝑙

𝑙o
            (1) 

Where 𝑙o  and l are the lengths in the unloaded and loaded configurations respectively, and i is 

the axial direction. Axial stretch will vary depending upon the subject from which the tissue 

sample is sourced, the type of artery and the region of that artery from which the sample was 

taken – for instance, Han & Fung (Han and Fung 1995) showed that the axial stretch varied 

from 1.2 to 1.5 along canine and porcine aortas. Physiological data is collated in table 1, 

although where possible data should be collected individually. Due to these differences in 

mechanical environments, one must take care when extrapolating from animal studies to human 

arteries. Similarly, only the medial and adventitial layers of animal arteries are mechanically 

significant, as they do not display the age related intimal thickening present in aged human 

arteries (Schulze-Bauer, Morth et al. 2003). Animal models can provide excellent illustrative 

data, but one must take care with the application of constitutive parameters derived from animal 

tissue tests.  
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Table 2.1 physiological values of human and animal models 

Source:  Heart Rate: 

(Reece 2004) 

Pressure: Artery: Axial stretch: 

Human 60 120/80 mm Hg Aorta (1.12-1.30) (Learoyd and Taylor 1966) 

   Carotid 1.10 (Delfino, Stergiopulos et al. 1997) 

Pig  70-120 150/115 mmHg Aorta 1.4 (1.2-

1.5) 

(Han and Fung 1995) 

  (Mesangeau, 

Laude et al. 2000) 

Carotid 1.5 (Han and Ku 2001) 

   Renal 1.232 (Rachev and Shazly 2013) 

Dog 70-120 140/70 mmHg Aorta 1.4 (1.2-

1.5) 

(Han and Fung 1995) 

  (Hoglund, Hanas et 

al. 2012) 

Carotid 1.72 (Holzapfel, Gasser et al. 2000) 

Rabbit 180-350 130/65 mmHg 

(Carli 1974) 

Carotid 1.4 (Matsumoto, Okumura et al. 

1999) 

Mouse 450-750 120/80 mmHg Aorta 1.4 (1-1.6) (Guo and Kassab 2003) 

  (Gleason, Gray et 

al. 2004) 

Carotid 1.8 (Dye, Gleason et al. 2007) 

 

2.2.3 Storage 

Between removal from the subject and testing, the sample will inevitably degrade over time, 

and thus samples should be tested as soon as possible to minimize the effects of autolysis. As 

immediate testing is not always possible, care must be taken in selecting an appropriate method 

for storage. Few studies have investigated the effects of refrigeration on arterial tissue – Adham 

et. al (Adham, Gournier et al. 1996) investigated the effects of long-term (4-31 days) 

refrigeration on the mechanical properties of thoracic aorta and found only non-significant 

changes in tissue stiffness. However, other studies (Stemper, Yoganandan et al. 2007) have 

shown that refrigeration times between 24 to 48 hours could significantly decrease the ultimate 

stress and Young’s modulus of aortic tissue. In the same study, Stemper et al. showed no 

significant difference between the mechanical behaviours of fresh tissue and that frozen in 

Ringer’s solution for up to 3 months. Similarly, Ebenstein et al. (Ebenstein, Coughlin et al. 

2009) found no significant difference in mechanical behaviour between fresh (< 24 hours) and 
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frozen samples taken from atherosclerotic plaques when subjected to nano-indentation. There 

is a wealth of information on the effects of cryo-preservation techniques on arterial mechanics, 

with many studies finding no significant change in mechanical behaviour between fresh and 

cryopreserved samples (Gournier, Adham et al. 1993, Adham, Gournier et al. 1996, Pukacki, 

Jankowski et al. 2000, Armentano, Santana et al. 2006, Bia, Pessana et al. 2006, Santana, 

Armentano et al. 2007). Other studies have observed an increase in the stiffness of coronary 

arteries after freezing and cryopreservation (Rosset, Friggi et al. 1996, Chow and Zhang 2011), 

although Rossett et al. only observed significant changes in coronary arteries and not femoral 

arteries. Conversely, an increase in sample stiffness after freezing has also been observed 

(Venkatasubramanian, Grassl et al. 2006). However, many of these studies employed small 

sample sizes, or the studies did not consider the effect of variance between specimens taken 

from the same sample or variance between animals.   

More recently, O’Leary et al. (O'Leary, Doyle et al. 2014) demonstrated that porcine aortic 

tissue samples can be frozen for one year without significantly affecting the mechanical 

behaviour. This was a large study and conducted repeated tests on tissue at time points ranging 

from one day to one year in order to account for errors from variance between specimens from 

the same animal. Whether or not this applies to human tissue needs to be investigated; however, 

given the similarities between porcine and human aortic tissue, it is likely that the findings 

apply to human tissue also. Thus, it is recommended that samples be tested within 24 hours of 

removal to avoid any mechanical degradation. If samples are unable to be tested within 24 

hours of excision, samples can be frozen and tested within a year with no significant effect on 

their mechanical properties.  

2.2.4 Tissue Environment 

In order to more closely replicate the in-vivo environment, the tissue should ideally maintained 

in a bath of physiological solution such as phosphate saline buffer or Krebs-Ringer solution 

and tested at a temperature of 37 °C (Iliopoulos, Deveja et al. 2009, Iliopoulos, Kritharis et al. 

2009, García-Herrera, Atienza et al. 2012, Pham, Martin et al. 2013). It was noted by Fung that 

allowing the tissue to dry resulted in a drastic increase in tissue stiffness (Fung 1967), thus 

tissue should be kept moist whenever possible. The majority of studies have kept samples at 

either room temperature or maintained them at 37°C: as the material properties of some arterial 

tissue have been shown to vary with temperature (Humphrey 2003, Guinea, Atienza et al. 
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2005), maintaining arteries at physiological temperature during testing is preferable. Sample 

temperature must be noted if meaningful comparisons are to be made to other studies. 

2.2.5 Preconditioning 

Pre-conditioning is conducted by subjecting the sample to a series of loading-unloading cycles, 

over which the sample demonstrates a change in stress-strain response. After a series of cycles, 

the loading-unloading behaviour becomes repeatable. While preconditioning is widely 

regarded as necessary for vascular tissue (Humphrey and Epstein 2002), a standardized 

maximum stretch and number of cycles for preconditioning has yet to become widely accepted. 

It has been shown that varying the preconditioning protocols can affect the mechanical 

response of many biological materials, such as porcine aortic valve (Carew, Barber et al. 2000), 

spinal cord (Cheng, Clarke et al. 2009), bovine pericardium (Sacks 2000) and skin (Lanir and 

Fung 1974). The effect preconditioning has is largely dependent upon the maximum strain 

imposed, with larger strains during preconditioning resulting in a decrease in tissue stiffness 

(Sacks 2000, Eshel and Lanir 2001, Cheng, Clarke et al. 2009).  

Further, it was demonstrated that a long relaxation time between tests at different strain levels 

(~24 hours) resulted in a ‘reset’ of the material’s behaviour (Sacks 2000). Thus, the 

preconditioning protocol should be as similar to the testing protocol as possible in terms of 

maximum strain level and rate, so as not to influence the test data with inconsistent loading 

patterns. Similarly, during biaxial preconditioning the ratio between axial stretches should be 

kept consistent with intended test ratios. If multiple tests are to be carried out on a single 

specimen, then the preconditioning strain level should be the maximum strain level intended 

for testing. Where a maximum strain is unfeasible, such as when testing tissue until failure, the 

maximum preconditioning strain level should mimic physiological conditions, at the same 

strain rate intended for testing. A wide range in the number of preconditioning cycles have 

been reported in the literature, but to ensure repeatability 10 cycles should be conducted on the 

sample prior to testing, as 10 cycles is more than sufficient to generate repeatable data 

(Okamoto, Wagenseil et al. 2002, Vorp, Schiro et al. 2003, Choudhury, Bouchot et al. 2009, 

O’Leary, Doyle et al. 2013). 
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2.2.6 Tissue Morphology 

The application of microscopy techniques to vascular tissue can yield valuable insight into the 

mechanisms behind tissue behaviour. After mechanical testing, a piece of tissue is removed 

from the specimen, fixed in formaldehyde, embedded in paraffin and sectioned for microscopy. 

In other cases, the specimen is imaged under the microscope during mechanical testing (Wan, 

Dixon et al. 2012). Various histological stains can be used to image particular biological 

components, with particular emphasis on collagen, elastin and smooth muscle cells. For 

instance, haematoxylin and eosin (H&E) staining is used for imaging the cellular structure 

across the arterial wall (Canham, Finlay et al. 1989, Schulze-Bauer, Morth et al. 2003), which 

is useful for imaging smooth muscle cell distribution and orientation. Picrosirius red staining 

or Masson’s trichrome staining is applied for imaging collagen fibres, which has been used to 

investigate changes in collagen alignment at different stretch ratios and directions (Schriefl, 

Reinisch et al. 2012, Weisbecker, Pierce et al. 2012). Information on collagen fibre orientation 

and distribution can be incorporated into developing constitutive models for arterial tissue 

(Holzapfel, Gasser et al. 2000, Wan, Dixon et al. 2012). Elastin can be imaged with Verhoff 

staining or Miller’s staining (Agianniotis and Stergiopulos 2012, Lee, Han et al. 2012). 

These techniques can also be applied to determine morphologic changes in diseased tissue in 

an effort to explain changes in mechanical behaviour, such as with intraluminal thrombus 

(Tong, Cohnert et al. 2011), aneurysmal tissue (Vorp, Lee et al. 2001), atherosclerotic tissue 

(Agianniotis and Stergiopulos 2012) or carotid plaques (Heiland, Forsell et al. 2013). Similarly, 

changes in the morphology due to the remodelling of arterial vessels cultured as per Section 

3.5 can be observed (Han, Ku et al. 2003, Davis, Han et al. 2005, Nichol, Petko et al. 2005, 

Wayman, Taylor et al. 2008). Microscopy is also useful for investigating the mechanism of 

failure in arterial tissue by investigating microstructure at the failure point, such as in calcified 

tissue (O’Leary, Mulvihill et al. 2015) or during dissection (Sommer, Gasser et al. 2008). 
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2.2.7 Constitutive Modelling 

Once data on the loading and deformation of a given tissue sample has been determined and 

corresponding stresses and strains calculated, a constitutive model can then be fit to the data. 

The elastic material properties can be characterised by a strain-energy density function 𝛹, such 

as the three-dimensional generalized Fung type model(Holzapfel and Ogden 2010): 

𝛹 =
1

2
𝑐[exp(𝑄) − 1]         (Eqn. 2.2) 

𝑄 = 𝑏1𝐸θθ

2
+ 𝑏2𝐸zz

2
+ 𝑏3𝐸rr

2
+ 2𝑏4𝐸θθ𝐸zz + 2𝑏5𝐸zz𝐸rr + 2𝑏6𝐸rr𝐸θθ + 𝑏7𝐸θz

2
+ 𝑏8𝐸rz

2
+

𝑏9𝐸rθ

2
           (Eqn. 2.3) 

Where 𝑏i, i =(1,…,9) and c are non-dimensional material parameters derived from fitting the 

model to the data and 𝐸IJ, I, J = (r, θ, z) are the Green-Lagrange strain tensor components with 

reference to cylindrical polar components. Due to each layer of the arterial wall having distinct 

mechanical properties, individual testing of each layer will yield layer-specific constitutive 

models which can be incorporated into two-layer (or three-layer, in the case of intimal 

thickening) arterial wall models. There are a variety of strain-energy functions that can be used 

to obtain the stress-strain relationship, both three-dimensional and two-dimensional: for an 

overview of constitutive modelling with reference to arterial mechanics, there are multiple 

reviews of the field (Humphrey 1995, Holzapfel, Gasser et al. 2000, Holzapfel and Ogden 

2010). 

2.3 Test Method 

2.3.1 Uniaxial Extension 

This is one of the most common tests to determine the behaviour of biological material and 

involves elongating a rectangular or dumbbell-shaped piece of artery wall tissue in a single 

direction, often until failure, and measuring the gauge length and force in the direction of 

elongation. The techniques used to test arterial tissue in this way have evolved from 

international industry standards used to test rubber (ASTM International 2013). Stress in a 

deformable solid is dependent upon the geometry, boundary conditions, material properties and 
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the load applied to the sample. In the case of a statically determinate system - as is produced in 

experimental test regimes - the stress field will be independent of the material properties. The 

material properties can then be inferred by determining a relationship between the calculated 

stress and strain values. Thus in experimental testing, the geometry, boundary conditions and 

applied load must all be precisely known in order to determine material properties. The 

variables to be measured will be the initial sample dimensions, displacement during elongation 

and force in the direction of elongation. In addition, there are a number of factors that must be 

taken into account when testing arterial tissue, primarily: sample orientation, sample 

preparation and pre-conditioning.  

 

Figure 2.1 Schematic of uniaixal tension test with coordinate system O(x,y). a) reference configuration and b) 

deformed configuration with non-uniform deformation, c) reference configuration and d) deformed 

configuration with uniform deformation in the gauge region. 

Samples are cut into dumbbell shaped specimens of uniform width in the gauge region and 

their dimensions measured, either mechanically such as with callipers, or optically. The cutting 

is performed either by using standard dies for rubber testing (ASTM International 2013), or cut 

manually such that the gage length 𝑙o ≥ 5.56 × √𝑐𝑟𝑜𝑠𝑠 𝑠𝑒𝑐𝑡𝑖𝑜𝑛𝑎𝑙 𝑎𝑟𝑒𝑎  (Davis 2004). Marks 

are made delimiting the length of the gage region, in order for their displacement to be 

measured during testing. If there is insufficient tissue to produce dumbbell shaped specimens 

of sufficient length, then simple rectangular segments can be cut from the sample (Pierce, 
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Maier et al. 2015). However, in this case it cannot be assumed deformation will be uniform 

throughout the central region and thus an alternative method of analysis is required, as is 

discussed below. Even if there is enough tissue for a dumbbell shaped specimen, it is 

recommended to perform a finite element simulation to ascertain deformation within the gage 

region can be assumed uniform. The average of at least three measurements of thickness and 

width for each specimen shall be used to calculate cross-sectional area. Each specimen is then 

mounted via flat clamps at both ends of the specimen, so as to exert a uniform force over the 

clamped area. Frequently the flat surface is lined with sandpaper or cardboard, as this has been 

demonstrated to be effective in minimising sample slippage (Ng, Chou et al. 2005). Similarly, 

specially designed clamps with in-built grip can also be used. Due to the frequent anisotropy 

of aortic tissue, it is also necessary to note whether the tissue strip is longitudinally or 

circumferentially oriented. The tissue is then preconditioned as described in Section 2.2.5, until 

repeatable mechanical behaviour is observed. 

 After pre-conditioning, the sample is then subjected to elongation at a constant rate to a 

maximum strain, or until failure. Although the elastic behaviour of arterial tissue appears to be 

insensitive to strain rate over physiologic values (Sacks 2000), the rate at which loading is 

applied should be recorded. Strain rate should be chosen depending upon the aim of the 

experiment, and should mimic the behaviour that is to be simulated (Mulvihill, Cunnane et al. 

2013). Displacements are then measured, either by taking the displacement of the machine head 

or gage region markers, or optically via marker tracking (Shazly, Rachev et al. 2015) or digital 

image correlation techniques (Zhang, Eggleton et al. 2002, Zhang and Arola 2004). In 

processing the data, there emerge two cases – those specimens which are not of sufficient length 

such that deformation cannot be assumed uniform as shown in Figure 2.1 a) and b), and those 

in which deformation can be assumed uniform within the gage region, as shown in Figure 2.1 

c) and d). 
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Figure 2.2 Photo of a rectangular sample demonstrating non-uniform deformation under tension. 

The stretch ratio 𝜆x is defined as the derivative of position 𝑥o with respect to the reference 

position 𝑋o, along the x axis:  

𝜆x =
𝑑𝑥o

𝑑𝑋o
          (Eqn. 2.4) 

Thus in the case of uniform uniaxial deformation, the stretch ratio can be approximated via 

Eqn. 2.1. 

Strain along the axis of elongation can be calculated as Green-Lagrange strain (E), defined as:  

𝐸ii =
1

2
(𝜆i

2 − 1)         (Eqn. 2.5) 

Stress is calculated as the first Piola-Kirchoff stress (current force normalized by the reference 

(undeformed) geometry, P; often called the ‘engineering stress’) or the Cauchy stress (the 

current force normalized by the current (deformed) geometry, σ; often called the ‘true stress’). 

In the case of uniform deformation, these stresses are calculated via: 

𝑃x =
𝑓x

𝑡𝑤
          (Eqn. 2.6) 

𝜎x =
𝑓x𝜆x

𝑡𝑤
           (Eqn. 2.7) 

Where 𝑓x is the applied load, t and w are the reference thickness and width of the specimen in 

the gage region, and Eqn. 2.7 is derived from the incompressibility of vascular tissue (Chuong 

and Fung 1984). 
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In the case of specimens where the gage region is not of sufficient length, deformation can no 

longer be assumed uniform (see Figure 2.1 a), b)). In such cases, a more complex method of 

assessing strain than a simple gage length ratio is required. As the material’s planes 

perpendicular to the axis of elongation do not remain plane during deformation (Miller 2001, 

Morriss, Wittek et al. 2008), there exists no simple relation between machine head 

displacement and the stretch ratio in the direction of elongation. Hence, it is recommended that 

analysis be conducted by fitting a solution to a finite element model of the experimental setup 

(Morriss, Wittek et al. 2008). This has the advantage of requiring all the same data as collected 

for specimens in which uniform deformation can be assumed, but avoids making assumptions 

about the deformation behaviour of the sample. 

Although uniaxial test data is insufficient to obtain three-dimensional constitutive relations, it 

does provide comparative data between specimens, such as for assessing the relative difference 

between tissues from different regions or the impact of pathological conditions. Uniaxial 

tension testing also provides a simple method of assessing ultimate tensile strength when tissue 

is scarce, something more difficult in other tests due to the nature of gripping techniques (planar 

biaxial) or due to a requirement for large or intact specimens (inflation-extension tests).  

2.3.2 Uniaxial Ring Test 

In the case of small animal models (particularly mouse and rat models) or small arteries like 

the coronary arteries, a ring tension test can provide an alternative to the uniaxial strip test. Test 

specimens are prepared by cutting the sample into small ring sections via circumferential cuts. 

Measurements are taken of the wall thickness and sample width for at least three points and the 

average used to calculate cross-sectional area. As with uniaxial testing, measurements can be 

taken optically or mechanically, such as with callipers. The ring is then mounted on two parallel 

pins or wires, through which the ring is elongated. As with uniaxial extension testing, the ring 

sample is pre-loaded and pre-conditioned until repeatable mechanical behaviour is evidenced 

and then (perhaps) loaded until failure. Generally, strain is calculated by measuring the 

displacement between the two pins (Cox 1983, Stoiber, Messner et al. 2015). The stretch ratio 

in the circumferential direction is most simply approximated by:  

𝜆θ  =
𝑙 + 𝜋𝑟w

𝑙o + 𝜋𝑟w
          (Eqn. 2.8) 

Where 𝑟w is the radius of the pins or wires, l and 𝑙o are the distances between the centre of the 

pins in the deformed and undeformed configurations, respectively. This assumes that strain 
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throughout the ring is uniform, which is only true if bending effects and friction between the 

ring and pins are negligible. Thus, applying a lubricant to the pins can help mitigate 

experimental error. Alternatively, an optical measurement system can be employed to calculate 

local displacement, as with uniaxial tension strip tests (Seliktar, Black et al. 2000, Shazly, 

Rachev et al. 2015), in which case Eqn. 2.4 is used. Strain is then calculated in the 

circumferential direction via Eqn. 2.5. Stress can be approximated as per Eqn. 2.6 where the 

cross-sectional area will be twice the cross-sectional area of one side of the ring. 

 

Figure 2.3 Schematic of uniaixal tension test for an arterial ring, with a)  reference configuration and b) 

deformed configuration. 

Obviously ring tests require intact arterial segments and are only able to assess mechanical 

behaviour in the circumferential direction, and thus cannot be used to determine tissue 

anisotropy. This test method is not widely used in human studies as uniaxial strip tests are a 

more efficient means of collecting one-dimensional data; however, it is often used for small 

animal models due to the difficulty of preparing uniaxial strips from small tissue specimens.  
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Figure 2.4  Photo of an arterial ring under tension. 

