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THESIS SUMMARY 

Neonatal heart disorders represent a major clinical challenge and congenital heart disease 

alone affects 36,000 new-borns annually within the European Union. Engineering-based 

computational modelling is increasingly used in adult cardiology to simulate normal and 

pathophysiological conditions, leading to the development of new clinical interventions. 

However, the application of such technologies to advance care in young patients is limited by 

the need to characterise the structural and biomechanical properties of neonatal tissue in 

estimating the material parameters. Consequently, this research aims to establish the first 

material parameters that describe neonatal cardiac tissue. 

 

A porcine model was used to perform the microstructural and biomechanical analysis.  

Established (histology) and emerging—two-photon excited fluorescence and second-

harmonic generation (TPEF/SHG) and diffusion tensor magnetic resonance imaging (DT-

MRI)—imaging methodologies enabled quantification of the in-plane and out-plane 

cardiomyocytes’ and collagen fibrils’ orientation and dispersion, in addition to the 

cardiomyocytes’ architecture and regional fractional anisotropy. The biomechanical analysis 

was performed via uniaxial tensile, biaxial and simple shear tests. 

 

The analyses identified the regional variations within the anterior and posterior aspects of 

both ventricles.  The surface area analysis quantified the greater ratio of collagen to 

cardiomyocytes in the posterior wall in both ventricles.  TPEF/SHG identified the greater 

cardiomyocytes rotation in the posterior wall of both ventricles. The anterior ventricular walls 

were stiffest.  The one-day-old porcine tissue was identified as exhibiting one-half the 

stiffness of adult porcine tissue in uniaxial testing, one-third in biaxial testing, and one-fourth 
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stiffness in simple shear testing.  Finally, these data were used with the structurally-based 

Holzapfel–Ogden model of the myocardium to establish the material parameters.  The 

estimated material parameters in this study will enable a simulation that specifically reflects 

neonatal ventricular tissue behaviour.  This will ultimately create new opportunities for 

researchers, bioengineers and clinicians to identify novel treatments and interventions of 

neonatal heart diseases. 
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1. INTRODUCTION 

  

  

1.1. Research rationale 

 

Heart-related diseases are the leading cause of mortality in the world [3]. It is estimated that 

Europe alone spends about €196 billion per year on heart-related medical treatments [4]. 

Cardiovascular disease (CVD) is the leading cause of mortality, accounting for more than 

161,000 deaths in the UK each year. The British Heart Foundation estimate that CVD causes 

a £19bn annual economic impact when considering the cost of premature death, lost 

productivity, hospital treatment and prescriptions [5]. CVD typically affects older patients, 

who attract the majority of research efforts and innovations. However, congenital heart 

defects (CHDs) are strikingly different and they necessitate clinical intervention from birth, 

through childhood and adolescence, and into adulthood. CHD describes a series of structural 

cardiac disorders, including ventricular and atrial septal defects, which annually affect 36,000 

new-borns within the European Union [6, 7]. In addition, in the European Union, 3000 

children who are annually diagnosed with CHD die as a termination of pregnancy for fetal 

abnormality (TOFPA), early neonatal death, or late fetal death [7]. CHDs affect 9-in-1000 

births and they are one of the UK's most common congenital disabilities. CHD patients 

account for over 100,000 UK hospital bed-days per annum [5].  

 

Understanding the behaviour of biological tissues is a critical step in performing 

biomechanical, computer-based investigations into complex clinical problems. Engineering-

based computational modelling is increasingly used in adult cardiology to understand the 

behaviour of structural components. They enable the simulation of normal and 
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pathophysiological conditions, and they can lead to new interventions [8-15]. However, the 

application of these technologies to advance care in younger cardiology patients is limited by 

the need to better understand the structure and underlying biomechanical behaviour of 

neonatal cardiac tissue. Unfortunately, to date, there are no experimental data available that 

quantitatively describe the neonatal cardiac tissue structure and biomechanical behaviour. 

This data is also valuable to estimate the material parameters and the development of age-

specific material models. Holzapfel and Ogden [13] have identified that the shortage of 

experimental data to estimate material parameters is a key limitation for developing 

constitutive models. Neonatal computational simulations that adopt, or scale, adult data, are 

at risk of incorporating an unknown level of error [16-19]. Consequently, this shortage of 

relevant data currently limits the value of computational modelling, and prevents a better 

understanding of the underlying neonatal ventricular mechanics and, potentially, the 

identification of novel interventions.  

 

1.2. Neonatal vs. adult heart physiology 

 

The neonatal mammalian heart functions differently to the adult heart, working at relatively 

higher rates and nearer maximal capacity to achieve the greater oxygen demands of the young 

[21, 22]. The ventricular wall functionality also differs between the neonatal and adult heart 

because the former can only increase the cardiac output by increasing the heart rate (although 

only limited), while the adult heart can also increase stroke volume [21, 22].  The neonatal 

heart also undergoes dramatic adaptive remodelling immediately after birth, which continues 

to eventually generate the structure and functionality typical of adult tissue [21-23].  

Structural changes begin immediately postnatal, with the rapid closing of the ductus 
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arteriosus and foramen ovale, and reliance on pulmonary circulation [24, 25]. These 

morphological and physiological changes contribute to an immediate increase in left ventricle 

workload, which stimulates left ventricle cardiomyocyte hypertrophy, hyperplasia and 

extracellular collagen deposition [23, 26]. In studies of neonatal porcine, the left ventricular 

free-wall increases in mass 4.5-fold within two weeks, cell volume increases 3.5-fold, and 

cellular proliferation increases 0.28-fold [23]. During this same period, previous studies have 

shown a rapid increase in the deposition of interstitial collagen, peaking 15–20 days postnatal 

[26]. The neonate heart also has a greater fraction of fibrous tissue to contractile tissue than 

an adult [21, 22], while there is variation in the collagen fibril density, and mono-nucleated 

and bi-nucleated cell concentrations [27-29]. Increasing age is also associated with changes 

in the cardiac matrix, and with an increase in collagen fibril crosslinking and assembly [19].  

 

Currently, despite knowledge of these rapid changes, there are no experimental data of 

neonatal mammalian tissue describing the precise structure and behaviour of neonatal heart 

tissue. The unavailability of experimental data can limit the effectiveness of computational 

simulations in defining the clinical solutions that are targeted at repairing neonatal cardiac 

diseases [16-19].  
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1.3. Research aims and objectives 

 

This research aimed to establish the material parameters that for the first time specifically 

describe neonatal ventricular myocardium.  These material parameters will enable a 

simulation that more accurately reflects neonatal ventricular myocardium behaviour.  This 

will ultimately create new opportunities for researchers, bioengineers and clinicians to 

identify novel treatments and interventions in cases of abnormal neonatal heart functionality.  

To achieve the aim of this research study, a complete set of microstructural and 

biomechanical data is needed for the estimation of the material parameters.  Consequently, 

this research study systematically characterises the microstructure and biomechanical 

parameters of neonatal left and right ventricle ‘free-walls’ (LVFW and RVFW, respectively).  

Recognising the different physiological roles of the ventricles and, by comparison to the adult 

heart, the front and back walls, this study will investigate these four different regions (LVFW 

anterior and posterior; RVFW anterior and posterior).  An experimental protocol was 

followed to systematically analyse the microstructure and biomechanical behaviour, using an 

accepted porcine animal model [30-37].  Two-dimensional Masson’s trichrome staining 

histology was consolidated with three-dimensional TPEF/SHG microscopy to quantify the 

cardiomyocytes and collagen fibrils structure and organisation.  Three-dimensional diffusion 

tensor magnetic resonance imaging (DT-MRI) was used to assess the cardiomyocyte 

architecture of the intact heart, describing the directional coherence of cardiomyocytes 

orientation.  Biomechanical analyses were then performed via uniaxial tensile, biaxial tensile 

and simple shear loading modes.  Finally, these data were used with the structurally-based 

Holzapfel–Ogden (HO) model of the adult myocardium [38], to establish the material 

parameters that more accurately describe neonatal ventricular tissue behaviour.  The 

following goals were identified to achieve these aims:  
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1. To understand the fundamental structural differences between neonatal and adult cardiac 

tissue by performing histological analysis on the anterior and posterior aspects of RVFW 

and LVFW.  This enabled identification of the two-dimensional cardiomyocytes and 

collagen fibrils distribution.  The cardiomyocytes preferred orientation and surface area 

ratio of collagen to myocyte fibres were also quantified.  

 

2. To identify the in-plane and out-plane cardiomyocytes and collagen fibrils preferred 

orientation (°) and angular dispersion (°) through the ventricular walls (RVFW, LVFW). 

The anterior and posterior aspects of both ventricles were microscopically investigated 

using the TPEF/SHG imaging techniques. 

 

3. To describe the macroscopic directional coherence of cardiomyocytes orientation in the 

intact neonatal porcine heart, three-dimensional diffusion tensor magnetic resonance 

imaging (DT-MRI) was performed.  This indicated the macroscopic directional coherence 

of the cardiomyocytes’ orientations.  The regional fractional anisotropy (FA) was also 

evaluated in the anterior aspect of LVFW and RVFW. 

 

4. To describe the uniaxial preconditioning behaviour, biomechanical behaviour (stress vs. 

strain), hysteresis area (energy dissipation) and mean failure stresses of one-day-old 

porcine ventricles, a uniaxial tensile mechanical testing was performed in the mean-fibre 

direction (MFD) and cross-fibre direction (CFD) of both ventricles. 
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5. To describe the biaxial biomechanical behaviour (stress vs. stretch), hysteresis area 

(energy dissipation) and mean peak stresses of one-day-old porcine ventricles; biaxial 

tensile mechanical testing was performed in the MFD and CFD of both ventricles.  

 

6. To describe the simple shear preconditioning behaviour, biomechanical behaviour (stress 

vs. strain), hysteresis area (energy dissipation) and mean peak shear stresses of one-day-

old porcine ventricles, simple shear tests were performed on the anterior and posterior 

aspects of both ventricles in the MFD and CFD.   

 

7. Finally, the microstructural and biomechanical data were used with the structurally-based 

HO model of the adult myocardium [38] to establish material parameters that more 

accurately describe neonatal ventricular tissue behaviour via computational simulations. 
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1.4. Published outcomes 

 

Refereed journal articles 

 

Faizan Ahmad, R. Prabhu, Jun Liao, Shwe Soe, Michael D Jones, Jonathan Miller, Parker 

Berthelson, Daniel Enge, Katherine M. Copeland, Samar Shaabeth, Richard Johnston, Ian 

Maconochie, Peter S.Theobald. ‘Biomechanical properties and microstructure of neonatal 

porcine ventricles’, Journal of the Mechanical Behavior of Biomedical Materials.   . 

 

Faizan Ahmad, S Soe, N White, R Johnston, I Khan, J Liao, M Jones, R Prabhu, I 

Maconochie, P Theobald. ‘Characterising the region-specific microstructure of neonatal 

porcine ventricles’, Annals of Biomedical Engineering. 

 

Sian Morgan, Yadan Zhang, Faizan Ahmad, Andreas Gazze. Muhammad Javed, Zita Jessop, 

Peter Theobald, Lewis Francis, Ian Whitaker, Ilyas M Khan. ‘Differences in the biochemical 

and biomechanical properties of immature and mature mammalian auricular cartilages’, 

Cellular and Molecular Bioengineering, under consideration. 

 

Debao Guan, Faizan Ahmad, Peter Theobald, Shwe Soe, Hao Gao, Xiaoyu Luo 2018.  

‘Fitting Various Experimental Data from Neonatal Porcine Myocardium Based on the HO 

Model’, Computer Methods in Biomechanics and Biomedical Engineering, under 

consideration. 

 

 

 Peer-reviewed conference abstracts 

 

Faizan Ahmad, S Soe, P Skacel, R Johnston, I Maconochie, P Theobald 2016. ‘Biaxial and 

shear properties of immature porcine heart tissue’, 2nd Workshop on Soft Tissue Modelling, 

Glasgow.  

 

Faizan Ahmad, S Soe, P Skacel, R Johnston, I Maconochie, P Theobald 2016. ‘The use of 

additive manufacturing to enhance infant CPR’, 1st Welsh International Symposium on 

Emergency Medicine, Cardiff. 

 

 Debao Guan, Faizan Ahmad, Peter Theobald, Shwe Soe, Hao Gao, Xiaoyu Luo 2018.  

‘Fitting Various Experimental Data from Neonatal Porcine Myocardium Based on the HO 
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Model’, Frontiers of simulations and experimentation for personalised cardiovascular 

management and treatment, London.  

 

Amanda Davies, Faizan Ahmad, Peter Theobald, Richard Hugtenburg, Richard Johnston 

2018. ‘A Novel MRI Method for Vertebral Strength’, British Renal Society, Winchester. 

 

1.5. Thesis structure  

This thesis is structured to first appreciate the existing science surrounding neonatal heart tissue 

before describing the experimental approach adopted to investigate its structural and 

biomechanical characteristics for the estimation of material parameters. Chapter 2 describes 

the cardiac tissue structure and function. The two-and three-dimensional techniques for 

imaging tissue microstructure are described in this chapter, including a description of the 

applications of such techniques in the context of the current literature of the adult and neonatal 

cardiac tissue. This chapter further describes the cardiac tissue function, including the 

procedures that are used to systematically characterising the biomechanical properties of the 

heart tissue. Emphasis will be placed on the literature that describes the biomechanical 

properties of the adult mammalian heart. The application of structural and functional data of 

cardiac tissue in developing constitutive models, estimating material parameters and 

performing engineering-based computational simulations in defining new interventions to 

target neonatal cardiac diseases are also detailed in this chapter. The connection between the 

gaps in the literature and this research aim are also highlighted.  

 

Chapter 3 describes the experimental protocol that is used to systematically analyse the 

microstructure and biomechanical behaviour by using an accepted porcine animal model. Two-

dimensional Masson’s trichrome staining histology is consolidated with three-dimensional 
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two-photon excited fluorescence and second-harmonic generation TPEF/SHG microscopy to 

quantify the cardiomyocytes and collagen fibrils structure and organisation. Three-dimensional 

diffusion tensor magnetic resonance imaging (DT-MRI) is used to assess the cardiomyocyte 

architecture of the intact heart, describing the directional coherence of the cardiomyocytes’ 

orientation. Biomechanical analyses are then performed using uniaxial tensile, biaxial tensile 

and simple shear loading modes. Finally, these data are used with the structurally-based HO 

model of the adult myocardium to establish the material parameters that more accurately 

describe neonatal ventricular tissue behaviour. These material parameters will enable increased 

accuracy when performing computational simulations of neonatal ventricular tissue. 

 

Chapter 4 describes two-and three-dimensional microstructural data for the neonatal porcine 

cardiac tissue within the anterior and posterior aspects of the left and right ventricle free-wall. 

The biomechanical properties of the neonatal porcine cardiac tissue are demonstrated in 

uniaxial tensile, biaxial tensile and simple shear loading modes. The obtained microstructural 

and biomechanical data are then used with the structurally-based HO constitutive model of the 

myocardium to estimate the material parameters of the neonatal porcine left ventricular 

myocardium.   

 

Chapter 5 discusses the key findings of this research and it compares the regional variations of 

structural and biomechanical properties in the anterior and posterior aspects of the LVFW and 

RVFW. The one-day neonatal porcine microstructural and biomechanical data was also 

compared with an adult, indicating the structural and biomechanical changes that occur during 

maturation. This chapter also describes the potential impact of this research in establishing the 

material parameters that, for the first time, specifically describe neonatal ventricular 
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myocardium and will enable simulation that more accurately reflect ventricular tissue 

behaviour. The clinical implications and limitations of this research study will also be 

discussed. 

 

Finally, Chapter 6 summarises the principal findings of this research and it gives some 

directions for future research in the field of cardiac mechanics.  
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2. LITERATURE REVIEW 

 

  

2.1. Cardiac anatomy  

 

The cardiovascular system consists of the heart, blood vessels, and blood. Continuous blood 

circulation is essential to sustain life and, therefore, blood is continually driven through the 

cardiovascular system by the heart (Figure 2.1). The heart is the most important muscular 

organ in the body and normal heart function is vital for a healthy life. The heart is divided 

into right and left sides, and each side consists of an atrium and a ventricle. Blood circulation 

involves pulmonary circulation and systemic circulations [37]. The pulmonary capillary 

network surrounds the lung alveoli, allowing the exchange of CO2 and O2. Pulmonary 

circulation transports oxygen-poor blood from the right ventricle to the lungs, where it is 

oxygenated in the capillaries and then returned, enriched with oxygen, to the left atrium. 

Systemic circulation transports oxygen- and nutrient-rich blood from the left ventricle to 

various systems in the body and it returns deoxygenated blood to the right atrium of the heart. 

The coronary arteries, which are situated on the heart’s surface, are responsible for the heart’s 

blood circulation [28, 32].  

 

Four valves (the tricuspid, pulmonary, mitral and aortic valves) regulate blood flow. The 

tricuspid valve is located between the right atrium and the right ventricle. The pulmonary 

valve is located between the right ventricle and the pulmonary artery. The mitral valve is 

located between the left atrium and the left ventricle. The aortic valve is located between the 

left ventricle and the aorta. All of these valves, except for the mitral valve, have three flaps 
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that open in only one direction due to pressure generated during heart contraction and 

relaxation phases. The mitral has only two flaps [14].  

 

The heart pumping cycle is associated with changes in arterial and ventricular pressure. The 

cycle is split into four phases: filling, isovolumetric contraction, expulsion, and isovolumetric 

relaxation. The isovolumetric contraction and filling phases are known as systole, and the 

isovolumetric relaxation and expulsion phases are known as diastole. Controlled by periodic 

electrical impulses, the pacemaker function for the mechanical contraction of the heart begins 

with excitation of the sinoatrial node [14]. The propagation of an electrical potential in the 

heart generates an active contraction, which is determined by the underlying mechanical 

structure. In particular, the cardiomyocytes’ contraction influences the membrane potential 

and the duration of the action potential, this phenomenon is known as mechano-electric 

feedback [39]. Cardiac mechanics and electrophysiology are, thus, interlinked in performing 

the overall cardiac function. The passive stiffness of the myocardium significantly contributes 

to performing the diastolic and systolic functions of the heart [40, 41]. Moreover, the relative 

sliding/shearing of adjacent myocardial layers in the left ventricle wall significantly 

contribute to wall thickening during systole and wall thinning during diastole [42, 43]. 

Consequently, an enhanced knowledge of the myocardium structure and underlying 

mechanical behaviour is of utmost importance in understanding the heart function. 
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Figure 2.1: Heart anatomy. Source: [1]. 
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2.2. Cardiac tissue structure 

 

The myocardium of the heart is arranged within a hierarchically organised extracellular 

matrix (ECM), which consists of: epimysium, a fibro-elastic sheath surrounding the muscle; 

perimysium, a sheath of connective tissue that encloses bundles of cardiomyocytes; and the 

endomysium, a loose connective tissue with areolar configuration around individual 

cardiomyocytes.  

 

2.2.1. Cardiomyocytes 

 

Cardiomyocytes are the muscle cells that are responsible for generating contractile force in 

the intact heart. Each myocardial cell contains bundles of myofibrils. The myofibrils have 

distinct repeating micro-anatomical units, which are termed sarcomeres and which represent 

the basic contractile units of the myocyte. The sarcomere is defined as the region of 

myofilament structures between two Z-lines (Figure 2.2). The sarcomere is composed of 

thick and thin filaments—myosin and actin, respectively (Figure 2.2). Chemical and physical 

interactions between the actin and myosin cause the sarcomere length to shorten and, 

therefore, the myocyte to contract during the process of excitation-contraction coupling. The 

interactions between actin and myosin serve as the basis for the sliding filament theory of 

muscle contraction [44]. The cardiomyocytes are not perfectly aligned in the myocardial 

tissue [45]. Their orientation is typically described by the ‘fibre direction’, while their 

disorganisation is referred to as the ‘angular dispersion’. Cardiomyocyte orientation and 

angular dispersion changes in the orthogonal direction of cardiac tissue, which influences its 

biomechanical behaviour. Their orientation and angular dispersion are essential to maintain 

the myocardial stiffness and anisotropy during the cardiac cycle. The influence of 

http://www.cvphysiology.com/Cardiac%20Function/CF022
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cardiomyocyte orientation and dispersion has previously been highlighted in adult studies, 

which have identified the significant effects of these parameters on the passive and active 

behaviour of myocardial tissue [10, 46].  

 

Figure 2.2: Cardiac myocytes composed of myofibrils, each of which contains myofilaments. 

The sarcomere lies between two Z – lines. Source: [1]. 

 

2.2.2. The extracellular matrix (ECM) 

 

The ECM’s three-dimensional supporting structure comprises primarily of collagen types I 

and III, elastin, proteoglycans and glycoproteins, within which cardiomyocytes, fibroblasts, 

endothelial and smooth muscle cells are arranged. The collagen architecture is one of the 

major factors that define the biomechanical properties of heart tissue and affects contraction 

of the whole tissue at the macroscopic level. The intermediate region of connective tissue, 

which is also known as the interstitial matrix and which is predominantly composed of 

perimysial collagen, is a major contributor to the tissue’s mechanical properties (Figure 2.3) 

[47]. The perimysium is physically anchored to the basement membrane and it forms a 

functional unit that, by providing mechanical resistance and structural support to the 
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myocardium, preserves the shape and wall thickness during diastole and systole [48, 49]. The 

cardiomyocytes are embedded within this matrix (Figure 2.3) [50].  

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.3: Schematic of the arrangement of muscle and collagen fibres and the surrounding 

matrix: (a) unloaded structure; (b) structure under tensile load in the muscle fibre direction, 

showing decreased inter-fibre separation so that the collagen network bears load primarily 
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in the muscle fibre direction; (c) structure under compressive load in the muscle fibre 

direction, showing the muscle fibres buckled and lateral extension of the collagen network. 

Source: [2]. 

 

2.2.3. Cardiomyocyte–collagen interaction 

 

The interaction between cardiomyocytes and collagen fibrils ensembles has been reported to 

provide myocardial mechanical stiffness, serving to resist the overextension of myocardial 

tissue during the cardiac cycle (Figure 2.3) [51]. However, at low strains, the myocardial 

mechanical response has been identified to govern by cardiomyocytes alone, without any 

coupling between different cardiomyocytes ensembles [51]. Meanwhile, at higher strains, the 

cardiomyocytes’ and collagen fibrils’ coupling significantly contributes to the mechanical 

strength and distensibility of the myocardium, as described in a previous study [51]. This 

mechanical coupling between cardiomyocytes and collagen fibrils ensembles has been 

reported to occur as a consequence of the existence of a dense network of fine collagen 

fibrils, which run across the cardiomyocytes and large collagen fibrils (Figure 2.3) [51, 52].  

 

Previous studies have identified the significant mechanical role that is played by the 

perimysial collagens during the diastolic function of the heart. The collagen network has been 

reported to work as a strain-locking system, which limits the overextension of the 

cardiomyocytes in both ventricles during diastole to prevent a ventricular aneurysm and 

rupture [48, 49]. A similar function of this collagen was previously reported in the adventitia 

of arteries [53-55]. The interaction between cardiomyocytes and collagen fibrils has also been 

reported to significantly contribute to the regional non-homogeneous behaviour of the heart. 
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During the diastolic phase, the lack of homogeneity in the distensibility of different regions in 

LVFW has previously been reported, which was due to the difference in the cardiomyocytes’ 

and collagen fibrils’ interactions within the anterior and posterior wall [56]. This attribute has 

been noted in the mammalian heart, which has specified the greater distensibility in the 

posterior wall compared to the anterior wall in both ventricles [56]. These differences suggest 

that the posterior wall might make a greater contribution to diastolic filling than the anterior 

wall [56]. During systolic phase, the nonhomogeneity in regional shortening has previously 

been reported in the mammalian heart. This identified the greater contribution of the anterior 

wall in systolic contraction due to the regional differences in cardiomyocytes and collagen 

fibrils interactions, causing the relative change in substrate stiffness (ECM) and providing the 

mechanical force to eject the blood [57].   

 

Unfortunately, to date, no such data have been reported describing the cardiomyocytes’ and 

perimysium collagen fibrils’ orientation and dispersion for the neonatal mammalian heart. 

With this microstructural data, age-specific material models and associated material 

parameters can be defined for the description of the mechanical behaviour of the ventricular 

myocardium in neonates. These models will lead to accurate computational simulations to 

better understand the fundamental underlying neonatal ventricular mechanics. This step will 

lead to the improvement of the medical treatment of neonatal heart diseases.    
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2.3. Techniques for imaging tissue microstructure 

 

A number of technologies exist that provide an opportunity for the two and three-dimensional 

microstructural analyses of heart tissue. For example, the histological and 

immunohistochemical methods have commonly been used to perform two-dimensional 

microstructural analysis of heart tissue. However, these techniques require invasive extraction 

of tissue samples, thin slicing by microtomes (1–10 microns sections), embedding, fixation, 

and staining procedures [58, 59]. Even though these methods allow the cardiomyocytes and 

collagen fibrils to be clearly distinguished, they only provide a qualitative assessment from a 

thin layer of the sample, giving a limited understanding of the myocardial tissue structure. In 

addition, sample processing, such as tissue dissection and staining, can introduce artefacts, 

thus limiting the use of these methods [60]. Three-dimensional imaging is required to 

perform the quantitative analysis of the cardiomyocytes and collagen fibrils. Recently, 

nonlinear optical microscopy has evolved into a robust tool for non-invasive imaging of thick 

specimens [61, 62]. In particular, two-photon excitation (TPE), second-harmonic generation 

(SHG), and confocal microscopy have been used to perform quantitative analysis of the 

structure of cardiomyocytes and collagen fibrils [43, 63, 64]. In addition, three-dimensional 

diffusion tensor MRI (DT-MRI) and micro-computed tomography imaging (micro - CT) 

provide a platform to assess the helical cardiomyocyte architecture of the intact heart. Both 

imaging modalities have been used as non-destructive methods for the assessment of the 

cardiomyocytes’ architecture [65-71]. 
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2.3.1. Two-dimensional microstructural analyses of adult and neonatal tissue 

 

2.3.1.1 Histological and immunohistochemical analysis 

 

Masson’s trichrome staining histology has been used in adult mammalian cardiac tissue, 

which allows us to identify cardiomyocytes and collagen fibrils for assessment [71-73]. In the 

study of the adult ovine model, Masson’s trichrome staining histology has been used to 

systematically evaluate the surface area ratio of collagen to myocyte fibres in both atria and 

ventricles of the heart [72]. In addition, Masson’s trichrome staining histology has previously 

been performed in the adult porcine heart to specify the relative alterations of cardiomyocytes 

and collagen fibrils in both healthy and infarcted myocardium [71]. Moreover, the 

orientations of the collagen fibrils have been reported in the study of adult rat infarcted 

myocardium by using Masson’s trichrome histology [73].  Histological data has also been 

used to determine the preferred cardiomyocytes’ orientation of the left and right ventricle in 

adult porcine heart studies [74, 75]. 

 

The current understanding of the microstructure of neonatal cardiac tissue is predominantly 

derived from histological and immunohistochemical analyses [76-82]. Both of these methods 

provide the opportunity to microscopically examine tissue structure, although they typically 

limit investigators to a qualitative analysis as a consequence of the two-dimensional 

representation. The required tissue dissection will also likely disrupt the microstructure, if not 

directly as a consequence of cutting the tissue then potentially as a result of relieving residual 

tissue stress. Histological analysis has previously been performed to investigate the possible 

histopathological myocardial changes in the young mammalian heart after dexamethasone 

treatment [77]. Myocardial histological study has also been performed to identify the 
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myocardial alterations after cardiopulmonary bypass of neonatal piglet heart [81]. 

Immunohistochemical analysis has previously been used to characterise neonatal cardiac 

pericytes to provide a novel cellular option for tissue engineering in congenital heart disease 

[76]. Histological analysis has also been consolidated with the immunohistochemical study to 

investigate the cardiac myopathies in the neonatal mammalian heart [79]. A similar approach 

has previously been adopted to investigate the normal and pathological conditions in the 

neonatal mammalian heart during developmental defects and excessive apoptosis [82]. Most 

of these studies have provided a two-dimensional qualitative representation of the tissue, 

although they lack three-dimensional quantitative analysis. 

 

2.3.2. Three-dimensional microstructural analyses of adult and neonatal tissue 

 

2.3.2.1. TPEF/SHG and Confocal microscopy 

 

Several microscopic techniques have been used to describe the three-dimensional architecture 

of cardiomyocytes and collagen fibrils in the adult mammalian heart, which mainly come 

from two-photon excited fluorescence and second-harmonic generation (TPEF/SHG), and 

confocal microscopy [52, 63, 83].  Three-dimensional imaging of the entire organ provides a 

route to overcome the need for tissue dissection, which could be responsible for disrupting 

the microstructure—if not directly as a consequence of cutting the tissue, then potentially as a 

result of relieving residual tissue stress. Hence, evolving techniques such as two-photon 

excitation (TPEF) and SHG provide the ability to optically section thick specimens [61, 62, 

84-87]. SHG provides a deeper insight into those molecules that lack a centre of symmetry 

(e.g. collagen, microtubules and myosin), while TPEF can image elastin and myocytes by 

exciting endogenous fluorophores [88-91]. When used in tandem, these two techniques can 
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provide a microscopic, three-dimensional representation of the interplay between key 

proteins within biological samples. They also negate the need for disruptive tissue dissection 

or staining, which is a common source of artefact [63].  Whereas in confocal microscopy, an 

additional confocal pinhole is supplementary to reject out-of-focus background fluorescence 

and it can produce thin (i.e. less than 1 micrometre), unblurred optical sections. 

