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Abstract

Cardiovascular diseases account for one third of all deaths worldwide, more than 33% of
which are related to ischemic heart disease, including myocardial infarction (Ml). This thesis
seeks to provide insight and understanding of mechanisms during different stages of Ml by

utilizing finite element (FE) modelling.

Three-dimensional biventricular rat heart geometries were developed from cardiac magnetic
resonance images of a healthy heart and a heart with left ventricular (LV) infarction two
weeks and four weeks after infarct induction. From these geometries, FE models were
established. To represent the myocardium, a structure-based constitutive model and a rule-
based myofibre distribution were developed to simulate both passive mechanics and active

contraction.

The ejection fraction for the healthy, two-week infarct and four-week infarct models was
found to be 64.9%, 54.6% and 49.5%, respectively.The infarcted region was mainly in the LV
and represented 16.2% and 30.3% of the LV wall two-weeks and four-weeks after the infarct
induction, respectively. The end-diastolic volume of the infarcted heart at two-week and four-
week time point increased by 26.1% and 78.2%, respectively, compared to the heathy heart.
Similarly, the end-systolic volume increased by 62.9% and 155.1% for two-week infarct and

four-week infarct, respectively.

The stress and strain in the LV free wall infarct region and the non-infarcted septal wall
region were assessed in the healthy and infarct cases. In the LV free wall, the end-diastolic
(ED) circumferential strain in the two-week infarct and four-week infarct model was 69.5%
and 67.7% lower than in the healthy model, respectively, whereas this strain was 62.5% and
100.0% higher, respectively, in two-week infarct and four-week infarct case compared to the
healthy case in the septal wall. At end-systole (ES), the circumferential strain of the two-
week and four-week infarct model was 97.1% and 93.3% lower, respectively, in the free wall,
and 24.3% and 30.7% lower, respectively, in the septal wall, when compared to the healthy
control. In the LV free wall infarct region, circumferential stress in the two-week infarct and
four-week infarctwas 74.2% and 91.1% higher, respectively, than in the healthy control at ED
but 83.9% and 54.3% lower, respectively, than in the healthy control at ES. In the septal
wall, ED circumferential stress in the two-week infarct and four-week infarct model exceeded
the stress in the healthy heart by 94.5% and 188.6%, respectively, but was 63.9% and

68.1% lower, respectively, at ES.

Vii



This study assisted in the development of computational tools for the assessment of cardiac
mechanics involved in the progression of MI. The outcomes will be beneficial in the

advancement of therapy concepts for Ml and their translation into clinical application.
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1 Introduction

1.1 Background and Significance

The heart is regarded as an electro-mechanical pump with complex mechanical behaviour.
Its primary function is to pump blood throughout the body, delivering nutrients and oxygen,
and removing wastes from organs. The mechanical behaviour plays an important role in the
heart function (Nash and Hunter, 2000). One of the important goals of cardiac mechanics
research is to gain an understanding of tissue properties and how changes in tissue
structure and properties affect the pumping function of the heart. The integration of structural
constitutive laws, specimen-specific geometry and physiological boundary conditions can be
achieved by computational modelling (Vetter and McCulloch, 2000). Magnetic resonance
imaging (MRI) measured in-vivo data of the heart can be used to reconstruct the 3D models
of healthy and infarcted hearts. Understanding of the regional mechanics of the heart plays
an important role in understanding and improving the heart function after myocardial
infarction. Once the understanding is achieved several therapies can be pursued. The most
pursued therapy of myocardial infarction is cellular transplantation into the damaged tissue
with the aim of improving the regional and global heart function (Nguyen et al., 2010, Wang
et al., 2010a, Yoon et al., 2009). Generally, the injection of biomaterials (hydrogel) into the
infarct region can potentially lead to change in geometry of the ventricle and can ultimately
change the cardiac mechanics by reducing elevated wall stresses (Jiang et al., 2009;
Kortsmit et al., 2012; Kortsmit et al., 2013; Miller et al., 2013; Wang et al., 2009).
Cardiovascular magnetic resonance (CMR) and finite element methods (FEM) (Kerckhoffs et
al., 2006, Usyk et al., 2002) can be used to assess the short-term mechanical effects of non-
treated tissue and treated tissue by injecting biomaterial hydrogel into the infarct zone after
myocardial infarction (Fieno et al., 2000; Gerber et al., 2002; Leor et al., 2009; Munroe et al.,
1961; Wagner et al., 2003).