2.3.3 Residual Strain Test 

In developing a constitutive model for the arterial wall, it is necessary to refer to the stress-free 

configuration of the artery. Prior to excision, the artery is under stress in two directions: an 

axial tension due to tethering and a circumferential tension within the unloaded arterial wall. 

This is evident upon cutting the artery, as when excised, the artery will spring back to its 

unloaded configuration. There is a similar tension in the circumferential direction that still 

exists when the sample is free from external loading (Vaishnav, Vossoughi et al. 1983, Chuong 

and Fung 1986), which is evidenced by making a cut in the radial direction of an arterial vessel 

or ring segment. The ring will spring back to form a semi-circular segment, from which the 

residual strain in the circumferential direction can be derived. 

Assuming that the unloaded arterial segment is in the stress-free state can lead to a significantly 

larger stress gradient across the vessel wall (Chuong and Fung 1986, Takamizawa and Hayashi 

1987, Chaudhry, Bukiet et al. 1997, Zhang, Herrera et al. 2005), peaking at the intima. It has 

thus been suggested that residual strains play a role in redistributing circumferential stresses 

towards the load-bearing adventitia (Labrosse, Gerson et al. 2013). 

 The simplest method for determining residual strains in an unloaded artery is to optically 

measure the opening angle (α) of a cross-section taken from the artery (Liu and Fung 1989, 

Han and Fung 1996). As the ring is cut, it opens into a sector, on which the opening angle is 

defined as the angle between two radii, each drawn from the midpoint of the sector to the outer 
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ends of the sector (see Figure 2.3). Assuming no deformation in the axial direction, the 

circumferential stretch ratio can be calculated for a point in the vessel wall:  

 

𝜆θ =
𝜋𝑟

(𝜋−𝛼)𝑅
          (Eqn. 2.9) 

𝑟 = √𝑟i
2 +

𝜋−𝛼

𝜋
[𝑅i

2 − 𝑅2 ]        (Eqn. 2.10) 

(Rachev and Greenwald 2003) 

Where r and R are the radii of points in the wall in the unloaded and zero-stress states 

respectively, and 𝑟i and 𝑅i the internal radii. Alternatively, circumferential stretch can be 

estimated via direct measurement of the deformation (Guo, Kono et al. 2002, Zhao, Day et al. 

2002, Guo and Kassab 2003): 

𝜆θ =
𝐶

𝐿
           (Eqn. 2.11) 

Where C is the circumference in the unloaded state and L the arc length of the cut specimen. 

In both cases, residual circumferential strain can be calculated via Eqn. 2.5. 

It has been shown that residual stresses also exist in the axial direction, as well as varying 

throughout the arterial wall (Fung and Liu 1989, Wang and Gleason 2010). Thus in order to 

fully characterise 3D residual stresses in the vessel wall, it is necessary to investigate residual 

stresses in the axial and circumferential directions in each layer of the vessel wall.  

Holzapfel and co-workers (Holzapfel, Sommer et al. 2007) conducted a study wherein a 

circumferential ring and axial strip were excised from aortas, then glued pointwise to a 

cylindrical plastic tube and placed in a tissue bath to provide load-free suspension. In the case 

of the circumferential ring a radial cut was made as with determining opening angle, and the 

specimens were left in the water bath while images were taken over 16 hours. The medial layer 

was then removed from the adventitia, as well as the intimal from the medial layer (due to its 

increased thickness, and thus mechanical significance, in aged patients). Each was then glued 

to a cylinder and allowed to equilibrate as above, with images taken after 6 hours. Pre-stretch 

due to residual stresses was calculated as the ration of the initial length to unloaded length for 

both the inner and outer surface of the vessel wall and each of its associated layers, in both the 



  Chapter 2 

40 

circumferential and axial directions. These residual stresses can then be incorporated into three-

dimensional models of arterial vessels (Holzapfel and Ogden 2010, Pierce, Fastl et al. 2015).  

 

Figure 2.5 Ring specimen in the a) zero stress state and b) unloaded state. Image reproduced from Rachev & 

Greenwald (Rachev and Greenwald 2003) 

2.3.4 Planar Biaxial Test 

Uniaxial testing alone is insufficient to provide the data necessary to fully characterise the 

sample’s mechanical behaviour. Since arterial tissue can be considered as incompressible, and 

occurs naturally as thin layers of tissue, planar biaxial testing provides a convenient method of 

assessing the mechanical properties of arterial vessels under loading regimes similar to those 

experienced in-vivo. The variables to be measured will be initial specimen dimensions, 

displacement of points during testing and axial forces.  

Essentially, planar biaxial testing is conducted on a thin planar sample mounted as a flat square 

of tissue gripped along the edges. Squares are cut directly from the vessel wall. Initial sample 

dimensions are measured at this point, either mechanically or optically, as for uniaxial 

specimens. The sample is then mounted, either employing flat clamps (Carnell, Vito et al. 2007, 

Sommer, Eder et al. 2013) or tethers (Vande Geest, Sacks et al. 2004, Vande Geest, Sacks et 

al. 2006, Vande Geest, Sacks et al. 2006, Tong, Cohnert et al. 2011, Azadani, Chitsaz et al. 

2012, O’Leary, Doyle et al. 2013, Kamenskiy, Pipinos et al. 2014, O’Leary, Doyle et al. 2014) 

along the edges. Clamping is conducted in a manner similar to uniaxial tension tests, wherein 

two flat plates are used to hold an edge in place, and sandpaper, surgical glue or ridged surfaces 

used to improve grip. Tethering is achieved by applying tension through a series of threads 

perpendicular to the edge, attached to the specimen via thin hooks or grips, which leave the 

specimen’s edges free to expand laterally (Sacks 2000, O'Leary, Healey et al. 2014, O'Leary, 

Kavanagh et al. 2014). 
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While clamping the sample provides a simpler method of mounting, simulations conducted by 

Sun et al. (Sun, Sacks et al. 2005) demonstrate that boundary effects will be greater in clamped 

specimens, while tethered samples produce only minimal boundary effects. Clamping can lead 

to very high stress concentrations at the clamped site, while reducing the central area in which 

edge effects are negligible. Thus, it is recommended loading be applied via tethers.  

Loading is applied along each axis and is independently controlled, allowing for biaxial tests 

to be conducted at either constant loading rate or stretch rate whilst maintaining a constant 

force/stretch ratio between the axes. This also allows for investigation into the effects of 

variable ratios between the tension/stretch on material behaviour for a more complete 

characterisation of biaxial properties (Sun, Sacks et al. 2003, Vande Geest, Sacks et al. 2004, 

Vande Geest, Sacks et al. 2006, Vande Geest, Sacks et al. 2006, O׳Leary, Kavanagh et al. 

2014). Biaxial testing can also be employed for testing until failure to examine biaxial failure 

mechanisms, although clamps would be required for gripping the specimen as tethers would 

induce failure near the gripping points. Similarly, a cruciform specimen is employed to 

concentrate stress in the central region. Shah et al. (Hardy, Shah et al. 2006, Shah, Hardy et al. 

2006) have employed clamped gripping of a cruciform specimen in order to conduct high-

speed loading until failure. As the ultimate tensile stress will differ in the longitudinal and 

transverse directions (Mohan and Melvin 1982, Hardy, Shah et al. 2006), biaxial testing is ideal 

for assessing ultimate stresses, although requires significantly more tissue to conduct 

experiments due to specimen shape.  

Displacement is measured optically to avoid mechanical interference, either by tracking 

markers in the central region (Sacks 2000, Sun, Sacks et al. 2003, Vande Geest, Sacks et al. 

2004, Vande Geest, Sacks et al. 2006, Vande Geest, Sacks et al. 2006, Tong, Cohnert et al. 

2011) or a full-field method such as Electronic Speckle Pattern Interferometry (ESPI) or Digital 

Image Correlation (DIC) technique (Zhang, Eggleton et al. 2002, Zhang and Arola 2004, 

O’Leary, Doyle et al. 2013, O׳Leary, Kavanagh et al. 2014). Marker tracking offers the 

advantage of being simple and cheaper to set up, with small markers simply being glued to the 

specimen and imaged via camera in order to determine marker point positions. The markers 

must be placed so as to avoid the influence of edge effects, which conservatively will be the 

central 16% specimen area (Sun, Sacks et al. 2005). The area free from edge effects can be 

evaluated on an individual basis by assessing uniformity of the strain field as per (Eilaghi, 

Flanagan et al. 2009, O’Leary, Doyle et al. 2013) or finite element modelling (Nielsen, Hunter 

et al. 1991, Sun, Sacks et al. 2005).  
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Figure 2.6 Schematic of planar biaxial tension test, with coordinate system O(x1,x2), in the a) reference and b) 

deformed configurations. 

Full-field techniques have the advantage of being able to assess deformation locally and are 

thus the preferred method, with DIC offering the advantage to being insensitive to vibrations 

caused by the biaxial test system (Ramault, Makris et al. 2011). Either way, point positions on 

the specimen surface are measured and expressed as coordinates in the (𝑥1, 𝑥2) plane. Force is 

measured along the axis of applied load with a load cell. 

With undeformed specimen dimensions, point positions at various time steps and 

corresponding axial load measurements, stress and strain values will be calculated. Subsequent 

equations are taken from (Sacks 2000). For a given planar sample under homogenous 

deformation, point o (𝑥1o
, 𝑥2o

, 𝑥3o
) along the 𝑥1-, 𝑥2- and 𝑥3-axes can be approximated by: 

𝑥1o
 =  𝜆1𝑋1o

 +  𝛾1𝑋2o
, 𝑥2o

 =  𝜆2𝑋2o
 +  𝛾2𝑋1o

, 𝑥3o
 =  𝜆3𝑋3o

  (Eqn. 2.12) 

where 𝑥io
 and 𝑋io

 are the deformed and reference coordinates respectively and 𝜆i and 𝛾i are 

the stretch and shear components respectively along axis i, with shear perpendicular to the 

plane of tension being negligible (Sacks 2000). Thus the resulting deformation gradient tensor 

F will be: 

𝑭 = [
𝜆1 𝛾1 0

𝛾2

0
𝜆2 0
0 𝜆3

]         (Eqn. 2.13) 

Where due to the incompressibility constraint det(F) = 1,  

𝜆3 = (𝜆1𝜆2 − 𝛾1𝛾2)−1        (Eqn. 2.14) 
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The in-plane Green strain tensor is then calculated via: 

𝑬 =
1

2
(𝑭𝑇𝑭 − 𝑰)         (Eqn. 2.15) 

As in many cases the shear components of deformation are negligible (Vande Geest, Sacks et 

al. 2004, Vande Geest, Sacks et al. 2006, Vande Geest, Sacks et al. 2006, Holzapfel and Ogden 

2009, Tong, Cohnert et al. 2011), the relevant components of the Green Strain tensor is 

determined by Eqn. 2.5. In general, shear components are very small compared to normal 

stresses and can be minimized by proper preparation of test specimens. By cutting specimens 

as thin as possible, utilizing at least five tethering points per side and ensuring the majority of 

fibres are aligned with one side of the square specimen (Sommer, Haspinger et al. 2015), which 

is achieved by optically examining the specimen and assigning an average fibre direction.     

 

Figure 2.7 a) Photo of a biaxially gripped specimen with applied speckle pattern, b) same image with virtual 

points for determination of deformation. Image reproduced from O’Leary et al.(O’Leary, Doyle et al. 2013). 

The first Piola-Kirchoff stress tensor components are calculated from measured load and initial 

specimen dimensions, where 𝑓i is the force along axis i, 𝐿i the initial specimen length parallel 

to axis i and H the average specimen thickness: 

𝑃11 =
𝑓1

𝐻𝐿2 
, 𝑃22 =

𝑓2

𝐻𝐿1 
         (Eqn. 2.16) 

with shear stress components and stress perpendicular to the plane assumed to be negligible 

(Holzapfel and Ogden 2009). The second Piola-Kirchoff stress tensor S and Cauchy stress 

tensor σ are calculated via: 

𝑺 = 𝑭−1𝑷, 𝝈 = 𝑷𝑭𝑇         (Eqn. 2.17) 
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Thus in the case of negligible shear components and an incompressible material, Cauchy 

stresses can be estimated as: 

𝜎11 =
𝑓1𝜆1

𝐻𝐿2 
,  𝜎22 =

𝑓2𝜆2

𝐻𝐿1 
        (Eqn. 2.18) 

Zhang et al. (Zhang, Feng et al. 2015) developed a generalized method for analysing shear 

components in planar-biaxial testing, as the approach described above does not produce 

accurate results when shear components are significant. Likewise, Sommer and co-workers 

(Sommer, Haspinger et al. 2015) developed a method of quantifying shear deformations in 

planar biaxial extension tests. However, planar biaxial testing is insufficient to fully 

characterise the three-dimensional behaviour of an anisotropic material (Holzapfel and Ogden 

2009). 

2.3.5 Inflation Testing 

More physiologically meaningful data can be obtained by preserving the native geometry of 

the sample and closely mimicking its in-vivo loading conditions during testing, and for this 

reason inflation testing is a commonly utilised test method (Humphrey, Kang et al. 1993). 

Pressure inflation testing is an alternative method of biaxial loading, where force is applied 

transmurally and axially. The measured variables will be the initial sample dimensions, 

displacement during testing, transmural pressure and axial force, as well as torsion when 

twisting is incorporated. During inflation, an intact arterial vessel is secured to cannulae at both 

ends with suture thread or surgical glue. Any side branches are either ligated, or if small 

enough, can be sealed with surgical glue.  

Loading is applied via stretching in the axial direction to produce axial load, pumping fluid 

into the vessel to produce a transmural load and in the case of multi-axial experiments, torsion 

applied via twisting the vessel. Pressure and force measurements are taken by transducers 

throughout the experiment and vessel geometry is derived through a non-contact method: 

frequently a CCD camera is used for marker tracking, digital image correlation or measuring 

vessel outer diameter. Wall thickness and undeformed internal and external diameters can be 

determined from separating the vessel into slices and optically measuring vessel dimensions 

longitudinally along the sample, or imaging the sample whole via CT scan (Doyle, Cloonan et 

al. 2010). 
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During inflation testing, there are three loading conditions to control – vessel pressure, axial 

extension and torsion. The majority of experiments will keep the arterial vessel straight unless 

explicitly investigating the effects of tortuosity (Humphrey, Kang et al. 1993, Vorp, Severyn 

et al. 1996), with only biaxial loading applied. Torsion is discussed in more detail in section 

3.4.1. It is also possible to apply only uniaxial loading via inflation by attaching one end to a 

cannula and the other to a stopper, such that one end is sealed and the vessel is able to expand 

freely in the radial and axial directions  (Lee, Han et al. 2012, Liu and Han 2012) 

.  

Figure 2.8 Schematic of inflation-extension test for a cylindrical vessel, in a) the reference configuration and b) 

the deformed configuration. 

As it is generally assumed that in-vivo the axial stretch and force will remain independent of 

internal pressure (Schulze-Bauer and Holzapfel 2003), experiments will frequently keep the 

axial stretch constant whilst varying the pressure. Axial stretches will vary from 𝜆z = 1.0 −

1.6, depending on the subject from which the tissue is sourced (see Section 2.1), as well as the 

type of artery and region from which the sample was taken. It is suggested that testing be 

conducted over a range of axial stretches in order to investigate the effect of axial stretch on 

the response to pressure loading, testing under no-load conditions (𝜆z = 1.0), sub-

physiological, physiological and supra-physiological conditions, with physiological stretch 



  Chapter 2 

46 

taken from the literature (see Table 2.1) or measured directly during excision, if possible. 

Pressure can be increased stepwise, taking measurements at each pressure interval (Blondel, 

Lehalle et al. 2000, Guo and Kassab 2003, Rachev and Shazly 2013), at a constant rate 

(Stergiopulos, Vulliemoz et al. 2001, Schulze-Bauer, Regitnig et al. 2002, Saravanan, Baek et 

al. 2006, Agianniotis and Stergiopulos 2012), or be controlled to mimic physiologic pressure 

behaviour (Valdez-Jasso, Haider et al. 2009, van den Broek, van der Horst et al. 2011). In 

addition to variable pressure data, the pressure can be held constant and axial stretch varied 

(Gleason, Gray et al. 2004, Wan, Dixon et al. 2012). Position measurements are taken either as 

simply the diameter of the vessel, if it is assumed the vessel is a perfect cylindrical tube, and 

strain will be homogenous in the gage region, which is not applicable for many vessels. If local 

displacements are to be measured, either via marker tracking (Kim and Baek 2011) or digital 

image correlation techniques, it is necessary to utilize an imaging system capable of three-

dimensional analysis, as shall be discussed in section 2.3.7 (Saravanan, Baek et al. 2006). 

Inflation testing is, of course, limited to whole vessels, and is well suited to animal studies or 

human autopsy studies where vessels can be excised whole, as well as tissue sourced from 

surgical procedures involving whole vessel extraction, such as the excision of peripheral 

arteries.  

It is frequently assumed that for inflating arterial vessels at constant length, the specimen is 

cylindrical and radially inhomogeneous, and deformation can be expressed by: 

𝑟 = 𝑟(𝑅), 𝜃 = 𝛩,  𝑧 = 𝜆z𝑍      (Eqn. 2.19) 

Where (R, 𝛩, Z) and (r, 𝜃, z) are the cylindrical polar coordinates in the reference and deformed 

configurations, respectively. The deformed radius can be expressed as a function of the initial 

geometry, reference radial coordinate R and axial stretch 𝜆z due to the incompressibility 

constraint: 

𝑟2 = 𝑎2 + 𝜆z
−1(𝑅2 − 𝐴2)        (Eqn. 2.20) 

Where a and A are the internal radii of the deformed and reference configurations, respectively 

(Holzapfel and Ogden 2010). Axial stretch is approximated as per equation Eqn. 2.1, with the 

length being the total length of the mounted specimen. Points are either measured on the surface 

of the vessel or merely outer diameter is recorded. Point coordinates are taken as (x, z) and (X, 

Z) coordinates, where x and z are the two-dimensional coordinates provided by the imaging 

system, which are then mapped to their corresponding polar coordinates on the surface of the 
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vessel. Approximating deformation in the (x,z) coordinate system as a linear polynomial and 

determining the deformation gradient F and Green strain tensor E as per equations Eqn. 2.13 

and Eqn. 2.15, assuming the deformation is given by Eqn. 2.12, will yield equation Eqn. 2.5, 

with 𝜆r =
𝑟

𝑅
 and 𝜆z =

𝑧

𝑍
. Under these assumptions, values for stretch will be independent of 

location within the gage region of the vessel, and measurements of external diameter and axial 

length in addition to undeformed sample geometry are sufficient to determine the strain values. 

Frequently, vessels are assumed to be a thin-walled vessel and thus stress calculated according 

to the Laplace equation (Stergiopulos, Vulliemoz et al. 2001, Schulze-Bauer, Regitnig et al. 

2002, Gleason, Gray et al. 2004, Gleason, Wilson et al. 2007, Sommer, Regitnig et al. 2010):  

𝜎θθ = 𝑝 (
𝑟

𝑡
− 1)         (Eqn. 2.21) 

 Where p is the pressure and t the deformed wall thickness.  

However, many samples (particularly those of clinical interest) will be inhomogeneous, thick-

walled, anisotropic materials, for which neither Laplace’s law nor deformation of the form in 

Eqn. 2.19 will hold true. As noted in (Saravanan, Baek et al. 2006), circumflex coronary arteries 

will bend and twist during inflation, introducing torsional and shear components even when 

the artery is kept straight. It has also been noted some arteries will experience bending and 

twisting in-vivo (Pao, Lu et al. 1992). Furthermore, arteries can demonstrate buckling 

behaviour under high lumen pressure or under torsion (Han, Chesnutt et al. 2013). Non-

cylindrical geometries and ligated branches will also produce spatial variation of the 

deformation gradient. While these types of analyses are very complicated, the addition of a 

torsional component into pressure-inflation testing regimes can provide insight into artery 

behaviour under three-dimensional loading. Likewise, incorporating whole-body three-

dimensional position analysis allows for spatial variation in deformations to be accounted for, 

which can give insight into the behaviour of heterogeneous, irregularly shaped samples. 