 

TPEF/SHG microscopy has previously been used to identify the biomolecular arrays in cells, 

tissues and organisms [88]. TPEF/SHG is also an ideal method for producing live cell images 

thanks to its high resolution of nonlinear optical microscopy, and enhanced ability to reduce 

photobleaching and phototoxicity effects [89]. In particular, SHG microscopy of collagen 

generates extremely strong and robust signals, which is a consequence of the collagen fibrils 

nonlinear susceptibility. This provides a novel platform for imaging tissue structure at 

optimum resolution, as reported in previous studies [90, 91].  

      

TPEF/SHG microscopy has been reported to be a robust imaging modality that can be used to 

investigate the quantitative changes in cardiomyocytes and collagen fibril architecture in 

pathological conditions, including fibrosis and connective tissue disorders [61]. TPEF/SHG 

microscopy is also an effective tool for visualising the development and remodelling of 

neonatal mammalian cardiomyocytes during the dynamic myofibrillogenesis [85, 86]. In 

addition, TPEF/SHG microscopy has been used to determine the effect of fetal mammalian 

cardiac ECM on the expansion of cardiomyocytes. It has also been used to develop 

biomaterials that mimic developmental cues to stimulate or maintain cardiomyocyte 

proliferation for tissue engineering or regenerative medicine approaches for treating 

Congenital heart defects (CHD) [87]. Recently, Sommer et al. have used TPEF/SHG to 
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systematically quantify the in-plane and out-plane cardiomyocytes’ preferred orientation and 

dispersion in the adult human left ventricle [52]. Similarly, Pope et al. have used extended 

volume confocal microscopy to describe the three-dimensional quantitative representation of 

cardiomyocytes and perimysial collagen in the adult mammalian heart [92].  

 

The cardiomyocytes’ and collagen fibrils orientation and angular dispersion changes in the 

orthogonal direction of cardiac tissue influence its biomechanical behaviour. Their 

orientation and angular dispersion are essential to maintain myocardial stiffness and 

anisotropy during the cardiac cycle. The influence of cardiomyocyte orientation and 

dispersion has previously been highlighted in adult studies, which have identified the 

significant effects of these parameters on the passive and active behaviour of myocardial 

tissue [10, 46].  

 

2.3.2.2. DT-MRI and micro-CT imaging  

 

Three-dimensional diffusion tensor magnetic resonance imaging (DT-MRI) has been 

established as a robust non-destructive method that can be used to assess the cardiomyocyte 

architecture of intact mammalian heart [93-95]. Three-dimensional DT-MRI has also been 

used to identify the cardiomyocyte architectural plasticity in fetal, neonatal, and adult 

mammalian hearts [70]. In addition, three-dimensional DT-MRI has increasingly been used 

to evaluate the post-infarct remodelling in the myocardium, where it has indicated the altered 

tissue integrity in the adult mammalian heart [69, 96-100]. In most of these studies, 

tractography (which is a method specific to tracking fibre directionality) has been performed 

within a filter framework using a discrete mixture of Gaussian tensors to model the signal. 
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Starting from a seed point, each fibre was traced using an unscented Kalman filter, which 

propagates in the most consistent direction to approximate the local structure along the fibre; 

as described in detail elsewhere [101]. Fractional anisotropy (FA) is a quantitative measure of 

water diffusion anisotropy and it has previously been computed for neonatal and adult 

mammalian hearts, which reflects the directional coherence of cardiomyocytes orientation 

[70, 71, 102, 103].  

 

Three-dimensional DT-MRI has been used to provide an enhanced ability to track the 

cardiomyocyte architectural plasticity with increasing age, as demonstrated in a previous 

study of fetal, neonatal and adult porcine hears [70]. Zhang et al. performed three-

dimensional DT-MRI on fetal, neonatal and adult porcine hearts, to identify the postnatal 

changes of cardiomyocyte architecture from P1 to P14, which predominantly occurred in the 

septum and RVFW [70]. These authors also identified the shift in the volume ratio of LVFW 

vs RVFW, which was associated with the cardiomyocytes’ architecture. Moreover, they also 

indicated the relative decrease in the fibre rotation of RVFW, due to the change of stress 

within the tissue after birth. In addition, they reported the substantial structural changes that 

occurred as a consequence of the increased workload and altered cardiac mechanical function 

after birth [70].  

 

FA is an index that is used to calculate water diffusion anisotropy, which has previously been 

used to identify alterations in the cardiomyocyte’s architecture. In particular, FA measures 

have previously been used to highlight alterations in the cardiomyocytes in healthy and 

pathological heart conditions for both neonatal and adult porcine hearts [70, 71]. Meanwhile, 

Zhang et al. described the greater FA in neonatal porcine hearts than adults. McGill et al. 
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reported the regional FA in healthy human hearts, which was found to be non-homogeneous 

and it varied significantly transmurally and regionally. These authors suggested that the 

marked heterogeneity in FA may be related to several factors, such as variations in the 

cardiac microstructure, partial volume effects and strains [102].   

 

The DT-MRI technique is now gaining in prominence because of its ability to non-

destructively derive the cardiomyocytes’ architecture. Meanwhile, an alternative non-

destructive method such as the micro-CT is largely disregarded due to the poor soft-tissue 

contrast. In some studies, iodine base staining has been used to enhance the contrast, which 

has enabled the assessment of the cardiomyocytes’ architecture. However, this technique is 

limited to investigations of small regions in the heart [65-67]. 

 

2.4. Cardiac tissue function 

 

The biomechanical properties of the myocardial tissue have previously been characterised 

using biaxial extension tests, which mainly come from the adult mammalian heart [104-109]. 

Unfortunately, to date, there are no biomechanical data of neonatal heart tissues available for 

material parameter estimation and the development of sophisticated age-specific constitutive 

models for neonates is lacking. Holzapfel and Ogden have identified that the problem in 

developing the constitutive models is the shortage of experimental data for estimating the 

material parameters [110]. Constitutive models and their corresponding material parameters 

can be defined for the description of the mechanical behaviour of the ventricular 

myocardium. These models will lead to accurate computational simulations that are able to 
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better understand the fundamental underlying neonatal ventricular mechanics, which will 

improve the medical treatment of neonatal heart diseases. 

 

The heart undergoes a complex pattern of deformations during the cardiac cycle, such as 

tension, compression, and shearing. In particular, shearing deformation or relative sliding of 

myocardial layers has been found to play an important role in the mechanical function of the 

heart during both diastole and systole. This mechanism has previously been reported to 

facilitate left ventricle ejection by contributing to subendocardial wall thickness during 

systole [111]. In addition, relative shearing also contributes to the myocardium wall thinning 

during passive ventricular filling [112]. Hence, biaxial tests alone are not sufficient to 

characterise the passive behaviour of the myocardial tissue [110]. In previous adult studies, 

biaxial extension tests have mostly been used to characterise the biomechanical properties of 

adult cardiac tissue; however, uniaxial tensile and simple shear tests have also been 

performed in a few adult mammalian heart studies [52, 104-109, 113, 114].  

The FSN-coordinate system in LVFW and RVFW has previously been identified based on 

the local laminar architecture and morphology of the myocardium [2, 39, 113]: 

 The fibre axis (F), which is defined as the mean-fibre direction (MFD) as observed by the 

external surface texture; 

 The sheet axis (S), which is defined as the direction transverse to the fibre axis within the 

layer; 

 The sheet-normal axis (N), which is defined as the direction perpendicular to both the 

fibres and layers, this is also referred as the cross-fibre direction (CFD).  
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 2.4.1. Uniaxial tensile properties  

 

Uniaxial tensile tests have previously been performed to characterise the biomechanical 

properties of the adult mammalian heart [104, 114]. In most studies, uniaxial tests have been 

performed in the MFD and CFD of adult mammalian cardiac tissue, which are predominantly 

orthogonal to each other. Previous uniaxial studies have identified nonlinear, anisotropic, and 

viscoelastic mechanical behaviour of adult mammalian cardiac tissue [104, 114]. In adult 

canine and bovine studies, myocardial specimens exhibited large deformation, pronounced 

nonlinearity and the formation of hysteresis with stiffer behaviour and larger hysteresis in 

MFD than the CFD. Other soft tissues possess large deformations with nonlinear stress-strain 

behaviour, anisotropy, and small hysteresis; as documented in the previous studies [115-119]. 

Demer et al. described the different interpretations for the uniaxial and biaxial tensile tests on 

the adult canine myocardium, identifying the influence of boundary conditions on tissue 

behaviour [104]. In addition, Hamid et al. performed uniaxial tensile tests on specimens taken 

from the LVFW and RVFW of the adult bovine myocardium, demonstrating the hyperelastic 

and viscoelastic behaviour of the tissue [114].  

 

2.4.2. Biaxial extension properties  

 

In the literature, biaxial extension tests have mostly been used to systematically quantify the 

biomechanical properties of the adult mammalian myocardium, which mainly come from the 

canine and bovine hearts [104-109, 114]. In most of these studies, equibiaxial tests have been 

performed to characterise the biomechanical properties of the adult mammalian myocardium. 

Only Yin et al. performed non-equibiaxial extension tests with different ratios in the MFD 

and CFD on the adult canine myocardium [109]. Recently, Sommer et al. have performed the 
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biaxial tests on the LVFW of the adult human myocardium. A strong correlation between the 

microstructure and mechanical behaviour of the adult human myocardium has been reported 

in this study [39]. Sommer et al. have also endorsed to use experimental data in estimating 

the material parameters and the development of sophisticated material models, which could 

be used for computational simulations [39]. In studies of adult canine, bovine and the human 

hearts, myocardium specimens have demonstrated large deformation, pronounced 

nonlinearity and the formation of hysteresis with stiffer behaviour and larger hysteresis in 

MFD than the CFD [39, 104-109, 114]. Other soft tissues exhibiting large deformations with 

nonlinear stress-strain behaviour, anisotropy, and small hysteresis have been reported in 

previous studies [115-119].   

 

Demer et al. identified the significant differences in the material parameters for the uniaxial 

tensile and biaxial extension tests during the mechanical characterisation of the isolated adult 

canine myocardium [104]. This indicates the influence of boundary conditions on the passive 

behaviour of the adult mammalian myocardium. Humphrey et al. performed biaxial tests on 

thin sheets of the adult canine myocardium to develop a constitutive model for the passive 

myocardium [106]. In this study, myocardium was assumed to be transversely isotropic 

material, and therefore transversely isotropic constitutive model with five material parameters 

was developed.  

 

Biaxial tests have also been performed on the passive RVFW myocardium. Sacks et al. 

demonstrated the passive biaxial mechanical properties of the adult canine RVFW 

myocardium [108]. This study reported that the RVFW myocardium exhibited anisotropic 

behaviour with a greater stiffness in the MFD than the CFD. Moreover, a regional variation 
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in the anisotropy was highlighted and a comparison was made to the similar region of LVFW, 

which specified that the RVFW myocardium was stiffer than the LVFW in the MFD. In 

addition, RVFW myocardium was found to possess greater anisotropy than the LVFW, as 

documented by the Sacks et al. [108]. Biaxial tests have been performed to evaluate the 

transmural differences in the mechanical behaviour of the adult canine myocardium. Novak 

et al. performed biaxial tests on the outer, middle, and inner regions of the adult LVFW 

canine myocardium, and they reported the following findings: (1) a three-dimensional 

constitutive model could be used to describe the nonlinear and anisotropic behaviour in the 

three regions equally well; (2) all three regions exhibited the similar extent of anisotropy; (3) 

specimens from inner and outer regions possessed greater stiffness when compared to those 

from the middle region of the LVFW. This study suggested that the mechanical properties of 

the adult mammalian heart were qualitatively similar to region-to-region but quantitatively 

different [107]. 

 

 Inflation test has also been performed to characterise the biaxial properties of adult murine 

RVFW. Hill et al. identified the strong correlation between the microstructure and 

mechanical behaviour of this tissue [105]. In particular, the cardiomyocytes’ and collagen 

fibrils’ orientation has been reported to significantly contribute to the mechanical behaviour 

of the myocardial tissue, in both healthy and pathological conditions. Moreover, Hill et al. 

described that the cardiomyocytes and collagen fibrils interaction was essential for 

maintaining myocardial stiffness and mechanical anisotropy [105].  

 

Biaxial tests have also been performed on the isolated epi and endocardium of the adult 

mammalian heart, and they have described the biomechanical behaviour of both membranes 
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[120-123]. Humphrey et al. performed biaxial extension tests on the epicardium excised from 

the RVFW and LVFW of adult canine hearts [120]. Humphrey et al. demonstrated that the 

epicardium possessed highly nonlinear stress-stretch and anisotropic behaviour. Interestingly, 

epicardium exhibited strain-dependent behaviour. At low strains, it was very complaint but it 

then became very stiff near the limits of its extensibility [120]. Moreover, epicardium 

demonstrated isotropic behaviour at low strains but became markedly anisotropic upon rapid 

stiffening. In the same study, specimens from both ventricles appeared to behave similarly 

qualitatively but possessed different quantitative mechanical behaviour. Despite having a thin 

membrane, the epicardium could withstand significant in-plane loads. This allows it to 

considerably contribute to the local and global cardiac mechanics and physiology, as reported 

in a previous study [120]. Kang et al. performed a biaxial study to compare the mechanical 

properties of the adult bovine isolated endo and epicardium [121]. Their study reported that 

the endo and epicardium behaved differently: the endocardium possessed the greater stiffness 

in the low-strain range, while epicardium was more complaint in the low-strain, although it 

exhibited greater stiffness towards the limit of its extensibility. Moreover, Kang et al. 

identified that the endocardium behaviour could be described by a seven-parameter strain-

energy function, whereas the epicardium required a four-parameter strain-energy function 

[121]. Recently, a new approach has been developed to determine the shear deformation or 

in-plane compression for the epicardium, in which suction is applied locally to the intact 

passive adult canine LVFW epicardium [122]. The resulting deformation was measured 

throughout the region of interest using magnetic resonance tagging. In the same study, the 

transversely isotropic constitutive model was used to estimate the material parameters for the 

intact passive canine LVFW epicardium [122].  

 



  Chapter 2: Literature review 
 

   31 
 

2.4.3. Simple shear properties  

 

Shearing deformation or relative sliding of myocardial layers has been identified to 

significantly contribute to the mechanical function of the heart during both diastole and 

systole. This mechanism has previously been reported to facilitate left ventricle ejection by 

contributing to subendocardial wall thickness during systole [111]. In addition, the relative 

shearing also contributes to the myocardium wall thinning during passive ventricular filling 

[112]. Hence, uniaxial and biaxial tests alone are not sufficient to characterise the passive 

behaviour of the myocardial tissue [110].  

 

Simple shear tests have previously been performed to quantify the biomechanical properties 

of adult mammalian LVFW, which mainly come from the porcine and human myocardium 

[39, 113]. Dokos et al. defined the local laminar architecture and morphology of the 

myocardium, based on a right-handed orthogonal set of reference axes. The three orthogonal 

axis were identified to obtain the FSN-coordinate system, which related to the MFD or fibre 

axis (F); the direction transverse to the fibre axis, arranging the myocardial layers, which is 

referred to as the sheet axis (S); and, the direction perpendicular to both the fibres and layers, 

which is referred to as the sheet-normal axis (N) [113]. In both studies, simple shear tests 

have been performed in the six possible modes of simple shear deformation, comprising 

different orientations [39, 113]. Previous simple shear studies have specified nonlinear, 

anisotropic, viscoelastic and heterogeneous behaviour during a simple shear test [39, 113]. 

Shear strains ranging (0.1– 0.5) were used to cover the physiological deformations, as 

reported for the beating heart in a previous study [113]. In studies of adult porcine and human 

myocardium, hysteresis formation (energy dissipation) was prominently evident throughout 

the cyclic shearing behaviour, while LVFW demonstrated increased shear. MFD exhibited 

the greater energy dissipation and large hysteresis than the other directions, as demonstrated 
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in previous studies [39, 113]. Dokos et al. described that the LVFW myocardium was least 

resistant to simple shear displacements imposed in the sheet-direction (S), while myocardium 

exhibited the greater stiffness in the plane producing an extension of the myocyte axis (MFD) 

[113]. Anisotropy was predominantly evident in all six modes of shearing, as demonstrated in 

previous studies [39, 113]. 

 

2.4.4. Energy dissipation 

 

The energy dissipation or formation of hysteresis has previously been reported in uniaxial 

and biaxial adult mammalian heart studies [39, 104, 114]. Studies of other soft tissue have 

also identified the energy dissipation during the biomechanical testing [115-119]. Energy 

dissipation has been reported to occur as a consequence of the interaction between 

cardiomyocytes and collagen fibrils ensembles, which provides myocardial mechanical 

stiffness and serves to resist the overextension of ventricles during the cardiac cycle [51]. 

However, at low strains, the myocardial mechanical response is governed by the 

cardiomyocytes alone, without any coupling between different cardiomyocytes ensembles 

[51]. Meanwhile, at higher strains, the cardiomyocyte and collagen fibril coupling 

significantly contribute to the mechanical strength and distensibility of the myocardium [51]. 

This mechanical coupling between cardiomyocytes and collagen fibrils ensembles occurs as a 

consequence of the existence of a dense network of fine collagen fibrils, which run across 

that cardiomyocytes and large collagen fibrils. This may contribute to causing the energy 

dissipation in both ventricles [39, 51]. 

 

Energy dissipation has also been reported during simple shear tests on LVFW myocardium 

[39, 113]. Hysteresis was more pronounced during shearing in myocardial tissue than during 
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uniaxial tensile and biaxial extension testing, as reported in previous studies [52, 113]. This 

attribute has been reported to occur as a consequence of the relatively high water content of 

myocardium (~ 80% wet weight) and it is affected by the muscle presence [40]. In addition, 

changes in water content, such as edema, may contribute to causing alternations in the 

passive stiffness and viscoelasticity of the myocardium [40].  Moreover, the giant protein 

titin, which connects the Z line to the M line in the sarcomere, may contribute to the passive 

properties of the myocardium during shear deformations; as reported in previous studies 

[124-126]. Alternatively, the actin-myosin interaction might be partly responsible for causing 

the hysteresis formation, as suggested in previous studies [127, 128]. These interactions 

between all solid and liquid within the intra and extracellular components in the myocardium 

may contribute to the hysteresis formation, but to what extent is currently unknown.  

 

2.4.5. Stress softening  

 

Stress softening has previously been reported during the uniaxial and biaxial cyclic 

preconditioning of adult mammalian myocardium, which mainly comes from canine, bovine 

and human hearts [39, 104, 114]. In these studies, the greatest change in the stress was 

noticed during the first two preconditioning cycles. This stress-softening behaviour is also 

referred as the Mullins effect [129]. It has previously been suggested that stress softening in 

myocardial tissue may cause due to the disruption of perimysial collagen network, which is a 

consequence of the excessive shearing between adjacent myocardial muscle layers [130]. 

Moreover, the softening may occur due to the changes in the collagen matrix where the 

cardiomyocytes are embedded [131]. In addition, stress softening may occur due to the 

damage to endomysial collagen, which is a consequence of excessive stretch of the tissue 

[132]. Alternatively, disruption of myofilaments such as titin, actin and myosin may partly 



Faizan Ahmad  Cardiff University 
  

34 
  

contribute to the stress softening of myocardial tissue; as described in the previous studies 

[125, 133]. 

 

Strain softening has also been identified during the simple shear tests on the adult LVFW 

myocardium [39, 113]. In these studies, strain softening was briefly observed with increased 

shear. This may be caused by a disruption of perimysial collagen during cyclic shearing, 

which is a consequence of excessive shearing between adjacent myocardial muscle layers 

[130, 134, 135]. A similar damage in perimysial fibres has previously been identified during 

the inflation test [130, 134]. Moreover, strain softening has been reported in both 

cardiomyocytes and individual cardiac myofibrils, during axial extensions larger than 3 µm 

[133, 136, 137]. However, myocardial tissue did not possess softening at stains lower than 

2.3 µm, as reported in the previous studies [138-140]. Hence, it has been suggested that the 

myocardial tissue would possess strain softening at extensions larger than 3 µm. 

Alternatively, the softening observed in the adult mammalian myocardium may be due to the 

rearrangement of the extracellular connective tissue, which is a consequence of the increased 

mechanical loadings [39]. Strain softening was more pronounced during shearing than during 

uniaxial tensile and biaxial extension tests, as highlighted in previous studies [39, 104, 113, 

114]. This has been reported to occur as a consequence of the relative damage within the intra 

and extracellular components in the myocardium during shearing in the tissue [39].  
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2.5. Application of structural and function data of cardiac tissue 

Congenital heart disease (CHD) describes a series of structural cardiac disorders, including 

ventricular and atrial septal defects, which annually affects 36,000 new-borns within the 

European Union [6, 7]. In addition, in the European Union, 3000 children who are diagnosed 

with CHD die annually as a termination of pregnancy for fetal abnormality (TOFPA), early 

neonatal death, or late fetal death [7]. CHDs affect 9-in-1000 births and they are one of the 

UK's most common birth defects. CHD patients account for over 100,000 UK hospital bed-

days per annum [5]. 

 

Cardiovascular surgical interventions are necessary to repair CHD, without which, in most 

circumstances, the patients could endure several pathological heart conditions, such as 

volume overload, cyanosis, and congestive heart failure. Surgical treatment entails the use of 

biocompatible implants to patch up CHD [141-143]. To date, the most widely used material 

conduit are biocompatible synthetic polymers; however, these materials are associated with 

several short and long-term limitations, which could potentially lead to thromboembolisation, 

calcification, infection and stenosis [16-18]. In particular, for paediatric cardiovascular 

applications, it is quite recurrent for patients to outgrow their grafts because these materials 

lack growth potential; hence, leading to reoperation, which is related with adversely higher 

rates of mortality and morbidity than first-time sternotomies [144, 145]. Rates of failure for 

grafts that composed of synthetic materials in paediatric cardiac surgery can be distinguished 

into three categories—(a) Early, (b) midterm and, (c) long-term—the published 5 years 

patency rates are between 65%–90% for early and midterm; 70%–100% for the long-term 

graft failure at 10–15 years [146]. Therefore, despite significant developments in surgical 

procedures for CHD which have occurred in the last 30 years, the verdict on an ideal vascular 

graft stays is still open to contest.  
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Resolving the limitations associated with currently used graft materials will significantly 

reduce mortality and morbidity in children born with CHD, which is a crucial step towards 

improving their postoperative quality of life [20]. An ideal and promising method for the 

creation of the ideal vascular conduit is to bioengineer tissue utilising (pluripotent or 

multipotent) stem cells, which is commonly known as tissue-engineered vascular graft 

(TEVG) [147]. Interestingly, selecting a scaffold material used for TEVG creation is a critical 

and defining step in designing successful constructs for vascular engineering. Its selection 

predominantly depends on three important factors: (a) biocompatibility, (b) biomechanical 

properties, and (c) rate of biodegradation [20]. Stem cells differentiate into different lineages, 

depending on the mechanical properties of the matrix material [148]. Hence, an appropriate 

biomechanical microenvironment for stem cells might provide an ideal platform for correctly 

differentiated cells [149]. It is of utmost importance to ensure compliance between the 

mechanical properties of the engineered cardiac patch and native heart wall to enhance the 

mechanical stimulation between the native myocardial environment to the stem cells during 

the diastolic and systolic functions of the heart [147, 149, 150]. However, an acute lack of 

data describing the biomechanical behaviour of neonatal cardiac tissue, twinned with the 

structural changes to the tissue during maturating, potentially limits the effectiveness of these 

novel techniques.  

 

Unfortunately, to date, no study has attempted to systematically quantify the microstructure 

and underlying biomechanical behaviour of the neonatal cardiac tissue. In addition, simply 

adopting or scaling adult data risks incorporating an unknown level of error, which may 

contribute to the short, medium and long-term failure of synthetic and biological scaffolds 

[20, 147]. Hence, enhanced knowledge of neonatal tissue behaviour to achieve more 

effective designs has the potential to positively influence CHD mortality and morbidity [20].  
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2.5.1. Computational modelling of neonatal heart diseases 

 

Engineering-based computational simulations provide robust tools to perform patient-specific 

cardiovascular simulations, and so predict the consequence and effectiveness of surgical 

interventions. Computational modelling is increasingly used in adult cardiology to understand 

the behaviour of structural components, which enables the simulation of normal and 

pathophysiological conditions and leads to new interventions [8, 10-13, 15]. Recent advances 

in the development of constitutive models and computing power have enabled computational 

simulations to gain greater clinical acceptance. In adult cardiology, patient-specific 

computational modelling provides a novel platform to enhance the understanding of cardiac 

mechanics, which assists researchers, bioengineers and clinicians to develop new 

interventions and, thus, improve the postoperative lives of patients [151-153]. A similar 

approach for simulation adoption could be used in paediatric clinical applications. However, 

an acute lack of quantitative data, describing the neonatal tissue structure and biomechanical 

behaviour limits the widespread use and effectiveness of sophisticated techniques to 

investigate neonatal cardiac disorders. Moreover, the lack of validation through experimental 

data potentially limits the use of computational simulations in a wide range of paediatric and 

CHDs. Hence, experimental data is needed to describe the mechanical and structural 

behaviour of neonatal tissue in estimating the material parameters, which will allow the 

widespread use of these simulations in both modelling methodology and clinical applications. 

Holzapfel and Ogden have identified that the problem in developing the constitutive models 

is the shortage of experimental data for estimating the material parameters [110]. Therefore, 

the strong demand for mechanical data, combined with their underlying microstructural data, 

sophisticated age-specific material models and associated material parameters can be help in 

the description of the mechanical behaviour of the ventricular myocardium in neonates. 
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These models will lead to accurate computational simulations that will allow us to better 

understand the fundamental underlying ventricular mechanics, which is a necessary step in 

the improvement of the medical treatment of neonatal heart diseases [110].  

 

2.5.2. Constitutive modelling of the myocardium  

 

As discussed in Section 2.4, the myocardium has nonlinear, anisotropic, viscoelastic and 

heterogeneous mechanical behaviour. A number of different approaches have been used in 

the literature to model the myocardium, including constitutive models to estimate the material 

parameters of the highly nonlinear myocardium for computational simulations. In particular, 

a realistic description of the three-dimensional geometry and microstructure of the 

myocardium along with its biomechanical data is required to develop a sophisticated 

constitutive model of the myocardium, as described in the previous study reported by 

Holzapfel et al. [110]. The myocardium undergoes a complex pattern of deformations during 

the cardiac cycle, such as tension, compression, and shearing. Specifically, shearing 

deformation or relative sliding of myocardial layers has been found to play an important role 

in the mechanical function of the heart during both diastole and systole. This mechanism has 

previously been reported to facilitate left ventricle ejection by contributing to subendocardial 

wall thickness during systole [111]. Moreover, relative shearing also contributes to the 

myocardium wall thinning during passive ventricular filling [112]. Hence, the biaxial tests 

alone are insufficient to characterise the passive behaviour of the myocardial tissue and, 

hence, to develop the enhanced constitutive models [110].  
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A general nonlinear elasticity theory framework has previously been used to develop 

constitutive models for the myocardium [154]. The structural features of the myocardium and 

its mechanical properties have been accounted within the theoretical framework of the 

existing constitutive models.  

 

A number of transversely isotropic models have been proposed, including Humphrey et al., 

who described the strain-energy function as the sum of two exponentials, one in I1 and one in 

I4, 

  (Eqn 2.1) 

which contains four material parameters: c, b, A and a. This model was the first to include 

anisotropic invariant and it accounted for the fibre structure [155]. Another transversely 

isotropic model, based on the invariants I1 and I4 was proposed by Humphrey et al., which 

has the form  

 

(Eqn 2.2) 

which contains five material constants: c1,c2,..,c5 [156]. The estimated values of these 

parameters were obtained from biaxial test data from the middle portion of the inter-

ventricular septum, and the inner, middle and outer layers of the passive canine ventricular 

myocardium, as reported in a previous study [107]. 
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These models were based on the assumption of incompressibility but another transversely 

isotropic model was proposed by Kerckhoffs et al. that was based on the assumption of 

compressibility, which has the form  

( Eqn 2.3) 

which contains six material parameters: 𝑎0, 𝑎1, …, 𝑎5, where Î1 and Î2 are the principal 

invariants of E and Eff is the Green–Lagrange strain in the fibre direction [157]. Other 

transversely isotropic models were constructed by Guccione et al. and Costa et al., which did 

not include the morphology and structure of the of the myocardium [158, 159]. Furthermore, 

Horowitz et al. proposed the transversely isotropic model that was based on the 

microstructure to potentially capture the micro-mechanical behaviour of the myocardium 

[160]. Although all of these models considered the myocardium as a transversely isotropic 

material, LeGrice et al. and Dokos et al. identified the myocardium as an orthotropic material. 

Hence, an orthotropic constitutive model is needed to adequately estimate the material 

parameters of the myocardium [43, 113].  

 

In the literature, several orthotropic models have been proposed, in which some models are 

inappropriate for modelling myocardial tissue—including Bischoff et al.’s Langevin eight-

chain based model, which does not account for the morphology and structure of the 

myocardium [161]. Costa et al. developed an orthotropic model, using the Fung-type 

exponential strain-energy function, which has the form 

`  (Eqn 2.4) 



  Chapter 2: Literature review 
 

   41 
 

which contains seven material parameters: a and bij, where i, j representing the fibre (f), sheet 

(s), and normal (n) directions in the myocardium [162]. Moreover, Schmid et al. also 

proposed the Fung-type orthotropic model, which has the form  

 

  

(Eqn 2.5) 

which contains 12 material parameters, which also used the components Eij, where i, j 

describe the fibre (f), sheet (s), and normal (n) directions in the myocardium [163]. 