In attempting to understand the mechanical effects of extracellular matrix injection into an
infarct area, the following hypotheses may be tested; (i) cardiac mechanics can be altered
significantly by the change in left ventricular volume; (ii) stiffness and location of extracellular
matrix can influence both the regional and global function of the heart after myocardial
infarction; (iii) the timing of extracellular matrix injection into the infarct can influence and

improve cardiac function.

The transmural stress and strain distributions in the healthy and infarcted myocardium play

an important role in the global and local functioning of the heart. The remodelling of the



myocardium is greatly influenced by the ventricular wall stresses and strains. Various
experiments were conducted in measuring the strains of the healthy myocardium based on
arrested hearts of several species. These experiments were done mainly by measuring the
displacements of the heart wall by spaced markers that are implanted in the myocardium.
The direct measurement of local strains using spaced markers is not reliable. The
mathematical modelling based on the conservation laws of continuum mechanics becomes

an alternative method of measuring the wall stress (Monroe and French, 1961).

MRI has been used in clinical applications for more than 25 years and has played a major
role in the field of cardiovascular imaging (Heatlie and Pointon, 2004). Among many other
modalities, cardiovascular magnetic resonance has not only become a robust modality but
has also attracted many students and researchers to improve in coil technology, pulse
sequence design and scanner hardware. Additionally, MRI has become the common tool to
assess physiology and function in congenital heart disease (Fogel, 2000). When compared
with other modalities, MRI has a unique characteristic because tissue characteristics of the

selected organ can be investigated by selecting different pulse sequences.

1.2 Problem Identification

Cardiovascular disease (CVD) is the leading cause of death in low income and middle
income countries. In Sub-Saharan Africa CVD is the highest cause of death due to the high
prevalence of HIV/AIDS and hypertension. This exists in areas where the healthcare
resources are already overburdened. In South Africa more than a third of deaths of people
who are over 65 years are attributed to CVD (Bradshaw et al., 2003, Steyn et al., 1992,
Steyn et al., 1997, Steyn et al., 2005, Sliwa et al., 2008). In America approximately 565,000
of the population experience a new myocardial infarction every year and 75 % of men and
65 % of women survive only one year. Similarly, according to the world health organisation
(WHO), cardiovascular disease is estimated to kill 17.3 million people worldwide every year.
80 % of the deaths are said to be occurring in low and middle income countries. It is
estimated that in 2030, 23.3 million people will die of cardiovascular disease. In addition, this
heart disease contributes to nearly one third of deaths globally (Holmes et al., 2005).
Moreover, about 50 % of Americans experience repeated myocardial infarction every year.
Furthermore, the clinical cardiology tends to focus on the management of healing or healed
infarcts. Therefore, much progress has been achieved by pharmacological therapies to
prevent or limit left ventricle remodelling which can prevent progression to dilated heart

failure (Holmes et al., 2005). While this has been achieved by mainly ex-vivo experiments,



there is a need to further develop the computational models which will assist in further

understanding the mechanisms of the infarcted tissue.

At the present time, more dramatic therapies are in further development phase, namely the
direct injection of stem cell into the healing infarct and tissue-engineered replacement
patches of myocardium. However, most of these therapies are not developed from an
understanding of the mechanical properties of the healing infarct, but rather from a trial and
error type method. While there have been some dramatic successes, poor understanding of
mechanical properties of the infarct, due to the trial and error methods of some of these
therapies, has resulted in some catastrophic failures. An example of these failures was a
dramatic increase in infarct size following administration of high dose steroid during the trial
of postinfarction steroid therapy. This therapy was based on the preliminary evidence that
the steroid administration limits postinfarction necrosis (Holmes et al., 2005, McCulloch and
Mazhari, 2001).

Cardiac biomechanics depends on various cardiac phases and may be distorted by a variety
of cardiac disorders. Even though the strain distribution can be measured experimentally
and clinically by MRI, computational models can be used to measure the regional wall
stress. By combining both the computational methods (Finite Element Modelling (FEM)) and
experimental methods (MRI) a clear understanding of cardiac mechanic under conditions

such as myocardial infarction may be achieved (McCulloch and Mazhari, 2001).