2.3.6 Torsion Testing 

Adding a third component to biaxial inflation-extension testing in the form of torque allows for 

an analysis of the shear properties of arterial vessels. The experimental setup for torsion testing 

is the same as for pressure-inflation tests, with the addition of a rotation motor and torque 

transducer at one end of the vessel. One end of the vessel is rotated by an angle θ to induce a 

twist in the vessel, while pressure and extension of the vessel are hold constant. This twist is 
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repeated at variable pressures and extensions. The angle of twist θ and twist torque T are 

recorded and used to derive the shear modulus, which has been determined for pig coronary 

arteries (Zhang, Lu et al. 2007) and rat aortas (Deng, Tomioka et al. 1994). Subsequent 

equations are taken from. The average shear stress in the vessel wall 𝜎θzwill be given by 

(Zhang, Lu et al. 2007):  

𝜎θz =
𝐺𝑟𝛳

𝐿
          (Eqn. 2.22) 

Where L is the vessel length, r the radius, θ the current vessel twist and G the shear modulus. 

A relation between the measured torque and the shear modulus is given by:  

𝑇 = 𝐺𝐽
𝜃

𝐿
,          (Eqn. 2.23) 

 𝐽 =
𝜋

2
(𝑟o

4 − 𝑟i
4)          (Eqn. 2.24) 

Where 𝑟oand 𝑟iare the outer and inner radii of the vessel wall respectively. The shear modulus 

can then be incorporated into a strain-energy model: for instance, Van Epps and Vorp (Van 

Epps and Vorp 2008) modified a Fung-type exponential model with the inclusion of a strain 

parameter to account for vessels under torsion. 

2.3.7 Whole-Body Measurement 

Many clinically relevant studies involve irregular geometries, including aneurysms, stenotic 

arteries and areas with branching or bifurcations. In addition, while the data obtained by 

focusing on simplified geometries is suitable for determining material properties of a 

homogenous sample, the analysis of tissue with potentially heterogeneous material properties 

requires a method capable of determining local stresses and strains. Arterial tissue, particularly 

diseased tissue, can exhibit pronounced heterogeneity: for example, due to the presence of 

plaque (Walsh, Cunnane et al. 2014), hypoxia due to build-up of intraluminal thrombus (Vorp, 

Lee et al. 2001, Doyle, Callanan et al. 2013) and macro or micro calcified regions of tissue 

(O'Leary, Mulvihill et al. 2015). Similarly, the active remodelling of vascular tissue in response 

to its mechanical environment can lead to local variations in material properties (Humphrey 

2008). Thus, there is a need for methods capable of preserving native sample geometry as well 

as measuring local deformations. 

Whole-body measurement systems utilize a combined experimental-numerical approach, 

wherein three-dimensional surface positions are obtained for a specimen and used to calculate 

strains, while wall stress is determined via computational modelling techniques. Such whole-



  Chapter 2 

49 

body point-wise approaches allow determination of wall stress independent of the underlying 

elastic properties, and is generically applicable across geometries (Lu and Zhao 2009, Zhao, 

Chen et al. 2009, Zhao, Raghavan et al. 2011). From this, the local material properties are 

generated via fitting a solution to the finite element simulation. Samples are excised in whole, 

side branches ligated and mounted upon cannulae as per inflation testing, although branched 

or bifurcated vessels will require specially constructed mounts that they can be set-up in their 

in-vivo geometries. Force measurements at the boundaries and pressure measurements are 

taken as for cylindrical inflation tests, and wall thickness across the specimen measured after 

testing by dissection and imaging of the sample. 

Measurements of deformations are obtained via a non-contacting method such as a bi-plane 

video system, whereby marker locations are tracked in 2D images and extrapolated into 3D 

positions. This method has been used for obtaining regional strain fields for a wide range of 

vessel types, such as anterior lens capsules (Pedrigi, David et al. 2007), arterial bifurcations 

(Everett, Shih et al. 2005) and cylindrical sections of artery from both large (Genovese and 

Pappalettere 2006, Kim and Baek 2011) and small animals (Sutton, Ke et al. 2008). Three-

dimensional point tracking is used to produce deformation fields across the surface of the 

membrane, although this is limited to the region facing the camera system. Thus, constructing 

a full-body three-dimensional strain field requires either a multi camera setup or rotation of the 

sample for 360° imaging. Other studies have constructed vision systems capable of panoramic 

imaging, allowing whole-body deformation data to be collected from a single image (Genovese 

2007, Genovese and Pappalettere 2007, Genovese 2009, Genovese, Casaletto et al. 2014). 

Strain is determined via calculating the deformation gradient in the plane tangential to the 

surface. This can be accomplished by assuming deformation is homogenous and planar within 

the domains delimited by each triplet of markers, or by meshing the geometry obtained from 

DIC with triangular elements (Genovese 2009, Kim, Avril et al. 2012). For a marker triplet (A, 

B, C), the deformation of vectors 𝑥AB and 𝑥AC along the 𝑥1- and 𝑥2-axes can be expressed by 

Eqn. 2.12, such that the 2D deformation gradient can be determined (Genovese 2009): 

 [
𝑥1AB

𝑥2AB
𝑥1AC

𝑥2AC
] = [

𝐹11 𝐹12

𝐹21 𝐹22
] [

𝑋1AB
𝑋2AB

𝑋1AC
𝑋2AC

]      (Eqn. 2.25) 

The Green Strain Tensor can be calculated from equation Eqn. 2.15. 

Once the wall thickness distribution, applied loads (force and pressure) and deformations have 

been measured, local wall tensions and material constitutive parameters can be determined for 
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the sample via a numerical approach. A wide variety of methods for this analysis have been 

reported in the literature (Avril, Bonnet et al. 2008). An inverse method based on successive 

response surface methodology (Einstein, Freed et al. 2005) was used to calculate material 

parameters of an aortic porcine valve, while a virtual fields method was utilised for the full-

field data of a roughly cylindrical arterial segment (Avril, Badel et al. 2010). Genovese et al. 

(Genovese, Casaletto et al. 2014) used a point-wise elastostatic approach (Lu, Zhou et al. 2007, 

Lu, Zhou et al. 2007, Lu, Zhou et al. 2008) which had previously been applied to in-vivo CT 

scans of aneurysms, while Joldes et al. (Joldes, Wittek et al. 2015) developed a Total 

Lagrangian based method for inverse deformation problems.  

As shown by Joldes et al. (Joldes, Miller et al. 2015), the stress resultants will depend only very 

weakly on material properties even in a thick-walled pressure loaded vessel; therefore, stress 

resultants can be computed simply if the deformed geometry, loading and boundary conditions 

are known. Given a deformed geometry, internal pressure and wall thickness, finite element 

analysis can be conducted on the deformed configuration with the material set as a very stiff 

(i.e. E ≥ 10 MPa) linear elastic material, such that further deformation under loading conditions 

is negligible. Due to this very weak dependence on material properties, the very-stiff material 

is chosen largely for convenience. While this method does not predict the deformation of the 

sample, it provides a rapid and robust method of assessing stress resultants, which can be 

combined with deformation data from optical methods. 

Whole-body experimental-numerical methods, while complex, are capable of analysing 

complex geometries and anisotropic and heterogeneous material, providing significant 

advantages over simplified experimental approaches. 

2.3.8 Membrane Bulge 

Similar to whole-body measurement systems, a membrane-bulge test collects three-

dimensional geometrical data through non-contacting methods. However, whilst the whole-

body measurement system preserves the native geometry of the sample, membrane-bulge 

testing mounts the sample as a flat planar membrane clamped firmly into the experimental 

system. While many other planar biaxial tests are limited in their ability to test for ultimate 

tensile strength due to the methods used to apply load - such as hooks - resulting in tissue 

failure at or near the contact points, membrane-bulge tests utilise fluid or air pressure to produce 

the load. This has the advantages of more closely mimicking the in-vivo loading conditions as 
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well as allowing the sample to rupture in a manner not dependent on the method of clamping 

the sample. This method is thus ideal for determining ultimate tensile strength data for the 

sample, which is especially relevant in the case of aneurysmal tissue. In a typical membrane-

bulge test, a planar sample is mounted between two clamping plates and the edges rendered 

air-tight. The sample is then pressurised from one side, forming a bulge in the sample. A camera 

system is used to collect position data across the bulge over a range of pressures and the sample 

is usually pressurised until failure occurs. The approach is the same as for whole-body 

measurement: initial thickness and dimensions are taken, applied load (pressure) and 

corresponding surface deformations (via marker tracking or digital image correlation) 

measured. Surface deformation gradients and strains are calculated as for whole-body systems 

and stress evaluated via a numerical method. 

 

Figure 2.9 Schematic of membrane bulge test for a planar sample, in the a) reference and b) deformed 

configurations. 

The earliest membrane bulge experiments on arterial tissue were carried out by Mohan and 

Melvin (Mohan and Melvin 1983) and were used to test human aortic tissue. A single camera 

was used to collect images of the sample, which was marked with concentric rings and changes 

in the diameter of these rings were used to estimate strains over the bulge. Combined with the 

thickness of the sample and pressure at rupture, an ultimate stress general to the sample was 

obtained. Marra et al. (Marra, Kennedy et al. 2006) utilised a similar method, analysing 

curvature at the pole and estimating Cauchy stresses in the axial and circumferential directions 

via the stress estimates provided by Janz (Janz 1982). Other methods employ biplane camera 

systems to provide three-dimensional data as with full-field experiments, with Hsu et al. (Hsu, 

Liu et al. 1995) demonstrating its use on fusiform aneurysm tissue. More recent methods 
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employ numerical methods to analyse local stress resultants and material properties, such as a 

virtual fields method (Kim, Avril et al. 2012) and a point-wise inverse approach (Romo, Avril 

et al. 2012, Romo, Badel et al. 2014), which has been used to analyse the rupture and elastic 

characteristics of aneurysmal tissue (Davis, Luo et al. 2015, Davis, Luo et al. 2016, Luo, 

Duprey et al. 2016). These analyses have the advantage of easily allowing local stress resultants 

to be estimated for the rupture point directly, due to the simple planar nature of the specimen. 

Membrane bulge tests allow for testing that more closely mimics physiologic loading states, as 

well as being able to provide local stress analysis at the sample’s failure point. However, this 

testing method does not preserve the natural geometry of the sample, which may limit its 

application in some cases. Similar to planar biaxial testing, this method is limited to samples 

large enough to be mounted and is thus unsuitable for small animal models, small human 

arteries or when tissue is scarce.  

2.3.9 Time Dependent Testing 

Benchtop testing systems can also be adapted to incorporate cell culture techniques in order to 

examine the long-term effects of mechanical loading. It is well known that arteries respond to 

changes in their mechanical environment in a process known as arterial remodelling (Taber 

1995, Skalak and Price 1996, Lehoux, Castier et al. 2006, Humphrey 2008) and ex vivo systems 

can offer many advantages in characterising this process. While many studies have examined 

the effects of varying global mechanical parameters in vivo, such as by inducing hypertension 

in animal models, ex vivo systems can allow for precise control of the pertinent mechanical 

factors. Additionally, where mechanical testing is concerned, organ culture systems allow for 

multiple mechanical tests to be conducted on the same sample, whereas in vivo models require 

excision of the tissue for rigorous testing. While ex vivo systems do have the drawback of not 

being able to precisely replicate the in vivo environment, this does have the effect of excluding 

biomechanical changes caused due to hormonal responses or nervous stimuli, isolating the 

impact of mechanical loading.  

2.3.10 Bioreactor Studies 

Organ culture systems allow for investigation into the dynamic response of arteries to imposed 

loading conditions, as well as preserving cells for molecular biology analysis.  

The three major loading conditions involved in vascular remodelling are transmural pressure, 

flow rate and axial extension, corresponding to the circumferential stress, wall shear stress and 



  Chapter 2 

53 

axial load in the sample, respectively. Thus, an effective test system must be capable of 

independently controlling all three factors. Early experiments involved culturing artery 

segments in a custom rig, where wall tension was applied via steel wires or by being cultured 

around a needle (De Mey, Uitendaal et al. 1989, Lindqvist, Nilsson et al. 1997) before being 

subjected to mechanical testing. As organ culturing techniques have improved over time, the 

same systems used to simulate in-vivo loading conditions can be used for mechanical testing 

of the tissue. Arterial vessels are cultured in much the same setup as cylindrical inflation tests 

and mechanical testing conducted via the same procedures. This allows mechanical tests to be 

applied to the same sample over the entire timeframe of the test, providing data of its dynamic 

response to altered loading conditions.  

The more basic organ cultures are capable of controlling transmural pressure and fluid flow by 

way of pumping fluid into the vessel at a constant rate, incorporating the vessel into a flow 

loop (Bardy, Karillon et al. 1995, Matsumoto, Okumura et al. 1999, Bolz, Pieperhoff et al. 

2000, Clerin, Gusic et al. 2002, Clerin, Nichol et al. 2003). Pressure is frequently controlled by 

means of a reservoir and flow rate set by the pump, with both remaining constant throughout 

the experiment. Ideally, the flow rate and pressure waveform should mimic in-vivo behaviour 

as closely as possible and so more recent systems utilise programmable pumps to generate 

cyclical flow profiles. Whether the subject is animal or human, data on heart rate, blood 

pressure and blood flow are all readily available in the literature and can be incorporated into 

the system design. Thus, organ culture systems can be used to investigate the effects of varying 

transmural pressure ((Han and Ku 2001, Guo, Humphrey et al. 2007, Lawrence and Gooch 

2009, Lawrence and Gooch 2009) axial loading (Han, Ku et al. 2003, Davis, Han et al. 2005, 

Gleason, Wilson et al. 2007), and shear stress (Nichol, Petko et al. 2005, Wayman, Taylor et 

al. 2008) on mechanical properties under conditions very similar to that in-vivo, using the same 

equipment as is being used to produce this mechanical environment. Maintaining this 

mechanical environment can also allow for investigation into the effects of culturing vessels 

with different serum factors (Bakker, van Der Meulen et al. 2000, Gleason, Gray et al. 2004) 

or other biochemical variables, as well as being useful for both growing and testing tissue-

engineered constructs (Zaucha, Raykin et al. 2009). Combined organ culture/mechanical 

testing systems can play a significant role in increasing our understanding of dynamic arterial 

remodelling, providing valuable insight into the pathogenesis of common cardiovascular 

diseases. 
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2.4 Concluding Remarks 

As the accuracy and versatility of optical measuring systems increases, it is becoming 

increasing common practice to evaluate strain and stress locally for specimens via techniques 

such as electronic speckle pattern interferometry or digital image correlation. Even in simple 

tests, these methods can provide information about local variances in tissue properties and 

avoid error from utilizing global estimates of stress and strain.  

While uniaxial testing, both of ring and flat strip specimens, is unable to characterise biaxial or 

multiaxial behaviour and thus provides less useful information, it can provide a simple method 

for comparative studies of diseased and healthy arterial tissue and is necessary in cases when 

tissue is too scarce or samples too small to conduct other mechanical testing. 

Planar biaxial testing has the advantage of better simulating in-vivo loading conditions, but 

again is incapable of fully characterising multi-axial behaviour. It can provide a better estimate 

than uniaxial testing and either membrane bulge testing or a tethered planar configuration have 

the advantage of being suitable for tissue when whole vessels are unobtainable. Inflation testing 

provides the best simulation of in-vivo geometry and loading conditions, and while early 

studies dealt with samples by assuming idealized geometries and homogenous material 

properties, the vast range of arterial samples with irregular geometries or heterogeneous 

properties due to active remodelling processes or pathological conditions has led to the 

development of three-dimensional whole-body imaging systems better equipped to deal with 

such vessels. These full-field measurements allow for far greater flexibility and provide a 

wealth of data, as well as providing more reliable information.  

While continuing advances made in the development of inverse methods and emerging 

methods for determining material properties in-vivo (Franquet, Avril et al. 2013) potentially 

allow constitutive equations to be formulated without recourse to in-vitro testing; in-vitro test 

regimes offer a significant advantage in their ability to precisely control their mechanical 

environment as well as allowing for testing until failure. While the stress in many clinical 

scenarios can be accurately simulated without dependency on material constitutive properties 

(Joldes, Miller et al. 2015), knowledge of material yield strength or damage mechanism at high 

stresses is necessary, in particular with abdominal aortic aneurysm rupture prediction (Vande 

Geest, Wang et al. 2006) or modelling arterial damage in balloon angioplasty (Balzani, 

Brinkhues et al. 2012) or arterial clamping (Gasser, Schulze-Bauer et al. 2002).  
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With the influence of mechanobiological processes becoming better understood, (Humphrey 

and Holzapfel 2012) in-vitro mechanical testing can provide a unique advantage in isolating 

the role of mechanical loading on vascular remodelling processes via the use of bioreactor 

systems combined with inflation testing techniques. As experimental techniques turn towards 

systems capable of full-field measurements of complex geometries, there remains a need for 

developing and improving the accuracy and robustness of these measurement techniques. The 

analysis and characterisation of heterogeneous, anisotropic and irregular samples can produce 

and inform more accurate surgical simulations, as well aiding in the risk prediction of 

pathological conditions. 
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Parts of this Chapter have been previously published in: Macrae, R. A., J. J. Pillow, K. Miller 

and B. Doyle (2017). “Constitutive Modelling of Lamb Aorta.” Computational Biomechanics 

for Medicine - From Algorithms to Models and Application 

Chapter 3.  Development of Analytic Technique for the 

Constitutive Modelling of Lamb Aorta 

3.1  Introduction 

The mechanical properties of living tissues form a central area of inquiry in Biomechanics. The 

mechanics of arterial walls in particular has been extensively researched, with a wide range of 

applications. The development of reliable constitutive models of the artery is necessary to 

better comprehend the mechanical component of cardiovascular disease pathogenesis 

(Holzapfel, Gasser et al. 2000). The purpose of the present chapter is to describe the 

development of a robust approach to constitutive modelling of lamb aortic specimens via the 

uniaxial extension of aortic ring specimens until failure. 

The development of reliable constitutive models of the arterial wall provides unique insight 

into arterial disease pathogenesis, as most arterial diseases involve a complex interaction 

between mechanical environment and biochemical factors (Humphrey 2008, Humphrey 2009, 

Humphrey and Holzapfel 2012). Constitutive modelling provides a quantification of 

biomechanical changes, and can be incorporated into models to describe underlying mechanics 

(Spronck, Heusinkveld et al. 2015). Biomechanical data is invaluable in the development of 

surgical support tools, where simulations can allow exploration of complex mechanical 

interactions and guide surgical procedure. For instance, mechanical simulation allows the 

evaluation of balloon angioplasty procedure (Gasser and Holzapfel 2007, Balzani, Brinkhues 

et al. 2012), arterial clamping (Gasser, Schulze-Bauer et al. 2002), and stent design and 

implementation (Timmins, Meyer et al. 2008, Fortier, Gullapalli et al. 2014) under varied 

loading conditions. Constitutive modelling can also find use in the development of surgical 

decision support tools, where material properties can be employed by biomechanical models 

to assess risk. Such models can provide direct insight to help guide decisions such as with 

rupture risk prediction  (Vande Geest, Wang et al. 2006, Weisbecker, Pierce et al. 2012, Pierce, 

Maier et al. 2015) or aortic dissection (Wan Ab Naim, Ganesan et al. 2014, Alimohammadi, 

Sherwood et al. 2015). 
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While there exist many experimental techniques for characterising the material properties of 

arterial tissue (Macrae, Miller et al. 2016), care must be taken when interpreting the results and 

in the selection of the experimental technique. Analytic relations used in constitutive parameter 

identification rest on numerous assumptions about the deformation behaviour of specimens and 

boundary conditions of testing regimes. It is recommended that analysis be conducted by fitting 

a solution to a finite element model of the experimental setup (Morriss, Wittek et al. 2008). 

This avoids making many assumptions about the geometry and boundary conditions of the test 

specimen, and allows the user to conduct sensitivity analyses on uncertainties in the testing 

environment. Finite element modelling can be used to refine or validate the assumptions made 

and provide increased confidence in the precision of the results. 

The aim of this chapter is to develop a robust approach to constitutive modelling of lamb aortic 

specimens to provide confidence in the results and support investigations into the 

biomechanical impact of inflammation in the preterm lamb. In this chapter I discuss the process 

taken to validate the constitutive modelling approach using finite element method, as well as 

modifications made to the stretch approximations based on observed modelled behaviour. This 

approach is employed in the following two chapters, Chapters 4 and 5. 