  

Recently, Holzapfel et al. proposed the structurally-based orthotropic model for the passive 

myocardium, which has the form 

 

(Eqn 2.6) 

where a, b, af, as, bf, bs , afs and bfs are eight positive material constants, the a parameters 

possess the stress dimension, while the b parameters are dimensionless. This consists of the 

isotropic term in I1, the transversely isotropic terms in I4 f and I4 s and the orthotropic term in 

I8 fs.   

 

In the general theory of nonlinear elasticity,  I1, I2, and I3 are defined as isotropic invariants.  

However, if the material has a preferred direction in the reference configuration, then this 
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introduces anisotropy, specifically transverse isotropy, which is defined by two additional 

(transversely isotropic) invariants denoted by I4 and I5.  Subsequently, if there are two 

preferred directions in a material, then this further introduces the invariants I6 and I7 

associated with it and, additionally, a coupling invariant, denoted by I8.    

 

Unfortunately, to date, there are no available experimental data that quantitatively describe 

the neonatal cardiac tissue structure and biomechanical behaviour. This data is valuable to 

estimate the material parameters and the development of age-specific material models.  Such 

a model will lead to more accurate computational simulations in understanding the 

fundamental underlying neonatal ventricular mechanics.  

 

2.6. Surrogate animal models in biomedical research 

Several surrogate animal models have been used in human-related cardiac research, which 

mainly comprised of the canine and porcine. In the biomechanical and microstructural 

studies, canine and porcine animal models were mostly used as the surrogates of the humans 

[104, 107, 108, 113, 135]. Until the mid-1980s, canines were used extensively in cardiac 

research. In general, canines and human’s cardiovascular functions are similar. However, 

there are considerable differences in the size and anatomical shape of the heart, which may 

potentially affect the outcome. Porcine animal surrogates have been used to investigate 

chronic ischaemia, therapeutic angiogenesis, hypertrophic cardiomyopathy and CPR 

research. In particular, porcine cardiac anatomy, coronary arteries and physiology resemble 

closely those of humans [164-166]. They are also available at a lower cost than canines, 

which provides a wider availability of uniform sizes and ages for all stages of experimental 

modelling [90]. In addition, myocardial histology is similar in swine and humans [167]. After 
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induction of myocardial ischaemia, both porcine and human myocardium biochemical and 

metabolic response is similar [168, 169].  

  

The porcine model has increasingly been used in performing human-related biomedical 

research due to its anatomical and physiological resemblance to humans [30-37]. The adult 

porcine model has a wide range of applications in biomedical research, such as in 

cardiovascular, dental, pancreatic and chronic toxicological studies [31, 170-172]. In 

particular, the research on fetal and neonatal porcine models has provided a novel platform, 

in performing numerous investigative studies for the perinatal biology. The fetal and neonatal 

porcine models have been selected to emphasise the usefulness of these models in prenatal 

and postnatal studies to human biology and medicine, as described in the previous studies 

[33, 170]. Neonatal porcine models have commonly been utilised in several areas of 

biomedical research, including cardiology, embryology, nutrition, metabolism, teratology and 

immunology [33]. In addition, these models have been adopted in the studies of both 

spontaneous and iatrogenic pathological conditions in human infants [33]. When compared 

with the other young animal models that are commonly used in biomedical research, such as 

the canine, the neonatal porcine model has been identified to be most like the new-born 

human infant [33]. The resemblances in cardiovascular, respiratory, renal and haematological 

systems have been highlighted in a previous study [173]. Moreover, the large litter size, two 

or three litters per sow per year and the relatively low cost of piglets make it an ideal animal 

model in defining human infants in biomedical research studies [173]. 

 

The process of translating innovative discoveries from biomedical research into clinically 

applicable novel therapies is commonly described as translational medicine [174]. 
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Appropriate animal models are critical when evaluating the efficacy and safety of new drugs 

and novel interventions for the success of translational research. In the past, rodent models 

were widely used for the translational research [30]. Recently, transgenic pigs have 

comprehensively been documented as large animal models for selected human pathologies, 

including cardiovascular, cystic fibrosis, diabetes mellitus and neurodegenerative diseases 

[30]. The techniques related to genetic modification of pigs have precisely been documented 

to facilitate the generation of tailored disease models [30, 175-177]. Previous studies have 

also identified the resemblance between the transgenic neonatal porcine models and human 

infants for the healthy and pathological conditions, which specified the future reliance on 

such models for improving the analysis of the pathogenesis and development of new 

treatment and surgical interventions for cardiovascular, cystic fibrosis, diabetes mellitus and 

neurodegenerative diseases [30, 174].  

 

Although the porcine model was adopted as the neonatal and adult organs are commonly used 

to simulate human performance for both the healthy and pathological conditions, given their 

relatively similar structure and dimensions, there are still significant differences that should 

be taken in account during the applicability of these data [178]. Therefore, caution should be 

exercised when applying these data to human scenarios given these differences.  

 

2.7. Research motivations 

Engineering-based computational modelling is increasingly used in adult cardiology to 

understand the behaviour of structural components, enabling the simulation of normal and 

pathophysiological conditions, and leading to new interventions [8-15]. However, there is a 

lack of experimental data that quantitatively describes the neonatal cardiac tissue structure 
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and biomechanical behaviour, which limits our ability to estimate the material parameters in 

performing computational simulations. However, neonatal computational simulations that 

simply adopt, or scale, adult data, risk incorporating an unknown level of error [16-19]. 

Hence, this shortage of relevant data is currently limiting the value of computational 

modelling and it prevents a better understanding of the underlying neonatal ventricular 

mechanics and, potentially, the identification of novel treatments and surgical interventions, 

which is a necessary step in the improvement of medical treatment of neonatal heart diseases 

[110].  

2.8. Research aims and objectives 

This research aimed to establish the material parameters that for the first time specifically 

describe neonatal ventricular myocardium.  These material parameters will enable a 

simulation that more accurately reflects neonatal ventricular myocardium behaviour.  This 

will ultimately create new opportunities for researchers, bioengineers and clinicians to 

identify novel treatments and interventions in cases of abnormal neonatal heart functionality.  

To achieve the aim of this research study, a complete set of microstructural and 

biomechanical data is needed for the estimation of the material parameters.  Consequently, 

this research study systematically characterises the microstructure and biomechanical 

parameters of neonatal left and right ventricle ‘free-walls’ (LVFW and RVFW, respectively).  

Recognising the different physiological roles of the ventricles and, by comparison to the adult 

heart, the front and back walls, this study will investigate these four different regions (LVFW 

anterior and posterior; RVFW anterior and posterior).  An experimental protocol was 

followed to systematically analyse the microstructure and biomechanical behaviour, using an 

accepted porcine animal model [30-37].  Two-dimensional Masson’s trichrome staining 

histology was consolidated with three-dimensional TPEF/SHG microscopy to quantify the 
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cardiomyocytes and collagen fibrils structure and organisation.  Three-dimensional diffusion 

tensor magnetic resonance imaging (DT-MRI) was used to assess the cardiomyocyte 

architecture of the intact heart, describing the directional coherence of cardiomyocytes 

orientation.  Biomechanical analyses were then performed via uniaxial tensile, biaxial tensile 

and simple shear loading modes.  Finally, these data were used with the structurally-based 

Holzapfel–Ogden (HO) model of the adult myocardium [38], to establish the material 

parameters that more accurately describe neonatal ventricular tissue behaviour.  The 

following goals were identified to achieve these aims:  

 

1. To understand the fundamental structural differences between neonatal and adult cardiac 

tissue by performing histological analysis on the anterior and posterior aspects of RVFW 

and LVFW.  This enabled identification of the two-dimensional cardiomyocytes and 

collagen fibrils distribution.  The cardiomyocytes preferred orientation and surface area 

ratio of collagen to myocyte fibres were also quantified.  

 

2. To identify the in-plane and out-plane cardiomyocytes and collagen fibrils preferred 

orientation (°) and angular dispersion (°) through the ventricular walls (RVFW, LVFW). 

The anterior and posterior aspects of both ventricles were microscopically investigated 

using the TPEF/SHG imaging techniques. 

 

 

3. To describe the macroscopic directional coherence of cardiomyocytes orientation in the 

intact neonatal porcine heart, three-dimensional diffusion tensor magnetic resonance 

imaging (DT-MRI) was performed.  This indicated the macroscopic directional coherence 
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of the cardiomyocytes’ orientations.  The regional FA was also evaluated in the anterior 

aspect of LVFW and RVFW. 

 

4. To describe the uniaxial preconditioning behaviour, biomechanical behaviour (stress vs. 

strain), hysteresis area (energy dissipation) and mean failure stresses of one-day-old 

porcine ventricles, a uniaxial tensile mechanical testing was performed in the MFD and 

CFD of both ventricles. 

 

 

5. To describe the biaxial biomechanical behaviour (stress vs. stretch), hysteresis area 

(energy dissipation) and mean peak stresses of one-day-old porcine ventricles; biaxial 

tensile mechanical testing was performed in the MFD and CFD of both ventricles.  

 

6. To describe the simple shear preconditioning behaviour, biomechanical behaviour (stress 

vs. strain), hysteresis area (energy dissipation) and mean peak shear stresses of one-day-

old porcine ventricles, simple shear tests were performed on the anterior and posterior 

aspects of both ventricles in the MFD and CFD.   

 

 

7. Finally, the microstructural and biomechanical data were used with the structurally-based 

HO model of the adult myocardium [38] to establish material parameters that more 

accurately describe neonatal ventricular tissue behaviour via computational simulations. 
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3.0. MATERIALS AND METHODS 

 

In this chapter, an experimental protocol was followed to systematically characterise the 

microstructure and biomechanical behaviour of neonatal porcine ventricles [30-37], in 

obtaining a complete set of data for estimating the material parameters of the neonatal 

ventricular myocardium. Two-dimensional Masson’s trichrome staining histology was 

consolidated with three-dimensional two-photon excited fluorescence and second-harmonic 

generation TPEF/SHG microscopy to quantify the cardiomyocytes’ and collagen fibrils’ 

structure and organisation. Three-dimensional diffusion tensor magnetic resonance imaging 

(DT-MRI) was used to assess the cardiomyocyte architecture of the intact heart, describing 

the directional coherence of the cardiomyocytes’ orientation. Biomechanical analyses were 

then performed using uniaxial tensile, biaxial tensile and simple shear loading modes. 

Finally, these data were used with the structurally-based Holzapfel–Ogden (HO) model of 

adult myocardium [38] to establish the material parameters that specifically describe neonatal 

ventricular tissue behaviour. These material parameters will enable increased accuracy when 

performing computational simulations of neonatal porcine ventricular myocardium. 
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3.1. Materials 

Ethical constraints and a lack of appropriate experimental facilities prevented this work from 

investigating human neonatal cardiac tissue. Such constraints are commonplace across the 

field of biomechanics—especially when opening a new research area, with donor animal 

models instead serving as a frequent source of tissue. In this instance, the neonatal pig has 

previously been used as the young animal model in the microstructural and biomechanical 

studies [70, 179]. Compared with the other young animal models that are commonly used in 

biomedical research, such as the canines, the neonatal porcine model has been identified to be 

the most like the new-born human infant [33]. The resemblances in cardiovascular, 

respiratory, renal and haematological systems have been highlighted in a previous study 

[173]. Moreover, the large litter size, two or three litters per sow/ per year and the relatively 

low cost of piglets make it an ideal animal model in defining human infants when performing 

biomedical research studies, as discussed in detail in Chapter 2 (Section 2.6)  [173]. Hence, it 

was adopted as the model to be used through this study. 

 

3.1.1. Heart dissection 

 

All hearts were harvested from the one-day-old deceased Yorkshire piglets (mass: 2.1-2.4 kg, 

length: 0.38-0.51m), which were then used to perform microstructural and biomechanical 

analyses. The deceased piglets were acquired from local breeding farms. The piglets were 

most likely to have died from hypoxia, meaning that they were accidentally suffocated by the 

sow soon after birth. The piglets were collected within the hours of their natural death and 

transported to the laboratory at 4oC. An image of a deceased pig is provided to enable an 

appreciation of the gross anatomy in Figure 3.1.  
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Scalpel dissection (size 10 blade) was initially performed to remove the skin from the thorax-

region. A scalpel size 15 blade was then used to make an incision through the rib-cage. The 

protective membrane of the pericardium was dissected using a scalpel size 10 blade (Figure 

3.2). A pipette was used to remove the excess blood from the heart. The connective 

pulmonary veins and arteries were isolated from the heart, using surgical scissors. The aorta 

was then dissected from the heart, also using surgical scissors. The heart was then promptly 

harvested and stored in Ringer’s solution (Oxoid; Thermo Scientific, UK) at 4oC, to minimise 

any shrinkage in the tissue.    

 

 

Figure 3.1: One-day-old deceased Yorkshire piglet. 
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Figure 3.2: The chest is cut open through an incision in the thorax-region, to harvest the 

heart. 
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3.1.2. Microstructural analyses 

 

Microstructural analyses were performed using three imaging modalities:  

 Two-dimensional histology, which was used to describe the cardiomyocytes preferred 

orientation (although only limited) and surface area ratio of collagen to cardiomyocyte 

fibres, within the anterior and posterior aspects of LVFW and RVFW.  

 

 Three-dimensional TPEF/SHG, which quantified both in-plane and out-plane preferred 

orientation and angular dispersion of the cardiomyocytes and collagen fibrils, within the 

anterior and posterior aspects of LVFW and RVFW.  

 

 Three-dimensional DT-MRI, which was used to identify the helical cardiomyocyte 

architecture of the intact heart, seeking correlation between the microstructure and 

biomechanical behaviour, and to describe the directional coherence of cardiomyocyte 

orientation [70, 71].  

 

The anterior and posterior aspects of the LVFW and RVFW were identified based on the 

local laminar architecture and morphology of the myocardium (Figure 3.3). The FSN-

coordinate system was then identified as follows [2, 39, 113]: 

The fibre axis (F), which is defined as the mean-fibre direction as observed by the external 

surface texture; 

The sheet axis (S), which is defined as the direction transverse to the fibre axis within the 

layer; and 



Faizan Ahmad  Cardiff University 
 

   53 
 

The sheet-normal axis (N), which is defined as the direction perpendicular to both the fibres 

and layers.  

In this study, the fibre axis (F) is described as the ‘mean-fibre direction’ (MFD), and sheet-

normal axis (N) is defined as the ‘cross-fibre direction’ (CFD) [52] (Figures 3.4 and 3.5).  

These reference axes were used to accurately identify the sample orientation, and a suture 

was placed to mark the orientation during dissection of myocardial tissue in performing all 

the analyses. 

 

3.1.2.1. Histological sample preparation 

Evans blue dye was used to label the heart equator and to demarcate the anterior and posterior 

aspects of LVFW and RVFW, as shown in Figure 3.3. A reference axis was then defined as 

that passing through the apex and base, with the edge of a square cutter kept parallel to this 

axis when dissecting the tissue samples (2 x 2 mm). Eight hearts were used for histological 

analysis (Figure 3.4). Thirty-two cubic samples (2 × 2 × 2 mm) were dissected using a 

square-shaped cutter from the equatorial regions of the anterior and posterior aspects of 

LVFW and RVFW (Figure 3.4). A pre-defined coordinate system was used to ensure 

consistent orientation of the cutter throughout the histological specimen preparations. Hence, 

the cutter was always aligned with the vertical axis of the heart, which is defined as passing 

through the apex and base. All samples were immersed in Ringer’s solution throughout to 

minimise tissue shrinkage.  
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3.1.2.2. TPEF/SHG sample preparation 

Evans blue dye was used to label the heart equator and to demarcate the anterior and posterior 

aspects of LVFW and RVFW, as shown in the Figure 3.3. Ten hearts were used for 

TPEF/SHG analysis (Figure 3.4). Samples (2 × 2 mm) were dissected using a square-shaped 

cutter from the equatorial regions of the anterior and posterior aspects of LVFW and RVFW 

(Figure3.4). A reference axis was then defined as that passing through the apex and base, 

with the edge of a square cutter kept parallel to this axis when dissecting tissue samples (2 x 2 

mm). The first five hearts were used to dissect the tissue samples through the thickness of the 

ventricle walls, with five collected from around the equator in the anterior and posterior 

aspects of the LVFW and RVFW, as described in Figure 3.4. These 20 samples were used for 

in-plane (x, y) TPEF/SHG analysis. A further 20 samples were collected from an additional 

five hearts using an identical technique, for out-plane (x, z) analysis. A pre-defined 

coordinate system was used to ensure consistent orientation of the cutter throughout the 

TPEF/SHG specimen preparations. Hence, the cutter was always aligned with the vertical 

axis of the heart, which is defined as passing through the apex and base. All of the samples 

were immersed in Ringer’s solution throughout to minimise tissue shrinkage.  

 

3.1.2.3. DT-MRI sample preparation 

The hearts were used in their as-dissected state for DT-MRI imaging. 

 

 

 

 



Faizan Ahmad  Cardiff University 
 

   55 
 

 

 

 

 

Figure 3.3: A three-dimensional schematic model of the neonatal porcine heart. (a) Anterior 

view: LVFW = Grey region, RVFW = Yellow region, Left atrium = Green region, Right 

atrium = Maroon region. (b) Posterior view: LVFW = blue region, RVFW = pink region Left 

atrium = Green region, Right atrium = Maroon region. Squares representing the equatorial 

region of the LVFW and RVFW anteriorly and posteriorly. The left and right atria (green and 

maroon regions) are not relevant to this study.   

(a) Anterior–view 

(b) Posterior–view 
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Figure 3.4: Samples (2 x 2 mm) were dissected from the (a) anterior and (b) posterior wall of 

LVFW and RVFW to perform histological and TPEF/SHG analyses. Scale bar = 12 mm.   
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3.1.3. Biomechanical analyses 

 

The heart undergoes a complex pattern of deformations such as tension, compression, and 

shearing during the cardiac cycle. Therefore, in this study, the directional anisotropy of the 

LVFW and RVFW tissue was investigated at different deformation states, using three 

independent protocols. This study would provide the baseline data that describes the 

biomechanical behaviour from four regions of the neonatal heart. All biomechanical tests 

were completed within 12h of donor piglet birth to produce data from fresh tissue. Common 

protocols were followed to ensure that the tissues remained hydrated.  

 

3.1.3.1. Sample preparation of biomechanical testing of neonatal porcine ventricles 

 

Uniaxial tensile test 

 

Uniaxial tensile testing samples were dissected from 20 hearts. The 10 randomly selected 

hearts had samples of dimensions 20mm (l) x 10mm (w) x 3mm (t) dissected, with the 

longest dimension aligned to the MFD. Meanwhile, the MFD was judged based on the 

external surface texture and observed fibre direction. The remaining 10 hearts were used to 

harvest samples in the CFD, which is broadly perpendicular to the MFD and was again 

defined by external tissue features (Figures 3.5 (a), (b) and (c)). This method is inherently 

subjective, although was performed in a manner consistent with previous studies [52, 113]. 

All 20 samples were then trimmed using a cutting punch, achieving a traditional dog-bone 

shape and a 5mm minimum width.  
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Biaxial tensile test 

 

For biaxial extension analysis, five samples (15 x 15 x 3mm) were dissected using a square-

shaped cutting punch from the LVFW, and a further five hearts used for RVFW samples 

(Figures 3.5 (d) and (e)). Each sample was dissected such that the presumed MFD and CFD 

were consistent with the x- and y-axes of the cutter.  

 

Simple shear test 

 

A similar approach although with a smaller cutter (3 x 3 mm) was adopted to dissect tissue 

for shear analysis. These tissues were collected from the anterior and posterior aspects of the 

LVFW and RVFW, and they were dissected from the equatorial regions of five hearts 

(Figures 3.5 (f) and (g)).  
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Figure 3.5: Schematic representation of the samples harvested from the neonatal porcine 

heart. Samples were dissected aligned to the MFD and CFD, determined by observing the 

external features of the organ. (a) Uniaxial CFD samples are dissected from the anterior 

aspect of the LVFW and RVFW. (b) and (c) Uniaxial MFD samples extend from the anterior 

to posterior aspect of the LVFW and RVFW. (d) and (e) Biaxial (square) samples extended 

from the anterior to posterior aspects of the LVFW and RVFW. (f) and (g) Simple shear 

samples were dissected from the equatorial region of both the anterior and posterior aspects 

of the LVFW and RVFW. Scale bar = 12 mm.    
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3.2. Experimental methods   

3.2.1. Microstructural analyses  

 

3.2.1.1. Histological analysis 

 

Staining 

 

The histological sectioning and staining was performed by a third-party company Histoserv, 

Inc., during a research sabbatical at Mississippi State University. They followed a standard 

protocol, where all samples were fixed in 4% paraformaldehyde for 48h and then in 70% 

glutaraldehyde. The samples were then processed through a standard histological preparation 

protocol, including being dehydrated in graded alcohol, cleared with xylene and then 

embedded within paraffin wax. The block was then processed in a plane perpendicular to the 

transmural direction (i.e. epicardium towards endocardium). A standard Masson’s trichrome 

staining protocol was then performed, with the samples finally mounted with Permount. The 

Masson’s trichrome stain identified muscle fibres in red and collagen fibres light blue.   

 

 Experimental microscope setup and image acquisition settings 

 

The histological slides were then returned from the third-party for analysis. The anterior and 

posterior aspects of both ventricles were viewed at ×20 and x40 magnification using a 

biological microscope (Nikon YS100, Japan), which was fitted with a camera to enable 

digital capturing of the images. The optimal focus settings were adjusted at each viewing 

level to enhance the image quality. Two optical powers were used to provide a better 

understanding of the cardiomyocytes’ and collagen fibrils’ interaction. 
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Data analysis 

 

Fiji/Image J (NIH, USA) software was used to evaluate the preferred fibre orientation of the 

myocyte fibres. In-plane (x, y) images were pre-processed in two dimensions using selected 

computational filters (unsharp mask, Gaussian blur 3D and Kuwahara). The images were then 

analysed using the Fourier components method [180]. This method is based on Fourier 

spectrum analysis. For a square image, structures with a preferred orientation generate a 

periodic pattern at +90º orientation in the Fourier transform of the image when compared to 

the direction of the objects in the input image [180]. This approach enabled quantification of 

fibre distribution. Using the ImageJ plugin ‘Directionality’, data from all images were then 

used to generate a histogram. This enabled identification of the ‘preferred’ fibre orientation 

direction (i.e. the histogram peak). This plugin is used to infer the preferred orientation of the 

structures that are present in the input image. It computes a histogram that indicates the 

amount of structures in a given direction. Images with completely isotropic content are 

expected to give a flat histogram, whereas images in which there is a preferred orientation 

generate a histogram peak at that orientation. This peak was then fitted by a Gaussian 

function, this method is consistent with other studies [181-185]. The output included: (1) the 

preferred fibre orientation direction (°), as defined by the centre of the Gaussian distribution; 

(2) the angular dispersion (°), as defined as the standard deviation (std) of the Gaussian 

distribution; (3) the amount parameter, as defined as the sum of the histogram from minus 1 

std to plus 1 std, divided by the total sum of the histogram; and (4) goodness of fit (R2). 

Fiji/Image J (NIH, USA) software was adopted to quantify the surface area ratio of collagen 

to myocyte fibres, using image thresholding based on RGB (red, green and blue) values [72].  
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3.2.1.2. TPEF/SHG analysis  

 

Experimental microscope setup and image acquisition settings 

 

TPEF/SHG images were acquired by non-linear microscopy (NLM) using a laser scanning 

microscope (LSM880 NLO, Carl Zeiss, Ltd. Cambridge, UK) equipped with an ultrafast-

pulsed near-infrared (NIR) TiS laser illumination system (Chameleon Vision II, Coherent 

Lasers, Cambridge, UK). Laser excitation at 900nm and approximately 140fs pulse width 

were used for all NLM imaging, which was passed to the specimen and separated from 

returning emissions by a 690nm short-pass primary dichroic reflector. 

 

All NLM imaging was carried out with a ‘dipping’ water immersion objective lens, which is 

designed for use without a cover glass (W Plan-Apochromat 20x/1.0NA, Carl Zeiss). 

Backwards propagating TPEF and SHG light from the specimen was collected by the 

objective and detected in the reflected light (epi-) pathway of the microscope, using the 

internal spectrometer to select the desired wavelengths. SHG (at half the excitation 

wavelength) was detected at 450+/-10nm and TPEF at all wavelengths longer than 470nm. 

 

Two channel (TPEF and SHG) 8-bit images were acquired simultaneously at serial focal 

positions to build up a 3D (volume) stack of optical section images. These comprised the in-

plane (x,y) and out-plane (x,z) total volumes of 425 µm x 425 µm x 202µm and 425 µm x 

425 µm x 1022 µm, collected at 1.52µs intervals. Each line of every 2D optical section was 

scanned 8 times and the average signal recorded. Heart tissue scatters laser light significantly 

(even at NIR wavelengths), so the illumination power available for image generation is much 
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reduced deeper in the tissue than at the surface and TPEF and SHG signals are attenuated 

even more as they pass out of the tissue. To partially compensate for these effects, the laser 

power was increased automatically, according to a pre-set pattern for each specimen, as the 

optical section series progressed deeper into the tissue. Tissue samples were fixed into a 

plastic petri dish using medical glue and immersed in the medium (Ringers solution–Oxoid; 

Thermo Scientific, UK) into which the objective lens was dipped for NLM imaging.  

 

The backward SHG signal that is generated by the cardiac tissue arose from both collagen 

and myosin, at the same wavelength; however, the different localization within the 

myocardial tissue enabled discrimination between the two signals. The backward SHG 

generated by myosin required higher laser intensity at 900nm than the collagen. Moreover, 

the myosin-SHG signal can be neglected within the power range 10 to 20 mW because it 

contributed to less than 5% of the total while retaining the good signal quality and noise ratio 

for the collagen-SHG collection. Hence, all of the NLM imaging on cardiac tissue were 

performed at 10–12 mW, which in turn also limits the induction of photodamage.   

 

The SHG-collagen directionality is highly dependent on the ionic strength of the medium 

solution, in which the objective lens dipped for NLM imaging [63]. Preliminary studies were 

performed using different concentrations of sodium chloride (NaCl) to indicate the optimum 

medium (Ringers solution–Oxoid; Thermo Scientific, UK) and maximise the backward SHG 

collection on myocardial tissue. Analysis indicated that the four-quarter strength ringers 

solutions would provide the maximum backward SHG signal collection for the myocardial 

tissue. Hence, four ¼ strength ringers solution tablets were used to make 500 ml of four-

quarter strength ringers solutions, which in turn gave the maximum backward SHG collection 
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for the myocardial tissue. Thus, the medium-ionic strength was optimised to enhance the 

NLM imaging signal collection. 

 

The SHG signal intensity has been reported to be the dependent on the angle between the 

collagen fibrils and the polarization of incident light [63]. Therefore, preliminary studies were 

performed to identify the optimal imaging conditions and to evaluate the effect of the 

polarization angle by rotating the microscope stage in 10-degree steps and in an increment of 

1-degree stepper time. The variations in the SHG intensity at different polarization angles 

were found to be consistent with those found in previous studies [63, 90, 186]. In this study, 

the directional effects of polarization were determined to define the finest experimental 

conditions to increase the strength and quality of the Backward SHG signal. For consistency, 

all of the myocardial specimens were imaged in the same orientation under the microscope.   

 

The intensity of the backward SHG signal is limited by penetration depth. Bulk optical 

properties such as the absorption coefficient, scattering, refractive index are among the key 

parameters in determining the optimal depth of the material. In this study, the excitation light 

at the range of 450+/-10nm wavelengths was used, which limits the penetration depth of 200 

µm (in-plane) and 1022 µm (out-plane) for the cardiac tissue specimens. A rapid decay in the 

backward SHG light was observed within the first 100 µm for the cardiac tissue specimens. It 

has previously been reported that the clearing agents and the adaptive optics could be used to 

improve the penetration depth [63]. Therefore, a 50% glycerol treatment was applied to all of 

the cardiac tissue samples prior to imaging to increase the maximum penetration depth of 200 

µm (in-plane) and 1022 µm (out-plane), respectively. As an added precaution, cardiac tissue 
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specimens were prepared with a consistent thickness to improve our quantitative analysis, 

which would impose similar scattering and attenuation effects on all of the samples.  

Data analysis 

 

This process is the same as that described in Section 3.2.1.1, with the exception of the three-

dimensional analysis. In-plane (x, y) and out-plane (x, z) image-stacks were pre-processed in 

three dimensions using selected computational filters (unsharp mask, Gaussian blur 3D and 

Kuwahara). These ‘image-stacks’ were then analysed using the Fourier components analysis 

method, as described in detail in Section 3.2.1.1 [180]. The output included: (1) the preferred 

fibre orientation direction (°), as defined by the centre of the Gaussian distribution; (2) the 

angular dispersion (°), as defined as the standard deviation (std) of the Gaussian distribution; 

(3) the amount parameter, as defined as the sum of the histogram from minus 1 std to plus 1 

std, divided by the total sum of the histogram; and (4) goodness of fit (R2). 