This research project, therefore, has two primary goals. The first goal of the project is to
utilise the MRI experimental data to create 3D heart models to assist in providing further
insights by study of cardiac mechanics after treated and non-treated myocardial infarction.
The second goal is to use the MRI experimental data and/or outcome to validate and verify
the developed computational models of non-treated and treated myocardial infarction (Ml) of

rats.

1.3 Aim and Objectives

Remodelling is one of the main important features and determinants of cardiac heart failure.
Remodelling takes place after the heart undergoes or is subjected to myocardial infarction.
Remodelling can manifest itself in two ways, first, the thickening of the ventricular wall due to
an overloading of pressure, and second, the dilation of the ventricles due to the overloading
of volume. The main aim of this research is to study the cardiac mechanics of rat heart post

myocardial infarction. This will assist in providing a clearer understanding of the



biomechanical mechanisms associated with myocardial infarction. Therefore, the study of
myocardial deformations is important in order to understand the mechanisms underlying
cardiac dysfunction. Biomechanical computational models are created to study and provide
insight into the cardiac mechanics of the infarcted or failing heart. This thesis seeks to
provide insight and understanding of biomechanical mechanisms during different stages of
heart failure by utilising FE modelling. The contribution of this work is in theoretical and

practical aspects of healthy and infarcted tissue modelling.

The aim of this research project is to study the effects of myocardial infarction (MI) on
myocardial stresses, strains and cardiac function of an infarcted left ventricle (LV) during
different stages. This study includes determining the relationship between the infarct size
and the corresponding wall/myocardial mechanics and ventricular mechanics. The
ventricular mechanics of remodelling rat heart is achieved by studying the effect of cardiac
function after myocardial infarction. The global functioning of the remodelling rat heart is
achieved by studying the following parameters: contractility; stroke volume (SV); and
ejection fraction (EF). Furthermore, the wall mechanics during remodelling of rat heart is

achieved by studying myocardial transmural stresses and strains.

The main aim is achieved by developing computational models using commercial software
Abaqus® to simulate passive filling and active contraction of the rat heart based on specific
MRI data. The project will draw mainly on the disciplines of mechanical and biomedical
engineering, but will employ a multi-disciplinary research approach which will include a

polymer/materials science, human biology collaboration.

In this study, the focus will be drawn to the study of wall/myocardial and ventricular

mechanics during remodelling rat heart.

The specific objectives of the project are to:

1) Use the in vivo experimental results to create 3D computational models of non-
treated myocardial infarction in order to study the mechanisms of myocardial
infarction;

2) Perform in vivo studies on non-treated myocardial infarction using MRI for rats;

3) Utilise computational models to study structural cardiac parameters;

4) Study the myocardial and cardiac mechanics of rats with myocardial infarct at
selected time points after infarction (e.g. 0, two-week, four-week) at end-diastole;

5) Study the myocardial and cardiac mechanics of rats with myocardial infarct at

selected time points after infarction (e.g. 0, two-week, four-week) at end-systole;



6) Implement the active contraction model in Abaqus® to be used for simulating the
systolic phases of the healthy and infarct models;
7) Study the mechanisms of healthy and infarcted myocardium by analysing the

resulting stresses and strains during systolic and diastolic phases.

1.4 Thesis Outline

In this thesis special emphasis is given to the stresses and strains distribution in three
directions, namely, radial, circumferential and longitudinal at end-diastole and active
contraction phases. This is done to gain an understanding of the mechanisms of non-treated
myocardial infarction in three time points, zero, two and four-week after infarction of the rat

heart.

Chapter 2 includes physiological, anatomical and material characteristics of the soft tissue.
The cardiac mechanics play an important role in understanding the performance of the heart.
Various researchers presented their thoughts on how Ml can be modelled. Several ideas
have been gathered from different sources on how the MI can best be modelled. It is
understood that MI affects heart functions. In this chapter, the global functions of the heart
are also discussed. There is a brief discussion on how MRI is applied in heart modelling. The
application of a conventional MRI machine into small animals is deliberated. Various ways of
modelling the myofibre orientation are also discussed. This is to ensure that the correct
methodology is implemented in analysing stresses and strains in the heart walls. Lastly, the
methodologies on how the 3D models of healthy and infarcted hearts are reconstructed are

discussed in detail.