3.2  Methods 

The animal model used in this study was sourced from a parallel study, in which all experiments 

were conducted in accordance with the guidelines of the National Health and Medical Research 

Council (NHMRC) Australian code for the care and use of animals for scientific purposes 

(Health, Council et al. 2013). The animal experiments were conducted at the University of 

Western Australia (UWA) with approval from the UWA Animal Ethics Committee. 

3.2.1 Animal Model 

While the specific experimental regimen applied differed between treatment groups (see 

chapters Three and Four for details), described below are the pertinent features of test specimen 

preparation. Ewes were sacrificed at mean time of gestation of either 136 d or 185 d, depending 

on study requirements. Ewes received medroxyprogesterone at 122 d gestation to reduce risk 

of preterm labour. All ewes received antenatal betamethasone (5.4 mg, Shering Plough) at 48 

h and 24 h prior to delivery at (mean = 129 d gestation) to promote fetal lung maturation. While 

the administration of antenatal betamethasone has the potential to impact the cardiovascular 
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development of the lambs (Wu, Momma et al. 1993), this treatment was necessary in order to 

promote newborn survival in the case of preterm birth. 

Lambs were maintained for a period of time dictated by study requirements (either seven days 

or two months) in a clinical environment, where they received care analogous to that 

administered to newborn infants. Lambs were then euthanized via 150 mg/kg of intravenous 

pentobarbitone (Valabarb, Jurox, Australia), corresponding to an equivalent 136 d of gestation. 

The lower abdominal aorta was excised from each lamb at post-mortem and stored in phosphate 

buffered saline (PBS). Between the time of excision until testing the aorta was stored at 4° C 

(< 24 h).  

3.2.2 Test Protocol  

Due to the small size of the excised specimens, mechanical testing was conducted via uniaxial 

loading of a ring-shaped specimen with a custom-built uniaxial test rig. As the tensile failure 

strength of the aorta was one of the principal metrics we wished to measure, uniaxial extension 

testing until failure was selected over biaxial testing. Given the small size of the specimens, 

the boundary conditions in biaxial extension testing would make measuring failure data 

accurately prohibitively difficult. While uniaxial tension experiments are insufficient to fully 

characterise the three-dimensional constitutive stress-strain relations of biological materials, 

these tests can provide useful descriptive information of the mechanical behaviour (Macrae, 

Miller et al. 2016).  

 

Figure 3.1 Image of a cut ring section from a representative specimen used to measure wall thickness. 

Testing was conducted within 24 hours of excision. Ring-shaped samples were prepared by 

cutting the tubular specimen (i.e. the aorta) into smaller sections of an approximate width of 
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1.5 mm via circumferential cuts normal to the central axis (average of 8 rings per aortic 

specimen). Wall thickness (mean = 1.01mm), sample width (mean = 1.58 mm) and ring 

circumference (mean = 12.8 mm) were measured optically via ImageJ (Figure 3.1). Average 

wall thickness was taken as the mean of 8 measurements, average wall width taken as the mean 

of 5 measurements and vessel circumference measured directly with the measurement tool. The 

sample was then mounted between two parallel metal wires and pre-stretched to the 

configuration shown in Figure 3.1 and preconditioning applied via loading-unloading cycles 

until a repeatable displacement-force curve was obtained, as is standard for uniaxial testing of 

biological soft tissues (Humphrey 2002). Preconditioning was conducted to a maximum strain 

of 0.2 in all samples, and a repeatable mechanical response was noted after 5 loading-unloading 

cycles. Before testing, images of the sample were again taken to measure the initial distance 

between the pins (as shown in Figure 3.2).  

 

Figure 3.2 Schematic of a uniaxial tension test of an arterial ring, in the a) reference and b) deformed 

configuration, and corresponding photograph of loaded specimen. Reproduced from (Macrae, Miller et al. 

2016) 

The approximate strain is calculated by measuring the displacement between the two wires 

(Cox 1983, Stoiber, Messner et al. 2015). The average stretch ratio in the circumferential 

direction λθavg
 is most simply determined by:  

λθavg
=

l + πrw

lo + πrw
          (Eqn. 3.1) 

Where rw is the radius of the cylindrical wire and l and lo are the distances between the centres 

of the wires. Wires were coated in oil so as to minimise friction at the boundaries, and stress 

induced by friction was neglected from the analysis. The sample was then extended at a 
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constant rate of 0.1 mm/s until failure whilst continuously measuring displacement and force, 

as well as a video data. 

3.2.3 Data Analysis 

As the constitutive relations derived are intended to describe the mechanical behaviour and 

allow for comparison between LPS-treated and control specimens, data was processed in terms 

of the global stretch ratio consistently across specimens (Shazly, Rachev et al. 2015). It was 

assumed that the effects of friction and bending stiffness would be either negligible or relatively 

consistent across samples. In order to account for the specific loading boundary conditions, 

finite element method was used to validate the results, and led to an alternative approximation 

for the stretch ratio (Eqn. 3.14). In order to account for variable wall thickness across the ring 

specimen, the approach was then modified to account for cross-sectional area, discussed in 

more detail below. Upon pre-loading the sample force was noted to be approximately 0.01 N, 

indicating that the effect of bending stiffness was relatively low. Thus, assuming the ring is 

free to move along the wire boundary, nominal stress (Savg) will be given by: 

Savg=
Fexp

2  .  Aavg
          (Eqn. 3.2) 

Where Aavg is the average cross sectional area of the ring, Aavg= t . w, and Fexp is the measured 

force. However, while the width of each ring could be assumed constant, wall thickness around 

the ring was shown to vary significantly, with some rings showing a variation in wall thickness 

up to 30% (mean = 12%). Thus, the assumption of constant cross-sectional area throughout the 

ring is invalid. Assuming the ring breaks at the smallest cross-sectional area, with the data of 

specimens which broke near the wires discarded, the nominal stress at the smallest cross-

sectional area (Sb) can be determined from experimental data via: 

Sbexp
=

Fexp

2  .  Ab
          (Eqn. 3.3) 

Where Ab is the smallest initial cross-sectional area, as calculated at the smallest thickness. In 

order to derive a stress-strain relationship, it is necessary to relate the global average stretch 

(λavg) to a stretch local to the point of failure (λb). Assuming circumferential force (Fθ) is 

constant throughout the ring, circumferential stress will be proportional to the initial cross-

sectional area: 

Fθ=Savg .  Aavg= Sb .  Ab        (Eqn. 3.4) 
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If we assume isotropy and incompressibility, the strain energy function can be expressed in 

terms of the first and second invariants of the Green strain tensor (Fung 1993): 

W = W̅(I1, I2)           (Eqn. 3.5) 

Assuming no shear, under uniaxial tension the strain invariants are given by: 

I1=λ1
2
+

2

λ1
 ,  I2=2λ1+

1

λ1
2       (Eqn. 3.6) 

Where λ1is the stretch in the direction of loading λθ.  

A range of models were calibrated to the data, beginning with those with fewest model 

parameters and progressing until predictive capability was deemed sufficient. An Ogden model 

(Ogden 1972) with N=1 proved a good fit (𝑅2 ≥ 0.97) for the data while utilising few 

parameters, given as follows: 

W=
µ

α
(λ1

α + λ2
α + λ3

α - 3)         (Eqn. 3.7) 

With nominal stress under uniaxial tension assuming incompressibility being given by: 

S1= 
μ

λ1
(λ1

α - λ
1

-α

2 )         (Eqn. 3.8) 

Where [μ, α] are the particular coefficients of a given strain energy function, where [μ, α]  are 

related to the small strain shear modulus, given by: 

μ
o
=

1

2
μ α              (Eqn. 3.9) 

 The other models fit to the data were a Neo-Hookean model, with nominal stress given by: 

 S1= 2𝑐1(λ1 -
1

λ1
2 )         (Eqn. 3.10) 

Additionally, a Mooney-Rivlin model was fit to the data, nominal stress calculated as:  

 S1= 𝑐1(λ1 -
1

λ1
2 ) + 𝑐2(1 -λ1)         (Eqn. 3.11) 

Where [𝑐1, 𝑐2] are the particular coefficients of the Mooney-Rivlin model. As discussed below, 

an Ogden model was selected as the go-forward model, based on a combination of the lowest 

standard residual error, goodness of fit (𝑅2 and by-eye examination of the model), possessing 

few coefficients to avoid model overfitting. 

Determining the stretch ratio at the region of smallest cross-sectional area (λb) is a not entirely 

trivial matter. In this particular case, λb was determined via substituting Eqn. 3.8 into the 



  Chapter 3 

75 

relation given by Eqn. 3.4, such that: 

(λb
α - λ

b

-α
2 )

λb
=

Aavg

Ab
∙

(λavg
α  - λavg

-α
2 )

λavg
         (Eqn. 3.12) 

For the given measurements of Ab, Aavg and the range of values determined from displacement 

data [λavg], an initial guess was made of the constitutive parameters [μ, α] and used to compute 

corresponding local stretch values[λb]. These values of stretch were then used to compute Sb 

as per Eqn. 3.8. Model calibration was conducted via minimizing the error between this curve 

Sb- λb and the curve derived from experimental data Sbexp
- λb, as determined from equation 

(3.3). Error was computed via a least squares method weighted towards the low strain region:  

Error = ∑ (1 −
Smodel

Sexp
)

2

                  (Eqn. 3.13) 

Error was weighted towards the low stress/strain region, as data in this region is of greater 

physiological relevance than that in the very high strain region. In addition, data in the high 

stress-strain region is also influenced by factors not accounted for in the model, such as tissue 

damage occurring prior to tissue failure. The resultant fitted parameters [μ, α] were then used 

to compute a new local stretch as described above which was then input into Eqn. 3.12 to solve 

for [λb], and this approach iterated until successive error between computed constitutive 

parameters was negligible (difference between constitutive properties in iterations: n to n + 1 

< 0.1%). Model calibration scripts were written in MATLAB. While initial guesses for the 

constitutive parameters were at first selected arbitrarily, the initial guesses were then set to 

values approximate to those determined for early samples; [μ = 2 × 10
-4

 MPa, α = 10]. 

 

3.2.4 Finite Element Modelling 

For a more precise determination of constitutive parameters, finite element method should be 

used (Morriss, Wittek et al. 2008). To that end a computational model of the experiment was 

built in the finite element (FE) solver Abaqus (v6.14, 3DS Simulia). This model was used to 

verify the assumptions of negligible bending stiffness, incompressibility and the loading 

configuration employed. The experiment was modelled with constant cross-sectional area, as 

variability in wall thickness was already treated via the approach described above (Eqn. 3.12) 

and was shown to affect the value of the µ parameter proportional to the ratio of minimum 

cross-sectional area to average cross-sectional area. Incorporating variable wall thickness led 
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to no change in the trends noted in Chapters 4 and 5, as variability in wall thickness was 

consistent across specimens, and so the additional precision afforded by detailed finite element 

modelling of wall thickness would add little value. 

The model geometry consists of two objects: one quarter-cylindrical wire and one quarter 

sector of the ring specimen. The model was assumed to be symmetrical about the ends of the 

ring sector and the cylindrical wire (see Figure 3.3). The ring-sector geometry was modelled 

in the pre-loaded reference configuration. Dimensions were given by the thickness, width, wire 

radius and distance between wires measurements taken as described above. 

The ring sector was modelled as an isotropic Ogden-type hyper-elastic material with initial 

constitutive parameters given by the model fitting described above, specific to the specimen 

being modelled.  The material was assumed to be nearly incompressible with a Poisson’s ratio 

of 0.4995. The wire was modelled as a rigid body, as with the expected stiffness being several 

orders of magnitude greater than the expected stiffness of the ring specimen it was assumed 

any deformation of the wire would be negligible. Friction at the wire-ring interface was 

assumed to be negligible and frictionless contact properties were used.  

 

Figure 3.3 Model geometry, with a) full view and b) close-up of meshing around the interface. 

The model was meshed with linear hexahedral elements with a hybrid formulation. To ensure 

the solution was independent from meshing density, sensitivity analyses were ran varying mesh 

size for a selection of specimens. The solution was considered mesh independent when the 

difference between maximum force data was less than 1 % after successive mesh refinements 
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(see Figure 3.4). A mesh independent solution was found at a minimum mesh density of 1000 

𝑒𝑙𝑒𝑚𝑒𝑛𝑡𝑠/𝑚𝑚3 . 

A displacement loading condition was applied at the surface perpendicular to the axis of 

elongation (see Figure 3.3), corresponding to the displacement applied in the given test. Data 

of displacement and force parallel to the axis of elongation was extracted from the simulation 

and plotted. The resultant force-displacement data was compared to the experimental data, and 

goodness of fit evaluated by mean squared error and by-eye inspection. Material properties 

were then refined until fit was deemed acceptable. 

On analysis of the simulation results, it was determined a better initial guess of material 

properties was provided by the following approximation for the average circumferential stretch 

ratio: 

𝜆𝜃avg
=

𝑙o+ 𝑑 + (𝑟w+
𝑡

2
)𝜋

𝑙o + (𝑟w+
𝑡

2
)𝜋

                  (3.14) 

Where 𝑟w is the radius of the cylindrical wire, t is the initial ring wall thickness, 𝑙o is the 

distance between the centres of the wires, and d is the recorded displacement. As discussed 

below, this derivation of average stretch ratio provided the best fit to local stretch data extracted 

from the numerical model validation, and was used for all subsequent analysis. 

 

Figure 3.4 Mesh independence reached at 1000 elements/mm3 for a representative specimen: A) force output at 

the maximum enforced displacement plotted against mesh density - error bars display 1% deviation; B) 

modelled force-displacement data plotted for selected mesh densities, compared to experimental data. 
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3.3  Results 

3.3.1 Preloading  

To validate the application of preloading in the experimental regime, data from 10 preloading 

cycles applied to samples were collected and analysed. Hysteresis cycles were noted as 

expected (Figure 3.5). After a maximum of 5 successive preloading cycles to a strain of 0.2, 

the difference in maximum recorded force at a given machine head displacement was negligible 

(> 1%). Preconditioning was conducted to 5 cycles for all successive specimens. Force-

extension data of rings cut from a single specimen showed high consistency (Figure 3.6).  

 

Figure 3.5 Experimental force-displacement data for a single specimen demonstrating preconditioning 

behaviour for 5 preconditioning cycles. 
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Figure 3.6 Experimental force-displacement curves taken from a representative aorta, where each line is a 

separate test until failure. 
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3.3.2 Model Selection and Fitting 

Of the lower-order models tested an Ogden model provided best fit as assessed by residual 

standard error. The average residual standard error of the Ogden model was 0.026, with 

Mooney-Rivlin = 0.089, and neo-Hookean = 0.162. Goodness of fit was assessed by visual 

examination (figure 6) and by 𝑅2 ≥ 0.97. An Ogden was used for all further analysis. See 

figure 3.7 for comparison on a representative specimen. 

 

Figure 3.7 Comparison of model suitability for a representative specimen. Ogden model, Mooney-Rivlin model 

and Neo-Hookean model plot against the nominal stress-stretch data calculated from a single extension test. 

Incorporation of the local stretch as determined by Eqn. 3.12 affected the estimates of the 

Ogden parameter 𝜇, reducing them by an average of 30%, and had no appreciable effect on 

determination of the parameter α (≤0.1%). Reduction in µ was proportional to the difference 

between average and minimum cross-sectional area. Figure 3.8 illustrates the stress-stretch 

curve as assessed by taking a constant cross-sectional area compared to the stress-stretch curve 

computed with a locally determined stretch, for a representative sample. 
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Figure 3.8 Representative stress-stretch curves from a single specimen i) stress-stretch curve derived from the 

average stretch throughout the ring specimen; ii) stress-stretch curve at the smallest cross-sectional area as 

computed during model calibration; and iii) the Ogden model fit to the computed stress-stretch curve at smallest 

cross-sectional area 

3.3.3 Finite Element Modelling 

Model results showed stretch was not uniform across ring cross section, varying across the 

‘cut’ end of the ring sector and, for a given enforced displacement, increasing as it approached 

the centre of the ring (Figure 3.9). The modified stretch approximation took into account 

average longitudinal stretch across the ring’s cross-sectional area and gave much better fit to 

stretch data simulation results (Figure 3.10). Using the modified stretch approximation given 

by Eqn. 3.14 to determine constitutive parameters provided a good fit from first pass 

constitutive parameters and was thus used for all specimen analysis. 
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Figure 3.9 Model, in a) undeformed, pre-loaded configuration; b) deformed configuration with Von-mises 

Stress plotted c) Deformed Configuration with max principal strain plotted 

 

Figure 3.10 Stretch approximations vs. nominal stretch extracted from FE model at the plane-cut for a 

representative specimen, plotted against enforced displacement; i) Simulation results; . ii) avg stretch 

calculated at outer ring iii) avg stretch calculated with inner ring dimensions, via Eqn. 3.8; iv) avg stretch 

calculated with ring mid-thickness dimensions, via Eqn. 3.1. 

 

i) 

ii) 

iii) 

iv) 
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3.4  Discussion and Conclusion 

The above analysis introduces two novel approaches to analysing the data provided by a 

uniaxial ring test. The average stretch approximation process was refined to provide local 

stretch to account for variation in arterial wall thickness. A finite element model was used to 

validate the data and led to the use of modified stretch approximation which gave a superior fit 

to the modelled outputs. The resultant approach gave a good fit to the modelled data and so 

informed the approach that would be used in Chapters 4 and 5.A constitutive model was 

applied to characterise the material behaviour under uniaxial extension, with model parameters 

used to compare the passive stress response of the artery between animal model test groups, 

described fully in later chapters. The Ogden type model was fit to purpose, and selected for its 

goodness of fit, low number of modelling parameters and its level of explain-ability due to the 

physical meaning of its input parameters (see Eqn. 3.9). 

The application of finite element modelling to the analysis of experimental data provides 

confidence in the robustness of the results under uniaxial loading. Incorporating finite element 

modelling allowed the identification of the limitations described above, and led to the 

refinement of the stretch approximations for the given experimental setup. The finite element 

model suggests the method described above provides a constitutive model that gives a good fit 

to the experimental data, and is robust to issues around bending stiffness incurred by the 

experimental approach taken. 

Due to time considerations the finite element model used an assumption of constant wall 

thickness – in order to fully determine more precisely the constitutive parameters, it would be 

necessary to discard the assumption of symmetry and model the full ring specimen under 

uniaxial extension. Such an approach was not considered necessary as the effect of wall 

thickness variability was already accounted for with the approximation described by Eqn. 3.12, 

and was shown to affect derivation of the µ parameter proportional to the ratio of minimum to 

average cross-sectional area. This ratio did not vary significantly between the experimental 

groups in Chapters 4 and 5, and findings were insensitive to the incorporation of the process 

described above – thus further refinement through finite element modelling is unlikely to yield 

additional value for the purposes of comparative studies. The major impact of varying wall 

thickness on wall stress due to variations in cross-sectional area perpendicular to the axis of 

elongation is accounted for by Eqn. 3.12.  
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While the arteries were only tested uniaxially, for full characterisation multi-axial testing is 

required. Thus, if full characterisation were desired an inflation or biaxial testing regime would 

be required. For instance, the described testing method is unable to characterise or consider the 

impact of tissue anisotropy. However, in most multi-axial testing regimes failure data is either 

difficult or impossible to characterise accurately, due to the nature of the experimental setup 

and the size of the specimens used. As one of the principal aims of the testing conducted in 

later chapters is the determination of failure properties, the decision was made to conduct 

uniaxial testing to obtain failure data, over biaxial or multi-axial material characterisation. 

Future studies looking at full characterisation and arterial anisotropy should consider a more 

comprehensive testing method. If failure data is required, the author recommends membrane-

bulge testing as per (Romo, Avril et al. 2012, Romo, Badel et al. 2014) (also described in 

Chapter 2) or similar as an effective compromise. As the constitutive model derived is 

intended for examining the effect of treatment methods on the passive stress response rather 

than full characterisation, the choice of test regime will not be a significant limitation on the 

results presented. If multi-axial characterisation were required, the choice of material model 

would need to reflect this: the author recommends those proposed in (Holzapfel and Ogden 

2009). 