 

3.3.1.3. DT-MRI analysis 

 

DT-MRI imaging protocols 

 

Diffusion-weighted images were acquired with a Bruker MRI scanner, 9.4 Tesla small bore 

MRI and magnetic resonance spectroscopy (MRS) system. Custom-built loop-gap coils (1 ~ 

5 cm diameter) were used to constrain the neonatal porcine heart, which was then placed in 

conical centrifuge plastic tubes. The conical centrifuge plastic tubes were filled with Ringer's 

solution (Oxoid; Thermo Scientific, UK) to prevent any shrinkage in the tissue during the 

scans. A data volume of 96 x 96 x 36 mm was acquired with a voxel size of 1.17 x 1.17 x 2.6 

mm. The GE diffusion tensor imaging protocol was used with two b values (0, 1000) and 55 
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gradient directions. The following imaging parameters were also used: repetition time, 2 s; 

echo time, 34 ms; diffusion gradient strength, 10 Gauss/cm; diffusion time, 20 ms; gradient 

pulse duration, 5 ms; gradient factor, 784 s/mm2; slice thickness, 1 mm; and in-plane 

resolution, 156 × 156 µm2 f. The total acquisition time for each heart was _2 h. This method 

is consistent with a previous study that described the structure of neonatal and adult porcine 

heart [70]. 

 

Data analysis 

 

Fibre tractography and fractional anisotropy 

 

The 3D Slicer software plugin ‘SlicerDMRI’ was used to perform unscented Kalman filter 

(UKF) tractography and scalar measurements. Diffusion-weighted images (DWI) were used 

to calculate the diffusion tensor. The diffusion tensor D in each voxel was visualised as a 

diffusion ellipsoid. The eigenvectors were used to specify the directions of the principal axes 

and the ellipsoidal proportional to the square root of the eigenvalues. The size and shape of 

the diffusion tensor were described by rotationally invariant eigenvalues 𝜆1, 𝜆2, 𝜆3. Diffusion 

tensor imaging (DTI) was used to evaluate the trace (D) and fractional anisotropy (FA). Trace 

and FA are scaler measures that are intrinsic to tissue and which are independent of fibre 

orientation, and diffusion sensitizing gradient directions. Trace was used to calculate the size 

of the tensor, whereas fractional anisotropy characterised the shape (degree of ‘out of 

roundness’) of the diffusion ellipsoid, ranging from 0 (low FA) to 1 (high FA). FA is a 

quantitative measure of water diffusion anisotropy that is used to describe the directional 

coherence of cardiomyocytes orientation for the neonatal porcine heart. The Tractography 

Interactive seeding module was then used on the FA map to track the cardiomyocytes. 
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Undesirable tracks were removed to obtain the required heart profile, as demonstrated in 

Figure 3.6. This method is consistent with that described in detail in a previous study [101]. 

The ‘SlicerDMRI’ plugin was also used to select the fibre bundles in each region, which were 

used to label the map and quantifying the regional-specific FA, within the anterior aspect of 

both ventricles (Figure 3.7).  
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Figure 3.6: The anterior (a) and posterior (b) aspects of the neonatal porcine heart. The 

helical cardiomyocyte architecture of neonatal porcine heart before being processed; 

anterior view (c) and posterior view (d). The cardiomyocyte architecture of neonatal porcine 

heart after being processed; anterior view (e) and posterior view (f).  Fibre bundles were 

coloured to enable visualisation of the mean fibre orientation on the anterior (e) and 

posterior (f) aspects of both ventricles. Scale bar = 8 mm.  
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Figure 3.7: The anterior (a) and posterior (b) aspects of neonatal porcine heart. The 

cardiomyocyte architecture of neonatal porcine heart after being processed; anterior view 

(c) and posterior view (d). Anterior view identifying the regions of interest used to calculate 

the FA for the base (1), equator (2) and apex (3) of the right and left ventricles (c). Scale bar 

= 8 mm.  
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Statistical analysis  

 

All of the values were reported as mean ± standard deviation (SD), where statistical 

significance given to values less than 0.05. One-way analysis of variances (ANOVA) was 

performed along with Tukey HSD post hoc test to quantify the statistical significance of the 

anterior and posterior aspects of both ventricles. All of the statistical analyses were conducted 

in SPSS 20.0. 

 

3.2.2. Biomechanical testing 

 

3.2.2.1. Uniaxial extension test    

Experimental setup  

Pilot study: defining the experimental procedures in uniaxial testing 

 

An initial study was important to determine the optimal conditions to successfully perform 

uniaxial tensile testing, particularly in respect to clamping. This pilot study evaluated the 

optimum technique to clamp the myocardial tissue to avoid any slipping near the clamping of 

the samples, which is the common phenomenon during the biomechanical tests of soft 

biological tissues. Initial/pilot data demonstrated slipping when the tissue samples were 

clamped directly into the stainless steel grips of a uniaxial testing machine (Mach-1; 

Biosyntech, MN) (Figures 3.8–3.11); hence, both ends of the dog-bone-shaped samples were 

then wrapped in emery paper.  
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Uniaxial testing 

Sample preparation is described above, with each having dimensions of approximately 15mm 

(l) x 5mm (w) x 3mm (t), and with five measurements taken with digital callipers. The testing 

method that was adopted is consistent with the previous uniaxial studies on biological tissue 

[187, 188]. Each sample was preconditioned with 10 cycles at 10% strain, accounting for the 

viscoelastic behaviour of the myocardial tissue, before being loaded to failure at 1.5 mm s-1 

ramp speed. This rate was used as it represented 10% of the specimen’s gauge length.  

Engineering stress was computed by normalising the applied force to the initial cross-

sectional area and engineering strain was calculated by normalising the displacement to the 

initial gauge length. It was observed that the results were influenced by pre-loading. 

Therefore, for reproducibility of results, 0.05N was applied as a preload to each myocardial 

sample [52]. Mean peak stress, which describes the stress of failure, was then calculated from 

these data for the MFD and CFD samples. The last preconditioning cycle was used to 

quantify the myocardial hysteresis (to account for energy dissipation due to the viscoelastic 

behaviour) by dividing the area enclosed by the loading and unloading curves (energy 

dissipation) by the area beneath the loading curve (energy input) as demonstrated in Figures 

4.21 (a) & (b).   

Data analysis 

Engineering stresses in MFD ( 𝜎11 ) and CFD ( 𝜎22 ) are calculated as the ratio of the applied 

force and the initial cross-sectional area. Strains in the MFD (ε1) and CFD (ε2) are computed 

as the ratio of the displacement and the initial gauge length. 

 σ11 =
f1

A1
 ,     σ22 =

f2

A2  
 ,        (Eqn 3.1) 

 Ɛ1 =
x1

X1
 ,      Ɛ2 =

x2

X2
 ,         

where (𝑥1, 𝑥2) are the displacements; (𝑋1 , 𝑋2) are the initial gauge lengths.  
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Figure 3.8: Representing passive ‘uniaxial behaviour’ of LVFW until failure (a) 

demonstrating passive ‘uniaxial behaviour’ of RVFW until failure (b). The slipping of 

myocardial tissue through the clamps is highlighted using the circle symbol. 
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 Figure 3.9: Representing passive ‘uniaxial behaviour’ of LVFW until failure (a); 

demonstrating passive ‘uniaxial behaviour’ of RVFW until failure (b). The slipping of 

myocardial tissue through the clamps is highlighted using the circle symbol. 
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 Figure 3.10: Representing passive ‘uniaxial behaviour’ of LVFW until failure (a); 

demonstrating passive ‘uniaxial behaviour’ of RVFW until failure (b). The slipping of 

myocardial tissue through the clamps is highlighted using the circle symbol.  
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Figure 3.11: Representing passive ‘uniaxial behaviour’ of LVFW until failure (a); 

demonstrating passive ‘uniaxial behaviour’ of RVFW until failure (b). The slipping of 

myocardial tissue through the clamps is highlighted using the circle symbol. 
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3.2.2.2. Biaxial extension test 

Experimental setup 

Pilot study: defining the experimental procedures in biaxial testing 

 

A pilot study was performed to define the experimental parameters for the biaxial testing. 

Commercially available adult porcine myocardial tissue was used for this study. A video 

extensometer was used to precisely determine the high deformation measurements of the 

tissue. Four markers were placed towards the centre of the specimen using microporous tape. 

Tests were conducted at a strain rate of 0.5 mms-1 with the applied forces measured from the 

load cells. An initial study was important to determine the optimal conditions to successfully 

perform biaxial tensile testing, particularly in respect to clamping. This pilot study evaluated 

the optimum technique to clamp the myocardial tissue. In addition, the peak tension ratio was 

identified to perform all of the tests to avoid any rupture near the clamping area of the 

samples, which is the common phenomenon during the biomechanical tests of soft biological 

tissues. Different clamping techniques have previously been used, mainly using clips and 

surgical sutures [104-106, 114, 135]. Both clamping systems were used to identify the 

optimum method for mounting the myocardial tissue. Experiments were performed in 

different configurations using clips and surgical sutures. The biaxial mechanical properties 

were investigated using a custom-built biaxial testing system, consisting of four stepper 

motors, two load cells and a physiological saline bath; as described in detail elsewhere 

(Figure 3.12) [189, 190]. Tissue deformation was measured via a charge-coupled device 

camera (National Instrument, IMAQ CCD, Austin, TX), which tracked the relative position 

of four reference points placed in a 2 × 2 array. In-house Labview code (National Instrument, 

Version 6, Austin, TX) was used to control the stepper motors, and to record the applied 

forces and tissue strain. Although tissue slipping was observed in the clips during the biaxial 

tests, the myocardial tissue was uniformly deformed and high-quality results were obtained 
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using surgical sutures; as demonstrated in Figures 3.13 and 3.14. Hence surgical sutures are 

adopted hereafter to mount the myocardial tissue during the biaxial tests.  

 

Neonatal porcine myocardial tissue 

 

The square samples that had been dissected with the observed MFD and CFD aligned with 

the x- and y-axes were then mounted onto the machine using surgical sutures, as described in 

Section 3.1.3.3. Five thickness measurements were collected at different locations using a 

digital calliper to determine an average dimension. The samples were then immersed in 37oC 

phosphate buffered saline (PBS). A preload of 0.05N was applied to each myocardial sample 

to ensure the reproducibility of results [52]. A total of 10 preconditioning cycles were 

performed, accounting for the viscoelastic behaviour of the myocardial tissue, before the 

stress-stretch data were collected. The last preconditioning cycle was used to quantify the 

myocardial hysteresis (to account for energy dissipation due to the viscoelastic behaviour), 

dividing the area enclosed by the loading and unloading curves (energy dissipation) by the 

area beneath the loading curve (energy input). The specimens were stretched by applying a 

30 N/m tension in the MFD (TMFD) and CFD (TCFD) at 0.5 mms-1. Tissue deformation was 

measured via a charge-coupled device camera (National Instrument, IMAQ CCD, Austin, 

TX), tracking the relative position of four reference points placed in a 2 × 2 array. In-house 

Labview code (National Instrument, Version 6, Austin, TX) was used to control the stepper 

motors, and to record the applied forces and tissue strain.   
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Figure 3.12: Biaxial testing setup, comprising four stepper motors, two load cells, and 

physiological saline bath. In-house Labview code (National Instrument, Version 6, Austin, 

TX) was used to control the stepper motors and record the applied forces and tissue strain. 
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Data analysis 

 

Soft biological tissue is typically considered to be an incompressible material when 

performing biomechanical analysis [104], allowing the Cauchy stresses in MFD ( 𝜎11) and 

CFD ( 𝜎22 ) to be computed from the first Piola-Kirchhoff stresses (MFD : 𝑃11 ; CFD :𝑃22 ) as 

[191]: 

𝜎11 =  𝜆1 𝑃11 = 𝜆1  
𝑓1

𝑇𝐿2
 ,  𝜎22 =  𝜆2 𝑃22 = 𝜆2  

𝑓2

𝑇𝐿1
 ,      (Eqn 3.2) 

 

where  𝜆1 = 
𝑥1

𝑋1
 and 𝜆2 =  

𝑥2

𝑋2
 characterise the tissue stretches in both directions, respectively; 

(𝑥1, 𝑥2) represents the marker distances in a loaded configuration; (𝑋1 , 𝑋2) represents the 

marker distance in an unloaded configuration; the applied forces in each directions are 

symbolised as 𝑓1 and𝑓2; T is the average thickness measured in unloaded configurations; and, 

𝐿1 and 𝐿2 are the measured side lengths of the tissue sample in the undeformed states, for the 

MFD fibre and CFD.  For incompressible material 𝜆1𝜆2𝜆3 = 1, which can be used to calculate 

the 𝜆3, given the 𝜆1𝜆2 are known.   
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Figure 3.13: (a) Representing passive ‘biaxial behaviour’ in the circumferential direction of 

the LVFW; (b) demonstrating passive ‘biaxial behaviour’ in the longitudinal direction of the 

LVFW. The myocardial tissue was uniformly deformed and high-quality results were 

obtained using surgical sutures.  
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Figure 3.14: (a) Representing passive ‘biaxial behaviour’ in the circumferential direction of 

the RVFW; (b) demonstrating passive ‘biaxial behaviour’ in the longitudinal direction of the 

RVFW. The myocardial tissue was uniformly deformed and high-quality results were 

obtained using surgical sutures.  
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3.2.2.3. Simple shear test  

 

The simple shear tests focused on the relative shearing and sliding of the myocardial tissues, 

this feature is critical for effective blood ejection during systole [111] and wall thinning 

during diastole [42]. Simple shear tests involved mounting the tissue in custom-built shear 

plates, which were mounted in the Mach 1 testing machine (Biosyntech, MN); as 

demonstrated in Figure 3.15. Regional anisotropy was investigated using 3 × 3 x 3 mm cubic 

specimens that had been dissected so that the MFD and CFD were consistent with the x and 

y-axes. Tissue samples were mounted between the two shear plates using minimal 

cyanoacrylate before being tested in the MFD and CFD. Evans blue dye was used to label the 

specimen orientation during testing [113]. The tissue was exposed to positive and negative 

amount of shear at 10% and then incrementally increased to a maximum 50%, at a loading 

rate of 0.02 mms-1. Positive cyclic shearing was used to quantify the myocardial hysteresis (to 

account for energy dissipation due to the viscoelastic behaviour), dividing the area enclosed 

by the loading and unloading curves (energy dissipation) by the area beneath the loading 

curve (energy input). This protocol is consistent with a previous study that examined adult 

porcine heart tissue, which enabled a direct comparison of the data [113].  
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Figure 3.15: Experimental design in simple shear. Epicardium is fixed when endocardium is 

moving in the positive and negative shear, indicating that the experiments are able to 

measure the shear in MFD and CFD. 

 

Data analysis 

 

Shear stress (τ) is the ratio of the shear force 𝑓 and the shear area  = 𝐿2; hence, this 

calculation represents the relative in-plane displacement of two parallel layers of this cubic 

specimen. The amount of shear ᵞ ranges from 0.1–0.5 in increments of 0.1, while the 

separation distance (side length) for the cubic specimen was L ~ 3 mm: 

ᵞ =
Δ𝐿

L
 ,    τ =

𝑓

𝐿2 ,               (Eqn 3.3) 

where Δ𝐿 represents the shear displacement. 
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Statistical analysis  

 

All of the values are reported as the mean ± SD, where a p-value less than 0.05 was 

considered to be statistically significant. One-way analysis of variances (ANOVA) was 

performed along with Tukey HSD post hoc test to quantify the statistical significance of the 

anterior and posterior aspects of both ventricles. All of the statistical analyses were conducted 

in SPSS 20.0. 

 

3.3. Myocardial constitutive modelling  

The structurally-based Holzapfel–Ogden (HO) model was used to fit the microstructural (i.e. 

mean-fibre rotation) and biomechanical (i.e. uniaxial tensile, biaxial tensile and simple shear) 

data that are used to estimate the material parameters of the neonatal porcine myocardium. 

The strain energy function of HO model is 

  

(Eqn 3.4) 

where a, b, af, as, bf, bs , afs and bfs are eight positive material constants, the a parameters 

possessing the stress dimension, while the b parameters are dimensionless. This consists of 

the isotropic term in I1, the transversely isotropic terms in I4 f and I4 s and the orthotropic 

term in I8 fs.  
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Correspondingly, the Cauchy stress for the incompressible material is 

 

(Eqn 3.5) 

 

3.3.1. Mathematical methods  

 

3.3.1.1. Extracting parameters from uniaxial test data 

Engineering stresses in MFD, denoted by direction 1) (σ11) is calculated as the ratio of the 

applied force f1 and the initial cross-sectional area A1. The strain is computed as the ratio of 

the displacement and the initial gauge length: 

 

(Eqn 3.6) 

                                                                      

 

where the dx1 is the displacement and X1 is the initial gauge length. Therefore, the stretch and 

Cauchy stress are as follows: 
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(Eqn 3.7) 

Similarly, the Cauchy stress in CFD, denoted by direction 2). Please note that the CFD 

actually is the normal direction. 

 

(Eqn 3.8) 

 

Figure 3.16: Uniaxial sample in MFD (the left panel) and CFD (the right panel) 

 

Given that the analysis in MFD and CFD are the same, the detailed analysis was performed in 

the MFD. Assuming the first principle direction is along the MFD, the other two principle 

directions are in the cross-section area and, thus, the deformation gradient tensor is: 

 

The deformation gradient F is assumed to be homogeneous throughout the whole 

experimental sample and λ1, λ2, and λ3 denote the principle stretches in the 1, 2 and 3 

directions, in which 1, 2 and 3 represents MFD, CFD and sheet direction, respectively. 
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Furthermore, f0 = (1, 0, 0) denotes MFD, and n0 = (0; 1; 0) denotes CFD. In addition, λ2 = λ3 

were assumed to be the same. Under incompressible constrain (detF = 1),  

 

and, 

 

Where, by definition, C is the right Cauchy-Green Strain and B is the left Cauchy-Green 

Strain respectively.  C is defined in and associated with the reference configuration (un-

deformed-state), acting on vectors in the reference configuration.  Whereas, B is defined in 

the current configuration (deformed-state). 

 

The invariants are 

 

(Eqn 3.9) 
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Because the fibre cannot resist compression, the I4f and I4s were redefined as 

 

 

 

Here, it is important to note that fibres rotate from epicardium to endocardium by about -30 ⁰ 

to +30 ⁰, which suggests that the fibre rotation should be considered at different depths of the 

experimental sample, as demonstrated in Figure 3.17. 

 

                                      Figure 3.17: Fibre rotation 𝜃along the depth 

 

To express the fibre rotation, a global coordinate system at the surface of the sample was 

defined, in which the x axial aligns with the MFD, the y axial aligns the CFD, and the z axial 

is the depth direction (transmural direction) of the sample. In addition, the fibre direction was 

assumed to rotate with the depth linearly, increasing from 0 ⁰ to 60 ⁰ and defined as f0 = (cos 

𝜃, sin 𝜃, 0), s0 = (0, 0, 1) and n0 = (- sin 𝜃, cos 𝜃, 0), in which 𝜃 is the angle between the x 

axial and fibre direction. In the current configuration, f = Ff0, and s = Fs0. Finally, the 

expressions of the invariants can be rewritten as follows 



  Chapter 3: Materials and methods 
  

92 
  

( Eqn 3.10) 

 

 

Then, the Cauchy stress is 

 

 

           (Eqn 3.11) 

 

Because σ33 is zero (i.e. the stress is in the sheet’s direction), equation 3.11 can be solved for 

the Lagrangian multiplier p. In terms of the fibre directions at different depths, assuming it 

changes linearly with depth value (t), 

 

(Eqn 3.12) 
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where T0 is the thickness of the sample, and 𝜃max is the maximum fibre rotation as shown in 

Figure 3.18. Analysis of the stress of the whole specimen has revealed that not all of the fibre 

contributes to stress. In other words, there is an effective area in which the fibres provide 

stress while the excluding has no effect. Figure 3.19 schematically shows an experimental 

sample under uniaxial stretch. Given that there are two family fibres (denoted as f and n) at 

each depth, either f or n will contribute to the total stress as long as they are stretched. Thus, 

for f, if it runs from the most left side to the most right side, then those fibres along f can 

potentially contribute to the total Cauchy stress along the x-axis; as shown in the Figure 3.19 

in the region enclosed by the two dashed lines. 

 

An effective area coefficient ƐƟ was defined for stress in every fibre direction, which is 

denoted by 

 

           (Eqn 3.13) 

 

Figure 3.18: Effective area when fibre direction is 𝜃 
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Figure 3.19: Effective area when fibre direction is 𝜃 

 

where 𝜃1 = arctan H0 / L0, H0 = 5mm and L0 = 15mm are the height and length of the sample, 

respectively. Figure 3.20 shows f angle distribution, which will contribute to σff uniaxial 

stretch. 

 

Finally, the effective stress σƟ at a specific angle 𝜃 is 

 

 

           (Eqn 3.14) 

 

 

Then, the effective stress for the whole sample is derived as follows 
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( Eqn 3.15) 

 

Then, σE
11 can be fitted using measured σExp

11 and λ1
Exp. A similar approach was used to 

obtain the σE
22 fitted by σExp

22 and λ2
Exp. 

 

 

Figure 3.20: Effective fibre distribution area 

 

3.3.1.2. Extracting parameters from the biaxial extension test 

All loads are applied normal to the specimen edge and are symbolised as f1 and f2 in MFD 

and CFD, respectively. In accordance with the numerical model analysis, 1 and 2 characterise 

the tissue stretches in both directions, respectively. Meanwhile, t is the average thickness 

measured in unloaded configurations, and l1 and l2 are the lengths of the sample in the 

undeformed states for the MFD and CFD. The first Piola-Kirchhoff stress can be obtained as 
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To compute the Cauchy stresses, the following relationship was used 

 

For incompressible materials, J = 1, thus, the expression of experimental Cauchy stresses can 

be calculated as 

(Eqn 3.16) 

 

A homogeneous deformation was assumed throughout the sample, where λ1, λ2 and λ3 

denote the normal stretch in the 1, 2 and 3 directions, and ᵞ21 and ᵞ12 as the shearing 

deformation in the 1 and 2 directions, but there is no shear in the 1-3 and 2-3 planes. 

Therefore, the final deformation gradient tensor is 
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Figure 3.21: Biaxial sample 

 

To ensure that the model structure between different types of experiments is consistent, the 

fraction of fibre rotation 𝜃 was introduced from the top to the bottom of the sample. Although 

there should theoretically be no shear in biaxial tension experiments, the image that records 

the experimental process demonstrates an apparent shear deformation. 

 

For the experimental data, the specific values for λ1 and λ2 can be obtained. However, there 

is no data for shear amount ᵞ12 and ᵞ21, which did happen during experiments and which 

significantly contributes to fitting the data. Therefore, the amount of shear was calculated 

based on the image by measuring the shape transformation in the individual coordinate. In 

Figure 3.22, the coordinate values of four corner points were measured in the individual 
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coordinate to get the value of the amount of shear that is not affected by coordinate and to set 

new individual coordinate for convenience. 

 

The transformed coordinate values, M’
1 (x

’
1, y

’
1), M

’
2 (x

’
2, y

’
2), M

’
3 (x

’
3, y

’
3) and M’

4 (x
’
4, y

’
4), are 

enough to deduce the shear angle 𝛼1, 𝛼2, 𝛼3 and 𝛼4. 

(Eqn 3.17) 

 

 

Figure 3.22: Transformation of a shear amount based on image 

( Eqn 3.18) 

 

In addition, the shear transformation was assumed to be theoretically symmetrical, i.e. 𝛼1=𝛼2 

= 𝛼3 = 𝛼4. To reduce the error resulting from the experiment behaviour and measurement, the 

average value of those measuring angles was taken as the shear angle 𝛼𝑖. 
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(Eqn 3.19) 

 

  (Eqn 3.20) 

 

By substituting equations 3.18 and 3.19 into the equation 3.20, we get: 

 

( Eqn 3.21) 

 

After measuring, ᵞ12
max ~ 0.15, a function should be designed to express the the pattern of its 

change, as in equation 3.22 

 

( Eqn 3.22) 

where k is coefficient that makes the ᵞ12
max ~ 0.15, k ~ 1.3 
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In the biaxial experiment, four sides are stretched in two directions. This indicates that all of 

the fibres in the sample contribute to Cauchy stress σff, i.e. ƐƟ= 1; I8fs = 0. Therefore, the 

stress function should be 

 

 

 

Meanwhile, σ22
E can be calculated and compared with the measured σ11

Exp, σ22
Exp, λ1

Exp and 

λ2
Exp. 

 

3.3.1.3. Extracting parameters from a simple shear test 

The simple shear tests focus on the relative shearing and sliding of the myocardial tissues. 

Regional anisotropy was investigated using cubic specimens whose MFD and CFD were 

consistent with the x and y-axes. Shear stress (τ), the ratio of the shear force f and the shear 

area a = l2, and the amount of shear are  

 

where ∆𝑙 represents the shear displacement. 
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The f0 and n0 unit vectors are used to denote the MFD and CFD. The shear in MFD is the 

relative movement of endocardium in the mean-fibre direction while keeping the epicardium 

fixed with almost zero displacements. Similarly, the shearing in CFD is the relative 

movement of endocardium in the cross-fibre direction while keeping the epicardium fixed 

with almost zero displacements, as demonstrated in the Figure 3.15. 

The deformation gradient tensors are as follows: 

 

for shear in the MFD and CFD, respectively. Correspondingly the shear stress function is 

( Eqn 3.23) 

 

All of the fibres were assumed to effectively contribute to the simple shear in MFD and CFD, 

so the ƐƟ= 1, and then the final effective stress function is 
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4.0. RESULTS 

  

In this chapter, the microstructural and biomechanical behaviour of neonatal porcine left and 

right ventricle ‘free-wall’ (LVFW, RVFW) are demonstrated using the experimental protocol 

that was described in Chapter 3. These data will then be used with the structurally-based HO 

model of the adult myocardium to establish the materials parameters that, for the first time, 

specifically describe neonatal ventricular myocardium and will enable simulation that more 

accurately reflect ventricular tissue behaviour. 

 

4.1. Microstructural analyses 

4.1.1. Histological analysis 

 

Masson’s trichrome stain indicated cardiomyocytes in red and collagen fibres light blue. 

Figures 4.1–4.8 show the overall fibre orientation in the anterior and posterior aspects of the 

LVFW and RVFW. These samples were collected in alignment to the vertical axis of the 

heart (defined as passing through the apex and base). These images indicated that the fibre 

direction in the anterior LVFW was more aligned to the horizontal and posterior to the 

vertical axes, respectively (Figures 4.1(a) and (b), and Figures 4.4 (a) and (b)). Indeed, the 

alignment of fibres with either the horizontal or vertical appears stronger in the LVFW than 

the RVFW (Figures 4.1 and 4.8). The Fourier-components analysis quantified these 

alignments and confirmed that the fibres in the anterior and posterior LVFW were more 

aligned to the horizontal and vertical axes of the heart (Figures 4.1–4.4 and Table 4.1). 

Conversely, fibres in the anterior and posterior RVFW were aligned nearer diagonally, 

though the former had less extracellular space (Figures 4.5–4.8 and Table 4.1). Surface area 
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analysis revealed the greater concentration of collagen in the posterior wall when compared 

to the anterior wall in both ventricles (Table 4.2). LVFW specified the greater ratio of 

collagen to myocyte fibres than the RVFW (Table 4.2). Moreover, the ratio of collagen to 

myocyte fibres was highest in the LVFW–posterior and lowest in the RVFW–anterior regions 

(Table 4.2). The average in-plane (x, y) principal (preferred) fibre orientation of the LVFW 

and RVFW are stated in Table 4.1.  

 

In both ventricles, the anterior aspects exhibited the strong alignment of muscle fibres with 

less intercellular space (Figures 4.1–4.8). The greater dispersion of muscle fibres were 

observed in the posterior wall of both ventricles (Figures 4.1–4.8), which may serve to 

accommodate the greater concentration of collagen reported in Table 4.2. The relative 

differences of the collagen fraction within the anterior and posterior aspects provide an 

indication of the different extent of remodelling in the front and back walls of the one-day-

old neonatal porcine ventricles post-natal (Table 4.2). The anterior and posterior aspects of 

both ventricles did not possess any abrupt disruption in the muscle fibre alignment, providing 

an indication of the structural integrity of the myocardial tissue (Figures 4.1–4.8). 

Cardiomyocytes and collagen fibrils demonstrated the nearly planar interaction in the anterior 

and posterior aspects of both ventricles (Figures 4.1–4.8). This interaction may provide the 

structural support to maintain the normal heart function during diastole and systole. The 

marked interstitial concentration of collagen may also serve to arrange the cardiomyocytes 

architecture into the higher order of laminar sheet layers (Figures 4.1–4.8).  
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Figure 4.1: Masson’s trichrome staining images of the neonatal porcine ventricles, sectioned 

in the plane perpendicular to the transmural direction (i.e. in-plane), and viewed at × 20 and 

× 40 magnification. (a–b) LVFW–anterior, demonstrating circumferentially aligned fibres. 

(c–d) LVFW–posterior, describing longitudinally aligned fibres. Principal or preferred fibre 

angles are detailed in Table 4.1. Scale bar at ×20 =100 µm and at ×40 =50µm, respectively.  
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Figure 4.2: Masson’s trichrome staining images of the neonatal porcine ventricles, sectioned 

in the plane perpendicular to the transmural direction (i.e. in-plane), and viewed at × 20 and 

× 40 magnification. (a–b) LVFW–anterior, demonstrating circumferentially aligned fibres. 

(c–d) LVFW–posterior, describing longitudinally aligned fibres. Principal or preferred fibre 

angles are detailed in Table 4.1. Scale bar at ×20 =100 µm and at ×40 =50µm, respectively.  
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Figure 4.3: Masson’s trichrome staining images of the neonatal porcine ventricles, sectioned 

in the plane perpendicular to the transmural direction (i.e. in-plane), and viewed at × 20 and 

× 40 magnification. (a–b) LVFW–anterior, demonstrating circumferentially aligned fibres. 