In Chapter 3, the basic continuum mechanics foundation needed in implementing the correct
constitutive models in Abaqus® are covered. This has been achieved by firstly defining the
deformation gradient, distortional change and strain. The Cauchy stress model is useful in
continuum mechanics of the soft tissue and its application has been discussed in detail.
Chapter 3 shows the methodology and results of simulation on healthy and infarcted hearts
after two and four-week at end-diastole phase. The results are shown in terms of contour
plots of stresses and strains in different directions. Stresses and strains at different regions
of the LV were extracted and tabulated for comparison purposes. In this chapter, the 3D
models validation and verification is performed. The validation was achieved by measuring

the LV volume and area of the MRI data and the 3D constructed model.



Chapter 4 deals with the simulation at end-systole in healthy and infarcted hearts. Active
contraction depends heavily on the myofibre orientation on the heart wall. The mathematical
representation of fibre orientation was also investigated and tabulated. The implementation
of myofibre orientation was achieved with the ORIENT subroutine. In addition, Chapter 4
deals with the implementation of the active myocardium. The Fung model was used to define
the behaviour of soft tissue at end-diastole phase. In this chapter the validation and
verification of the UMAT subroutine is discussed by using a single element using three tests:
uniaxial, biaxial and shear. This chapter also deals with the validation and verification of
active contraction models implemented in Abaqus® using a UMAT subroutine. Validation of
results of the active model are presented in this chapter. All constants used in simulating

both passive filling and active contraction of the healthy and infarcted hearts are tabulated.

Chapter 5 addresses the general discussions based on the methodology used in the
generation of the geometry of the 3D heart models. The constitutive law and its applicability
in the use of soft tissue at end-systole and passive filling phases are discussed. In this
chapter, the development and limitations of the infarct models are discussed in detail. At the

end, the limitations and recommendations, and the significance of this work, are discussed.

Chapter 6, summarises the contribution of this work, together with proposed further

development for the future.



2 Theory and Literature Review
2.1 Anatomy and Physiology of the Heart

2.1.1 Anatomy of the heart

The human heart is described as being the size of the fist, hollow and cone shaped and
having a mass of between 250 and 350 grams. By contrast the rat heart is viewed as the
size of a thumb and it weighs between 0.130 and 0.250 grams. The average base length of
the rat heart is 21 mm (most are between 20 and 23 mm), average external width of the
heart is 13 mm (most between 13 and 15 mm), average thickness of the external wall of left
ventricle is 3 mm (most between 2.5 and 3 mm), average width of the left ventricle is 3.85

mm (most between 3 and 4 mm) and the average body length is 223 mm.[p

The heart is covered and protected by a double-walled sac called the pericardium. The
function of the fibrous pericardium (the tough and dense connective tissue layer) is to protect
the heart, isolate the heart from surrounding structures, and ultimately prevent the heart from
over-filling with blood. As shown in Figure 2-1, the second layer of pericardium is called
serous pericardium. This is a thin and two-layered membrane whose overall function is to
strengthen the protection of the heart. The parietal layer of the serous pericardium lines the
internal surface of the fiborous membrane. The most integral part of the heart wall is called
the visceral layer (epicardium). The heart wall is defined as the combination of epicardium,
myocardium and the endocardium. The film of serous fluid between the parietal and visceral
layers is called the pericardial cavity. The serous membranes are lubricated by fluid and
have the ability to slide smoothly against each other during the movement of the heart. This

allows the healthy heart to work in a frictionless environment.



Left

carotid artery
Left

subclavian artery

vana cava Aortic arch

Right 2 | Ligamentum
pulmonary artery h artaricsum
Ascending - Leftp ary artery
aorta

Left pulmonary veins
Left atrium
pulmonary veins 4 : 4 N Auricle

Right atrium - A Py <% Circumfiox
Rignt . ) N wtery
coronary

:"’?"m - : \ Y artery (in coronary

tcus L S R cuieds)
cardiac vein WAL R M= - Loft ventricie
Right ventricle e X ;R
M inal artery 7' = . - ] Great cardiac vein
Small cardiac vein . \ ¥ 3 Anterior

] interventricular artery

e ’ (in anterior

interventricular sulcus)
Apox

Figure 2-1: The anterior view of the heart (Katz, 2010).