Further assumptions that could have been tested include those of the ‘pre-stretched’ state, 

where the specimen is stretched to a regular shape, force parallel to the direction of extension 

is recorded as negligible and internal forces are assumed to be negligible. Modelling the ring 

from a stress-free starting position and stretching to the preloaded state defined above would 

provide clarity around the impact of this approach. Residual stresses (Chuong and Fung 1986, 

Takamizawa and Hayashi 1987, Chaudhry, Bukiet et al. 1997, Zhang, Herrera et al. 2005) are 

another potential confounding factor – however as residual stress characterisation requires the 

destruction of the specimen via radial cuts, this would preclude the determination of specimen 

failure strength. As this study is focussed on assessing the passive biomechanical response of 

the artery as an indication of structural remodelling, it necessarily neglects the active response 

of the artery, largely mediated via nitric oxide production (Jain, Khera et al. 2014). While the 

active stress-response component is a major factor of the arterial stiffness response in-vivo the 

characterisation of which remains a major area of inquiry, this is a separate problem to the 

hypotheses tested in Chapters 4 and 5. The hypotheses tested here involve long-term changes 

to underlying structure of the artery which govern the passive response. Thus while the 

approach here is fit to purpose, an investigation into the impact and characterisation of active 
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arterial response is hugely important for a comprehensive understanding of arterial 

biomechanics in-vivo. 
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Chapter 4.  Prenatal Inflammation Affects Aortic 

Biomechanics but can be Reversed by Postnatal  

Anti-inflammatory Treatment 

4.1 Introduction 

Arterial inflammation has a central role in the development of cardiovascular disease (CVD). 

Chronic inflammation is key to the pathogenesis of atherosclerosis, and is an independent 

marker for cardiovascular risk (Danesh, Whincup et al. 2000, Ridker, Hennekens et al. 2000, 

Ridker, Rifai et al. 2002). The development of CVD is influenced by a complex interaction 

between biological and mechanical factors, with conditions such as flow and pressure affecting 

the structural and morphological composition of arteries, and the composition influencing the 

biomechanical response of those arteries and their ability to withstand loading. Indicators of 

biomechanical response such as bulk arterial stiffness are markers for CVD progression, with 

increased arterial stiffness independently associated with atherosclerotic development (van 

Popele, Mattace-Raso et al. 2006) and cardiovascular events (Laurent, Boutouyrie et al. 2001, 

Boutouyrie, Tropeano et al. 2002). There is, therefore, ample evidence demonstrating the 

association of inflammation with increased arterial bulk stiffness (Maki-Petaja, Hall et al. 2006, 

Wallace, Mäki-Petäjä et al. 2010). However, both the precise impact of inflammation on tissue 

biomechanics as well as the mechanisms underlying these biomechanical changes, remain 

unclear (Jain, Khera et al. 2014).  

Despite evidence that atherosclerosis is fundamentally an inflammatory condition and that 

early life factors are implicated in CVD (Nguyen, Wallace et al. 2015), data on the relationship 

between perinatal inflammation and cardiovascular pathogenesis are scarce. Furthermore, 

disruption of this process could be a major mechanism in promoting adult CVD given that 

extracellular matrix (ECM) development is highest during the fetal and neonatal period. 

Therefore, investigating arterial biomechanics could provide novel insight into the potential 

mechanisms underpinning the development of atherosclerosis early in life. 

Perinatal inflammatory exposure is most commonly expressed in utero as chorioamnionitis. 

Chorioamnionitis involves inflammation of the fetal membranes and triggers a maternal and 
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fetal inflammatory response showing both local and systemic inflammatory markers (Malaeb 

and Dammann 2009). Chorioamnionitis is present in between 1% to 13% of term pregnancies, 

and its prevalence increases to 40% to 70% of all preterm births (Tita and Andrews 2010). 

Preterm infants exposed to chorioamnionitis present with increased postnatal inflammation 

(Rafferty, McGrory et al. 2016). Therefore, given the link between inflammation and CVD, 

and the importance of the early-life period for long-term adult disease development, research 

on the impact of chorioamnionitis is of critical importance. Intra-amniotic lipopolysaccharide 

(LPS) is used experimentally to induce intrauterine inflammation in a variety of animal models: 

in sheep, intra-amniotic LPS injection alters haemodynamics, induces structural alterations to 

the heart and small vessels (Kallapur, Bachurski et al. 2004, Seehase, Gantert et al. 2011, 

Galinsky, Hooper et al. 2013) and leads to increased systemic blood pressure (Polglase, Hooper 

et al. 2010).  

Chorioamnionitis is commonly associated with preterm birth and mothers at risk of preterm 

delivery are frequently provided with antenatal steroid treatment (i.e. glucocorticoids). While 

antenatal glucocorticoid treatment reduces neonatal mortality and morbidity, there is increasing 

concern that in utero exposure to synthetic glucocorticoids is associated with the development 

and progression of adult-onset diseases (Newnham 2001, Newnham and Moss 2001). 

Glucocorticoids are also used postnatally, to reduce severity of lung disease consequent to 

prematurity, and to wean infants from respiratory support. Dexamethasone, is a potent 

glucocorticoid and used most commonly for this purpose in the postnatal setting, although its 

use is largely restricted to infants with moderately severe bronchopulmonary dysplasia due to 

concerns about the effect of synthetic glucocorticoids on neurodevelopment. 

In the context of CVD, antenatal dexamethasone is implicated in the etiology of adult 

hypertension in rat studies (Woods and Weeks 2005), and is associated with impaired cardiac 

function in lamb and rat studies (Dodic, Samuel et al. 2001, Dodic, Abouantoun et al. 2002, 

O'Regan, Kenyon et al. 2004, O'Sullivan, Cuffe et al. 2013). Glucocorticoid exposure during 

late gestation disrupts elastin deposition in the aortic wall of animal models (Bendeck, Keeley 

et al. 1994) resulting in structural alterations. Similar findings are noted in humans: antenatal 

glucocorticoid exposure is associated with a localised increase in aortic arch stiffness as 

assessed by pulse-wave velocity (Kelly, Lewandowski et al. 2012). Studies investigating the 

effect of postnatal glucocorticoid exposure show many adverse effects, including hypertrophic 

cardiomyopathy (Gupta, Prasanth et al. 2012) and neurodevelopmental delay (Yeh, Lin et al. 

1998). While these studies are largely confined to the investigation of dexamethasone, 
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alternative glucocorticoids such as betamethasone and hydrocortisone show some promise as 

less risky alternatives (Gupta, Prasanth et al. 2012). 

We hypothesise that prenatal inflammation impairs the biomechanical properties of the 

developing aorta and that postnatal anti-inflammatory treatment via glucocorticoids could 

rescue this impairment. We test this hypothesis using an ovine model of antenatal intra-

amniotic exposure to LPS or saline and postnatal treatment with dexamethasone or saline over 

the first seven days of life after moderate preterm birth. 

4.2 Method 

The animal model used in this study was sourced from a parallel study, in which all experiments 

were conducted in accordance with the guidelines of the National Health and Medical Research 

Council (NHMRC) Australian code for the care and use of animals for scientific purposes 

(Health, Council et al. 2013). The animal experiments were conducted at the University of 

Western Australia (UWA) with approval from the UWA Animal Ethics Committee. 

4.2.1  Animal Model 

We used a well-established preterm lamb model of fetal systemic inflammation (Bry and 

Lappalainen 2001, Newnham, Moss et al. 2002, Elovitz, Brown et al. 2011). Fetal lambs were 

exposed to intra-amniotic injections of saline or LPS (4 mg, E coli 055:B5, Sigma), two days 

prior to operative preterm delivery at 129 d gestation. Ewes received medroxyprogesterone at 

122 d gestation to reduce risk of preterm labour. All ewes received antenatal betamethasone 

(5.4 mg, Shering Plough) at 48 h and 24 h prior to delivery at (mean = 129 d gestation) to 

promote fetal lung maturation. 

Lambs were randomised postnatally to a reducing low-dose postnatal dexamethasone (dex) 

course following a modified DART protocol, commencing at 0.15 mg/kg/d for 3 d (reducing 

to 0.1 mg/kg/d for 2 d, then 0.05 mg/kg/d for 2 d) or an equivalent volume of saline. Thus four 

groups resulted from the two variables of prenatal and postnatal exposures: saline/saline (n = 

3); LPS/saline (n = 5); saline/dex (n = 6); LPS/dex (n = 5). Lambs were maintained for 

approximately 7 d under a clinical standard of care and ventilated, and then euthanized via 150 

mg/kg of intravenous pentobarbitone (Valabarb, Jurox, Australia), corresponding to an 

equivalent 136 d of gestation. A group of naïve fetal control lambs (n = 5) were used for 

comparison, receiving no antenatal maternal treatments, fetal LPS or postnatal treatment 
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program and being delivered and euthanized at 136 d gestation. The lower abdominal aorta was 

excised from each lamb at postmortem and stored in phosphate buffered saline (PBS) at 4° C 

until testing (< 24 h). Figure 4.1 shows the animal flowchart used in the study. 

 

Figure 4.1 Animal flowchart of the study. LPS = lipopolysaccharide; LD Dex = low-dose dexamethasone. 

*Fetal controls delivered and euthanised at 135 d. 

4.2.2  Biomechanical Test Protocol  

Due to the small size of the excised aorta samples, we conducted mechanical testing on ring-

shaped specimens via uniaxial loading on a custom-built test rig, described previously (Macrae, 

Pillow et al. 2017). Specimens were refrigerated at 4°C and kept in PBS, with testing conducted 

within 24 h. We cut ring-shaped slices normal to the aorta centreline from each abdominal aorta 

(between 2-6 rings per aorta, depending on the size of the specimen and the presence of 

branching vessels), all from the region approximately 15 mm above the aortic bifurcation; 

mean distance between each ring was 1.6 mm. We then measured wall thickness, ring 

circumference and specimen width optically via the Image J measurement tool (Schneider, 

Rasband et al. 2012), with values taken manually using an 8-point average. This process was 

repeated twice so as to minimise error, with a maximum error of 2.5% found between 

successive measurements. The region of least wall thickness was marked on the specimen with 

black ink. 

The sample was mounted between two parallel wires, coated with oil to minimise friction, and 

the upper grip was extended until the tensile load increased from zero, which was defined as 

the initial configuration of the specimen. The sample was reimaged and the initial distance 

between the wires was measured. Preconditioning was conducted to a strain of 0.2 at 0.1 mm/s, 

with a repeatable response noted after five successive loading-unloading cycles. The specimen 
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was loaded at a constant rate of 0.1 mm/s until failure. Wire displacement and force were 

recorded during testing. 

4.2.3  Histology 

Ring specimens from each subject group were fixed in a PBS/formaldehyde solution and stored 

at 4 °C. The specimens were then wax embedded and sectioned, with one slide per specimen 

stained with Hematoxylin and eosin (H&E) and another slide with Verhoeff Van-Giesen 

(VVG) staining solution. Specimens were prepared as part of a single batch to ensure consistent 

staining was applied between specimens. 

To ascertain whether LPS treatment had a significant impact on the degree of elastin and 

collagen formation, VVG stain images were analysed in ImageJ (Schneider, Rasband et al. 

2012). To avoid bias in the quantification of elastin and collagen content, a semi-automatic 

script was employed to threshold the images and compute area fraction consistently. For ten 

random samples elastic and collagen regions were manually selected through thresholding, and 

the average of the thresholding values were used to automatically select elastin and collagen 

regions from the histology images. A sample of ten images from the interior of the cut ring (i.e. 

excluding edges, see Figure 4.8) was taken from each full image and area fraction of collagen 

and elastin calculated for each and averaged. Elastin content and collagen content were 

measured as the area fraction of black-stained tissue and the area fraction of red-stained tissue, 

respectively. Elastin and collagen thresholded selections were examined by eye to sense check 

results. 

4.2.4  Constitutive Modelling 

Parameters were derived via calibrating a constitutive model to approximate stretch-stress data 

derived from experimentally measured variables, which were then used as initial-guess 

parameters for a numerical simulation of the experimental setup. Traditionally, approximate 

strain in ring testing is obtained by measuring the displacement between the two wires (Cox 

1983, Stoiber, Messner et al. 2015). The average stretch ratio in the circumferential direction 

𝜆𝜃𝑎𝑣𝑔
 is determined by:  

𝜆𝜃avg
=

𝑙o+ 𝑑 + (𝑟w+
𝑡

2
)𝜋

𝑙o + (𝑟w+
𝑡

2
)𝜋

        (Eqn. 4.1) 
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Where 𝑟w is the radius of the cylindrical wire, t is the initial ring wall thickness, 𝑙o is the 

distance between the centres of the wires, and d is the recorded displacement. As discussed 

below, this derivation of average stretch ratio provided the best fit with the numerical model 

validation, and was used for all subsequent analysis. Nominal stress 𝑆 was calculated using 

measured force 𝐹, wall thickness 𝑡 and wall width 𝑤, via: 

𝑆nominal =
𝐹

𝑡 ×𝑤
         (Eqn. 4.2) 

Force-displacement data was fit with a first-order Odgen-type material model (Ogden 1972) 

(Eqn. 4.3) which proved a good fit (average 𝑅2 = 0.975) for the data while utilising few 

parameters (𝜆 is the deviatoric principal stretches of the left Cauchy-Green tensor, and α and µ 

are material constants): 

𝑊 =
2µ

𝛼2 (𝜆1
𝛼 + 𝜆2

𝛼 + 𝜆3
𝛼 − 3)        (Eqn. 4.3) 

With nominal stress being given by: 

𝑆1 =  
2𝜇

𝛼𝜆1
(𝜆1

𝛼 − 𝜆1

−𝛼

2 )         (Eqn. 4.4) 

Any stress due to friction at the wire-aorta interface was assumed to be negligible. The curve 

fitting process was modified to account for variable wall thickness via a previously described 

method (Macrae, Pillow et al. 2017): an assumption of constant circumferential force 

throughout the ring was used to compute the stress-strain relation at the region of least cross-

sectional area, and solutions iterated until successive calculations yield negligible difference. 

Calibration was accomplished via minimization of the error function, computed via a 

normalised least-squares method: 

𝐸𝑟𝑟𝑜𝑟 = ∑(1 −
𝑆𝑚𝑜𝑑𝑒𝑙

𝑆𝑒𝑥𝑝
)2        (Eqn. 4.5) 

Where 𝑆𝑚𝑜𝑑𝑒𝑙 is the stress calculated via the chosen constitutive model at given stretch value, 

and 𝑆𝑒𝑥𝑝 is the experimentally measured stress at the same stretch value. 

Failure tension was recorded as the point of first failure, that is, the first point at which the 

recorded force begins to decrease. Ultimate tensile strength (UTS) calculated as the 

corresponding nominal stress at the point of least cross-sectional area: 
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𝑆𝑈𝑇𝑆 =
𝐹𝑓𝑎𝑖𝑙𝑢𝑟𝑒

𝐴𝑚𝑖𝑛
          (Eqn. 4.6) 

Most specimens fractured at the area of least cross-sectional area. In those where fracture 

occurred at the wire-ring interface; data was discarded so as to preclude the influence of edge 

effects on fracture stress. Failure force data was normalised to the sample width to allow 

comparison between specimens: 

𝐹𝑛𝑜𝑟𝑚𝑎𝑙𝑖𝑧𝑒𝑑 = 𝐹𝑓𝑎𝑖𝑙𝑢𝑟𝑒
𝑤𝑝𝑜𝑝𝑢𝑙𝑎𝑡𝑖𝑜𝑛 𝑎𝑣𝑒𝑟𝑎𝑔𝑒

𝑤𝑠𝑝𝑒𝑐𝑖𝑚𝑒𝑛
      (Eqn. 4.7) 

4.2.5  Finite Element Model 

A computational model of the experiment was built in the finite element (FE) solver Abaqus 

(v6.14, 3DS Simulia) to account for bending stiffness near the wires and potential errors 

incurred in approximating strain via Eqn. 4.1 and used to validate the data. The model geometry 

consists of one cylindrical wire and a quarter-ring sample, assumed to be symmetrical (see 

Chapter 3). Dimensions of the ring correspond to the pre-loaded reference configuration of 

the ring with thickness, width, wire radius and distance between wires taken as described 

above. Given the large difference in stiffness between the steel wire and the aorta, the wire was 

assumed to behave as a rigid body, with friction at the interface assumed to be negligible and 

frictionless contact properties used. A displacement loading condition was applied at the 

surface perpendicular to the axis of elongation.  

The material was modelled as Ogden-type hyperelastic and assumed to be near fully 

incompressible with a Poisson’s ratio of 0.4995. The model was meshed with linear hexahedral 

elements with a hybrid formulation. The solution was considered mesh independent at a 

minimum mesh density of 1000 elements/𝑚𝑚3. 

Initial material properties were provided from the approximation provided above. Force data 

parallel to the axis of elongation was extracted from the simulation and plotted against the 

enforced displacement. Resultant force-displacement data was compared to the experimental 

data, and goodness of fit evaluated by weighted least-squares regression. Material properties 

were then refined via minimisation of the normalized error function (Eqn. 4.5) with force 

substituted for stress. See Figure 4.6 for comparison of modelled force-displacement to 

experimental force-displacement for a representative experiment. 
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4.2.6  Data Analysis 

We compared wall thickness and biomechanical parameters (UTS, failure tension, ultimate 

stretch and Odgen constitutive model parameters, α and µ) across groups. Statistical 

significance was assessed by a paired student t-test with p<0.05 deemed significant.  

4.3 Results 

LPS-treated and low dose dexamethasone-treated groups both tended to have lower aortic wall 

thickness than the control group, but neither trend reached significance (p = 0.052, p= 0.055 

respectively, see Table 1 and Figure 4.2). Aortic wall thickness in postnatal dexamethasone-

treated LPS lambs was similar to saline controls. No difference was found in either UTS or 

normalised failure tension between groups.  

The fetal control group had similar UTS, normalised failure tension and wall thickness (p > 

0.3, p > 0.9, and p > 0.2, respectively, see Figure 4.3) to the saline controls. Although the fetal 

control group tended to have a lower stiffness (α parameter), this was non-significant (p = 

0.09). No difference was noted in the average µ parameters (p > 0.2). 

Table 4.1 Mean ± coefficient of variation (%) (standard deviation / mean) data.  

 Fetal Control  

(n = 5) 

Saline/Saline  

(n = 3) 

LPS/Saline  

(n = 5) 

Saline/Dex  

(n = 6) 

LPS/dex  

(n = 5) 

Wall thickness (mm) 0.86 ± 21% 1.06 ± 19% 0.75 ± 24% 0.81 ± 12% 1.13 ± 35% 

UTS (kPa) 729 ± 22% 602 ± 36% 721 ± 3% 860 ± 40% 662 ± 34% 

Norm. failure tension (N) 1.52 ± 21% 1.54 ± 15% 1.43 ± 19% 1.61 ± 25% 1.71 ± 23% 

Ultimate stretch 1.51 ± 7% 1.46 ± 5% 1.39 ± 9% 1.45 ± 6% 1.52 ± 10% 

µ (kPa) 23.6 ± 20% 17.6 ± 43% 38.5 ± 34% 22.9 ± 29% 17.3 ± 72% 

α 13.0 ± 16% 16.3 ± 17% 18.4 ± 19% 17.2 ± 22% 16.4 ± 37% 



  Chapter 4 

96 

 

Figure 4.2 Box plots of a) Ultimate tensile stress, b) Normalised failure tenision, c) Ultimate tensile stretch, d) 

Aortic wall thickness for each treatment group. 

 

Figure 4.3 Averages of group constitutive parameters (µ, α) for preterm control and fetal control groups. 
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As shown in Figure 4.4, intra-amniotic LPS increased the stiffness of the lamb aorta, indicated 

by an increase in the µ parameter compared to the saline control group (p = 0.045). While 

postnatal dexamethasone treatment on its own had no effect on the µ parameter compared to 

saline controls (p = 0.315), postnatal dexamethasone-treated LPS lambs showed a marked 

decrease compared to the LPS/saline group (p = 0.024). LPS/saline aortas were also stiffer than 

the saline/dex group (p = 0.029). There was no difference in the α parameter between any of 

the groups (p > 0.05).  

 

 

Figure 4.4 Averages µ (left) and α (right) parameters of the constitutive model. Significant differences are 

shown (*, p<0.05). 

The stiffness of each group is demonstrated via the average stress-stretch curves in Figure 4.5. 

Averaging the Ogden parameters gave a good fit average stress-stretch curve, as shown in 

Figure 4.7 for a specimen with high intra-specimen variability in stress-stretch response. Data 

show the marked increase in stiffness after LPS exposure and the return of physiological 

stiffness through postnatal dexamethasone-treatment in LPS exposed lambs.  
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Figure 4.5 Average material behaviour for each treatment group, demonstrating the marked increase in 

stiffness response of the LPS group and the return to control-like stiffness with dexamethsone treatment. Curves 

are mean responses of each group. 