(c–d) LVFW–posterior, describing longitudinally aligned fibres. Principal or preferred fibre 

angles are detailed in Table 4.1. Scale bar at ×20 =100 µm and at ×40 =50µm, respectively.  
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Figure 4.4: Masson’s trichrome staining images of the neonatal porcine ventricles, sectioned 

in the plane perpendicular to the transmural direction (i.e. in-plane), and viewed at × 20 and 

× 40 magnification. (a–b) LVFW–anterior, demonstrating circumferentially aligned fibres. 

(c–d) LVFW–posterior, describing longitudinally aligned fibres. Principal or preferred fibre 

angles are detailed in Table 4.1. Scale bar at ×20 =100 µm and at ×40 =50µm, respectively.  
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Figure 4.5: Masson’s trichrome staining images of the neonatal porcine ventricles, sectioned 

in the plane perpendicular to the transmural direction (i.e. in-plane), and viewed at × 20 and 

× 40 magnification. The RVFW–anterior (a–b) and posterior (c–d) aspects demonstrated 

almost symmetrical fibre alignment, with the former having greater concentration and 

alignment of muscle fibres. Principal or preferred fibre angles are detailed in Table 4.1. 

Scale bar at ×20 =100 µm and at ×40 =50µm, respectively. 
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Figure 4.6: Masson’s trichrome staining images of the neonatal porcine ventricles, sectioned 

in the plane perpendicular to the transmural direction (i.e. in-plane), and viewed at × 20 and 

× 40 magnification. The RVFW–anterior (a–b) and posterior (c–d) aspects demonstrated 

almost symmetrical fibre alignment, with the former having greater concentration and 

alignment of muscle fibres. Principal or preferred fibre angles are detailed in Table 4.1. 

Scale bar at ×20 =100 µm and at ×40 =50µm, respectively. 
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Figure 4.7: Masson’s trichrome staining images of the neonatal porcine ventricles, sectioned 

in the plane perpendicular to the transmural direction (i.e. in-plane), and viewed at × 20 and 

× 40 magnification. The RVFW–anterior (a–b) and posterior (c–d) aspects demonstrated 

almost symmetrical fibre alignment, with the former having greater concentration and 

alignment of muscle fibres. Principal or preferred fibre angles are detailed in Table 4.1. 

Scale bar at ×20 =100 µm and at ×40 =50µm, respectively..  
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Figure 4.8: Masson’s trichrome staining images of the neonatal porcine ventricles, sectioned 

in the plane perpendicular to the transmural direction (i.e. in-plane), and viewed at × 20 and 

× 40 magnification. The RVFW–anterior (a–b) and posterior (c–d) aspects demonstrated 

almost symmetrical fibre alignment, with the former having greater concentration and 

alignment of muscle fibres. Principal or preferred fibre angles are detailed in Table 4.1. 

Scale bar at ×20 =100 µm and at ×40 =50µm, respectively. 
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Table 4.1 

The average in-plane principal fibre orientation parameter and coefficient of determination 

𝑅2 ‘goodness of fit’ for RVFW and LVFW in the anterior (n = 16) and posterior (n = 16) 

aspects. Histological specimens were examined in the direction perpendicular to the 

transmural plane; i.e., epicardium towards endocardium using Fourier-component image 

analysis method (n = 32). 

 * One-way analysis of variance (ANOVA) revealed statistical significance between the 

anterior (A) and posterior (P) aspects of both ventricles p < 0.05. 

 

 

 

 

Table 4.2 

 

The average surface area ratio of collagen to myocyte for RVFW and LVFW in the anterior 

(n = 16) and posterior (n = 16) aspects. Histological specimens were examined in 

transmural–plane; i.e., epicardium towards endocardium (n = 32) using custom MATLAB 

code. 

* One-way analysis of variance (ANOVA) revealed statistical significance between the 

anterior (A) and posterior (P) aspects of both ventricles p < 0.05. 

 

 

Heart regions 

 

Preferred fibre 

orientation µ (º)    

 

(SD) 
Coefficient of 

determination 𝑹𝟐 
(SD) 

 

LVFW (A) 

 
4.19* 

 
(0.6) 

 
0.96 

 
(0.4) 

 

LVFW (P) 

 
-60.98* 

 
(0.7) 

 
0.98 

 
(0.6) 

 

RVFW (A) -40.77* (0.2) 0.98 (0.7) 

RVFW (P) -44.01* (0.4) 0.98 (0.6) 

Collagen / 

myocyte 

 

LV 

(A) 

(SD)  

LV 

(P) 

(SD)  

RV 

(A) 

(SD)  

RV 

(P) 

(SD) 

Transmural 

- plane 

 0.10* (0.5)  0.20* (0.6)  0.03* (0.3)  0.08* (0.4) 
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4.1.2. TPEF / SHG analyses 

 

The anterior and posterior aspects of both ventricles were microscopically investigated using 

the TPEF and SHG imaging techniques to identify the cardiomyocytes and collagen fibrils 

preferred orientation (°) and angular dispersion (°) through the ventricular walls (Figures 4.9–

4.12). In-plane stacks were obtained through 200 µm z-depth, with x-y dimensions 425 × 425 

µm. Out-plane stacks were acquired through 1022 µm y-depth, with x-z dimensions 425 × 

425 µm. The SHG-channel, which is visualised in green, identifies the collagen fibril 

distribution, while the TPEF-channel in red, highlights cardiomyocyte distribution (Figures 

4.9–4.12). Merging both channels enables the overlaying of these data, demonstrating the 

interaction between the interstitial collagen and cardiomyocytes (Figures 4.9–4.12). The 

correlation coefficient R2 was calculated to determine the ‘goodness of fit’ between the 

highest histogram peak (i.e. preferred fibre orientation) and Gaussian function [180, 182, 

183]. TPEF/SHG images with correlation > 0.8 were used for further analyses [52].  

 

TPEF/SHG channels were used to measure the in-plane and out-plane cardiomyocyte and 

collagen fibril preferred orientation direction (°), angular dispersion (°) and amount (i.e. a 

measure of fibre distribution with the preferred orientation) parameters in the LVFW and 

RVFW as a function of depth through the stacks (Figures 4.13–4.16). The posterior wall of 

both ventricles exhibited the greater rate’ (i.e. per unit thickness) of in-plane cardiomyocyte 

rotation and dispersion than the anterior wall (Table 4.3). The out-plane rate of 

cardiomyocytes rotation and dispersion was more pronounced in the RVFW, compared to the 

LVFW (Table 4.4). The posterior LVFW possessed the greater rate of in-plane collagen fibril 

rotation in both ventricles (Table 4.5), while the greatest in-plane collagen fibril dispersion 

rate was observed in the anterior LVFW (Table 4.5). The anterior RVFW exhibited the 
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greater rate of out-plane collagen fibril rotation and dispersion in both ventricles (Table 4.6). 

Overall, cardiomyocytes exhibited greater dispersion rate out-plane (Tables 4.3–4.6), whereas 

collagen fibril dispersion rate was more pronounced in-plane in both ventricles (Tables 4.3–

4.6). Relatively high cardiomyocyte and collagen fibril rotation and dispersion rate were 

noted in the sub-epicardium region of both ventricles (Figures 4.13–4.16). Interstitial 

collagen was the greatest fraction in the anterior and posterior LVFW (Figures 4.9–4.12). The 

in-plane and out-plane cardiomyocytes rotation rates through the stack depth, and the 

corresponding angular dispersion and amount data, are described in Tables 4.3 and 4.4. The 

in-plane and out-plane collagen fibril rotation rates through the stack depth, and the 

equivalent angular dispersion and amount data, are described in Tables 4.5 and 4.6. 

Variations in the mean in-plane and out-plane cardiomyocyte rotation and dispersion were 

compared across the anterior and posterior aspects of both ventricles via a one-way analysis 

of variance (ANOVA) and Tukey HSD post hoc test, as detailed in Table 4.7. An identical 

approach was also used to assess the average in-plane and out-plane collagen fibril rotation 

and dispersion, as specified in Table 4.8. 
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Figure 4.9: In-plane TPEF/SHG images of the anterior LVFW. (a) The anterior view of one-

day-old neonatal porcine heart; (b) SHG-channel was displayed in green, to identify the 

collagen fibril distribution; (c) TPEF-channel was shown in red, to specify the cardiomyocyte 

distribution; (d) Both channels were merged to demonstrate the collagen-cardiomyocyte 

overlapping. Scale bar measures 100 µm. 
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Figure 4.10: In-plane TPEF/SHG images of the anterior RVFW. (a) The anterior view of 

one-day-old neonatal porcine heart; (b) SHG-channel was displayed in green, to identify the 

collagen fibril distribution; (c) TPEF-channel was shown in red, to specify the cardiomyocyte 

distribution; (d) Both channels were merged to demonstrate the collagen-cardiomyocyte 

overlapping. Scale bar measures 100 µm. 
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Figure 4.11: In-plane TPEF/SHG images of the posterior LVFW. (a) The anterior view of 

one-day-old neonatal porcine heart; (b) SHG-channel was displayed in green, to identify the 

collagen fibril distribution; (c) TPEF-channel was shown in red, to specify the cardiomyocyte 

distribution; (d) Both channels were merged to demonstrate the collagen-cardiomyocyte 

overlapping. Scale bar measures 100 µm. 
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Figure 4.12: In-plane TPEF/SHG images of the posterior RVFW. (a) The anterior view of 

one-day-old neonatal porcine heart; (b) SHG-channel was displayed in green, to identify the 

collagen fibril distribution; (c) TPEF-channel was shown in red, to specify the cardiomyocyte 

distribution; (d) Both channels were merged to demonstrate the collagen-cardiomyocyte 

overlapping. Scale bar measures 100 µm. 
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Figure 4.13: TPEF/SHG microscopy was used to quantify the mean in-plane and out-plane 

cardiomyocyte and collagen fibril microstructural parameters of the anterior LVFW. (a) in-

plane preferred orientation; (b) out-plane preferred orientation; (c) in-plane dispersion; (d) 

out-plane dispersion; (e) in-plane amount; (f) out-plane amount. In-plane and out-plane 

image-stacks were acquired through the depth of 200-and 1022 µm, respectively.  
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Figure 4.14: TPEF/SHG microscopy was used to quantify the mean in-plane and out-plane 

cardiomyocytes and collagen fibrils microstructural parameters of the anterior RVFW. (a) 

in-plane preferred orientation; (b) out-plane preferred orientation; (c) in-plane dispersion; 

(d) out-plane dispersion; (e) in-plane amount; (f) out-plane amount. In-plane and out-plane 

image-stacks were acquired through the depth of 200-and 1022 µm, respectively.  
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Figure 4.15: TPEF/SHG microscopy was used to quantify the mean in-plane and out-plane 

cardiomyocyte and collagen fibril microstructural parameters of the posterior LVFW. (a) in-

plane preferred orientation; (b) out-plane preferred orientation; (c) in-plane dispersion; (d) 

out-plane dispersion; (e) in-plane amount; (f) out-plane amount. In-plane and out-plane 

image-stacks were acquired through the depth of 200-and 1022 µm, respectively.  
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Figure 4.16: TPEF/SHG microscopy was used to quantify the mean in-plane and out-plane 

cardiomyocyte and collagen fibril microstructural parameters of the posterior RVFW. (a) in-

plane preferred orientation; (b) out-plane preferred orientation; (c) in-plane dispersion; (d) 

out-plane dispersion; (e) in-plane amount; (f) out-plane amount. In-plane and out-plane 

image-stacks were acquired through the depth of 200-and 1022 µm, respectively.  
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Table 4.3  

In-plane cardiomyocyte rotation, dispersion and amount through the LVFW and RVFW, 

across 200 µm depth of the anterior (A) and posterior (P) aspects. 

Results are expressed as mean ± SD (n=5). * One-way analysis of variance (ANOVA) 

revealed statistical significance between the anterior (A) and posterior (P) aspects of both 

ventricles p < 0.05. 

 

 

 

Table 4.4 

Out-plane cardiomyocyte rotation, dispersion and amount through the LVFW and RVFW, 

across 1022 µm depth in the anterior (A) and posterior (P) aspects.  

Results are expressed as mean ± SD (n=5). One-way analysis of variance (ANOVA) revealed 

statistical significance between the anterior (A) and posterior (P) aspects of both ventricles p 

< 0.05. 

  

 

 

  

 Rotation (º) 

 

Dispersion (º) 

 

Amount  

 

LVFW(A) 

 

48 ± 5.3*        

 

11.8 ± 3.0* 

 

0.35 ± 0.04 

RVFW(A) 106.7 ± 10.6* 8.7 ± 2.0* 0.23 ± 0.05 

LVFW(P) 151.3 ± 9.2* 12.8 ± 1.5* 0.27 ± 0.09 

RVFW(P) 111.2 ± 3.2* 12.3 ± 2.3* 0.34 ± 0.05 

  

Rotation (º) 

 

Dispersion (º) 

 

Amount 

 

LVFW (A) 

 

3.5 ± 2.8* 

 

17.8 ± 1.9* 

 

0.65 ± 0.03 

RVFW (A) 8.4 ± 3.6* 23.9 ± 4.1* 0.72 ± 0.07 

LVFW (P) 2.2 ± 2.8* 18.8 ± 1.6* 0.58 ± 0.02 

RVFW (P) 6.4 ± 1.2* 22 ± 2.4* 0.69 ± 0.06 
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Table 4.5 

In-plane collagen fibril rotation, dispersion and amount through the LVFW and RVFW, 

across 200 µm depth in the anterior (A) and posterior (P) aspects. 

Results are expressed as mean ± SD (n=5). * One-way analysis of variance (ANOVA) 

revealed statistical significance between the anterior (A) and posterior (P) aspects of both 

ventricles p < 0.05. 

 

 

 

 

 

Table 4.6 

Out-plane collagen fibril rotation, dispersion and amount through the LVFW and RVFW, 

across 1022 µm depth in the anterior (A) and posterior (P) aspects. 

Results are expressed as mean ± SD (n=5). * One-way analysis of variance (ANOVA) 

revealed statistical significance between the anterior (A) and posterior (P) aspects of both 

ventricles p < 0.05. 

 

  

Rotation (º) 

 

Dispersion (º) 

 

Amount  

 

LVFW (A) 

 

41 ± 3.8* 

 

27.1 ± 2.8* 

 

0.61 ± 0.09 

RVFW (A) 104.8 ± 6.5* 13.4 ± 4.2* 0.37 ± 0.1 

LVFW (P) 129.5 ± 2.9* 14.3 ± 1.8* 0.35 ± 0.08 

RVFW (P) 70.7 ± 6.2* 22.4 ± 3.1* 0.48 ± 0.07 

  

Rotation (º) 

 

Dispersion (º) 

 

Amount 

 

LVFW (A) 

 

1.1 ± 1.7* 

 

11.2 ± 2.3* 

 

0.56 ± 0.04 

RVFW (A) 2.7 ± 4.1* 20.8 ± 3.8* 0.67 ± 0.02 

LVFW (P) 1.8 ± 2.4* 8.4 ± 3.5* 0.64 ± 0.03 

RVFW (P) 1.6 ± 4.8* 7.2 ± 3.6* 0.60 ± 0.04 
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Table 4.7 

Statistical data describing the significance of difference in cardiomyocyte rotation (1–4) and 

dispersion (5–8) between the anterior (A) and posterior (P) aspects of the LVFW and RVFW 

for: (1) LVFW (A and P) in-plane; (2) RVFW (A and P) in-plane; (3) LVFW (A and P) out-

plane; (4) RVFW (A and P) out-plane. (5) LVFW (A and P) in-plane; (6) RVFW (A and P) in-

plane; (7) LVFW (A and P) out-plane; and (8) RVFW (A and P) out-plane. 

 

 

 

 

 

 

 

 

 

 

Configurations    LVFW  (A)     LVFW (P)     RVFW (A)      RVFW (P)  

1 0.001   0.002   -   -  

2 -   -   0.001   0.001  

3 0.001   0.002   -   -   

4 -    -    0.001   0.001  

5 0.001   0.003   -   -  

 

6 

 

- 
  

 

- 
  

 

0.001 
  

 

0.002 
 

 

 

7 

 

 

0.001 
  

 

0.003 
  

 

- 
  

 

- 
 

 

8 

 

- 
  

 

- 
  

 

0.001 
  

 

0.002 
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Table 4.8 

Statistical data describing the significance of difference in collagen fibril rotation (1–4) and 

dispersion (5–8) between the anterior (A) and posterior (P) aspects of the LVFW and RVFW 

for: (1) LVFW (A and P) in-plane; (2) RVFW (A and P) in-plane; (3) LVFW (A and P) out-

plane; (4) RVFW (A and P) out-plane. (5) LVFW (A and P) in-plane; (6) RVFW (A and P) in-

plane; (7) LVFW (A and P) out-plane; and (8) RVFW (A and P) out-plane. 

 

 

 

 

 

 

 

 

 

 

Configurations    LVFW  (A)     LVFW (P)     RVFW (A)      RVFW (P)  

1 0.002   0.002   -   -  

2 -   -   0.003   0.001  

3 0.002   0.002   -   -   

4 -    -    0.001   0.003  

5 0.002   0.003   -   -  

 

6 

 

- 
  

 

- 
  

 

0.001 
  

 

0.002 
 

 

 

7 

 

 

0.003 
  

 

0.003 
  

 

- 
  

 

- 
 

 

8 

 

- 
  

 

- 
  

 

0.002 
  

 

0.002 
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4.1.3. DT–MRI analysis 

4.1.3.1. Fractional anisotropy and fibre tractography 

 

Unscented Kalman filter (UKF) tractography was used to identify the helical cardiomyocyte 

architecture of neonatal porcine ventricles, as shown in Figures 4.18 (a)–(f).  The detailed 

methodology used in evaluating fractional anisotropy and performing fibre tractography has 

been stated in Section 3.3.1.3, Chapter 3.  Figure 4.17 (a) highlights the (1) base, (2) equator 

and (3) apex regions of both ventricles anteriorly, which were used to quantify the scalar 

measurements of FA. The particular measurement describes the variation in water diffusion 

anisotropy within these regions. The anterior RVFW exhibited slightly greater FA in all three 

regions, compared to the LVFW (Tables 4.9 and 4.10). The equatorial region of both 

ventricles possessed greater FA, with the lowest observed in the apex. The average LVFW 

and RVFW FA are detailed in Tables 4.9 and 4.10. The greatest cardiomyocyte density was 

observed in the lower base and equator regions (Figures 4.18 (a)–(f)). Cardiomyocytes were 

aligned horizontally (relative to the defined vertical axis of the heart, passing through the 

apex and base) in the anterior surface of both ventricles (Figures 4.18 (a), (c) and (e)). 

Cardiomyocytes in the posterior surface of the LVFW were diagonally aligned, and 

horizontal in the RVFW (Figures 4.18 (b), (d) and (f)). Cardiomyocytes were predominantly 

aligned in parallel towards the lower base and equator regions, although weaker alignment 

was evident in the apex of both ventricles anteriorly and posteriorly (Figures 4.18 (a)–(f). At 

one-day post birth, the neonatal RVFW (~ 4 mm) thickness was almost consistent with the 

LVFW (~ 5 mm).  
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Figure 4.17: The helical cardiomyocyte architecture of one-day-old neonatal porcine heart. 

(a) Anterior view identifying the regions of interest within the base (1), equator (2) and apex 

(3) in the right and left ventricles. (b) Posterior view. The anterior (c) and posterior (d) 

aspects of LVFW and RVFW. Scale bar = 12 mm.   
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(a) (b) 

(c) (d) 

(e)  (f) 
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Figure 4.18: The anterior and posterior aspects of the one-day-old neonatal porcine heart. 

Fibre bundles were coloured to demonstrate the mean-fibre orientation, using 50% fibre 

density; anterior view (a) and posterior view (b). 25% fibre density; anterior view (c) and 

posterior view (d). 15% fibre density; anterior view (e) and posterior view (f), respectively. 

 

 

Table 4.9 

The total number of fibre tracks and regional FA in the anterior LVFW. 

 

 

Table 4.10 

The total number of fibre tracks and regional fractional anisotropy (FA) in the anterior 

RVFW. 

 

 

ROI’S 

 

Fibre number 

 

FA 

 

Base 

 

795 

 

0.72 ± 0.06* 

Equator 330 0.75 ± 0.04* 

Apex 1284 0.70 ± 0.03* 

Results are expressed as mean ± SD. 

* One-way analysis of variances (ANOVA) specified statistical significance among ROI’s, p < 

0.05.  

 

ROI’S 

 

Fibre number 

 

FA 

 

Base 

 

339 

 

0.74 ± 0.05* 

Equator 169 0.77 ± 0.03* 

Apex 789 0.71 ± 0.06* 

Results are expressed as mean ± SD. 

* One-way analysis of variances (ANOVA) specified statistical significance among ROI’s, p 

< 0.05.  
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4.2. Biomechanical analyses             

4.2.1. Uniaxial tensile behaviour 

 

A total of 10 preconditioning cycles were performed per test to account for the viscoelastic 

behaviour of the myocardial tissue. During these tests, both the LVFW and RVFW 

demonstrating the greatest change in behaviour during the first two cycles (Figures 4.21 (a) 

and (b)). For clarity and easy interpretation, only the first, second, sixth, and tenth cycles 

were plotted in Figures 4.21 (a) and (b). Both ventricles possessed the repeatable and stable 

curves, after a few preconditioning cycles. Five to six preconditioning cycles were enough to 

consider the viscoelasticity of the neonatal porcine heart tissue. The relative change of the 

maximum stress value was not significant in both ventricles during preconditioning but a 

prominent decrease of the hysteresis area was noted (Figures 4.21 (a) and (b)). Softening was 

clearly evident in both ventricles, with a notable softening occurred in the first two 

preconditioning cycles (Figures 4.21 (a) and (b)). The mean hysteresis area or dissipation 

energy per unit volume was evaluated at 10% strain in both ventricles by dividing the area 

enclosed by the loading and unloading curves (energy dissipation) to the area beneath the 

loading curve (energy input) (Table  4.11). The MFD exhibited the greater energy dissipation 

than the CFD in both ventricles. The energy dissipation was more pronounced in LVFW 

when compared to the RVFW. The energy dissipation values for both ventricles are specified 

in Table 4.11.  

 

The average uniaxial tensile behaviour of the LVFW and RVFW is presented in the Figure 

4.21 (c), with the data describing a non–linear, anisotropic, viscoelastic (hysteresis formation) 

response in all regions. It is evident from Figure 4.21 (c) that the MFD was stiffer than the 

CFD in the strain range 0 to ~ 0.20 but that the CFD becomes stiffer than the MFD after ~ 
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0.20 for both ventricles. The RVFW is consistently the stiffer of the two ventricles in the 

MFD and CFD (Figure 4.21 (c)). The LVFW exhibited the greater extensibility than the 

RVFW in the MFD (Figure 4.21 (c)). Specimen-to-specimen variations have been noted in 

both ventricles (Figures 4.19 and 4.20) and, therefore, the mean uniaxial tensile stress-strain 

behaviour of all considered myocardial samples from LVFW (n = 5) and RVFW (n = 5) was 

plotted with the error bars, specifying standard deviation in Figures 4.21 (e) and (f). Both 

ventricles exhibited identical behaviour (nonlinearity, anisotropy, hysteresis formation), even 

though they had different quantitative properties (Figures 4.19 and 4.20). Hence, the failure 

stresses of both ventricles were computed to perform the quantitative comparison in both 

ventricles. The failure stress values of both ventricles are summarised in Table 4.12 and 

Figure 4.21 (g). The data in the Figure 4.21 (c) demonstrate similar trends, although there is a 

significant difference between the RVFW and LVFW peak stresses (p = 0.001) and between 

MFD and CFD (p = 0.0001).  
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Figure 4.19: Representing the ‘passive’ uniaxial tensile behaviour of the LVFW in the MFD 

and CFD.  The specimens were stretched until failure.  Five hearts were used to demonstrate 

the behaviour of Sample I (a), Sample II (b), Sample III (c), Sample IV (d) and Sample V (e) 

respectively. 
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Figure 4.20: Representing the ‘passive’ uniaxial tensile behaviour of the RVFW in the MFD 

and CFD.  The specimens were stretched until failure.  Five hearts were used to demonstrate 

the behaviour of Sample I (a), Sample II (b), Sample III (c), Sample IV (d) and Sample V (e) 

respectively. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

0

1000

2000

3000

4000

5000

6000

7000

8000

9000

0 0.05 0.1 0.15 0.2 0.25

E
n

g
in

e
e
ri

n
g

 s
tr

e
s
s
 (

P
a
s
c
a
ls

)

Strain

RVFW - V

CFD

MFD

(e)  



Faizan Ahmad  Cardiff University 
 

147 
  

 

 
 

 

 

 

 

0

1

2

3

4

0

1

2

3

4

0 0.05 0.1 0.15

E
n

g
in

e
e
ri

n
g

 s
tr

e
s
s
 (

K
P

a
)

Strain

Preconditiong behaviour RVFW - CFD

Cycle 1

Cycle 2

Cycle 10

Cycle 6

0

1

2

3

4

0

1

2

3

4

0 0.05 0.1 0.15

E
n

g
in

e
e
ri

n
g

 s
tr

e
s
 (

K
P

a
)

Strain

Preconditioning behaviour LVFW - CFD

Cycle 2

Cycle 6

Cycle 10

Cycle 1

(b) 

(a) 



  Chapter 4: Results 

 

148 
  

 

 

 

 
 

 

 

0

2

4

6

8

10

12

14

16

0

2

4

6

8

10

12

14

16

0 0.1 0.2 0.3 0.4

E
n

g
in

e
e
ri

n
g

 s
tr

e
s
s
 (

K
P

a
)

Strain

Average behaviour

MFD till failure (LVFW)

CFD till failure (LVFW)

MFD till failure (RVFW)

CFD till failure (RVFW)

0

2

4

6

8

10

12

14

16

0

2

4

6

8

10

12

14

16

0 0.1 0.2 0.3 0.4

E
n

g
in

e
e
ri

n
g

 s
tr

e
s
s
 (

K
P

a
)

Strain

Uniaxial failure (LVFW)

MFD till failure

CFD till failure

(c) 

(d) 



Faizan Ahmad  Cardiff University 
 

149 
  

 

 

 
 

 

 

 

0

2

4

6

8

10

12

14

16

0

2

4

6

8

10

12

14

16

0 0.1 0.2 0.3 0.4

E
n

g
in

e
e
ri

n
g

 s
tr

e
s
s
 (

K
P

a
)

Strain

Average behaviour (LVFW)

MFD till failure

CFD till failure

0

2

4

6

8

10

12

14

16

0

2

4

6

8

10

12

14

16

0 0.1 0.2 0.3 0.4

E
n

g
in

e
e
ri

n
g

 s
tr

e
s
s
 (

K
P

a
)

Strain

Average behaviour (RVFW)

MFD till failure

CFD till failure

(e) 

(f) 



  Chapter 4: Results 

 

150 
  

 

 
 

 

Figure 4.21: Uniaxial cyclic behaviour of LVFW (a) and RVFW (b) in CFD. (c) Average 

‘uniaxial behaviour’ of LVFW and RVFW until failure (n = 5). (d) Representing passive 

‘uniaxial behaviour’ of LVFW until failure. Mean curves of the LVFW (e) and RVFW (f) (n = 

5). (g) Column plots indicate mean failure stress in the anterior and posterior aspect of LVFW 

and RVFW, for MFD and CFD. Standard deviation indicated by error bars. 
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Table 4.11 

Average hysteresis area (J/𝑚3) of neonatal porcine LVFW and RVFW for uniaxial testing at 

10% strain in MFD and CFD.    

  
 

Hysteresis area 
 

  

Heart regions 

 

MFD 

 

(SD) CFD (SD) 

 

LVFW 

 
91* 

 
(112) 

 
80* 

 
(82) 

 

RVFW 

 
54* 

 
(108) 

 
43* 

 
(93) 

 

* One-way analysis of variance (ANOVA) revealed statistical significance between the LVFW 

and RVFW in the MFD and CFD p < 0.05. 

 

 

 

  

 

Table 4.12 

Average failure stress values (KPa) for neonatal LVFW and RVFW for uniaxial testing: the 

specimens were stretched until failure.  

Heart regions 

 

MFD 

 

(SD) CFD (SD) 

 

LVFW 

 

5.84* 

 

(0.4) 

 

5.95* 

 

(0.4) 

 

RVFW 

 
4.69* 

 
(1.4) 

 
8.22* 

 
(1.8) 

 

* One-way analysis of variance (ANOVA) revealed statistical significance between the LVFW 

and RVFW in the MFD and CFD p < 0.05. 
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4.2.2. Biaxial extension behaviour 

 

The biaxial mechanical representatives (engineering stress vs stretch) were investigated at 30 

Nm-1: 30 Nm-1 load per unit length. LVFW and RVFW exhibited non–linear, anisotropic and 

viscoelastic (hysteresis formation) mechanical behaviour (Figures 4.22, 4.23 and 4.24 (a) and 

(b)). The RVFW was the stiffest ventricle, while the LVFW demonstrated greater 

viscoelasticity. The MFD exhibits stiffer behaviour in both ventricles than the CFD (Figures 

4.22, 4.23 and 4.24 (a) and (b)). The LVFW exhibits mechanical - coupling between the 

MFD and CFD as demonstrated in Figure 4.22 (a). To highlight the specimen-to-specimen 

variations (Figures 4.22, 4.23), the mean engineering stress-stretch behaviour of all 

considered myocardial samples from LVFW (n = 5) and RVFW (n = 5) was plotted with the 

error bars, to identify a standard deviation in the Figures 4.24 (c) and (d). A similar 

qualitative behaviour (nonlinearity, anisotropy, hysteresis formation) was observed for both 

ventricles. The mean hysteresis area or dissipation energy per unit volume was evaluated at 

30 Nm-1: 30 Nm-1 load per unit length of both ventricles, by dividing the area enclosed by the 

loading and unloading curves (energy dissipation) to the area beneath the loading curve 

(energy input) (Tables. 4.13). The MFD exhibited the greater energy dissipation than the 

CFD in both ventricles. The energy dissipation was more pronounced in LVFW than the 

RVFW as stated in Table 4.13.  