The heart is composed mostly of myocardium (see Figure 2-2). This middle layer called
myocardium has the ability to contract and expand and is mainly composed of cardiac
muscle. The layers in myocardium are tethered to each other by crisscrossing connective
tissue fibres. As shown in Figure 2-2, the muscle (myocardium) is arranged in circular
bundles linking all parts of the heart together. The muscle fibres are reinforced and anchored
by the fibrous skeleton of the heart. The dense network of collagen and elastic fibres’
thicknesses vary from one area to the other. The connective tissue fibres are essential in a
heart because they provide additional support around the tissue valves. The support is
needed because without it the vessels and valves might be over stretched by the continuous
pressure of blood flowing through.

Figure 2-2: The heart frontal section (Katz, 2010)

The heart consists of four chambers, namely: two superior atria and two inferior ventricles.

The heart is longitudinally portioned by the inter-atrial septum. In addition, the ventricles are



separated by the inter-ventricular septum. The left ventricle controls the inferoposterior
aspect of the heart and forms the heart apex. The heart consists of grooves that function as

a carrier for supplying blood vessels to the myocardium.
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Figure 2-3: The frontal section of the heart (Opie, 2004)

Artioventricle are wrinkled, protruding appendages. Their function is to increase the artrial
volume. The right atrium consists of two basic parts, namely; a smoothed-wall posterior part
and an anterior portion. The main function of atria is to act as receiving chambers for blood
circulation in the heart. The atria only push blood to ventricles and as such contract little.
Furthermore, unlike ventricles, atria are known to contribute minimally to the pumping
function of the heart. The blood enters the right atrium through three veins: namely: (i)
superior vena cava; (ii) the inferior vena cava; and (iii) the coronary sinus. The coronary
sinus collects blood draining from the myocardium. Most of the heart base is made out of
four pulmonary veins. The main function of the pulmonary veins is to transport blood from

the lungs to the heart. Figure 2-3 shows the frontal section of the human heart.

Ventricles are understood to make up most of the heart. Trabeculate carneae are irregular
ridges of muscles that are found in the interior of ventricular chambers. The papillary
muscles are cone shaped and bundled and play a role in valve function. It is understood that
ventricles form part of the heart pumping function. The blood is pushed out from the heart
when the ventricles contract. The function of the pulmonary trunk is to direct the blood to the
lungs where the blood receives a gas exchange. The right ventricle pumps blood in the
pulmonary trunk while the left ventricle ejects blood into the largest artery in the body called

the aorta.

The heart is known to have side-by-side pumps, each serving a separate blood circuit. The

pulmonary circuit is formed by blood vessels that carry blood to and from the lungs for gas



exchange. The systemic circuit is responsible for carrying blood from and to all body tissues.
The blood returning from the body suffers oxygen depletion. This indicates that the returning
blood has more carbon dioxide. For the purpose of cleaning, this blood then enters the right
atrium and passes into the right ventricle, which pumps it to the lungs through the pulmonary
trunk. Through this process the blood then absorbs oxygen and unloads carbon dioxide (See
Figure 2-4).

Figure 2-4: Microscopic anatomy of cardiac muscle (Opie, 2004)

The uniqueness of the blood pumping role of the heart is governed by the cardiac muscle.
The contraction of the cardiac muscle happens by the sliding filament mechanism. The most
distinguishing factors of cardiac muscles are that they are short, fat, branched and
interconnected. The endomysium is a loose connective tissue matrix which contains various
capillaries. The contraction of the cardiac muscles is initiated by action potentials that sweep
across cell membranes (see Figure 2-4). The special ability of cardiac muscles is to
depolarise spontaneously and eventually pace the heart. Only about 1% of cardiac fibres are
auto rhythmic. The heart pumping work is done by contractile muscle fibres that constitute
most of the heart muscle. The depolarisation allows a few voltage-gated fast Na* channels in
the sarcolemma so that extracellular Na* enters the channel. Once Ca®* provides the signal
via troponin binding the excitation-contraction occurs. This allows bridge activation and

couples the deportation wave to the sliding of myofilaments as shown in Figure 2-5.
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Figure 2-5: The action potential of contractile cardiac muscle cells (Little, 1981)

2.1.2

Physiology of the heart

The properties of heart muscle do not depend on the nervous system, hence the

fundamental ability of the cardiac muscle is to depolarise and contract. The intrinsic cardiac

conduction system consists of non-contractile cardiac cells that are specialised to initiate and

distribute impulses throughout the heart, so that it depolarises and contracts in an orderly

and sequential manner.