Histology data from each group are shown in Figure 4.8. No significant difference was found 

between elastin or collagen area fractions in any of the groups, although elastin content was 

greater (p = 0.2) and collagen content was less (p = 0.2) in the saline control group.  

 

Figure 4.6 Plot of experimental Force-displacement data vs. extracted model data for a representative 

specimen using first guess Ogden parameters, as assessed via stretch derived from Eqn. 4.1. 
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Figure 4.7 Plot of Ogden function using average constitutive properties compared to individual test stress-

strain data for a specimen exhibiting high variabiulity in stress-strain response, as calculated at the region of 

least cross-sectional area. 

 

Figure 4.8 Plotted percentage fraction by area of a) elastin and b) collagen; sample images from c) 

saline/saline control group and d) LPS/Saline group. 
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4.4 Discussion 

This study aimed to investigate differences in biomechanical behaviour and remodelling of the 

developing aorta between LPS-induced inflammation and control fetuses, as well as the effects 

of dexamethasone treatment. Our key findings are: i) LPS-induced inflammation increases the 

overall stiffness and thus decreases the compliance of the aorta with no corresponding change 

in failure properties, and ii) postnatal dexamethasone treatment reverses this increase in aortic 

stiffness and returns the biomechanical response of the aorta to physiological levels. 

4.4.1   Effects of Antenatal LPS-induced Inflammation 

There was no significant change in ultimate tensile strength in the LPS/saline group, but there 

was a significant increase in bulk stiffness. Given the association of inflammatory diseases 

with large-artery stiffness (Booth, Wallace et al. 2004, Yasmin, McEniery et al. 2004, Maki-

Petaja, Hall et al. 2006, Wallace, Mäki-Petäjä et al. 2010, Mäki-Petäjä and Wilkinson 2012), it 

is likely this increased stiffness is due to the systemic inflammation of the neonatal lambs. We 

show that LPS exposure increases the µ parameter of the Ogden-type constitutive model, 

indicating that the increase in stiffness tends to occur even in the low strain region, resulting in 

increased vessel stress at physiological and sub-physiological strain levels. Therefore, systemic 

inflammation induced via LPS produces an increase in the passive stiffness of the aorta, 

implying that adverse vascular remodelling is occurring. Indeed, a marked reduction in aortic 

wall thickness was observed in this group (Table 1). 

Numerous potential mechanisms are proposed for inflammation-induced increases in large 

artery stiffness (Mäki-Petäjä and Wilkinson 2012). However, the degree to which these 

mechanisms may impact arterial stiffness, how they interact, and their precise relationship with 

inflammation remain unclear. Stiffness may be increased via changes in the functionality of 

endothelial or smooth muscle cells, as inhibition of nitric oxide production by inflammatory 

cytokines can impair the contractility of arteries (Wilkinson, MacCallum et al. 2002, 

Wilkinson, Qasem et al. 2002, Stewart, Millasseau et al. 2003). Inflammation may also affect 

the underlying structure of the arterial wall via the fragmentation of elastin due to up-regulation 

of matrix metalloproteinases released during the inflammatory process (Yasmin, McEniery et 

al. 2005), the proliferation of vascular smooth muscle cells (Dzau, Braun-Dullaeus et al. 2002) 

and changes in the composition of the ECM (Mäki-Petäjä and Wilkinson 2012). We know that 
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the vast majority of elastin synthesis occurs within the first year of life (Martyn and Greenwald 

1997) and thus disruption of elastin formation and arterial structure during this period is likely 

to have long lasting consequences. Studies of the ascending aorta showed that increased 

stiffening of this region during early life appears to precede arterial stiffening in later life 

(Redheuil, Yu et al. 2010). Thus, the study of early life cardiovascular development can be 

informative for predicting development in later life. 

Given that analysis of the elastin and collagen content showed no significant difference, we 

believe that this mechanism is not as simple as an increase or decrease in ECM constituents. 

Other potential mechanisms of vascular remodelling associated with inflammation include the 

trapping of water leading to ECM swelling and stiffening, qualitative degradation of elastin 

fibres or a combination of these factors, all of which could lead to increased vascular stiffness 

(Mäki-Petäjä and Wilkinson 2012). However, given the relatively small sample size and high 

variance noted between our specimens, no clear conclusions can be drawn. Another 

confounding factor is the age of the subjects used here – given that the bulk of elastin is 

synthesised in the first year of life, it is possible our lambs required more time to manifest 

appreciable differences in measurable ECM composition.  

As increased stiffness has implications for long term cardiovascular disease, increased stiffness 

could have a ‘downstream’ effect, wherein changes to flow conditions lead to increased 

inflammation and endothelial insult. High arterial stiffness impairs the ability of the artery to 

respond to haemodynamic loading, resulting in excessive pulsatile afterload. This increased 

loading can lead to endothelial dysfunction and ventricular remodelling (Kelly, Tunin et al. 

1992). The disturbed flow can also lead to downstream organ damage of the kidney and brain 

(O'Rourke and Safar 2005) as pulsatile energy is transferred to the peripheral organs. Thus, 

increased arterial stiffness in the aorta at such an early age can lead to adverse health effects, 

both in the cardiovascular system and in peripheral organs. 

Given there was no associated change in the failure properties of the aorta, the changes in 

arterial structure did not involve structural weakening of the aortic vessel, which would occur 

with sufficient degradation of the ECM. Thus while severe systemic inflammation is associated 

with changes to large artery mechanical behaviour, our data suggests that it does not directly 

contribute to a weakening of the arterial wall, which could lead to events such as aortic rupture 

or dissection. 
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4.4.2   Effects of Postnatal Dexamethasone on Prenatal Inflammation 

We show that low-dose dexamethasone treatment not only arrests the increase in stiffness 

associated with LPS-induced inflammation, but also reverses it to the same level as the saline 

group. These data suggest that perinatal glucocorticoid treatment likely reduces adverse 

developments in large artery mechanics due to acute inflammation. However, dexamethasone 

is associated with neurodevelopmental impairment and is thus restricted to use in neonates with 

severe lung disease. Thus, there remains a need to further asses the benefits and limitations of 

dexamethasone as a preventative agent in inflammation-induced stiffness. As the likely 

mechanism for arresting the stiffness increase is the anti-inflammatory behaviour of 

dexamethasone, other treatments could prove successful in managing the adverse effects of 

perinatal inflammation. For instance, other glucocorticoids such as hydrocortisone or 

betamethasone may prevent inflammation-induced adverse cardiovascular development 

through a similar mechanism, with perhaps fewer complications, however further study is 

required. Furthermore, as dexamethasone has been shown to modify cardiovascular function 

even at low doses (Fletcher, McGarrigle et al. 2002), its use may be a trade-off between 

inflammation and glucocorticoid induced cardiovascular development. 

4.4.3   Limitations and Recommendations 

One of the most notable limitations of the study is the sample size. As such, some of the trends 

we observed to be non-significant may be different in larger experimental groups. Furthermore, 

by design, this study was limited in its exploration of potential mechanisms for induced 

stiffness, with the primary scope to investigate the presence of an increase in passive arterial 

stiffness due to inflammation in the early life postnatal period. Thus, we did not take into 

account potential changes in stiffness due to an active arterial response, which has been shown 

to have an impact on arterial stiffness (Wykretowicz, Guzik et al. 2005). While changes to 

passive stiffness alone do not provide a full explanation for the development and progression 

of pathogenic arterial stiffness, its characterisation can provide insights to the nature and extent 

of its contribution to adverse vascular conditions. 

Due to the nature of testing and the sample size, it was necessary to choose between an analysis 

of failure properties or residual strains, as both techniques involve destructive testing. Although 

we chose to investigate the effect of inflammation on structural integrity and failure properties, 

an analysis of changes in residual strains could yield valuable information on changes to 
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inflammation-induced arterial biomechanics not otherwise identifiable via conventional 

mechanical testing. Thus, it is recommended that future studies consider the impact of 

inflammation on residual strain in the arterial wall.  

Furthermore, an in-depth investigation into the biological and cellular changes involved in 

early-life inflammation paired with mechanical testing is recommended to further explore these 

changes in mechanical behaviour. Previous studies have indicated variations in arterial 

constituents and mechanical stiffness later in life due to perinatal glucocorticoid exposure 

(Kelly, Lewandowski et al. 2012), as well as noting these changes in the wall of the ascending 

aorta. A longer-term study allowing greater development of the aorta may elucidate this 

increased stiffness, although these changes may only manifest in the elastin-rich aortic arch. 

Furthermore, here we investigated the effects of a postnatal low-dose dexamethasone course, 

which may not be of a sufficient concentration to induce structural changes. Similarly, further 

studies are required to ascertain its long-term effects – while it could prevent adverse arterial 

stiffening by reducing inflammation, it has itself been implicated in adverse cardiovascular 

development. 

4.4.4  Conclusion 

We show that antenatal systemic inflammation causes a significant increase in arterial stiffness 

and decrease in aortic wall thickness, both of which can be rescued through postnatal anti-

inflammatory treatment. Despite the structural and functional changes, the failure properties of 

the aorta remain similar to controls. These data reveal important structural and biomechanical 

implications of early-life systemic inflammation that, if left untreated, could lead to 

cardiovascular development problems in later life. 
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Chapter 5.  Low-Dose Postnatal Dexamethasone 

Increases Arterial Stiffness in a Fetal Lamb Model 

5.1 Introduction  

The administration of glucocorticoids in cases of preterm birth is one of the most effective 

therapies in obstetrics. Antenatal administration of glucocorticoids to mothers at risk of preterm 

birth reduces the risk and severity of respiratory distress syndrome, improving preterm infant 

survival (Liggins and Howie 1972, Newnham, Moss et al. 2002). Similarly, the postnatal 

application of glucocorticoids is given to promote respiratory function and lung formation 

(Gupta, Prasanth et al. 2012). The majority of preterm and low birth weight infants will require 

mechanical ventilation at birth (Finer, Carlo et al. 2004, Polglase, Miller et al. 2014) due to the 

immaturity of their cardiovascular and respiratory systems, with postnatal glucocorticoids 

being employed to wean infants from ventilator support (Doyle, Ehrenkranz et al. 2014). 

However, both ventilation technique and glucocorticoid treatment have been associated with 

adverse outcomes in fetal development. Given the current standard of care for preterm infants 

often involves antenatal and postnatal administration of glucocorticoids as well as mechanical 

ventilation, the importance of the early-life period for the healthy development of the 

cardiovascular system, these constitute important factors that must be considered in the 

developing arterial biomechanics of the preterm infant. 

Glucocorticoids are also frequently employed for their anti-inflammatory properties, and thus 

show promise in treating early-life inflammation, the presence of which is associated with adult 

onset cardiovascular diseases (Nguyen, Wallace et al. 2015). Glucocorticoids are highly 

effective at reducing inflammation (Coutinho and Chapman 2011), and show potential as a 

treatment option for inflammation in cases of atherosclerosis (Maki-Petaja and Wilkinson 

2009). Their anti-inflammatory effects have been employed to reduce arterial stiffness (Maki-

Petaja and Wilkinson 2009, Schillaci, Bartoloni et al. 2012, Janic, Lunder et al. 2014), a marker 

for arterial inflammation and a factor in the formation of further cardiovascular disease 

(Danesh, Whincup et al. 2000, Ridker, Hennekens et al. 2000, Ridker, Rifai et al. 2002). 

Previous work in Chapter 4 showed these anti-inflammatory and stiffness-arresting properties 
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may extend to the early life period, with postnatal dexamethasone treatment arresting increases 

in arterial stiffness due to inflammation in a fetal lamb model. Therefore, there is a need to 

investigate their long-term effects if they are to emerge as a viable treatment option. 

Despite their great efficacy, their use is not without numerous adverse consequences - 

particularly when administered in the early life period. Numerous animal studies have shown 

antenatal glucocorticoids are implicated in reduced birthweight and fetal growth restriction 

(Newnham, Evans et al. 1999, Newnham and Moss 2001), as well as adverse effects on 

development of blood brain barrier (Huang, Harper et al. 2001, Quinlivan, Beazley et al. 2002). 

Several non-randomized clinical studies also suggest a similar impact in humans, with antenatal 

corticosteroid use correlating with reduced birthweight and head circumference (French, 

Hagan et al. 1999, Thorp, Jones et al. 2002) and neurodevelopmental delay (Yeh, Lin et al. 

1998). Early life exposure to glucocorticoids could also program the fetus for adult disease 

(Newnham 2001, Newnham and Moss 2001). In the context of cardiovascular disease postnatal 

glucocorticoid exposure has been associated with many adverse effects, including hypertrophic 

cardiomyopathy (Gupta, Prasanth et al. 2012). Dexamethasone has been shown to alter 

cardiovascular functionality in several animal models, with its antenatal administration being 

implicated in adult hypertension in rats (Woods and Weeks 2005) and impaired cardiac 

function in both lambs and rats (Dodic, Samuel et al. 2001, Dodic, Abouantoun et al. 2002, 

O'Regan, Kenyon et al. 2004, O'Sullivan, Cuffe et al. 2013).  The postnatal administration of 

dexamethasone in particular, despite its efficacy, is largely restricted to cases of 

bronchopulmonary dysplasia (BPD) due to concerns about its effect on neonatal development 

As disturbed arterial biomechanics and increased stiffness are associated with the development 

of cardiovascular disease (Quinn, Tomlinson et al. 2012), it is important to examine the impact 

on biomechanical properties as well as the emergence of adult diseases. Glucocorticoid 

exposure during late gestation can induce structural alterations in the aortic wall through the 

disruption of elastin deposition (Bendeck, Keeley et al. 1994). Disturbed biomechanics have 

been noted in clinical human studies, with antenatal glucocorticoid exposure being associated 

with increased aortic arch stiffness persisting into young adulthood (Kelly, Lewandowski et al. 

2012). Characterising how postnatal glucocorticoids alter biomechanics may provide crucial 

insight into early life onset of cardiovascular disease in preterm infants.  
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Additionally, mechanical ventilation can lead to altered pulmonary blood flow, adverse cardiac 

output (Polglase, Miller et al. 2012), and pronounced lung inflammation (Hillman, Moss et al. 

2007, Polglase, Hillman et al. 2008, Hillman, Kallapur et al. 2010). Further to this trauma, 

mechanical ventilation can initiate a pulmonary inflammatory response, leading to systemic 

inflammatory cascade (Davide, Gorsev et al. 1999, Hillman, Moss et al. 2007, Polglase, 

Hillman et al. 2009). Mechanical ventilation is associated with an increased risk of developing 

bronchopulmonary dysplasia, particularly in the case of high tidal volumes being used 

(Polglase, Miller et al. 2012) – a common scenario, given that up to 80% of preterm infants 

may be inadvertently exposed to high tidal volume ventilation due to the insufficiency of the 

devices used (O'Donnell, Davis et al. 2005, Roehr, Kelm et al. 2010, Schmolzer, Kamlin et al. 

2010). Specific to the cardiovascular system, mechanical ventilation has been shown to induce 

cyclic changes in blood flow and arterial blood pressure in adults (Michard 2005). 

The predominant ventilation technique for supporting neonates is nasal continuous positive 

airway pressure (CPAP) (Aly 2009). However neonates who develop respiratory failure are 

ventilated invasively via endotracheal intubation, a procedure associated with hemodynamic 

instability and lung injury (Bhutada, Sahni et al. 2000, Young, Del Moral et al. 2005). Given 

the importance of the early life period for the growth and development of the aorta, mechanical 

ventilation strategy may be an important factor in increasing hemodynamic instability and 

impacting the biomechanical and structural characteristics of the aorta. Thus, in cases where 

mechanical ventilation is necessary, the selection of the ventilation strategy employed may be 

a critical factor in reducing the severity of inflammatory response and disturbed cardiac output.  

The aim of this work is to characterise the biomechanics of the abdominal aorta through the 

application of constitutive modelling to investigate the effect of low-dose dexamethasone on 

early-life large artery development, through the use of a fetal lamb animal model. As changes 

in the mechanical response of the artery to loading can lead to arterial dysfunction, 

characterising any changes in behaviour provides information on the nature and degree of these 

changes and can inform predictions on later life disease development. We investigate 

differences in biomechanical behaviour of large arteries between dexamethasone treated and 

control lambs subject to preterm delivery, as well as the potential of alternative glucocorticoid 

treatments. Further, the study aims to clarify the interaction of dexamethasone with exposure 

to intrusive ventilation strategies, in the context of it its effect on the development of the aorta. 
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5.2 Methods 

All experiments were conducted in accordance with the guidelines of the National Health and 

Medical Research Council (NHMRC) Australian code for the care and use of animals for 

scientific purposes (Health, Council et al. 2013). Experiments were conducted at the 

University of Western Australia (UWA) with approval from the UWA Animal Ethics 

Committee. 

5.2.1 Subjects 

We used a well-established animal model for postnatal dexamethasone treatment. Lambs were 

delivered preterm at 129 days gestation. After delivery lambs were randomised to a reducing 

low-dose postnatal dexamethasone course following the DART protocol, commencing at 0.15 

mg/kg/d for 2 days (reducing to 0.1 mg/kg/d for 2 days, 0.05 mg/kg/d for 1 day and 0.02 

mg/kg/d for the final day) or to an equivalent volume of saline. Lambs were randomised to a 

ventilation protocol of either Nasal Continuous Positive Airway Pressure (CPAP), or via 

Endotrachial Tube (ETT). Five groups resulted from the two variables of postnatal exposures: 

Saline/CPAP (n = 4); Dex/CPAP (n = 4); Saline/ETT (n = 5); Dex/ETT (n = 3). Lambs were 

maintained for approximately 56 days and then euthanized via 150 mg/kg of intravenous 

pentobarbitone (Valabarb, Jurox, Australia), corresponding to an equivalent 185 days of 

gestation. All ewes received antenatal betamethasone (5.4 mg, Shering Plough) at 48 h and 24 

h prior to delivery at (mean = 129 d gestation) to promote fetal lung maturation. The animal 

model is summarised in Figure 5.1. From each lamb, the lower abdominal aorta was excised 

and stored in phosphate buffered saline (PBS) at 4° C until testing. Although aortic tissue can 

be stored frozen for prolonged periods of time, (Stemper, Yoganandan et al. 2007, O'Leary, 

Doyle et al. 2014), refrigeration time was kept as short possible and samples were tested less 

then 24 h from excision. 
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Figure 5.1 Animal model flowchart of the study. LD Dex = low-dose dexamethasone; 

CPAP = continuous positive airway pressure; ETT = endotracheal tubation 

5.2.2 Test Protocol  

Due to the small size of the excised aorta samples, we conducted mechanical testing on ring-

shaped specimens via uniaxial loading on a custom-built test rig, as described previously 

(Macrae, Pillow et al. 2017). Testing was conducted within 24 hours of excision. We took ring-

shaped test slices from each abdominal aorta (between 2-4 rings per aorta, depending on the 

size of the specimen and the presence of side vessels), all from the region approximately 15mm 

above the bifurcation. Rings were taken from this region to ensure ring shape was not affected 

by the geometry of the bifurcation or the presence of side vessels. Rings were prepared via cuts 

normal to the aorta centreline, with a mean distance between each cut of 1.6 mm. We then 

measured wall thickness, ring circumference and specimen width optically via the Image J 

measurement tool (Schneider, Rasband et al. 2012), with values taken manually via an 8-point 

average. 

We then mounted the sample between two parallel wires and extended the upper grip until the 

tensile load increased from zero, which was defined as the initial configuration of the specimen. 

To minimise friction at the boundaries, the wires were coated in oil. At this point we took 

another image of the sample and measured the initial distance between the wires.  
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Preconditioning was conducted to a strain of 0.2 at 0.1 mm/s, with a repeatable response noted 

after five successive loading-unloading cycles. We then loaded the specimen at a constant rate 

of 0.1 mm/s until failure. Wire displacement and force were recorded during testing. 

5.2.3 Histology 

After mechanical testing ring specimens from each subject group were fixed in a 

PBS/formaldehyde solution and stored at 4°C. The specimens were then wax embedded and 

sectioned, with one slide per specimen stained with Hematoxylin and eosin (H&E) and 

another slide with Verhoeff Van-Giesen (VVG) staining solution. Specimens were prepared 

as part of a single batch to ensure consistent staining was applied between specimens. 