 

Peak engineering stress values were calculated and presented in Table 4.14 to describe the 

quantitative differences in both ventricles. For clarity and easy interpretation, these values 

were also plotted in a column chart (Figure 4.24 (e)). A significant difference exists between 

the RVFW and LVFW peak engineering stresses in MFD (p = 0.0001) and CFD (p = 0.0001). 
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Figure 4.22: Representing the ‘passive’ biaxial tensile behaviour of the LVFW in the MFD 

and CFD.  The specimens were stretched at 30 Nm-1: 30 Nm-1 load per unit length.  Five 

hearts were used to demonstrate the behaviour of Sample I (a), Sample II (b), Sample III (c), 

Sample IV (d) and Sample V (e) respectively. 
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Figure 4.23: Representing the ‘passive’ biaxial tensile behaviour of the RVFW in the MFD 

and CFD.  The specimens were stretched at 30 Nm-1: 30 Nm-1 load per unit length.  Five 

hearts were used to demonstrate the behaviour of Sample I (a), Sample II (b), Sample III (c), 

Sample IV (d) and Sample V (e) respectively. 
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Figure 4.24: ‘Average biaxial behaviour’ of LVFW (a) and RVFW (b) (n = 5). Mean 

‘biaxial’ curves of the LVFW (c) and RVFW (d) (n = 5). (e) Columns plot specifying the 

average peak Engineering stress of the LVFW and RVFW in the MFD and CFD (n = 5). 

Error bars describe the standard deviation. 
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Table 4.13 

Average hysteresis area (J/𝑚3) of neonatal porcine LVFW and RVFW for biaxial testing at 

(30:30) N / m in MFD and CFD. 

* One-way analysis of variance (ANOVA) did not reveal statistical significance between the 

LVFW and RVFW in the MFD and CFD p < 0.05. 

 

 

 

 

 

 

 

Table 4.14 

Average peak engineering stress values (KPa) for neonatal porcine LVFW and RVFW for 

biaxial testing at (30:30) N / m in MFD and CFD.  

* One-way analysis of variance (ANOVA) revealed statistical significance between the 

LVFW and RVFW in the MFD and CFD p < 0.05. 

 

 

 

 

  

 

Hysteresis area 

 

  

Heart regions 

 

MFD 

 

(SD) CFD (SD) 

 

LVFW 

 
51 

 
(121) 

 
19 

 
(76) 

 

RVFW 

 
48 

 
(128) 

 
23 

 

(67) 
 

Heart regions 

 

MFD 

 

(SD) CFD (SD) 

 

LVFW 

 

6.97* 

 

(0.9) 

 

6.77* 

 

(0.9) 

 

RVFW 

 
8.11* 

 
(2.3) 

 
7.67* 

 
(1.8) 
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4.2.3. Simple shear behaviour 

 

Hysteresis formation (energy dissipation) was prominently evident throughout the cyclic 

shearing behaviour, with both ventricles demonstrating increased shear (Figures 4.25 (a)–

(d)). In both ventricles, the greater degree of mechanical-anisotropy and stiffness were 

observed at higher stain (i.e. 50%), indicating the strain-dependent behaviour of myocardial 

tissue (Figures 4.25 (a)–(d)). The energy dissipation was more pronounced in the anterior 

wall than the posterior wall in both ventricles (Table 4.15). The greater energy dissipation 

was observed in the RVFW when compared to the LVFW. The mean energy dissipation 

values for both ventricles are summarised in Table 4.15.  

 

The representative results (shear stress vs. the amount of shear) of the anterior and posterior 

aspects for LVFW and RVFW are displayed in the Figures 4.26 (a)–(b)). Both ventricles 

demonstrated nonlinear, anisotropic, viscoelastic (hysteresis formation) behaviour. The 

anterior walls appeared stiffer than the posterior walls of both ventricles, while the MFD was 

stiffer than the CFD (Figures 4.26 (a)–(b)). The RVFW exhibited asymmetrical behaviour, 

possessing greater stiffness in the positive direction anteriorly and negative direction 

posteriorly (Figures 4.25 (c)–(d)). Conversely, both aspects of the LVFW exhibited consistent 

behaviour in both directions (Figures 4.25 (a)–(b)). RVFW was the stiffest ventricle in the 

MFD and CFD. A prominent difference in the shear behaviour (shear stress vs the amount of 

shear) of the anterior and posterior aspects were noted in the RVFW (4.26 (e) and (f)). The 

peak shear stress values were computed to perform a quantitative analysis in the anterior and 

posterior aspects of both ventricles. The peak shear stresses are described in Tables 4.16 and 

4.17. For clarity and easy interpretation, these values were also demonstrated in terms of 

column plots (Figures 4.26 (g)–(i)). The results suggested that the shear properties of the 
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myocardial tissue are highly heterogeneous, depending on the cardiac myocytes orientation in 

the MFD and CFD. The greater shear stiffness was observed in the RVFW–anterior, 

intermediate in the LVFW–anterior and RVFW–posterior, and lowest in the LVFW–

posterior. The influence of fibre direction is described in the Figures 4.26 (a)–(f)), while 

variations in tissue behaviour are identified statistically via a one-way analysis of variance 

(ANOVA) and Tukey HSD post hoc test (Table 4.18). 
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Figure 4.25: Demonstrating passive ‘simple shear’ behaviour of the anterior and posterior 

aspects of the LVFW and RVFW in the MFD and CFD, at 30% (blue curve), 40% (orange 

curve) and 50% (black curve) of specimens thickness. (a) LVFW–anterior. (b) LVFW–

posterior. (c) RVFW–anterior. (d) RVFW–posterior. 
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Figure 4.26: ‘Mean simple shear behaviour’ of anterior and posterior aspect of the LVFW 

(a) and the RVFW (b), in the MFD and CFD at increments of 0.1, 0.2, 0.3, 0.4 and 0.5 (n = 

5). LVFW–anterior (c) and posterior (d) in MFD and CFD, at an increment of 0.5. RVFW–

anterior (e) and posterior (f) in MFD and CFD at an increment of 0.5. (g)–(i) Column plots 

indicate average peak shear stress in the anterior and posterior aspects of both ventricles at 

increments of 0.3, 0.4 and 0.5 respectively (n = 5). (j) Column plots demonstrating mean 

(i) 

(j) 
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hysteresis areas in the anterior and posterior aspect of LVFW and RVFW, for MFD and CFD 

at an increment of 0.5 (n = 5). Error bars represent standard deviation. 

 

 

Table 4.15 

Average hysteresis area (J/𝑚3) of neonatal porcine LVFW and RVFW in the anterior and 

posterior aspects for simple shear testing at 0.5 increments in MFD and CFD.  

* One-way analysis of variance (ANOVA) did not reveal statistical significance between the 

anterior and posterior aspects of LVFW and RVFW in the MFD and CFD p < 0.05. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  

 

Hysteresis area 

 

  

Heart regions 

 

MFD 

 

(SD) CFD (SD) 

 

LVFW (A) 

 
306* 

 
(104) 

 
260* 

 
(86) 

 

LVFW (P) 

 
201* 

 
(17) 

 
187* 

 
(59) 

 

RVFW (A) 387* (87) 244* (159) 

RVFW (P) 208* (117) 174* (41) 
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Table 4.16 

Average peak shear stress values (KPa) for the neonatal LVFW in the anterior (A) and 

posterior (P) aspects for simple shear testing at 30%,40%,50% amount of shear in MFD and 

CFD modes.  

* One-way analysis of variance (ANOVA) revealed statistical significance between the 

anterior (A) and posterior (P) aspects of LVFW p < 0.05. 

 

 

Table 4.17 

Average peak shear stress values (KPa) for the neonatal RVFW in the anterior (A) and 

posterior (P) aspects for simple shear testing at 30%,40%,50% amount of shear in MFD and 

CFD modes.  

* One-way analysis of variance (ANOVA) revealed statistical significance between the 

anterior (A) and posterior (P) aspects of both ventricles p < 0.05. 

 

 

 

 

 

   

LVFW 

(A) 

    

   

LVFW 

(P) 

  

Increments 
 

MFD (SD) CFD (SD) 
 

MFD (SD) CFD (SD) 

0.3 
 

0.84* (0.2) 0.57* (0.3) 
 

0.55* (0.2) 0.67* (0.2) 

0.4 
 

1.82* (0.3) 1.15* (0.4) 
 

1.14* (0.3) 1.22* (0.4) 

0.5  3.60* (0.4) 2.10* (0.5)  2.53* (0.4) 2.25* (0.5) 

 

 

 

  

RVFW 

(A) 

    

  

RVFW 

(P) 

  

Increments 
 

MFD (SD) CFD (SD) 
 

MFD (SD) CFD (SD) 

0.3 
 

0.99* (0.2) 0.82* (0.3) 
 

0.56* (0.3) 0.45* (0.4) 

0.4 
 

2.19* (0.3) 1.69* (0.3) 
 

1.36* (0.4) 0.85* (0.4) 

0.5  4.62* (0.4) 3.38* (0.5)  3.22* (0.4) 1.84* (0.5) 
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Table 4.18 

Statistical analysis (one-way ANOVA along with Tukey HSD post hoc test) data for LVFW 

and RVFW in the anterior (A) and posterior (P) aspects represent: (1) LVFW (anterior and 

posterior) for MFD–CFD; (2) RVFW (anterior and posterior) for MFD–CFD; (3) LVFW (A) 

and RVFW (A) for MFD–CFD; and (4) LVFW (P) and RVFW (P) for MFD–CFD 

respectively. A p-value less than 0.05 considered statistically significant. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  

LVFW                       

(A) 

 

LVFW 

(P) 

  

RVFW              

(A) 

 

RVFW    

(P) 

Configurations MFD CFD  MFD CFD  MFD CFD  MFD CFD 

1 0.0001 0.0001  0.0001 0.0001  - -  - - 

2 - -  - -  0.0001 0.0001  0.0001 0.0001 

3 0.0001 0.0001  - -  0.002 0.01  - - 

4 - -  0.86 0.86  - -  0.12 0.06 
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4.2.4. Neonatal heart tissue behaviour under uniaxial tensile, biaxial tensile and simple 

shear loading modes 

 

A quantitative analysis was performed to highlight the influence of loading conditions on the 

neonatal tissue mechanical behaviour. Figures 4.27 and 4.28 describe the variance in uniaxial 

tensile, biaxial tensile and simple shear mechanical behaviour of LVFW and RVFW in MFD 

and CFD. Myocardial tissue demonstrated relatively stiffer behaviour during a biaxial test, 

while the greater extensibility was noted during a simple shear test in the MFD and CFD of 

both ventricles (Figures 4.27 and 4.28). In the LVFW, almost consistent peak stress values of 

myocardial tissue were observed during the uniaxial tensile and biaxial tensile tests (Tables 

4-10 and 4-12). Whereas, in the RVFW, small differences were observed for the peak stress 

values of myocardial tissue during the uniaxial tensile and biaxial tensile tests (Tables 4.12 

and 4.14). In both ventricles, cardiac tissue exhibited the greater extensibility during a simple 

shear test (Figures 4.27 and 4.28). Meanwhile, the least extensibility in myocardial tissue was 

noted during a biaxial extension test in the MFD and CFD of both ventricles (Figures 4.27 

and 4.28). These quantitative differences in the mechanical behaviour of myocardial tissue, 

suggesting that the boundary and loading conditions significantly contribute to the 

mechanical behaviour of cardiac tissue.  

 

 

 

 

 

 



  Chapter 4: Results 

 

176 
  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.27: (a) Mean curves of the LVFW (n = 5), demonstrating the mechanical behaviour 

under uniaxial tensile, biaxial tensile and simple shear loading modes in MFD. (b) Mean 
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curves of the LVFW (n = 5), identifying the mechanical behaviour under uniaxial tensile, 

biaxial extension and simple shear loading modes in CFD. 
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Figure 4.28: (a) Mean curves of the RVFW (n = 5), demonstrating the mechanical behaviour 

under uniaxial tensile, biaxial tensile and simple shear loading modes in MFD. (b) Mean 

curves of the RVFW (n = 5), identifying the mechanical behaviour under uniaxial tensile, 

biaxial tensile and simple shear loading modes in CFD. 
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4.4. Estimating the material parameters of neonatal ventricular myocardium 

The microstructural (Fibre orientation) and biomechanical (Uniaxial tensile, biaxial tensile 

and simple shear) data were used with the structurally based HO – model of the myocardium 

(Chapter 3, Equations 3.4 & 3.5) in establishing the material parameters of the neonatal 

ventricular myocardium. These material parameters specifically describe neonatal ventricular 

myocardium and will enable simulation that more accurately reflect ventricular myocardium 

behaviour.    

 

4.4.1. Objective function 

 

To quantitatively compare the difference between fitting results and experimental data, the 

objective function (4.1) was introduced to present the final error to obtain reasonable 

parameters. The error of fit is defined as the relative difference of area-under-curve between 

the experimental stress-strain curves and the fitted results,  

 (Eqn 4.1) 

 

A smaller value indicates a better fitting, and a value of 0 indicates a perfect fitting from the 

inferred parameters. 

 

4.4.2. Fitting results with the HO model of myocardium 

 

At first, the fibre orientation of the myocardium was not considered to obtain the fitting 

results, as shown in the Figures 4.29 (a), (b) and (c), indicating there are some properties of 

the sample that were ignored. Therefore, according to the definition of MFD and CFD and 



  Chapter 4: Results 

 

180 
  

the characteristics of fibre in the left ventricle myocardium, the cardiomyocytes rotation was 

adopted and set as 60 ⁰ from the top to bottom of the myocardium. Using this method, the 

fitting results were obtained and demonstrated in the Figures 4.29 (d), (e) and (f), which was 

still not a good fit. The unique features in the uniaxial tension were analysed to propose the 

effective area ratio (an effective area in which the fibres provide stress while the excluding 

has no effect) to be included in obtaining the results, as shown in Figures 4.29 (g), (h) and (i), 

indicating the relatively better fit. Consequently, to fit different experimental data together, it 

is necessary to include detailed myofibre orientations and effective area ratio of the samples 

in question. In addition, the error in CFD was always greater than that in MFD, which may 

have resulted in the HO model expression that does not have the item represents CFD 

(normal direction). 

 

The advantage of this experimental data is that it includes three different kinds of tests (i.e. 

uniaxial tensile, biaxial tensile, and simple shear), which are more likely to get realistic 

parameters to represent the characteristics of the myocardium, while most of the other studies 

have only used one or two of the tests. Therefore, it is interesting to find whether the 

characteristic parameters that are obtained from one or two type test can be applied to another 

test directly. Figures 4.30 and 4.31 indicate that the estimated parameters by fitting only one 

or two types of experiments could not match the remained experiments. It is, therefore, 

essential to include all experimental data to determine the material parameters. 

 

 The material parameters that are estimated in Figures 4.29, 4.30, and 4.31 are stated in 

Tables 4.19, 4.20 and 4.21. Similarly, the area error values evaluated in Figures 4.29, 4.30, 

and 4.31 are detailed in Tables 4.22, 4.23 and 4.24, respectively. 
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Figure 4.29: Fit based on HO model under different assumptions between experimental data 

noted by Experimental-and calculating data, and noted by calculations in three types of 

LVFW experiments respectively. (a), (b) and (c) show the fitting when assuming there is no 

fibre rotation in the experimental samples; (d), (e) and (f) are the results after considering 

fibre rotation but no effective area; (g), (h) and (i) adopt fibre rotation and effective area. (j) 

is a comparison among different conditions. NRNE considers no fibre rotation and no 

effective area; RNE considers only fibre rotation and RE considers both fibre rotation and 

effective area. UM presents Uniaxial tension in MFD; UC presents Uniaxial tension in CFD; 

BM presents Biaxial tension in MFD; BC presents Biaxial tension in CFD; SM presents 

shear amount in MFD and SC presents shear amount in CFD. 
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Figure 4.30: Fit based on general HO models under different fitting couples of LVFW. (a), 

(b) and (c) show the results by only fitting uniaxial and then apply the parameters to biaxial 

and simple shear; (d), (e) and (f) are only fitting biaxial data; (g), (h) and (i) fitting simple 

shear only. (j) is the area error comparison among different conditions. UM presents 

Uniaxial tension in MFD; UC presents Uniaxial tension in CFD; BM presents Biaxial 

tension in MFD; BC presents Biaxial tension in CFD; SM presents shear amount in MFD 

and SC presents shear amount in CFD. 
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Figure 4.31: Fit based on general HO model under different fitting couples of LVFW. (a), (b) 

and (c) show applying the parameters gotten by only fitting uniaxial and biaxial data to 

simple shear; (d), (e) and (f) are fitting uniaxial and simple shear and then applying the 

parameters to biaxial data; (g), (h) and (i) fit the biaxial and simple shear data only. (j) is 

area error comparison among different couples. UM presents Uniaxial tension in MFD; UC 

presents Uniaxial tension in CFD; BM presents Biaxial tension in MFD; BC presents Biaxial 

tension in CFD; SM presents shear amount in MFD and SC presents shear amount in CFD. 
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 Table 4.19: Material parameters in Figure 4.37. RE considers both fibre rotation and 

effective area; RNE considers only fibre rotation and NRNE considers no fibre rotation and 

no effective area. 

  

 

 

 

 

Table 4.20: Material parameters in Figure 4.38, for uniaxial tensile, biaxial tensile and 

simple shear data. 

 

 

 

 

 

Table 4.21: Material parameters in Figure 4.39, under different fitting couples. 

 

 

 

 

Type a b af bf as bs afs bfs 

RE 1.144 5.049 7.897 2.766 0.001 2.585 0.013 31.930 

RNE 0.895  5.886 7.172 0.001 0.001 3.235 0.099 20.958 

NRNE 1.332 4.360  2.387 0.001 0.001 0.511 0.024 22.493 

Type a b af bf as bs afs bfs 

Uniaxial 1.795 10.406 2.521 0.001 0.895 0.139 1.893 0.270 

Biaxial 9.581 0.106 3.318 4.402 0.031 0.145 1.578 2.189 

SimpleShear 0.442 5.626 2.341 1.013 1.593 15.348 0.681 10.088 

Type a b af bf as bs afs bfs 

Uni+Biaxial 1.615 10.231 8.588 0.001 1.099 1.108 2.368 1.103 

Uniaxial+shear 1.130 5.112 6.646 3.616 0.001 2.015 0.014 31.587 

Biaxial+Shear 0.585 7.341 8.854 2.143 0.001 4.837 0.541 11.533 
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Table 4.22: Area error values in Figure 4.37. RE considers both fibre rotation and effective 

area; RNE considers only fibre rotation and NRNE considers no fibre rotation and no 

effective area. UM presents Uniaxial tension in MFD; UC presents Uniaxial tension in CFD; 

BM presents Biaxial tension in MFD; BC presents biaxial tension in CFD; SM presents shear 

amount in MFD and SC presents shear amount in CFD. 

 

 

Table 4.23: Area error values in Figure 4.38, for uniaxial tensile, biaxial tensile and simple 

shear data. UM presents Uniaxial tension in MFD; UC presents Uniaxial tension in CFD; 

BM presents Biaxial tension in MFD; BC presents biaxial tension in CFD; SM presents shear 

amount in MFD and SC presents shear amount in CFD. 

 

 

 

Table 4.24: Area error values in Figure 4.39, under different fitting couples. UM presents 

Uniaxial tension in MFD; UC presents Uniaxial tension in CFD; BM presents Biaxial 

tension in MFD; BC presents biaxial tension in CFD; SM presents shear amount in MFD 

and SC presents shear amount in CFD. 

 

 

Type UM UC BM BC SM SC MEAN 

RE 0.092 0.601 0.110 0.217 0.076 0.260 0.226 

RNE 0.640 0.359 0.240 0.450 0.062 0.134 0.314 

NRNE 0.304 0.561 0.809 0.881 0.073 0.332 0.493 

Type UM UC BM BC SM SC MEAN 

Uniaxial 0.064 0.035 0.567 0.598 2.060 3.186 1.085 

Biaxial 1.311 1.261 0.028 0.025 3.553 5.466 1.941 

SimpleShear 0.696 0.838 0.723 0.790 0.009 0.009   0.493 

Type UM UC BM BC SM SC MEAN 

Uni+Biaxial 0.290 0.112  0.045 0.234 1.976 2.876 0.922 

Uniaxial+Shear 0.066 0.603 0.114 0.269 0.076 0.254 0.230 

Biaxial+Shear 0.132 0.752 0.115 0.226 0.013 0.022 0.210 
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5. DISCUSSION 

 

This study aimed to establish material parameters that, for the first time, specifically describe 

neonatal ventricular myocardium and will enable simulation that more accurately reflect 

ventricular tissue behaviour.  This will ultimately create new opportunities for researchers, 

bioengineers and clinicians to identify novel treatments and interventions in cases of 

abnormal neonatal heart functionality.  

 

Heart tissue is known to grow and remodel in response to physiological stimulation.  This 

means that age-specific constitutive models are of the utmost importance for an accurate 

analysis.  Consequently, this study has focused on the interplay between the structure and 

function of the heart tissue at the start of this pathway.  It also provides fundamental 

knowledge that describes the variation of collagen and myocardium fibre arrangement, and 

on the biomechanical behaviour of the four regions (LVFW anterior & posterior; RVFW 

anterior & posterior).  This chapter will further discuss the translating of experimental data to 

numerical parameters for performing computational simulations.  Finally, the clinical 

implications and limitations will be discussed.   
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5.1. Anterior and posterior LVFW 

  

5.1.1. Structure analysis 

 

The helical cardiomyocyte architecture of the intact heart was evaluated via 3D DT-MRI 

imaging, this method is consistent with the previous studies [70, 71].  Fractional anisotropy 

(FA) has previously been computed for neonatal and adult porcine hearts, which reflects the 

directional coherence of the cardiomyocytes’ orientation [71].  However, regional FA 

variations have not been comprehensively documented in the neonatal porcine heart. The data 

that are presented here quantify the gross cardiomyocyte fibre orientation and identify the 

variation in FA across the three regions (i.e. base, equator and apex) in the anterior aspect 

(Figure 4.17 and 4.18, and Tables 4.9 and 4.10).  The equator demonstrated significantly 

greater fibre orientation and density than the basal or apical regions (Figure 4.18).  A 

qualitative assessment of alignment has revealed that the anterior fibres were predominantly 

horizontal, whereas those on the posterior surface were more diagonally-aligned (Figure 

4.18). 

 

Cardiomyocyte alignment and density in the anterior LVFW were relatively strong, with 

fewer extracellular spaces relative to the posterior surface (Figure 4.18).  The regional 

differences that were observed in the cardiomyocyte orientation, changing within the anterior 

and posterior LVFW, may contribute to the twisting of the left ventricle during systole and 

diastole [192].  The left ventricle twist is defined as the relative rotation between the apex and 

base of the heart, while the systolic twist is defined as the wringing motion of the left 

ventricle, possessing a counterclockwise rotation at the apex and a clockwise rotation at the 

base [193, 194].  Diastolic untwisting, which is also known as torsional recoil, predominantly 
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occurs during isovolumic relaxation [195, 196].  This recoil mechanism is important because 

it determines the myocardial compliance and left ventricle suction, which in turn regulates the 

diastolic function of the heart [195, 196].  The anterior wall has been reported to 

predominantly contribute to the left ventricle twisting, when compared to the posterior wall 

during the systolic function of the heart [193, 194].  Thus, the greater cardiomyocyte 

alignment and density in the anterior wall may provide structural support and they contribute 

to generating the force in ejecting the blood (Figure 4.18).   

 

The regional cardiomyocyte architecture, and thus strain distribution, is known to change 

during both diastole and systole, which may vary the regional (i.e. base, equator and apex) 

FA in the LVFW (Figures 4.17 and 4.18 and Tables 4.9 and 4.10) [57, 102, 197, 198].  In this 

study, FA was found to be greater in the equator than the base and apex of the anterior 

LVFW (equator = 0.75 vs base = 0.72 vs apex = 0.70) (Table 4.9).  Moreover, it is well 

established that cardiomyocyte orientation changes through the thickness of LVFW.  In the 

LVFW, the cardiomyocytes follow the path of a left-handed helix around the cavity at the 

subepicardial region, to circumferentially oriented in the mid-wall, and they follow the right-

handed helical path at the subendocardial region [192].  These regional and transmural 

variations in cardiomyocyte orientation may contribute to causing the differences in the 

regional FA that were observed in this study (Table 4.9).  In addition, cardiomyocytes are 

organised in small functional units, known as sheets [111].  The relative shearing between the 

sheets significantly contributes to the wall thinning and wall thickening during diastolic and 

systolic functions of the heart, which may also vary the regional FA [111, 112] (Table 4.9).  

A rapid increase in the LVFW FA has previously been reported during the pre-birth to 1-day 

postnatal period, which is probably caused by the change in cardiac workload due to the 

opening of pulmonary circulation and closing of ductus arteriosus and foramen ovale [70, 
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199].  Although the neonatal LVFW (0.72) demonstrated approximately twice the FA of 

equivalent adult porcine LVFW (0.42) (Table 4.9), the precise timeframe of these changes 

remains unclear [71].  The decreased FA in adult LVFW may be associated with the 

increased cardiomyocyte cross-sectional area from diastole to systole in adult tissue [200].  In 

addition, the relatively low FA in adult tissue is caused by the physiological hypertrophy of 

cardiomyocytes and an increased interstitial collagen concentration, which causes a relative 

expansion of the extracellular space [70].  The validity of these datasets is confirmed by a 

direct comparison of the LVFW FA (0.72) with that of other one-day old neonatal porcine 

data (0.72) [70].  

 

A surface area analysis of histological images has quantified the greater ratio of collagen to 

cardiomyocytes in the posterior LVFW (0.20) when compared to the anterior LVFW (0.10) 

(Table 4.2).  This is consistent with previous reports of higher collagen content contributing 

in diastolic and systolic myocardial stiffness [201-203].  This is also likely to serve in 

resisting myocardium deformation, preserving shape and wall thickness, and preventing a 

ventricular aneurysm and rupture [48, 49].  Moreover, the perimysial collagen framework is 

essential to maintain myocardium structural stability, which has also been reported to 

contribute to arranging cardiomyocyte fibres in a higher order of laminar sheet layers [92].  

The greater proportion of collagen in the posterior wall is important during the diastolic 

function of the heart because the posterior wall has previously been reported to make a 

greater contribution than the anterior wall [56].  In addition, a greater change in strain has 

been reported in the posterior wall when compared to the anterior wall during the diastolic 

function [56].  Hence, the greater concentration of collagen in the posterior wall could be 

beneficial because the posterior wall undergoes relatively large geometrical changes versus 

the anterior wall during diastolic filling.  The cardiomyocytes and collagen fibrils interaction 
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is significant in maintaining the myocardial stiffness during the cardiac cycle.  At low-strains, 

the myocardial behaviour was governed by the cardiomyocyte fibres alone, without 

demonstrating any coupling between different cardiomyocyte fibre ensembles [51, 105].  

Meanwhile, at higher strains, the cardiomyocyte and collagen fibril interactions have been 

reported to be more significant, which potentially contributes to the myocardial mechanical 

behaviour [51, 105]. The average surface area ratio of collagen to cardiomyocyte fibres 

within the anterior (0.10) and posterior (0.20) aspects of LVFW are detailed in Table 4.2.  

 

TPEF/SHG microscopy was used to measure the cardiomyocytes’ and collagen fibrils’ in-

plane and out-plane rotation and dispersion through 200 µm and 1022 µm depth of tissue, 

which encompassed the epicardium, sub-epicardium and superficial myocardium layer.  The 

cardiomyocytes demonstrated the greater ‘rate’ (i.e. per unit thickness) of in-plane rotation 

than collagen in both the anterior (cardiomyocytes 48⁰ vs collagens 41⁰) and posterior 

(cardiomyocytes 151⁰ vs collagens 129.5⁰) LVFW (Tables 4.3 and 4.5).  Meanwhile, both the 

cardiomyocytes and collagen fibrils demonstrated nearly parallel interaction within the 

anterior and posterior aspects of LVFW, as demonstrated in Figures 4.13–4.16.  During the 

cardiac cycle, the cardiomyocytes possess remarkable mechanical stretch and force, which 

allows them to undertake the essential diastolic and systolic functions of the heart.  Diastole 

reveals the ability of the cardiomyocytes to relax and fill with blood.  The cardiomyocytes are 

stretched during the diastolic phase. Meanwhile, the relative shortening of the cardiomyocyte 

fibrils is essential to eject the blood during systole.  Thus, cardiomyocytes endure changes in 

length and load throughout the cardiac cycle [204].  Sustaining the myocardial stiffness in 

both diastole and systole is of the utmost importance to resist myocardium deformation [48, 

49].  Hence, the observed interaction between the cardiomyocyte and collagen fibril 
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ensembles provide myocardial mechanical strength and distensibility during the cardiac cycle 

(Figures 4.13–4.16).  

 

The greater in-plane cardiomyocyte rotation was observed in the posterior LVFW (151.3⁰) as 

opposed to the anterior (48⁰), which may be due to the difference in ECM stiffness of the 

anterior (3.60 kPa) and posterior (2.53 kPa) LVFW (Table 4.3).  This may also contribute to 

the regional nonhomogeneous behaviour of the myocardium during diastolic and systolic 

functions in the LVFW [56].  A lack of homogeneity in the distensibility of different regions 

in LVFW has been reported during the diastolic phase, which may be associated with the 

difference in the cardiomyocytes’ anterior and posterior rotation rate (Table 4.3) [56].  These 

differences suggest that the posterior wall might make greater contribution to diastolic filling 

than the anterior wall [56].  The nonhomogeneity in regional shortening during the systolic 

phase has previously been reported, identifying the greater contribution of the anterior wall in 

systolic contraction due to the greater substrate stiffness (ECM).  This would, in turn, 

generate greater mechanical force to eject the blood [57].  Hence, the anterior LVFW 

possesses greater extracellular matrix stiffness and, thus, has a smaller cardiomyocyte fibre 

rotation (48⁰) than the posterior (151.3⁰) (Table 4.3).  These findings are consistent with 

those reported in the previous studies.  This enables the correlation between the 

cardiomyocytes’ rotation and the myocardial function to be identified.  It also indicates the 

strong interaction between the regional cardiomyocyte rotations and mechanical 

performances of the heart during diastole and systole [193-196]. 

 

The greatest in-plane angular rotation rate in cardiomyocyte was identified in the sub-

epicardium region. This shows that there is a significant change in fibre direction between the 
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epicardial to myocardial regions in both anterior and posterior LVFW (Figures 4.13–4.16). 

There is significant change in cardiomyocyte rotation at sub-epicardium to endocardium 

region within both the anterior and posterior aspects [205].  This is consistent with the 

findings reported in a previous study, describing that the maximum stresses occur at the inner 

layers of heart [205].   

 

The cardiomyocytes exhibited the greater rate of out-plane rotation than the collagen 

anteriorly (cardiomyocytes 3.5⁰ vs collagens 1.1⁰) and posteriorly (cardiomyocytes 2.2⁰ vs 

collagens 1.8⁰) LVFW (Tables 4.4 and 4.6).  Overall, cardiomyocyte rotation was markedly 

less when observing through the y-stacks (out-plane) of both aspects (Tables 4.3 and 4.4). 

The smaller out-plane rotation indicates that the cardiomyocytes were organised within the 

laminar sheets of the anterior and posterior LVFWs.  

 

The collagen fibrils exhibited the greater in-plane dispersion ‘rate’ (i.e. per unit thickness) 

than the cardiomyocytes in both anterior (cardiomyocytes 11.8⁰ vs collagens 27.1⁰) and 

posterior (cardiomyocytes 12.8⁰ vs collagens 14.3⁰) LVFW (Tables 4.3 and 4.5).  The in-

plane dispersion of interstitial collagen is important because it provides myocardium 

structural stability and organises the cardiomyocytes architecture in a higher order of laminar 

sheet layers [47, 211].  Moreover, it is an essential framework for preserving the spatial 

registration of cardiomyocytes, such as limiting the extension of cardiomyocytes during 

diastole and transmitting the force and storage of energy during systole [92].  In-plane 

cardiomyocyte dispersion rate was greater in posterior (12.8⁰) than the anterior (11.8⁰), which 

may be associated with functionality as the posterior LVFW undergoes relatively large 

changes in shape and dimensions throughout the cardiac cycle (Table 4.3) [56].  Non-uniform 
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dimensional changes have previously been reported in the anterior and posterior LVFW 

during the cardiac cycle, varying through the thickness (i.e. epicardium to endocardium) of 

the tissue.  This may be due to the differences in the cardiomyocyte and collagen fibril 

dispersion rate, as observed in the transmural direction of the myocardial tissue (Figures 

4.13–4.16) [112].  These transmural variations in the anterior and posterior LVFW 

cardiomyocyte dispersion rate may contribute to changing the shearing deformation between 

the adjacent myocardial layers during diastole to systole [111, 212, 213].  In addition, the 

changes in the cardiomyocytes’ and collagen fibrils’ dispersion rate significantly contributes 

to the anterior and posterior LVFW torsional deformation.  This causes the relative change in 

stress-strain distribution and, thus, the extent of regional-torsion in the myocardial tissue 

during the cardiac cycle (Figures 4.13–4.16) [214-216].   Moreover, the in-plane variations in 

the anterior and posterior LVFW cardiomyocyte and collagen fibril dispersion rates may 

contribute to supporting the interactive mechanical coupling between the cardiomyocyte and 

collagen fibril ensembles.  This helps to sustain the in-plane stresses and deformations in 

myocardial tissue, as reported in the previous experimental and theoretical studies [111, 217]. 

To maintain the essential transmural coupling during the cardiac cycle, the cardiomyocytes 

and collagen fibrils significantly contribute to developing the force during systole and they 

prevent the overextension of left ventricle during diastole [218].  Hence, the regional 

cardiomyocyte and collagen fibril dispersion is important because it coordinates the global 

diastolic and systolic functions [133, 219].  

 

The relatively high posterior LVFW (posterior 12.8⁰ vs anterior 11.8⁰) cardiomyocyte 

dispersion rate that was observed in our study may serve to accommodate higher 

concentrations of interstitial collagens, which emerges in response to the increasing workload 

throughout the heart’s development [70, 220, 221] (Table 4.3).  The interstitial collagens are 
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cross-linked and this provides high tensile strength, which significantly contributes to 

functionality during diastole [202, 203].  This preserves the myocardium shape and wall 

thickness, and it also prevents ventricular aneurysm and rupture [48, 49].  

 

The cardiomyocytes exhibited a greater out-plane dispersion rate than the collagen fibrils in 

both the anterior (cardiomyocytes 17.8⁰ vs collagens 11.2⁰) and posterior (cardiomyocytes 

18.8⁰ vs collagens 8.4⁰) LVFWs (Tables 4.4 and 4.6).  The posterior (18.8⁰) LVFWs 

exhibited the greater out-plane cardiomyocytes dispersion than the anterior (17.8⁰) (Table 

4.4).  At higher strains, the relative dispersion of posterior LVFW cardiomyocytes may be 

important in providing mechanical coupling with interstitial collagen fibrils ensembles.  This 

may contribute to sustaining the out-plane stresses and deformations [51].  These regional in-

and out-plane arrangements of cardiomyocyte and collagen fibril ensembles may help to 

prevent the heart from bending during diastole to systole.  

 

5.1.2. Functional analysis 

 

The anterior and posterior LVFWs exhibited nonlinear, anisotropic, viscoelastic and 

heterogeneous behaviour during uniaxial tensile, biaxial tensile and simple shear loading 

modes (Figures 4.21, 4.24 and 4.26).  These overall characteristics are consistent with those 

reported in adult tissue studies [104-109].  Other soft tissues also possess large deformations 

with nonlinear stress-strain behaviour, anisotropy, and small hysteresis [115-119].  The 

anterior and posterior LVFW exhibited relatively pronounced hysteresis, which identified a 

significant energy dissipation during uniaxial tensile, biaxial tensile and simple shear loading 

modes.  The greater energy dissipation was observed in the mean-fibre direction (MFD) than 
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CFD of both aspects.  Interestingly, the anterior (306 J / m3) LVFW possessed almost 1.5 fold 

greater stiffness (anterior 3.60 kPa vs posterior 2.53 kPa) and energy dissipation (anterior 306 

J / m3 vs posterior 201 J / m3) than the posterior wall tissue during the simple shear test 

(Tables 4.15 and 4.16).  This result is consistent with our microstructural analysis, which 

identifies the greater ratio of cardiomyocytes to immature collagen in the anterior LVFW 

than the posterior.  Given that a higher collagen content would typically be associated with 

greater stiffness in mature tissues, the less stiff behaviour that was observed in the LVFW 

might be related to the collagen state in a 1-day neonatal heart.  This is in contrast to the 

intuitive mechanical contribution (i.e. stiffness) of collagen typical in mature tissues.  Such 

difference in mechanical behaviour may in part be associated with the cross-linking 

mechanism of collagen fibrils, which is known to increase with age in providing high tensile 

strength (i.e. stiffness) to the tissue in response to the increased physiological demands of the 

heart [202, 203]. 

 

 

Uniaxial and biaxial tensile tests were performed following 10 preconditioning cycles 

(Figures 4.21 (a) and (b)).  This method is consistent with that reported elsewhere [106, 107, 

109, 114, 222-226]. During cyclic preconditioning, the greatest decrease in the hysteresis 

occurred during the first two preconditioning cycles, where after five cycles the tissue was 

stable with reproducible biomechanical behaviour (Figures 4.21 (a) and (b)).  Different 

preconditioning configurations were used in previous studies, which mainly come from adult 

mammalian myocardium, ranged from 5–7 [106, 109, 222] and to 7–10 [107, 108, 114, 223, 

225, 226] cycles, although five cycles for canine [107, 224] and seven for bovine [114] were 

reported as being sufficient.  
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Softening was evident during the uniaxial and biaxial cyclic preconditioning, as shown in 

Figures 4.21 (a) and (b).  The greatest change in the stress was noted during the first two 

preconditioning cycles. This stress-softening behaviour is also referred to as the Mullins 

effect [129].  Previous studies have reported similar softening behaviour in adult myocardial 

tissue [130, 134, 135].  It has also been suggested that the pronounced strain softening was 

caused by the disruption of the perimysial collagen network, which is a consequence of the 

excessive shearing between adjacent myocardial muscle layers [130].  Moreover, the strain 

softening may occur due to changes in the collagen matrix where the cardiomyocytes are 

embedded [131].  In addition, strain softening may occur due to trauma to the endomysial 

collagen, which is a consequence of excessive stretch of the tissue [132].  Alternatively, 

disruption of myofilaments (such as titin, actin and myosin) may contribute to the strain 

softening of the neonatal cardiac walls [125, 133].  Strain softening was more pronounced 

during shearing than during uniaxial tensile and biaxial extension tests.  This would appear 

indicative of the relative damage within the intra-and extracellular components in the 

myocardium during shearing in the anterior and posterior LVFWs.  It is noted that the 

uniaxial (LVFW–MFD) stiffness of neonatal porcine data that is reported here (23 kPa) is 

approximately one-half that of the equivalent adult porcine tissue (47 kPa) [227].  

Meanwhile, the neonatal porcine LVFW (140 kPa) has the approximately one-third biaxial 

stiffness of equivalent adult porcine (400 kPa) in the MFD [228].  

  

The anterior and posterior LVFWs demonstrated similar mechanical trends in the positive 

and negative directions during simple shear tests (Figure 4.25 (a) and (b)).  Hysteresis was 

more pronounced during shearing in the anterior and posterior LVFW than during uniaxial 

tensile and biaxial extension tests, as indicated in Tables 4.11, 4.13 and 4.15.  The greater 

magnitude of energy dissipation achieved versus uniaxial tensile and biaxial extension tests 



Faizan Ahmad  Cardiff University 
 

212 
 

appear to be indicative of the importance of shearing within the LVFW (Tables 4.11, 4.13 

and 4.15).  This attribute is believed to be a consequence of the relatively high water content 

of myocardium (~ 80% wet weight) and affected by the muscle presence [40].  Therefore, 

changes in water content, such as edema, may contribute to causing alternations in the 

passive stiffness and viscoelasticity of the myocardium [40].  Moreover, the giant protein 

titin, which connects the Z line to the M line in the sarcomere, may contribute to the passive 

properties of the myocardium during shear deformations [124-126].  In addition, the actin–

myosin interaction might help to cause the hysteresis formation [127, 128].  Although the 

interactions between all solids and liquids within the intracellular and extracellular 

components in the myocardium contribute to the hysteresis formation, their extent is 

currently unknown.  

 

The anterior LVFW exhibited 1.5 fold greater anisotropy than the posterior in the MFD 

(Table 4.16).  This is consistent with microstructural findings and indicates the greater rate of 

cardiomyocytes dispersion in the posterior (12.8 ⁰) LVFW than the anterior (11.8 ⁰).  Since 

fibre dispersion has been reported as nonlinearly dependent on fibre alignment [39], high 

dispersion values correspond to less fibre alignment and, thus, a more isotropic 

cardiomyocyte distribution.  The relationship between cardiomyocyte dispersion and 

mechanical anisotropy has been reported elsewhere [39, 52].  Hence, the greater degree of 

anisotropy in the anterior LVFW may be explained by the smaller rate of the cardiomyocytes’ 

dispersion that is reported in our microstructural analysis (TPEF/SHG).  A comparison of the 

stress-strain plots of this shear data to this uniaxial data highlights a similar stress, after which 

the MFD of myocardial tissue from both ventricles stiffens dramatically (Figures 4.21 (c) and 

4.26 (c)–(f)).  This is consistent with the trend that was previously reported in adult porcine 

cardiac tissue [113]. 
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5.2. Anterior and posterior RVFW  

 

5.2.1. Structural analysis 

 

The three-dimensional cardiomyocyte tracks of the intact neonatal porcine heart were 

assessed from the 3D DT-MRI imaging data.  Macroscopic assessment demonstrated some 

structural consistency with the LVFW (Figure 4.18).  FA and density were again greater in 

the equatorial region than the base and apex (equator = 0.77 vs base = 0.74 vs apex = 0.71), 

with each also demonstrating significantly greater FA than the equivalent LVFW region 

(equator = 0.75 vs base = 0.72 vs apex = 0.70) (Figure 4.17 and Tables 4.9 and 4.10).  Unlike 

the LVFW, both the anterior and posterior RVFW cardiomyocytes were horizontally aligned 

(Figure 4.18).  Although FA measures have previously been used to identify microstructural 

changes in neonatal and adult porcine LVFW [70, 71], FA has not been reported in the 

neonatal RVFW.  The data that are presented here consider three regions (i.e. base, equator 

and apex) within the anterior aspect of RVFW to identify the regional variations of FA 

(Figure 4.17, and Tables 4.9 and 4.10).  Unlike the LVFW, cardiomyocyte alignment and 

density in the posterior RVFW were relatively strong with fewer extracellular spaces, as 

demonstrated in the Figure 4.18.  Cardiomyocyte alignment and density were weaker in the 

anterior RVFW, as shown in Figure 4.18. 

 

Although the RVFW FA is relatively poorly understood in the neonatal porcine heart, these 

data describe a marginally greater FA across all three regions (i.e. base, equator and apex) of 

the RVFW (equator = 0.77 vs base = 0.74 vs apex = 0.71) versus the equivalent LVFW 

(equator = 0.75 vs base = 0.72 vs apex = 0.70) (Tables 4.9 and 4.10).  This finding resembles 

a previous analysis of the 1-day postnatal porcine septum, which reported a similar 
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proportion of cardiomyocytes associated with the LVFW and RVFW [70].  While FA in the 

adult porcine RVFW remains unknown, previous septal analyses demonstrated that the 

LVFW cardiomyocytes predominated from 5-day postnatal onwards, which presumably 

reflects the shifting physiological demands [70].  Moreover, it has previously been reported 

that the left ventricle size and weight are comparable to the right ventricle in the pig fetus but 

an almost 2-fold increase was reported in the left ventricle by postnatal day 14 (P14) [229, 

230].  

 

The surface area analysis of histological images quantified the greater ratio of collagen to 

cardiomyocytes in the posterior (0.08) compared to the anterior (0.03) RVFW, which is 

consistent with the previous studies (Table 4.2) [201-203].  These differences highlight the 

nonhomogeneous distribution of cardiomyocyte and collagen fibrils within the anterior and 

posterior aspects of RVFW.  This is consistent with the findings reported by Holzapfel et al., 

which identifies that the cardiomyocyte and collagen fibrils distribution changes from region-

to-region and with position through the wall (i.e. epicardium to endocardium) [38].  Figures 

4.5–4.8 demonstrate that the cardiomyocytes and collagen fibrils possessed nearly planar 

orientation within the anterior and posterior aspects of both RVFW.  This is consistent with 

the previous reports of their contribution in diastolic and systolic myocardial stiffness [51, 

105, 201-203].  The average surface area ratio of collagen to cardiomyocyte fibres within the 

anterior (0.08) and posterior aspects (0.03) of RVFW, are detailed in Table 4.2.    

 

TPEF/SHG microscopy was used to measure the cardiomyocytes’ and collagen fibrils’ in-

plane and out-plane rotation and dispersion through 200 µm and 1022 µm depth of tissue, 

which encompassed the epicardium, sub-epicardium and superficial myocardium layer.   
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The cardiomyocytes demonstrated the greater rate of in-plane rotation than collagen in both 

anterior (cardiomyocytes 106⁰ vs collagens 104⁰) and posterior (cardiomyocytes 111⁰ vs 

collagens 70⁰) RVFW (Tables 4.3 and 4.5).  The greater in-plane cardiomyocyte rotation was 

observed in the posterior RVFW (cardiomyocytes 111⁰) as opposed to the anterior (106⁰), 

which could  be associated with the difference in ECM stiffness of the anterior (4.62 kPa) and 

posterior (3.22 kPa) RVFW (Table 4.3).  These differences in the cardiomyocytes’ rotation 

highlight the different biomechanical contributions of the anterior and posterior RVFWs 

during the diastolic and systolic functions of the heart [179].  The greatest in-plane angular 

cardiomyocyte rotation rate was identified in the sub-epicardium region.  This means that 

there is a significant change in fibre direction between the epicardial to myocardial regions of 

the anterior and posterior RVFW.  This is consistent with the findings reported for the 

anterior and posterior LVFW, as discussed in detail in Section 5.1 [205].  

 

The cardiomyocytes demonstrated the greater rate of out-plane rotation than the collagen in 

both anterior (cardiomyocytes 8.4⁰ vs collagens 2.7⁰) and posterior (cardiomyocytes 6.4⁰ vs 

collagens 1.6⁰) RVFWs (Tables 4.4 and 4.6).  Overall, cardiomyocyte rotation was markedly 

less when observing through the y-stacks (out-plane) of both anterior and posterior RVFWs 

(Tables 4.3 and 4.4).  The smaller out-plane rotation indicates that the cardiomyocytes are 

organised within the laminar sheets of anterior and posterior RVFWs.  The anterior RVFW 

possessed the greater rate of out-plane cardiomyocyte rotation through the y-stack depth than 

the posterior (Table 4.4).  

 

The collagen fibrils exhibited the greater in-plane dispersion rate than the cardiomyocytes in 

both anterior (cardiomyocytes 8.7⁰ vs collagens 13.4⁰) and posterior (cardiomyocytes 12.3⁰ 
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vs collagens 22.4⁰) RVFWs (Tables 4.3 and 4.5).  Previous studies have reported the 

significant mechanical role for the perimysial collagens during the diastolic function of the 

heart.  For example, the collagen network has been reported to work as a strain-locking 

system, which limits the overextension of the cardiomyocytes during diastole, to prevent a 

ventricular aneurysm and rupture [48, 49].  A similar function of this collagen was previously 

reported in the adventitia of arteries [53-55].  In addition, the in-plane dispersion of 

interstitial collagen is important because it provides myocardium structural stability and 

organises the cardiomyocytes’ architecture in a higher order of laminar sheet layers [47, 211].  

The posterior (12.3⁰) RVFW possessed the greater rate of cardiomyocytes dispersion than the 

anterior (8.7⁰) (Tables 4.3).  In comparison to other biological structures, the heart is a 

paradigm of efficiency and the observed differences between the fibre dispersion rate of 

anterior and posterior RVFW may correlate with the functional needs of both aspects.  In 

particular, during the systolic function in anterior RVFW, the maximum deformation has 

been reported to be in the MFD, which identified the maximum stress for each layer of the 

anterior RVFW in the MFD [231].  Hence, a greater stiffness in the MFD would contribute to 

supporting larger stresses.  However, the maximum deformation has not been reported in the 

posterior MFD [231]; therefore, less anisotropic behaviour may be more mechanically 

constructive in the posterior RVFW mechanics. 

 

The cardiomyocytes exhibited a greater out-plane dispersion rate than the collagen fibrils in 

both the anterior (cardiomyocytes 23.9⁰ vs collagens 20.8⁰) and posterior (cardiomyocytes 

22⁰ vs collagens 7.2⁰) RVFW (Tables 4.4 and 4.6).  The anterior (23.9⁰) demonstrated the 

greater out-plane cardiomyocytes dispersion than the posterior (22⁰) (Table 4.4).  This may 

serve to accommodate higher concentration of interstitial collagens, which emerges in 
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response to the increasing workload throughout heart development [70, 220, 221].  The 

intestinal collagen network may help to sustain the out-plane stresses. 

 

 5.2.2. Functional analysis 

 

The anterior and posterior RVFWs demonstrated nonlinear, anisotropic, viscoelastic and 

heterogeneous behaviour during uniaxial tensile, biaxial tensile and simple shear loading 

modes (Figures 4.21, 4.24 and 4.26).  These overall characteristics are consistent with those 

reported in adult tissue studies [105-109, 233].  The large deformations with nonlinear stress-

strain behaviour, anisotropy, and small hysteresis are a common phenomenon in soft tissue 

mechanics [115-119].  The anterior and posterior RVFW possessed relatively pronounced 

hysteresis, identifying a significant energy dissipation during uniaxial tensile, biaxial tensile 

and simple shear loading modes.  Meanwhile, MFD exhibited the greater energy dissipation 

than the CFD in both anterior and posterior RVFWs.  It is of significance that the anterior and 

posterior aspects of RVFW (anterior 387 J / m3 vs posterior 208 J / m3) demonstrated greater 

energy dissipation than the LVFW (anterior 306 J / m3 vs posterior 201 J / m3) during simple 

shear tests (Table 4.15).  This indicates that the LVFW conserves more energy than the 

RVFW during shearing of the myocardial layers.  This relative shearing between myocardial 

layers has previously been reported to facilitate ventricular ejection by contributing to 

subendocardial wall thickness during systole [111].  In addition, the relative shearing also 

contributes to the myocardium wall thinning during passive ventricular filling [112]. 

Interestingly, the anterior RVFW possessed the almost 2 fold greater stiffness (anterior 4.62 

kPa vs posterior 3.22 kPa) and energy dissipation (anterior 387 J / m3 vs posterior 208 J / m3) 

than the posterior (Tables 4.15 and 4.16).  This is consistent with the biomechanical 

behaviour of the LVFW.  Our microstructural analysis indicated the greater ratio of 
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cardiomyocytes to immature collagen in the anterior RVFW than the posterior (Table 4.2). 

Given that a higher collagen content would typically be associated with greater stiffness in 

mature tissues, the less stiff behaviour that was observed in the posterior RVFW might be 

related to the collagen state in a 1-day neonatal heart.  This is in contrast to the intuitive 

mechanical contribution (i.e. stiffness) of collagen typical in mature tissues, as discussed in 

Section 5.1.2.  

 

A total of 10 preconditioning cycles were performed to account for the viscoelastic behaviour 

of the RVFW during uniaxial tensile and biaxial tensile tests (Figures 4.21 (a) and (b)). This 

method is consistent with the LVFW, as described in detail in Section 5.1 [106, 107, 109, 

114, 222-226]. During cyclic preconditioning, the greatest decrease in the hysteresis occurred 

during the first two preconditioning cycles.  After five cycles the neonatal RVFWs revealed 

stable and reproducible biomechanical behaviour, as demonstrated in Figures 4.21 (a) and 

(b)).  Strain softening was observed during the uniaxial and biaxial cyclic preconditioning, as 

shown in Figures 4.21 (a) and (b).  This is again consistent with the biomechanical behaviour 

of the LVFW, as discussed in detail in Section 5.1.  

 

The anterior and posterior RVFWs demonstrated asymmetrical mechanical trends in the 

positive and negative directions during simple shear tests (Figure 4.25 (c) and (d)).  The 

anterior RVFW exhibited a stiffer response in the positive direction, while the posterior 

RVFW had greater stiffness in the negative direction (Figure 4.25 (c) and (d)).  The 

asymmetrical behaviour during the positive and negative cyclic shearing in RVFW indicates 

that the shearing behaviour of myocardial tissue is highly dependent on the local myocardial 

architecture.  Our microstructural analyses identified the diagonal alignment of the 
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cardiomyocyte and collagen fibrils orientations within the anterior and posterior aspects of 

RVFW, which may contribute to the asymmetrical behaviour observed in the RVFWs (Figure 

4.5–4.8).  Hysteresis was more pronounced during shearing in the anterior and posterior 

RVFW than during uniaxial tensile and biaxial extension testing, as indicated in Tables 4.11, 

4.13 and 4.15.  This is consistent with the biomechanical behaviour of the LVFW, as 

discussed in detail in Section 5.1.  

 

The anterior RVFW demonstrated 1.5 fold greater anisotropy than the posterior in MFD and 

CFD (Table 4.17).  This is consistent with our microstructural findings and it indicates the 

greater rate of cardiomyocyte dispersion in the posterior (12.3 ⁰) RVFW than the anterior (8.7 

⁰).  A nonlinear relationship has previously been reported between the cardiomyocytes 

dispersion and mechanical anisotropy, which means that high dispersion values correspond to 

less fibre alignment and, thus, a more isotropic cardiomyocyte distribution [52].  This 

relationship between cardiomyocyte dispersion and mechanical anisotropy has been reported 

elsewhere [52].  Therefore, the greater degree of anisotropy in the anterior RVFW could be 

associated with the smaller rate of the cardiomyocytes’ dispersion, as reported in our 

microstructural analysis (TPEF/SHG). 
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5.3. Structural and biomechanical differences in neonatal and adult ventricular 

tissue 

On an absolute scale, the extent of neonatal in-plane cardiomyocyte rotation at the sub-

epicardium region appeared greater than that reported in adult porcine LVFW and RVFW 

[74, 75].  The anterior aspect demonstrated almost consistent cardiomyocyte rotation for both 

neonatal and adult LVFW, while 4-fold greater cardiomyocyte rotation was observed in the 

neonatal posterior LVFW (Table 4.3) [74, 75].  The anterior and posterior aspects of neonatal 

porcine RVFW possessed 1.5-fold greater cardiomyocyte rotation when compared to the 

adult porcine RVFW (Table 4.3) [74, 75].  

  

The linearity of the timeline associated with the reducing cardiomyocyte rotation is currently 

unknown; hence, the cardiomyocytes may rotate within a few days of birth due to the change 

in stress within the tissue as a consequence of the closing of ductus arteriosus and foramen 

ovale [70, 199].  Furthermore, the cardiomyocytes undergo rapid growth and maturation 

during the early postnatal period.  Increasing biomechanical force to respond to the new 

physiological demands is a primary factor that governs cardiomyocyte maturation [206].  

This increase in mechanical force during the immediate postnatal period concurs with 

changes in the mechanical properties of the extracellular matrix.  Cardiac workload increases 

rapidly after birth thanks to the opening of pulmonary circulation, which coincides with left 

ventricle cardiomyocyte hypertrophy, hyperplasia, and extracellular collagen deposition [23, 

26, 207].  In studies of neonatal porcine, the left ventricular free wall increases in mass 4.5-

fold within two weeks, cell volume increases 3.5-fold, and cellular proliferation by 0.28-fold, 

and the majority of tissue volume growth occurs through cellular hypertrophy [23].  During 

the same period, previous studies have shown the deposition of interstitial collagen undergoes 

a rapid increase, peaking between days 15–20 postnatal [26].  These morphological and 
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physiological alterations cause the relative change in stress within the tissue, and they also 

cause the increased extracellular matrix stiffness and mechanical stimulation, such as an 

increase in the stretching of the substrate.  This may contribute to reducing the cardiomyocyte 

rotation during maturation [208-210].  Alternatively, the cardiomyocyte rotation may 

gradually reduce (i.e. straighten) as they align in the direction of the maximum principal 

stress due to the relative increase in heart workload throughout maturation and in a manner 

similar to the osteons of trabecular bone.  

 

The maximum tangent shear modulus (MTM = dσ/dƐ) at Ɛ = 50% (the largest strain 

encountered) along the MFD and CFD were computed for adult and neonatal LVFWs to 

identify the relative changes in the biomechanical properties of the tissue during maturation. 

The MTM of LVFW adult porcine data has previously been reported at 50% strain as ~ 28 

kPa (MFD) and ~ 5 kPa (CFD) [113].  Compared to the equivalent data reported for neonatal 

porcine tissue in the anterior aspect (i.e. anterior ~ 7.2 kPa (MFD) and ~ 4.2 kPa (CFD) at 

50% strain), this indicates that the anterior LVFW is approximately one-fourth the stiffness of 

mature tissue in MFD.  Similarly, compared to the equivalent data reported for neonatal 

porcine tissue in the posterior aspect (i.e. anterior ~ 5.0 kPa (MFD) and ~ 4.5 kPa (CFD) at 

50% strain), this indicates that the posterior LVFW is approximately one-sixth the stiffness of 

mature tissue in MFD.  Hence, the observed differences between the anterior and posterior 

neonatal LVFW and adult porcine tissue revealed the necessity of testing neonatal tissue 

obtained from similar regions and this helps us to better understand the underlying 

differences between the neonatal and adult tissue behaviour. 
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5.4. Enabling more accurate neonatal cardiac simulations 

 

As discussed in Sections 5.1 and 5.2, myocardium possessed nonlinear, anisotropic, 

viscoelastic and heterogeneous mechanical behaviour.  A number of different approaches 

have been used in the literature to model the myocardium, including the constitutive models 

that have been used to estimate the material parameters for computational simulations.  To 

understand the highly nonlinear mechanics of the intricate structure of the myocardium under 

different loading regimes, a structurally-based constitutive model is essential.  Different 

constitutive models have been proposed in the literature that are mainly based on the 

assumption of transverse isotropy and, therefore, are not able to capture the orthotropic 

response of myocardium (as discussed in detail in Chapter 2, Section 2.5.2).  Consequently, 

an orthotropic constitutive model is needed to precisely describe the mechanical behaviour of 

the myocardium.  Holzapfel et al. proposed an orthotropic model that is based on a structural 

approach that accounts for the morphological structure through the cardiomyocytes’ 

direction, the myocyte sheet’s orientation and the sheet’s normal direction, and considers the 

resulting macroscopic nature of the myocardium [110].  