To ascertain whether dexamethasone treatment had a significant impact on the degree of elastin 

and collagen formation, VVG stain images were analysed in ImageJ (Schneider, Rasband et al. 

2012). To avoid bias in the quantification of elastin and collagen content, a custom script was 

employed to threshold the images and compute area fraction consistently - see Chapter 4 for 

details. Briefly, elastin and collagen were auto-selected via thresholding based on parameters 

taken from manual election, which was applied to a sample of ten images taken from the 

interior of the ring. Selections were examined by eye to sense-check results. Elastin content 

and collagen content were measured as the area fraction of black-stained tissue and the area 

fraction of red-stained tissue, respectively. 

5.2.4 Data Analysis 

Constitutive parameters were derived via calibrating a constitutive model to approximate 

stretch-stress data derived from experimentally measured variables, which were then used as 

initial-guess parameters for a numerical simulation of the experimental setup as described 

previously in Chapter 3. The average stretch ratio in the circumferential direction 𝜆𝜃𝑎𝑣𝑔
 is 

determined by:  

𝜆𝜃avg
=

𝑙o+ 𝑑 + (𝑟w+
𝑡

2
)𝜋

𝑙o + (𝑟w+
𝑡

2
)𝜋

                 (Eqn. 5.1) 
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where 𝑟w is the radius of the cylindrical wire, t is the ring wall thickness, 𝑙o is the initial distance 

between the centres of the wires, and d is the recorded displacement. As discussed below, this 

derivation of average stretch ratio provided the best fit with the numerical model validation, 

and was used for all subsequent analysis. Stress was calculated simply via: 

𝑆nominal =
𝐹

𝑡 × 𝑤
                  (Eqn. 5.2) 

Force-displacement data was first fit with a material model. An Ogden-type model (Ogden 

1972) with N=1 proved a good fit (average 𝑅2 = 0.98) for the data while utilising few 

parameters, given as follows: 

𝑊 =
2µ

𝛼2 (𝜆1
𝛼 + 𝜆2

𝛼 + 𝜆3
𝛼 − 3)                 (Eqn. 5.3) 

With nominal stress being given by: 

𝑆1 =  
2𝜇

𝛼𝜆1
(𝜆1

𝛼 − 𝜆1

−𝛼

2 )                  (Eqn. 5.4) 

Calibration was accomplished via minimization of the error function, computed via a 

normalized least-squares method: 

𝐸𝑟𝑟𝑜𝑟 = ∑(1 −
𝑆𝑚𝑜𝑑𝑒𝑙

𝑆𝑒𝑥𝑝
)2                              (Eqn. 5.5) 

Where 𝑆𝑚𝑜𝑑𝑒𝑙is the stress calculated via the chosen constitutive model at given stretch value, 

and 𝑆𝑒𝑥𝑝is the experimentally measured stress at the same stretch value. 
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Failure tension was recorded as the point of first failure – the first point at which the recorded 

force begins to decrease - and ultimate tensile strength calculated as the corresponding nominal 

stress at the point of least cross-sectional area: 

𝑆𝑈𝑇𝑆 =
𝐹𝑓𝑎𝑖𝑙𝑢𝑟𝑒

𝐴𝑚𝑖𝑛
                   (Eqn. 5.6) 

In the vast majority of tests, the ring specimen was noted to fracture at the area of least cross-

sectional area. In the remaining cases fracture occurred at the wire-ring interface; in these cases, 

data was discarded so as to preclude the influence of edge effects on fracture stress. Failure 

force data was normalized to the width of the cut ring to allow comparison between specimens: 

𝐹𝑛𝑜𝑟𝑚𝑎𝑙𝑖𝑧𝑒𝑑 =
𝐹𝑓𝑎𝑖𝑙𝑢𝑟𝑒

𝑤
                  (Eqn. 5.7) 

5.2.5 Finite Element Model 

In order to account for bending stiffness near the wires and potential errors incurred in 

approximating strain via Eqn. 5.1, a model of the experiment was built in the finite element 

(FE) solver ABAQUS (v6.14, 3DS Simulia) and used to validate the data – see Chapter 3. The 

material was modelled as Ogden-type hyperelastic and assumed to be near fully incompressible 

with a Poisson’s ratio of 0.4995. 

Initial material properties were provided from the approximation provided above (Eqn. 5.1). 

The force parallel to the axis of elongation at the cut surface was extracted from the simulation 

and plotted against the enforced displacement. Resultant force-displacement data was 

compared to the experimental force displacement data, and goodness of fit evaluated by 

weighted least-squares regression. Material properties were then refined via minimisation of 

the normalized error function (Eqn. 5.5) with force substituted for stress. 
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5.3 Results 

5.3.1 Comparison to Seven-Day Postnatal Ventilation 

As expected, subjects from the two-month cohort exhibited higher aortic strength as assessed 

by normalized failure force in both the control and LD dexamethasone treated populations (p 

< 0.01) (see Figure 5.2) as compared to the seven-day specimens. However no significant 

difference was noted in measured aortic wall thickness. 

Comparing the seven day to two-month samples within treatment groups showed a general 

trend of increasing µ value and decreasing α value as postnatal development time increased. 

Within the saline group, seven-day specimens had a significantly greater α (p < 0.02); while 

within the dexamethasone treated group, seven day specimens had a significantly lower µ (p < 

0.01) (see Figure 5.3). Subjects treated for seven days tended to exhibit higher ‘overall’ 

stiffness, demonstrating lower strain under the same stress and a higher tangent to the stress-

strain curve, especially so in the high-strain region (see Figure 5.4) 

5.3.2 Effect of Dexamethasone 

While it was previously noted that subjects from the seven-day cohort exhibited no significant 

difference in stiffness between the saline control and dexamethasone groups (Chapter 4), after 

2 months the dexamethasone group showed an increased stiffness compared to the saline 

control, as assessed by the α parameter (p < 0.025). Within the two-month cohort, 

dexamethasone was associated with an increase in the strength of the aortic wall, although this 

trend was just shy of significance in both ultimate tensile strength and normalized force (p = 

0.051, p = 0.055 respectively). Again, no significant difference was noted in average aortic 

wall thickness between control and dexamethasone-treated groups.  
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Table 5.1: Wall thickness and properties recorded under uniaxial tension for seven day (from Chapter 4) and 

two-month lambs in the saline-control and dexamethasone treated groups, mean ± coefficient of variation 

 Saline, 7d  

(n = 3) 

Dex, 7d  

(n = 6) 

Saline, 2m  

(n = 4) 

Dex, 2m  

(n = 4) 

Wall thickness (mm): 1.06 ± 19% 0.81 ± 12% 1.03 ± 33% 0.88 ± 6% 

Ultimate Tensile 

Strength (kPa): 
602 ± 36% 860 ± 40% 1340 ± 49% 2430 ± 18% 

F normalized (N): 1.54 ± 15% 1.61 ± 25% 3.84 ± 23% 5.46 ± 14% 

µ (kPa): 17.6 ± 43% 22.9 ± 29% 32.0 ± 48% 42.9 ± 24% 

α: 16.3 ± 17% 17.2 ± 22% 10.6 ± 12% 14.1 ± 11% 

  

Figure 5.2 (A) Average UTS, (B) normalized failure tension and (c) wall thickness for seven-day (7d) and two-

month (2m) groups, with and without LD dexamethasone treatment. 
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Figure 5.3 Average (A) µ and (B) α parameters for seven-day (7d) and two-month (2m) groups, with and 

without LD dexamethasone treatment 

 

Figure 5.4 Stress-stretch plot calculated from average µ and α parameters for seven-day (7d) and two-month 

(2m) groups, with and without LD dexamethasone treatment. 
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5.3.3 Comparison to Alternative Treatment Methods 

Both the normalized failure tension and ultimate tensile strength were greater in the group with 

CPAP ventilation (p = 0.046) and LD dexamethasone (p = 0.047) when compared to ETT 

ventilation with LD dexamethasone, although no such difference was found between saline 

groups when varying ventilation procedure (p = 0.98). This trend was not noted when 

comparing to ETT group (p = 0.26). No significant difference in gross aortic wall thickness 

was noted between any of the groups. 

 

Figure 5.5 (A) Average UTS, (B) normalized failure tension and (c) wall thickness for seven-day (7d) and two-

month (2m) groups, with varying treatment methods 
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While arterial stiffness was greater in the dexamethasone group compared to the saline group 

when subjected to CPAP ventilation, no difference was noted between the 

saline/dexamethasone groups with ETT for both α and µ parameters (p = 0.98, p = 0.23 

respectively). In general, there was a slight trend for ETT ventilated lambs to exhibit lower 

aortic stiffness, but this difference was non-significant. 

Figure 5.6 Average µ and α parameters for two-month lambs with varying treatment methods 

Table 5.2: Wall thickness and properties recorded under uniaxial tension for two-month lambs for those treated 

with ETT, mean ± coefficient of variation 

 Saline, ETT  

(n = 5) 

Dex, ETT 

(n = 3) 

Wall thickness (mm) 0.90 ± 8% 0.85 ± 4% 

UTS (kPa) 1340 ± 12% 1550 ± 16% 

F normalized (N) 3.48 ± 5% 3.94 ± 11% 

µ (kPA) 28.0 ± 16% 34.1 ± 21% 

α 12.5 ± 18% 12.4 ± 16% 
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5.3.4 Histology 

As reported previously in Chapter 4 there was no statistical difference between the elastin or 

collagen area factions of lambs treated with LD dexamethasone versus the control, as assessed 

at 7 days. Similarly, there was no significant difference noted in the area fraction of elastin or 

collagen between LD Dexamethasone and the saline control group at 2 months either (p = 0.45, 

p = 0.35 respectively), as shown in Figure 5.7. 

 

Figure 5.7 (A) Elastin and (B) collagen area fractions as assessed by image analysis script for seven-day (7d) 

and two- month (2m) groups, with and without LD dexamethasone treatment. 

5.4 Discussion 

The aim of our study was to investigate the differences in mechanical response of the aorta 

between foetuses exposed to a low-dose postnatal dexamethasone course and control foetuses, 

assessed after two months of postnatal development, and to investigate if these effects may be 

exacerbated in the case of ETT as an intrusive ventilation strategy. The key findings of this 

study were i) Long term postnatal low-dose dexamethasone increases the passive stiffness of 

the distal aorta after two months in preterm lambs, and thus may increase propensity to 
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development of cardiovascular disease later in life; and ii) the choice of ventilation strategy 

had no significant impact on the biomechanical behaviour of the aorta. 

5.4.1 Effects of Age on Aortic Wall Mechanics   

Ultimately, the artery was shown to exhibit lower stiffness as the age of the lamb increased. At 

equivalent stretch levels, the corresponding predicted elastic modulus (tangent of the stress-

strain curve) will be lower. With increasing age, an increase in µ parameter and decrease in the 

α parameter of the Ogden-type model was observed. As age increased, the stress-stretch curve 

tended to ‘shift to the right’, overall becoming less stiff, with a higher stretch exhibited at 

equivalent stress – which is to be expected as the load-bearing extracellular matrix continues 

to develop. As expected, increasing aortic development and exposure to haemodynamic load 

led to greater ultimate tensile strength and normalized failure force, as well as the 

aforementioned increase in extensibility. 

Previous extensive work has shown that progression from fetal though to postnatal period is 

coupled with a decreased elastic modulus at a common stress value (Pagani, Mirsky et al. 1979, 

Wells, Langille et al. 1998, Wells, Langille et al. 1999). Despite the differences in testing 

methodology, ages of lambs tested and newborn standard of care, our results are directionally 

consistent with the literature. Development of the lamb aorta is associated with an improved 

ability to deal with increased mechanical loading, as shown by decreased stress under 

equivalent strain, decreased stiffness at equivalent stress, and increased ultimate tensile 

strength and stretch. Coupled with this was an increase in collagen area fraction, suggesting 

the observed increase in load-bearing capability is conferred largely by collagen formation and 

development. 

5.4.2 Effects of Postnatal Dexamethasone 

While no significant difference was noted in the passive stiffness response of the aorta in 

preterm lambs administered dexamethasone for seven days after delivery, postnatal low-dose 

dexamethasone significantly increases the passive stiffness of the distal aorta after 2 months in 

preterm lambs. This increase in stiffness was characterised by an increase in the α parameter 

of the Ogden-type model, indicating a greater rate of increase in stiffness with strain (i.e the 
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transition from what might be termed the low-strain region to high-strain region is more 

sudden). This increase in overall slope of the stress-strain curve is associated with an increase 

in the ultimate tensile strength, implying that the increased stiffness response is not the result 

of degradation of the aortic wall constituents, in which case a decrease in vessel UTS and 

integrity would be expected. This is supported by the absence of a significant difference in 

collagen and elastin area fractions between control and dexamethasone-treated groups.   

Early–life administration of glucocorticoids has been shown to impact the synthesis and 

formation of extracellular matrix components in a variety of ways. Antenatal dexamethasone 

treatment has been associated with the suppression of fetal collagen synthesis, with suppression 

of type I and III collagen synthesis indicated by blood markers in preterm infants (Saarela, 

Risteli et al. 2001, Saarela, Risteli et al. 2003).  In contrast, in vitro studies have shown 

increased collagen synthesis in vascular smooth muscle cells when exposed to dexamethasone 

(Leitman, Benson et al. 1984), and glucocorticoid administration in a rat animal model was 

shown to increase the proportion of collagen in the vessel wall (Poiani, Tozzi et al. 1994). In 

another in vitro study, glucocorticoids were also shown to inhibit the proliferation of vascular 

smooth muscle cells (Longenecker, Kilty et al. 1984). 

As the noted stiffness increase caused by postnatal dexamethasone treatment manifested in 

lowering the strain threshold at which the aortic wall transitioned to the ‘high stiffness’ region, 

we hypothesize the increased stiffness was due to disruption of the collagen formation, whether 

through direct disruption of collagen synthesis or via mechanobiological response to altered 

haemodynamics (Dodic, Samuel et al. 2001, Dodic, Abouantoun et al. 2002, O'Regan, Kenyon 

et al. 2004, O'Sullivan, Cuffe et al. 2013). As no significant difference was noted in collagen 

area fraction between the aortas from dexamethasone and non-dexamethasone treated lambs, 

it is unlikely to be due to degradation of the collagenous component of the extracellular matrix 

or the marked suppression of collagen synthesis. These findings suggest dexamethasone 

treatment can have a detrimental effect on collagen formation in the arterial wall - perhaps 

through increased cross-linking of collagen in the aortic wall, although further investigation is 

required to elucidate the precise mechanism.  
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While dexamethasone is a highly potent glucocorticoid, alternatives such as betamethasone 

and hydrocortisone show some promise as less risky alternatives (Gupta, Prasanth et al. 2012). 

High-dose dexamethasone is more effective in reducing the risk of bronchopulmonary 

dysplasia when compared to other corticosteroids (Zeng, Tian et al. 2018), but when weighed 

against its potential adverse effects other corticosteroids may prove to be more suitable. Early 

hydrocortisone therapy has shown promise in reducing mortality rate in preterm infants, 

although this trend was limited to those exposed to prenatal inflammation (Watterberg, Gerdes 

et al. 2004). Unlike dexamethasone, hydrocortisone treatment was not associated with 

neurodevelopmental impairment or incidence of death (Stark, Carlo et al. 2001, Watterberg, 

Shaffer et al. 2007). If this lack of adverse impacts extends to the growth and development of 

arteries – a region dexamethasone has been shown to disrupt – then hydrocortisone potentially 

offers a safer alternative to dexamethasone for early life clinical treatment.  

As early life glucocorticoid exposure has been associated with changes in arterial biomechanics 

persisting well into young adulthood (Kelly, Lewandowski et al. 2012), the impact of postnatal 

dexamethasone on passive stiffness noted here is a potential mechanism for detrimental arterial 

biomechanics in later life. Increased arterial stiffness is independently associated with 

atherosclerotic development (van Popele, Mattace-Raso et al. 2006) and cardiovascular events 

(Laurent, Boutouyrie et al. 2001, Boutouyrie, Tropeano et al. 2002). Early-life development in 

now recognized as crucial in determining disease susceptibility in later life with epigenetic 

factors playing a prominent role in programming for the future emergence of CVD (Reynolds, 

Jacobsen et al. 2013, Zaina, Heyn et al. 2014). The associated injury due to disturbed 

biomechanics and increased stiffness as well as the potential for early-onset atherosclerotic 

development may play a significant role in programming the newborn for later life 

pathogenesis, although further research is required to elucidate these mechanisms. Thus, 

consideration should be given to its potential long-term detrimental effects in programming for 

cardiovascular complications. 

5.4.3 Ventilation Strategy 

The initiation of ventilation on preterm infants leads to haemodynamic disturbance (Mirro, 

Busija et al. 1987) and reduced cardiac output (Kluckow and Evans 1996). Preterm infants are 

already at risk of adverse cardiac remodelling due to immature fetal cardiovascular and 
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pulmonary systems lacking the capability to cope with the mechanical stresses associated with 

the early-life period (Polglase, Miller et al. 2014). Given the use of ETT as a ventilation strategy 

is often accompanied by significant haemodynamic instabilities (Bhutada, Sahni et al. 2000). 

Therefore, we hypothesised that more intrusive ventilation via intubation would have an 

adverse impact on arterial development when compared to CPAP via facemask, manifesting as 

an increased arterial stiffness. We expected that the comparatively more invasive intubation 

ventilation would place a greater burden on the developing cardiovascular system, and that it 

would be associated with adverse remodelling of the aorta.  

However, we found the use of ETT in the ventilation procedure was not associated with any 

change in the stiffness response when compared to saline controls or dexamethasone groups 

which received ventilation via facemask. Nor was any significant difference in arterial 

thickness or failure strength observed. These findings are consistent with prior research 

(Chang, Cheng et al. 2016), which found disturbed haemodynamics associated with ventilation 

in general but no difference in outcomes between ventilation techniques. Therefore, we can 

conclude that while invasive intubation is associated with altered haemodynamics, it does not 

result in an increase in adverse arterial remodelling.  

5.4.4 Limitations and Recommendations 

The primary scope of the experiment was to investigate influence of glucocorticoid treatment 

and ventilation strategy on the development of arterial biomechanics during the postnatal 

period in preterm infants. Thus the focus of the experiment was on the passive mechanical 

response of the aorta and the experiment design did not take into account the influence of the 

active arterial response, which is a major component of the stiffness response of arteries 

observed in vivo (Wykretowicz, Guzik et al. 2005). Vascular remodelling indicated by changes 

in passive mechanical stiffness does not fully characterise or explain the development and 

progression of pathogenic arterial stiffness. However, changes to the passive mechanical 

behaviour of the aorta are indicative of structural changes to the artery, and are thus associated 

with long-term changes to the artery’s biomechanical behaviour. Given that the fetal and 

neonatal growth periods are critical for cardiovascular development, with the majority of 

extracellular matrix formation occurring in this period (Wells, Langille et al. 1999), adverse 

structural development is particularly relevant in newborns. Analysis was confined to the 
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passive mechanical response of the aorta, in order to isolate the mechanical response governed 

by cardiovascular structural remodelling.  

As described in Chapter 4, the destructive nature of the testing necessitated a choice between 

an analysis of failure properties or residual strains within the aorta. We chose to focus the 

investigation on the impact to structural integrity and failure properties, as many arterial 

diseases such as aneurysm and aortic dissection involve the catastrophic failure of arterial 

integrity, as well as for consistency with the previous study reported in Chapter 4. However, 

a study that couples the understanding of passive mechanical response with knowledge of 

residual strains within in the developing arterial wall could provide a model with greater 

explanatory power. This is particularly relevant given the current thinking posits residual 

strains develop as a normalizing response to non-uniform stress distribution (Rachev and 

Greenwald 2003). As the early-life period involves drastic changes in mechanical environment, 

cardiovascular remodelling is likely to be tightly coupled with adverse development in residual 

strains. Thus, it is recommended any future studies consider the impact of glucocorticoid 

treatment in the early postnatal period of preterm infants on residual strain in the arterial wall. 

The histological analysis of the arterial segments was limited in scope, as experimental design 

was intended to be exploratory in nature and not intended to comprehensively characterise the 

extracellular matrix. However, the lack of any significant differences noted in collagen or 

elastin area fractions between control and dexamethasone-treated lambs do suggest a 

qualitative difference in extracellular matrix composition rather than degradation or 

suppression of constituent synthesis, thus future studies might focus efforts in this area. 