 

Consequently, the microstructural and biomechanical data that are reported here have been 

fitted to the structurally-based orthotropic Holzapfel–Ogden (HO) model of adult 

myocardium [110] to establish the material parameters that more accurately describe neonatal 

tissue behaviour (Chapter 4, Section 4.4).  These material parameters will enable increased 

accuracy in performing computational simulations of neonatal ventricles and will enhance the 

understanding of fundamental underlying neonatal ventricular mechanics.  In turn, this has 

the potential in improving the medical treatment of heart diseases, which may reduce the 

mortality and morbidity [8, 10-13, 15].  
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5.4.1 Translating experimental data to numerical parameters 

 

To quantitatively compare the difference between fitting results and experimental data, the 

error was calculated using an objective function (see Eqn 5.1).  The error of fit is defined as 

the relative difference of area-under-curve between the experimental stress-strain curves and 

the fitted results,  

(Eqn 5.1) 

 

A smaller value indicates a better fit, and a value of 0 indicates a perfect fit from the inferred 

parameters. 

 

5.4.2. Estimating the uniaxial tensile, biaxial tensile and simple shear material 

parameters with HO model 

 

The uniaxial tensile, biaxial tensile and simple shear biomechanical data of LVFW was used 

without considering the mean-fibre orientation of the myocardium (Figure 4.29 (a), (b) and 

(c)).  This indicates that some properties of the sample were redundant.  Therefore, to reduce 

the fitting error, the mean-fibre orientation of LVFW myocardium was considered according 

to the definition of MFD and CFD, and to the characteristics of fibre in the LVFW 

myocardium.  The cardiomyocytes’ rotation was adopted and defined as 60 ⁰ from the top to 

bottom of the myocardium [52].  Using this method, the fitting results were obtained and 

demonstrated in Figure 4.29 (d), (e) and (f).  Although the fitting error was reduced, the 
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overall fitting remained poor.   Hence, to further reduce the fitting error, the unique features 

in the uniaxial tension were analysed to propose the effective area ratio (as defined as the 

ratio of fibres contributing in the gross biomechanical stress of the sample) (Figure 4.29 (g), 

(h) and (i)), indicating a relatively better fit.  Therefore, to fit different experimental data 

together, it is necessary to include detailed myofibre orientations and effective area ratio of 

the samples in question.  It is of significance that the error of fitting results in CFD was 

always greater than that in MFD.  This may be due to the HO model expression, which do not 

have an item that represents CFD (normal direction) (see Section 2.5.2 (Equation 2.6) ). 

 

The advantage of this data is that it includes three experimental tests (i.e. uniaxial tensile, 

biaxial tensile, and simple shear), which are more likely to get realistic parameters to 

represent the characteristics of the myocardium, while most of the other studies only have 

one or two of the tests [104, 113, 119, 135, 156].  Hence, it is interesting to determine 

whether or not the characteristic parameters that are obtained from one or two tests can be 

applied to another test directly.  Figures 4.30 and 4.31 indicate that the estimated parameters 

by fitting only one or two types of experiments could not match the remaining experiments.  

It is, therefore, essential to include all of the experimental data to determine the material 

parameters. 

 

5.5. Clinical implications 

 

This study ultimately aims to create new opportunities for researchers and bioengineers to 

identify novel treatments and interventions in cases of abnormal neonatal heart functionality.  

Consequently, this work contributes the material parameters that specifically describe 
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neonatal cardiac tissue and enables a more accurate computational simulation of neonatal 

cardiac tissue behaviour.  

 

The engineering-based computational simulations provide robust tools for performing 

patient-specific cardiovascular simulations and they are able to predict the consequence and 

effectiveness of surgical interventions.  Computational modelling is increasingly used in adult 

cardiology to understand the behaviour of structural components and they enable the 

simulation of normal and pathophysiological conditions, and lead to new interventions [8, 10-

13, 15].  Recently, the advances in the development of constitutive models and computing 

power have enabled simulations to achieve greater clinical value.  In adult cardiology, 

patient-specific computational modelling provides a novel platform to enhance the 

understanding of cardiac mechanics, and assists researchers, bioengineers and clinicians to 

develop new interventions in improving the postoperative lives of patients [151-153].  

Although a similar approach for simulation could be adopted in paediatric clinical 

applications, an acute lack of quantitative data describing the neonatal tissue structure and 

biomechanical behaviour limits the widespread use and effectiveness of these emerging 

techniques. Moreover, the lack of validation through experimental data potentially limits the 

use of computational simulations in a wide range of neonatal heart diseases.  

 

This study has also highlighted the difference in behaviour of neonatal heart tissue and 

equivalent adult heart tissue (Section 5.1).  These differences will likely mean that any 

neonatal-based studies that currently adopt adult data will be inaccurate [16-19].  Hence, 

there is now a need for further investigation to characterise neonatal human heart tissue.  Our 

research provides the first complete set of experimental data that describe the structure and 
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biomechanical behaviour of neonatal porcine ventricles and can be used to estimate the 

material parameters with the existing HO model (Section 4.4).  Because these parameters are 

derived from porcine tissue, they currently have the potential to increase the accuracy and 

effectiveness of neonatal cardiac simulations.  However, further investigation is required to 

determining whether these enable more accurate simulation than the existing adult-derived 

parameters.  This study has provided evidence of the need for future investigations to 

consider human neonatal tissue which, presumably, would contribute to reducing mortality 

and morbidity associated with neonatal heart diseases.  

 

5.6. Limitations 

 

While these results provide a valuable insight into neonatal cardiac tissue structure and 

biomechanical behaviour, it is acknowledged that an animal-based laboratory study differs 

from human, physiological reality.  The neonatal porcine model was adopted because the 

adult organ is commonly used to simulate human performance given their relatively similar 

structure and dimensions, as described in Section 2.6.   However, there are still differences 

that will limit the applicability of these data.  While the controlled environment of a 

laboratory has significant advantages when investigating tissue characteristics, the need to 

dissect samples does create artificial boundary conditions and releases residual stresses, 

which may alter performance.  Common protocols were followed to ensure that the tissues 

remained hydrated.  However, there is no doubt that the deformations imposed by uniaxial 

tensile, biaxial tensile and simple shear testing differ from those experienced in vivo 

physiology of the heart. The above-mentioned factors, besides the passiveness of the heart 

muscle, may also contribute to the strain softening observed in this study, and may explain 

the softening behaviour observed at very small strains.  Whilst the issues associated with in 
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vitro mechanical testing may limit the reliability of explicit material parameter identification, 

the approach used here has provided important novel data on the material response of the 

passive 1-day-old neonatal ventricular myocardium under Uniaxial tensile, biaxial tensile and 

simple shear loading modes. 

 

The HO model that we used in this study is deduced according to the Dokos et al. 

experimental data [113].  While the HO model can depict the properties of these data well 

and it does get ideal fitting results, different experimental data have unique characteristics, as 

demonstrated in Section 4.2.4.  This means that it may not actually be most effective for the 

neonatal LVFW myocardium under different loading modes (i.e. uniaxial tensile, biaxial 

tensile and simple shear).  For example, in the uniaxial and biaxial tension tests (Section 

3.1.2), the stretching directions are MFD (fibre direction) and CFD (normal direction) and 

they should be noted in the strain energy function, while the HO model does not have a 

normal term.  Adequate adjustments could be made in the expression of HO model, based on 

the unique features of experiments, to obtain another specific HO model.  Moreover, some 

errors may be due to the experiment’s proposal, design and measurement, which may also 

contribute to the coarse fitting results.  Therefore, modifications are required in the HO model 

to further improve the fitting of the microstructural and biomechanical data of the neonatal 

LVFW myocardium.  A more specific HO model describing all three directions of 

myocardium (i.e. fibre (F), sheet (S) and normal (N) axes) in the strain energy function would 

provide a more accurate representation of the myocardial tissue behaviour, which may further 

improve the fitting results. 
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6. CONCLUSIONS  

 

6.1. Research conclusions 

This research aimed to establish the first material parameters that described neonatal 

ventricular myocardium, from a porcine model.  It was found that: 

 To fit different experimental data (i.e. uniaxial tensile, biaxial tensile and simple 

shear) in estimating the material parameters of the neonatal ventricular myocardium, 

it was necessary to include detailed myofibre orientations and the effective area ratio 

of the samples in question.  Moreover, the fitting results identified that the 

characteristic parameters that were obtained from one or two tests (i.e. uniaxial 

tensile, biaxial tensile and simple shear) could not be associated with another test 

directly.  It is, therefore, essential to include all of the experimental data to determine 

the material parameters. 

 The fitting results of uniaxial tensile, biaxial tensile and simple shear tests 

demonstrated the greater error in CFD than that in MFD, presumably due to the HO 

model expression, which has no item that represents CFD (normal-direction).  Hence, 

adequate adjustments could be made in the expression of HO model to include all 

three directions of the myocardium (i.e. fibre (F), sheet (S) and normal (N) axes) in 

the strain energy function, which may further improve the fitting results in obtaining 

material parameters of the neonatal ventricular myocardium. 

 The surface area analysis of histological images quantified the greater ratio of 

collagen to cardiomyocytes in the posterior wall compared to the anterior in both 

ventricles.  TPEF/SHG also identified the greater cardiomyocytes’ rotation in the 

posterior wall of both ventricles. The cardiomyocytes exhibited a greater dispersion 
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rate out-plane, while collagen fibrils’ dispersion was more pronounced through the in-

plane of both ventricles.  

 One-day-old porcine RVFW possessed 1.5-fold greater cardiomyocyte rotation in 

both the anterior and posterior wall when compared to the adult porcine RVFW.  The 

anterior aspect demonstrated comparable cardiomyocyte rotation for both one-day-old 

and adult LVFW, while 4-fold greater cardiomyocyte rotation was observed in the 

one-day-old posterior LVFW.   

 FA was found to vary between the regions (i.e. base, equator and apex) of both 

ventricles.  The one-day-old LVFW demonstrated approximately twice the FA of 

equivalent adult porcine LVFW, although the precise timeframe of these changes 

remains unclear.   

 The anterior ventricular walls were stiffest, indicating a relative difference in the 

substrate stiffness (ECM), which was consistent with our microstructural analysis.  

The one-day-old porcine tissue was also identified as exhibiting one-half the stiffness 

of adult porcine tissue in uniaxial testing, one-third in biaxial testing, and one-fourth 

stiffness in simple shear testing.  These data provide both a baseline describing the 

microstructure and biomechanical parameters of one-day-old porcine tissue and an 

indication as to the relative change in the tissue morphometry and characteristics that 

occur during maturation. 

 

This research study has identified the difference in behaviour of neonatal heart tissue and 

equivalent adult heart tissue.  These differences will likely mean that any neonatal-based 

studies that currently adopt adult data will be inaccurate.  This research study also provides 

the first complete set of experimental data that describe the structure and biomechanical 

behaviour of neonatal porcine ventricles and can be used to estimate the material parameters 
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with the existing HO model.  Meanwhile, adequate modifications are required in the HO 

model, with relevant changes in the strain energy function to further improve the fitting 

results in obtaining the material parameters of the one-day-old porcine ventricular 

myocardium.  However, the estimated material parameters in this research study will enable a 

simulation that more accurately reflect neonatal ventricular tissue behaviour.  This will 

ultimately create new opportunities for researchers, bioengineers and clinicians to identify 

novel treatments and interventions in cases of abnormal neonatal heart functionality. 

 

6.2. Future work 

 

6.2.1 Development of modified HO model 

 

The existing HO model for adult myocardium did not demonstrate the ideal fitting results 

with the one-day neonatal data, indicating the need to develop age-specific constitutive 

models based on the growth and remodelling of the heart during maturation. These 

constitutive models will improve the effectiveness of computational simulations in 

understanding the fundamental underlying the ventricular mechanics during maturation, 

which is a necessary in the improvement of medical treatment of heart diseases.   

 

6.2.2 Establishing a new model that encompasses growth and remodelling 

 

It is recognised that this neonatal data represents only a ‘snapshot’ of the heart behaviour 

during the earliest phase of a complex growth and remodelling pathway.  Moreover, 

significant changes in the structure and biomechanical characteristics have been identified by 
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comparing the one-day-old porcine data to the adult.  Hence, future work has been planned to 

develop a new G&R (growth and remodelling) based constitutive law that will enable 

prediction of the age-specific, viscoelastic properties.  

6.2.2.1. Aims and objectives of future work 

The future work will aim to: 

1. Characterise the G&R-dependent, viscoelastic constituent parameters of cardiac tissue 

in a validated animal model. 

2. Develop a viscoelastic-based constituent model that enables prediction of 

macroscopic, age-specific tissue behaviour. 

 

These aims will be realised through the achievement of seven objectives, as follows: 

1. Verify the six G&R stages selected for the porcine heart model spanning neonate to 

adulthood (with a focus on maturation) and establish the equivalent human age by 

performing ratiometric biomarker analysis. 

 

2. Quantify the critical microstructural parameters for constitutive modelling across the 

six G&R-stages, within the anterior and posterior aspect of both ventricles (i.e. 

fractional anisotropy; fibre rotation; fibre dispersion). 

 

3. Quantify the biomechanical parameters that are critical for constitutive viscoelasticity 

modelling across the 6 G&R-stages within the anterior and posterior aspect of both 

ventricles (open angle, biaxial, simple shear, and stress relaxation). 
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4. Estimate the apparent growth tensor Fg and its evolution by registering ventricular 

shapes at different times reconstructed from in vivo and ex vivo images. 

5.  Model age-related G&R in cardiac structure and biomechanical function, and then 

correlate their changes with the biochemical biomarkers and maturation relative to 

humans. 

 

6. Collect in vivo porcine data (p-v curve, blood pressure) to enable hypothesis-testing. 

 

7. Hypotheses-test maturation-related G&R laws in the porcine heart using different 

growth driven mechanisms (stress, strain). 
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8. APPENDIX 

 

A.1. Masson’s Trichrome stained histological images of the anterior and posterior aspects 

in the LVFW and RVFW 
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Figure A.1.1: Masson’s trichrome staining images of the neonatal porcine ventricles, sectioned 

in the plane perpendicular to the transmural direction (i.e. in-plane), and viewed at × 20 and × 

40 magnification. (a–b) LVFW–anterior, demonstrating circumferentially aligned fibres. (c–d) 

LVFW–posterior, describing longitudinally aligned fibres. Principal or preferred fibre angles 

are detailed in Table 4.1. The scale bar at ×20 =100 µm and at ×40 =50µm, respectively.  
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Figure A.1.2: Masson’s trichrome staining images of the neonatal porcine ventricles, sectioned 

in the plane perpendicular to the transmural direction (i.e. in-plane), and viewed at × 20 and × 

40 magnification. (a–b) LVFW–anterior, demonstrating circumferentially aligned fibres. (c–d) 

LVFW–posterior, describing longitudinally aligned fibres. Principal or preferred fibre angles 

are detailed in Table 4.1. The scale bar at ×20 =100 µm and at ×40 =50µm, respectively. 
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Figure A.1.3: Masson’s trichrome staining images of the neonatal porcine ventricles, sectioned 

in the plane perpendicular to the transmural direction (i.e. in - plane), and viewed at × 20 and × 

40 magnification. (a–b) LVFW–anterior, demonstrating circumferentially aligned fibres. (c–d) 

LVFW–posterior, describing longitudinally aligned fibres. Principal or preferred fibre angles 

are detailed in Table 4.1. The scale bar at ×20 =100 µm and at ×40 =50µm, respectively. 
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Figure A.1.4: Masson’s trichrome staining images of the neonatal porcine ventricles, sectioned 

in the plane perpendicular to the transmural direction (i.e. in - plane), and viewed at × 20 and × 

40 magnification. (a–b) LVFW–anterior, demonstrating circumferentially aligned fibres. (c–d) 

LVFW–posterior, describing longitudinally aligned fibres. Principal or preferred fibre angles 

are detailed in Table 4.1. The scale bar at ×20 =100 µm and at ×40 =50µm, respectively. 
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Figure A.1.5: Masson’s trichrome staining images of the neonatal porcine ventricles, sectioned 

in the plane perpendicular to the transmural direction (i.e. in-plane), and viewed at × 20 and × 

40 magnification. The RVFW–anterior (a–b) and posterior (c– d) aspects demonstrated almost 

symmetrical fibre alignment, with the former having greater concentration and alignment of 

muscle fibres. Principal or preferred fibre angles are detailed in Table 4.1. The scale bar at ×20 

=100 µm and at ×40 =50µm, respectively. 
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Figure A.1.6: Masson’s trichrome staining images of the neonatal porcine ventricles, sectioned 

in the plane perpendicular to the transmural direction (i.e. in-plane), and viewed at × 20 and × 

40 magnification. The RVFW–anterior (a–b) and posterior (c–d) aspects demonstrated almost 

symmetrical fibre alignment, with the former having greater concentration and alignment of 

muscle fibres. Principal or preferred fibre angles are detailed in Table 4.1. The scale bar at ×20 

=100 µm and at ×40 =50µm, respectively. 
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Figure A.1.7: Masson’s trichrome staining images of the neonatal porcine ventricles, sectioned 

in the plane perpendicular to the transmural direction (i.e. in-plane), and viewed at × 20 and × 

40 magnification. The RVFW–anterior (a–b) and posterior (c–d) aspects demonstrated almost 

symmetrical fibre alignment, with the former having greater concentration and alignment of 

muscle fibres. Principal or preferred fibre angles are detailed in Table 4.1. The scale bar at ×20 

=100 µm and at ×40 =50µm, respectively. 
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Figure A.1.8: Masson’s trichrome staining images of the neonatal porcine ventricles, sectioned 

in the plane perpendicular to the transmural direction (i.e. in-plane), and viewed at × 20 and × 

40 magnification. The RVFW–anterior (a–b) and posterior (c–d) aspects demonstrated almost 

symmetrical fibre alignment, with the former having greater concentration and alignment of 

muscle fibres. Principal or preferred fibre angles are detailed in Table 4.1. The scale bar at ×20 

=100 µm and at ×40 =50µm, respectively. 
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A.2. Matlab code for fitting the experimental data with the HO model of the myocardium 

 

clear all;close all; 

  

global exp_data1  exp_data2 exp_data3; 

global exp_data4  exp_data5 exp_data6 exp_data7 exp_data8; 

global keyword keyword2 keyword3 record iter; 

%global para 

  

%choose the keywrods 

keywrods_str1={'All_Together','Uniaxial_MFD+CFD','Biaxial_MFD+CFD','Shear_MFD+CFD'

}; 

[s,v] = listdlg('PromptString','Select a file:',... 

                'SelectionMode','single',... 

                'ListString',keywrods_str1); 

keyword = keywrods_str1{s}; 

  

keywrods_str2={'Fibre_Rotation','No_Fibre_Rotation'}; 

[s,v] = listdlg('PromptString','Select a file:',... 

                'SelectionMode','single',... 

                'ListString',keywrods_str2); 

keyword2 = keywrods_str2{s}; 

  

keywrods_str3={'Effective_area','No_Effective_area'}; 

[s,v] = listdlg('PromptString','Select a file:',... 

                'SelectionMode','single',... 

                'ListString',keywrods_str3); 

keyword3 = keywrods_str3{s}; 

  

%input the experiment data 

load('Exp_Data_Cau'); 

  

%allocate data according to the data framefffff 

%uniaxial 

exp_data1(:,1)=unim(:,1); 

exp_data1(:,2)=unim(:,2); 

exp_data2(:,1)=unic(:,1);    

exp_data2(:,2)=unic(:,2); 

%biaxial 

exp_data3(:,1)=biam(:,1); 

exp_data3(:,2)=biam(:,2); 

exp_data4(:,1)=biac(:,1); 

exp_data4(:,2)=biac(:,2); 
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%shear anterior  

exp_data5(:,1)=shemA(:,1); 

exp_data5(:,2)=shemA(:,2)-shemA(1,2); 

exp_data6(:,1)=shecA(:,1); 

exp_data6(:,2)=shecA(:,2)-shecA(1,2); 

%shear posterior 

exp_data7(:,1)=shemP(:,1); 

exp_data7(:,2)=shemP(:,2); 

exp_data8(:,1)=shecP(:,1); 

exp_data8(:,2)=shecP(:,2); 

  

% call the remodeling program  

%for iter=1:10 

%   iter=1; 

Remodeling; 

%end
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A.3. Refereed journal article - I 

 

Faizan Ahmad, R. Prabhu, Jun Liao, Shwe Soe, Michael D Jones, Jonathan Miller, Parker 

Berthelson, Daniel Enge, Katherine M. Copeland, Samar Shaabeth, Richard Johnston, Ian 

Maconochie, Peter S.Theobald. ‘Biomechanical properties and microstructure of neonatal 

porcine ventricles’, Journal of the Mechanical Behavior of Biomedical Materials.    

 

doi: 10.1016/j.jmbbm.2018.07.038.
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A.4. Refereed journal article - II 

Faizan Ahmad, S Soe, N White, R Johnston, I Khan, J Liao, M Jones, R Prabhu, I 

Maconochie, P Theobald. ‘Region-specific microstructure in the neonatal ventricles of a 

porcine model’, Annals of Biomedical Engineering. 

 

https://doi.org/10.1007/s10439-018-2089-4 
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A.5. Peer-reviewed conference abstract - I 

Faizan Ahmad, S Soe, P Skacel, R Johnston, I Maconochie, P Theobald 2016. ‘Biaxial and 

shear properties of immature porcine heart tissue’, 2nd Workshop on Soft Tissue Modelling, 

Glasgow.  
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Biaxial and shear properties of immature porcine heart tissue 

F. Ahmad1, S. Soe1, P. Skacel2, R. Johnson3, I. Maconochie4, P. Theobald1 

 

1 School of Engineering, Cardiff University, UK, CF24 3AA. 

2 Institute of Solid Mechanics, Mechatronics and Biomechanics, Brno University of Technology, 

Czech Republic  

3 College of Engineering, Swansea University, UK, SA2 8PP 

4 Paediatric Emergency Department, St Mary’s Hospital, Imperial College NHS Healthcare Trust, 

UK, W2 1NY. 

 

 

Accurately quantifying the mechanical properties of biological tissue is critical to further 

enhance biomechanical and mathematical models used to predict the consequence of injury, 

illness and intervention.  This study attempts to develop a localised knowledge of cardiac 

tissue, exploring the anterior and posterior walls of the four chambers.  Tissue samples (18mm 

x 18mm) were dissected from the above regions in two immature (<18 months) porcine hearts, 

acquired fresh from a butcher.  Samples were subjected to extension (0.33mms-1) comparable 

to in vivo conditions on a custom-built machine, to investigate the elastic behaviour, biaxial 

and pure shear moduli.  The data demonstrated anisotropic, nonlinear and heterogeneous 

behaviour across the anterior and posterior walls of each chamber (Table 1).  Considering each 

tissue sample to consist of two layers (i.e. that the endocardium was too thin to test and so 

deemed consistent with the myocardium), the tissue is stiffer circumferentially than 

longitudinally in all chambers during biaxial test. Pure shear testing of right and left ventricles 

demonstrates longitudinal stiffness anteriorly, and circumferential stiffness posteriorly.  Right 

and left atria are stiffer in circumferential direction likewise in biaxial test.  From these data it 

can be deduced that the mechanical response in cardiac tissue appears dependent on the micro-

level fibre orientation, that fibre orientation appears to vary throughout wall thickness, and that 

the anterior and posterior walls of the same chamber have different fibre orientations.  It is 

anticipated that these data will ultimately prove useful to other bio-mechanical and 

mathematical researchers seeking to perform macro- and micro-scopic cardiac simulations. 

 

 Moduli (Biaxial) / kPa Moduli (Pure Shear) / kPa 

Circumferential Longitudinal Circumferential Longitudinal 

Anterior Posterior Anterior Posterior Anterior Posterior Anterior Posterior 

Right 

ventricle 
33.44 25.64 17.86 24.16 26.16 26.42 27.40 24.49 

Left 

ventricle 
53.87 51.19 46.86 22.62 47.45 58.20 50.47 51.45 

Right 

atrium 
16.78 14.47 13.77 13.65 

Left 

atrium 
14.45 13.78 13.53 13.35 

Table 1 – Data describing the biaxial and pure shear moduli in immature porcine 

cardiac tissue. 
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A.6. Peer-reviewed conference abstract – II 

Debao Guan, Faizan Ahmad, Peter Theobald, Shwe Soe, Hao Gao, Xiaoyu Luo 2018.  

‘Fitting Various Experimental Data from Neonatal Porcine Myocardium Based on the HO 

Model’, Frontiers of simulations and experimentation for personalised cardiovascular 

management and treatment, London. 
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Fitting Various Experimental Data from Neonatal 

Porcine Myocardium Based on the HO Model 

 
Debao Guan1, Faizan Ahmad2, Peter Theobald2, Hao Gao1, Xiaoyu Luo1 

 
1 School of mathematics & statistics, University of Glasgow, UK, G12 8QQ 

2 School of Engineering, Cardiff University, UK, CF24 3AA 

 

 

Biomechanical cardiac modelling relies essentially on the knowledge of constitutive laws and 

the corresponding myocardial material properties. It has been showed [1] that bi-axial test 

data with different loading protocols and simple shear test data at different specimen 

orientations were required to capture adequately the direction-dependent nonlinear material 

response of myocardium.  In this work, we estimated myocardial parameters from neonatal 

porcine by combining 3 different types of experimental tests that were the uni-axial tensile, 

bi-axial tensile and the simple shear tests. The myocardium has a highly laminar structure 

forming local orthotropic material axes, the myofibre direction f, the sheet direction s, and the 

normal direction n. Biomechanical experiments were performed by the Cardiff team, samples 

were harvested from neonatal porcine hearts. In the uni-axial experiments, samples were 

stretched along f direction and then n direction. In the bi-axial test, samples were stretched 

simultaneously along f and n. Finally, samples were sheared in fs plane along f direction, then 

in ns plane along n direction. The constitutive law developed by Holzapfel and Ogden (HO) 

[1] was used to fit the three experiments together, which has four invariants. When fitting to 

the three experiments, we considered the myofibre rotation from endocardium to epicardium 

rather than a uni-direction in other studies during the fitting process, and the ratio of effective 

myofibre contribution in the uni-axial sample. We found that the estimated parameters by 

fitting only one or two types of experiments could not match the remained experiments, 

therefore, it is necessary to include all necessary experimental data to determine the material 

parameters. Importantly, to fit different experimental data together, it is necessary to include 

detailed myofibre orientations of the samples in question. 

 

 

References 
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A.7. Peer-reviewed conference abstract – III 

Amanda Davies, Faizan Ahmad, Peter Theobald, Richard Hugtenburg, Richard Johnston 

2018. ‘A Novel MRI Method for Vertebral Strength’, British Renal Society, Winchester. 
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A Novel MRI Method for Vertebral Strength 

Amanda Davies1, Faizan Ahmad2, Peter Theobald2, Richard Hugtenburg1, Richard Johnston1 

1 College of Engineering, Swansea University, UK, SA2 8PP 

2 School of Engineering, Cardiff University, UK, CF24 3AA 

 

Vertebral fractures are twice as common as any other fracture in osteoporosis (OP) patients 

and are typically a first indicator of the disease.  However, the lack of a direct, non-invasive 

method to assess mechanical strength prevents prospective identification of vertebrae likely 

to fracture.  Dual-energy x-ray absorptiometry (DXA) is the gold standard technique, 

calculating areal bone mineral density (aBMD) which is used with clinical factors to estimate 

fracture risk (NICE, 2012).  DXA is limited by the overlap observed in T-scores in 

individuals with and without fracture (B. McCreadie, 2000).    A magnetic resonance 

imaging-based (MRI) technique, “fineSA”, has been reported that can non-invasively 

quantify fine structures (B.A.J. Evans; et al, 2012, J. Rafferty; et al, 2016) and this study 

explores its potential to provide a more accurate measure of fracture resistance.  

 

The L1-L3 lumbar vertebrae were excised from deer of the same herd (n=11) culled for the 

meat industry (approximately 24 months old).  Each sample underwent the fineSA method 

(Siemens 3T Magnetom Skyra, Swansea University), microCT (Nikon XT H 225, Swansea 

University), DXA (Horizon A machine, Singleton Hospital) and compression testing (Instron, 

Cardiff University). Two spinal segments were excluded from analysis due to poor quality 

data then Pearson’s correlation coefficient and multiple regression performed using 

MATLAB (2011b). 

 

The fineSA metric was strongly correlated (r=-0.86, p=0.003) with mechanical strength and 

this relationship was stronger than that observed for aBMD (r=0.71, p=0.03).  Non-

significant correlations were observed between microCT measurements and mechanical 

strength.  Multiple regression showed that adding the fineSA metric to aBMD in the model 

increases the percentage of variance in mechanical strength explained from 50% to 78% (p = 

0.01). 

 

This study provides early evidence that fineSA could provide a more accurate method to 

predict fracture occurrence by closely approximating mechanical strength.  Further work is 

required to progress towards clinical trials, with an initial application of this novel approach 

potentially include oncology patients, where MRI is in routine use and an appreciation of 

mechanical strength has even greater significance. 
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