There were several limitations imposed by the choice of animal model. As noted in the 

experiment design, all lambs required the mother be treated with betamethasone prior to 

preterm delivery, which was required to ensure unnecessary suffering was minimised. Thus, 

no there existed no strict glucocorticoid control and analysis was confined to the difference 

between postnatal saline and dexamethasone-treated lambs. Similarly, as all the preterm 

subjects required some form of ventilation to survive, no non–ventilated control group was 

possible. It should also be noted the sample size is relatively small and caution should be 

applied in the interpretation of results. Additionally, this study examined the effects on the 
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mechanical development of the aorta after only two months. While a critical period for 

cardiovascular development, and evidence increasingly suggests early life conditions can 

persist into later life, our study cannot establish that the increased stiffness will persist into later 

life, or that this increased stiffness is sufficient to correlate with adverse conditions in later life. 

Thus, it is recommended that further studies in the area consider whether this vascular 

remodelling persists into later life.  
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Chapter 6.  Summary and Concluding Remarks 

6.1  Overview 

This study investigated the biomechanical impact of inflammation on the developing large 

arteries of the preterm lamb via a constitutive modelling approach, as well as the effect of anti-

inflammatory glucocorticoid treatment and mechanical ventilation. The following hypotheses 

were formulated and tested: 

i. that the inflammatory process leads to reduced arterial tensile strength;  

ii. the inflammatory process leads to increased passive stiffness of the arterial tissue;  

iii. that glucocorticoid treatment mitigates the biomechanical effects of inflammation;  

iv. and that both glucocorticoid treatment and mechanical ventilation lead to an increase 

in passive arterial stiffness.  

We used a well-established preterm fetal lamb model to examine the effects of inflammation 

and anti-inflammatory glucocorticoid treatment, as well as the long-term impacts of 

glucocorticoid treatment and ventilation practice. This required the development of suitable 

mechanical testing equipment and procedures. Aortas were excised and imaged before 

mechanical testing was conducted. Histology was performed on specimens to ascertain whether 

any mechanical changes were associated with noticeable changes in the underlying 

extracellular matrix composition. A constitutive model was fit to the mechanical data to 

characterise mechanical behaviour and quantify differences between groups. This required the 

development of data processing techniques and numerical models to validate the approach 

taken and provide confidence in the results. Mechanical properties were compared across 

groups and used to draw conclusions on the impact of inflammation and treatment methods on 

overall arterial stiffness and structural integrity. 
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6.2  Research Outcomes 

6.2.1 Inflammation and Aortic Biomechanics 

This study reveals important structural and functional implications of early-life inflammation 

that, if left untreated, could lead to cardiovascular development problems in later life. We 

hypothesised that a fetal model of systemic inflammation would lead to adverse vascular 

remodeling of the aorta when compared to a control group, and that this difference would 

manifest as an increase in the stiffness of the aorta and a decrease in the ultimate tensile strength 

of the aorta. We show that systemic inflammation is associated with a significant increase in 

arterial stiffness, however, the ultimate tensile strength of the aorta remains similar to the 

control group. 

There was no significant difference in the ultimate tensile strength between the control group 

and the systemic inflammation animal model group. Given the change in stiffness noted was 

not associated with a change in the failure properties of the aorta, our data suggests that severe 

systemic inflammation does not directly contribute to a weakening of the arterial wall, which 

could lead to events such as aortic rupture or dissection. While chronic inflammation could 

potentially lead to a weakening of  arterial wall through long-term adverse structural changes 

in cases such as aneurysms, the presence and nature of such a relationship is as yet unclear 

(Choke, Cockerill et al. 2005). As inflammation and inflammatory diseases have been 

associated with increases in arterial stiffness (Booth, Wallace et al. 2004, Yasmin, McEniery 

et al. 2004, Maki-Petaja, Hall et al. 2006, Wallace, Mäki-Petäjä et al. 2010, Mäki-Petäjä and 

Wilkinson 2012), the mechanism of systemic inflammation leading to increased passive 

stiffness of the aorta noted here is a plausible one. We showed that in an animal model of 

systemic inflammation, the presence of inflammation is associated with increased stiffness as 

assessed via the use of a simple Ogden-type constitutive model. This increased stiffness results 

in decreased vessel strain at physiological and sub-physiological stress levels.  
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Increased stiffness of the aorta could have a cascading effect, wherein changes in stiffness have 

an adverse effect on flow conditions, leading to increased inflammation and endothelial insult. 

For instance, high arterial stiffness can result in excessive pulsatile afterload, as stiffness 

impairs the ability of the artery to respond to haemodynamic loading. Thus, the association of 

inflammation with increased arterial stiffness suggests that treatment methods in cases of 

preterm birth should seek to mitigate or reverse the inflammatory condition, and that anti-

inflammatory treatment methods may assist in improving long-term patient outcomes. While 

not directly comparable to adult arterial biomechanics, the association between inflammation 

and passive arterial stiffness suggests the need for the presence of inflammation to be 

considered when conducting mechanical modelling of arterial systems in which material 

properties are required. Similarly, the presence and severity of inflammation thus constitute 

important factors which could possess high predictive power in estimating the likelihood of 

adverse cardiovascular events.  

6.2.2 Glucocorticoids and Biomechanics 

This study shows that while postnatal dexamethasone treatment may reverse the increase in 

aortic stiffness due to inflammation, it is itself associated with long-term stiffening of the aorta. 

We hypothesised that postnatal dexamethasone would effectively suppress the effects of 

inflammation and thus manifest with reduced arterial stiffness compared to the induced 

inflammation group; and that long-term studies would show an increased stiffness of the aorta 

when the lamb was treated with dexamethasone. This has implications for the clinical care of 

preterm infants. 
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Low-dose dexamethasone treatment arrested the increase in aortic stiffness due to 

inflammation over the course of a seven-day period. These data suggest that glucocorticoid 

treatment mitigates some of the adverse impacts of acute inflammation in the preterm 

developmental period, and suggests it could be an effective treatment for reducing the 

likelihood of late-life cardiovascular disease. As dexamethasone is itself associated with many 

adverse side-effects such that its use is largely limited to neonates with severe lung disease, its 

use is not without risk. As the likely mechanism by which dexamethasone arrests the stiffness 

increase due to inflammation is the demonstrated anti-inflammatory effects, the next logical 

avenue to investigate would be to test if this finding is replicated with the use of less harmful 

(though in some cases, less efficacious) glucocorticoids, such as betamethasone or 

hydrocortisone. 

When the test period was extended from seven days to two months to investigate whether 

dexamethasone treatment was associated with any long-term effects on cardiovascular 

development, it was found to be associated with an increase in the passive stiffness of the aorta. 

An increase in the ultimate tensile strength of the aortic wall was also noted, suggesting the 

change in stiffness was not due to the degradation of extracellular matrix components, in which 

case a lower ultimate tensile strength might be expected. As the vessel integrity( measured by 

ultimate tensile strength) did not decrease but rather increased with dexamethasone exposure, 

we hypothesise the changes in biomechanical properties is not due to degradation or marked 

suppression of collagen synthesis but rather due to disruption of normal development leading 

to increased strength and stiffness, such as through increased collagen formation or increased 

crosslinking. These findings of increased arterial stiffness are consistent with the literature 

(Kelly, Lewandowski et al. 2012), where early-life exposure to glucocorticoids is associated 

with long-term effects on vascular development. This provides further weight to the caution 

behind the use of dexamethasone in the critical phase of neonatal developmental, and again 

provides impetus to investigate alternatives to dexamethasone as treatment options. 
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6.2.3 The Effects of Ventilation Techniques on Lamb Development 

Our study did not show any difference in aortic biomechanics between ventilation techniques. 

We hypothesized that more intrusive ventilation via intubation would have an adverse impact 

on arterial development when compared to CPAP via facemask, with a corresponding increase 

in measured arterial stiffness. It has been shown that the initiation of ventilation on preterm 

infants leads to haemodynamic disturbance (Mirro, Busija et al. 1987) and reduced cardiac 

output (Kluckow and Evans 1996). As the use of ETT ventilation in particular frequently leads 

to haemodynamic instabilities (Bhutada, Sahni et al. 2000), its use has the potential to disrupt 

the development of an immature fetal cardiovascular system lacking the capability to capability 

to cope with the mechanical stresses associated with the early-life period (Polglase, Miller et 

al. 2014). However, when compared with CPAP, no difference was noted in arterial stiffness, 

vessel wall thickness or ultimate tensile strength was noted. While invasive intubation is 

associated with altered haemodynamics, no arterial remodeling to compensate was noted. 

Given the role of ventilation in preterm standard of care, no true control of ‘no ventilation’ was 

possible due to ethical concerns and the need to preserve the life of the specimen. 

6.3  Suggestions for Future Works 

6.3.1 Limitations and Recommendations 

One of the main limitations of the study was the sample size, which limits the confidence of 

the results. Many specimens were unsuitable for testing, whether due to premature death or 

poor quality of the aortic sample. As such, some of the trends we observed to be non-significant 

may be different in larger experimental groups, or vice-versa. Despite this limitation the results 

are still of interest, and future studies should seek to overcome this limitation. 
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This study was focused on the passive mechanical behaviour of the aorta – that is, the 

component of its mechanical response due to long-term changes in the structure of the aorta, 

and not the active component of arterial biomechanical behaviour mediated largely by nerve 

response. The neonatal growth period is critical for cardiovascular development, as the bulk of 

the arterial extracellular matrix is formed during this period (Wells, Langille et al. 1999). Thus, 

disruption of this process is particularly relevant, and so analysis was confined to the passive 

mechanical response in order to isolate the effects of vascular remodelling. However, active 

arterial response is a major component of the functional stiffness of arteries observed in-vivo 

(Wykretowicz, Guzik et al. 2005). The mechanical contribution of the active component is to-

date poorly understood, and so its characterisation would be of great interest.  

The active response is primarily due to endothelial changes and smooth muscle cell activation 

resulting in decreased contractility, which over prolonged periods of time will play a significant 

role in the functional stiffness of the artery. Under adverse loading conditions this active 

response could be exacerbated; similarly, the increased arterial stiffness due to active response 

could impact the mechanical environment and lead to compensatory vascular remodeling. 

Simply put, the active response of the artery is an important factor in determining both the 

functional stiffness of the artery and in long-term cardiovascular remodelling. Thus, changes 

to passive stiffness alone do not provide a full explanation of the development and progression 

of arterial stiffness. Future studies could incorporate an analysis of the active component of the 

arterial response, particularly in the case of inflammation where changes to the active response 

of the artery are on proposed mechanism for increased stiffness (Mäki-Petäjä and Wilkinson 

2012). 
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As one of the major hypotheses tested was that inflammation and dexamethasone would impact 

the ultimate tensile strength of the arterial wall, mechanical testing necessitated destruction of 

the specimen. As mechanical testing of residual wall strain and ultimate tensile strength involve 

the mechanical destruction of the specimens tested, the two measurements are in conflict. In 

order to maximize the quantity of data from the test specimens, the decision was made to focus 

on arterial strength, as this has direct implications for arterial diseases such as aneurysm and 

aortic dissection which involve the catastrophic failure of arterial integrity. However, an 

analysis of the changes in residual strains in the neonatal period could yield valuable 

information on the mechanisms of cardiovascular development and remodelling. Given the 

theory that residual strains develop as a normalizing response to non-uniform stress 

distribution(Rachev and Greenwald 2003, Joldes, Noble et al. 2018), this becomes particular 

relevant in cases where the cardiovascular dynamics are disturbed or adverse cardiovascular 

remodeling is present. Thus, it is recommended that future studies incorporate residual strain 

testing in order to provide a more complete characterisation of arterial biomechanics. 

The histological analysis of the arterial segments was limited in scope, given that the focus of 

the study was to characterise the presence and extent of mechanical changes to the aorta due to 

adverse vascular remodelling and not to comprehensively characterise any associated changes 

in the extracellular matrix. Thus, the histology was conducted to investigate the presence of 

any major changes to extracellular matrix composition, of which none were noted between 

study groups. A characterisation of the impacts of inflammation and glucocorticoids on the 

extracellular matrix could be the subject of another study, and would shed valuable insight into 

the potential mechanisms of inflammation-induced arterial stiffness. Future studies 

investigating the mechanism of increased stiffness should include more sophisticated imaging 

analyses of the arterial micro-structure, as well as destructive analysis to accurately quantify 

arterial wall constituents.  
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There were several limitations imposed by the choice of animal model. As noted previously, 

this study was conducted as the adjunct to another study conducted by the School of Human 

Sciences, University of Western Australia. All lambs required that the mother be treated with 

betamethasone prior to preterm delivery as part of the standard of care. Thus, there existed no 

strict glucocorticoid control groups, as all cases were exposed antenatally to low dose 

betamethasone. Similarly, as all the preterm subjects required some form of ventilation during 

the postnatal period, in Chapter 5 no non–ventilated control group was possible. While 

undesirable from an experimental perspective, these factors were a necessary component of the 

ethical approvals. 

6.3.2 Directions for Future Work 

Ultimately, the major findings of this study were that i) postnatal inflammation is associated 

with increased aortic stiffness; ii) dexamethasone can act to reduce this increased stiffness, 

likely due to its anti-inflammatory properties, and iii) dexamethasone is itself associated with 

increased stiffness of the aorta over a longer time period. Future studies might thus follow up 

with assessing the efficacy of anti-inflammatory treatment methods, or alternatively they could 

examine the effects of inflammation in increased depth. Given the association between 

systemic inflammation and arterial stiffness, studies might also examine how this could inform 

the development of predictive biomechanical and statistical models for use in the clinic. 
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While dexamethasone treatment was associated with a reduction in inflammation-induced 

arterial stiffness, as noted its use is restricted by the numerous adverse effects associated with 

its use, added to which is the associated increased stiffness noted in Chapter 5. Further studies 

could examine the efficacy of alternative glucocorticoid (or other anti-inflammatory) therapies 

to ameliorate the inflammation-mediated stiffness increase noted due to system inflammation 

during preterm birth. For instance, hydrocortisone therapy has shown promise in reducing 

mortality rate in preterm infants, (Watterberg, Gerdes et al. 2004), without the adverse impacts 

of dexamethasone. Similarly, betamethasone might also prove a promising candidate. Further 

studies could examine whether these alternative therapies effectively reduce the arterial 

stiffness associated with systemic inflammation, as well as whether they themselves may have 

an effect on arterial biomechanics. Such information would supplement findings of their impact 

on mortality and morbidity when used in cases of preterm birth, as early life vascular 

remodelling is unlikely to be associated with cardiovascular disease until late into adult life – 

thus measures of changes to arterial biomechanics can be used as a proxy for long-term studies 

into adult disease progression due to early-life factors. 

Given the findings of increased arterial stiffness due to inflammation and glucocorticoid 

treatment, future studies could examine these changes in greater depth. While there have been 

numerous proposed mechanisms for how inflammation may mediate arterial stiffness, the 

precise nature and contribution of these mechanisms is currently unknown. Full mechanical 

characterisation, supported by detailed histology, can provide insight into the processes 

occurring in disease pathogenesis and the role of inflammation. Further studies would focus on 

characterising the impact of inflammation with full, three-dimensional mechanical loading 

experiments, as well as an analysis of residual strains in the artery.  
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Histological analysis combined with robust constitutive modelling approaches would provide 

insight into the underlying structural changes in the arterial wall. Constitutive modelling could 

be used to characterise and model the microstructural components of arteries (Chen and Kassab 

2017), and used to models used to further explore the findings and increase our understanding 

of the role of these components. Such a study would be well served by investigating the active 

component of arterial functional stiffness, which could provide valuable information on the 

relationships between active stiffness and vascular remodelling. Findings from this study could 

be used to refine our understanding of the mechanisms behind cardiovascular pathogenesis, in 

turn guiding therapeutical procedures and helping devise new methods of treatment. 

The impact of inflammation on behaviour of vascular tissue warrants the investigation of its 

use in decision support tools, or in surgical models where material properties are a significant 

factor in the model results. As inflammation is associated with stiffness, this information could 

be incorporated into the development of clinical models. As inflammation affects the stiffness 

response of arterial tissue, then it’s presence or severity can become an important factor that 

should be taken into account in models where accurately predicting material deformation is 

required and is sensitive to material properties. In cases where material deformation does not 

need to be accurately determined, the ability to measure inflammation in-vivo coupled with its 

effect on arterial stiffness mean the presence or severity of inflammation can be included in 

predictive models where its precise impact does not need to be quantified.  

For instance, biomechanical models of aneurysms have frequently been proposed for predicting 

rupture risk (Gasser 2016, Joldes, Miller et al. 2017), which could provide invaluable support 

in managing the tradeoff between the risk of surgical complications and the risk of aneurysm 

rupture. In aneurysm rupture risk prediction, it would be enough to know that inflammation 

correlates with increased arterial stiffness and to posit a potential relationship to incorporate it 

as the feature of a predictive statistical model, such as a machine learning model.  
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Further, biomechanical modelling could be coupled with machine learning techniques to 

generate features that may possess enormous predictive power. For instance, vessel geometry 

extracted from routine CT scans can be used to generate patient-specific calculations of peak 

wall stress, maximum wall shear stress, areas of low wall shear stress, oscillatory shear stress, 

and so on – which individually may not have sufficient predictive power, but combined with 

structured data sets of patient information and relatively simple measures of geometric 

properties could produce models with predictive efficacy. Inflammation could be useful as a 

simple metric, as a quantitative measure of severity of inflammation, or could even be 

incorporated into models where tissue deformation is important (fluid-structure interaction, for 

instance) to generate more features for prediction. Future studies could thus examine the role 

of biomechanical modelling in predictive analytics, whether as stand-alone models or in the 

feature engineering of inputs to statistical models. 

In summary, there are a number of approaches one might take. While dexamethasone exposure 

during the preterm period is associated with numerous adverse effects, future studies might 

investigate whether other glucocorticoids have a similar effect in arresting adverse 

cardiovascular remodelling without the same risks as dexamethasone use, potentially providing 

evidence for the use of safer treatment methods for preterm and reducing the incidence of adult 

cardiovascular disease. Another avenue of inquiry would be to investigate the mechanisms of 

increased stiffness in more detail, through the application of more comprehensive mechanical 

testing and histology, in order to elucidate and describe the mechanobiological mechanisms. 

Detailed models would allow us to explore and understand these complex processes in great 

detail, and potentially lead to new insights and approaches to cardiovascular disease 

management and treatment. Finally, biomechanical modelling approaches might inform the 

development of predictive biomechanical and statistical models to act as decision support tools 

in the clinic, ultimately allowing surgeons to make better informed decisions and reducing 

unnecessary surgery, and more importantly, reducing the likelihood of adverse cardiovascular 

events. 
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6.4  Final Remarks 

We found no change in the ultimate tensile strength of the artery between inflammation and 

control groups. Decreased wall strength would have important implications for biomechanical 

models where tissue failure is a concern, such as in predicting aneurysm rupture or modelling 

large tissue deformation. This thesis demonstrated that the presence of inflammation was 

associated with increased arterial stiffness. As increased arterial stiffness has been linked to 

adverse cardiovascular outcomes, this increase in passive stiffness during the early life period 

suggests a mechanism linking preterm birth to adult cardiovascular pathogenesis, mediated by 

adverse cardiovascular modelling and systemic inflammation. Our data also shows that anti-

inflammatory treatment rescues this stiffness and returns the behaviour back to that of control 

tissue. This supports a case for the treatment and management of preterm inflammatory 

conditions, although more research is required to fully elucidate the effects of inflammation in 

cases of preterm birth.  

Postnatal dexamethasone was associated with increased arterial stiffness after two months of 

postnatal development, although no difference was noted at seven days. Dexamethasone 

treatment was also shown to ameliorate the effect of inflammation noted above, such that it 

could be a potential treatment for early life inflammation. While dexamethasone itself is 

associated with numerous adverse effects, the principle of anti-inflammatory treatment 

successfully arresting inflammation-induced stiffness remains applicable to numerous other 

anti-inflammatory treatments. More research is required to determine what effect other anti-

inflammatory treatments, such as hydrocortisone or betamethasone, might have on 

inflammation-induced large artery stiffness, as these approaches could offer a safe and readily 

available treatment method for reducing the likelihood of later-life cardiovascular disease 

formation. 
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