e

™

‘_:QHS complex

Sinoatrial ; R
node \J
Ventricular
Atrioventricular depolarization
node
Ventricular
Atrial =g repolarization
depolarization *
P T
Q
P-Q
Interval S-T
‘ | \ s‘ Segment
I |
Time(s) © 0.2 0.4 0.6 0.8
Q-T
Interval

Figure 2-6: An electrocardiogram (ECG) tracing (Katz, 2010)

The electrocardiograph is a device used to detect the electrical currents generated in and

transmitted through the heart and spread through the body. This device uses a graphic

record of the heart activity. Three waves are typical in an ECG: the P wave, the complex
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QRS wave, and the T wave. In a human being the small P wave lasts about 0.08s and
results from movement of the depolarisation wave from the SA node through the atria. The
ventricular depolarisation and ventricular contraction are shown in the complex QRS wave.
The complex QRS wave is due to the continuous change of the paths of the depolarisation
waves via the ventricular walls that produces current in all directions. The QRS wave
duration is also 0.08s. The ventricular repolarisation is a result of the P wave and is lower
than the depolarisation which lasts about 0.16s. P and T waves have a lower amplitude
compared to the complex QRS wave. This is mainly because the atrial repolarisation takes

places during the period of ventricular excitation (See Figure 2-6).
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Figure 2-7: Summary of events during the cardiac cycle (Katz, 2010)

The healthy heart has the ability to move twistingly as it contracts to eject blood back to the
body and relaxes as it allows the filling of chambers. The terms systole and diastole refer to
the period of contraction and relaxation respectively. The cardiac cycle may be defined as
the blood flow from the heart during one heartbeat which is composed of arterial systole and
diastole and ventricular systole and diastole. The cardiac cycle is also associated with the

pressure and blood volume in the heart. Electrical events shown in Figure 2-7 dictate the
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mechanical movements and events of the heart. According to Figure 2-7, (1) is the
ventricular filling: mid to late diastole. At this stage the pressure in the heart is low and the
blood flowing from the circulation is flowing passively through the atria and the open AV
valves into the ventricles, and the aortic and pulmonary valves are closed. Stage (2) is called
ventricular systole (atria in diastole). This is when the ventricles start to contract while atria
relax. At this stage the ventricular pressure increases rapidly and sharply while closing the
AV valves. Stage (3) is the isovolumetric relaxation: early diastole. At this stage the
ventricles relax mainly because the blood remaining in the region is low. This is also called
the end-systolic volume (ESV). This is the time when the ventricular pressure drops rapidly.

During this period the blood in the aorta and pulmonary trunk flows back toward the heart.

2.1.3 Cardiac functional parameters

Cardiac output is defined as the amount of blood pumped from the heart in one minute. The
stroke volume is defined as the amount of blood pumped out by one ventricle in one
heartbeat. The cardiac output (CO) is the product of heart rate (HR) and stroke volume (SV).
Cardiac reserve is defined as the difference between resting and maximal CO. The stroke
volume is defined as the difference between the end-diastolic volume (EDV) and the end-
systolic volume (ESV). ESV is the amount of blood left in the ventricle after the contraction of

the heart and EDV is the amount of blood that collects in the ventricle during relaxation.

There are several cardiac parameters that are normally used in clinical and research
settings. The commonly utilised functional cardiac parameters include the blood pressure,
blood volume and flow rate in four cardiac chambers. On a global scale, the end-systolic
volume (ESV), end-diastolic volume (EDV), myocardial mass and the ejection fraction (EF)
of both the LV and RV are utilised in assessing the normality of the heart. The dilation of LV
after myocardial infarction (MI) can be indicated by the increase in the EDV of LV. The LV
hypertrophy and increased systolic stress can be as a result of a depressed EF (Holmes,
2004; Holmes et al., 1994; Holmes et al., 2004; Holmes et al., 2006. Non-invasive imagining

techniques could be used in measuring the LV pump function using the following formulae:

EF=EDV—ESV=ﬂ (1)
EDV EDV
where SV = EDV — ESV is the stroke volume. (2)
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E, = % is defined as the effective arterial elastance. The impact on LV and assessment of

arterial load is conducted by the effective arterial elastance.

The local scale information about the ability of contractile myocardium is measured by
fractional shortening (FS). The fractional shortening measures the change in LV diameters

between the relaxed and contracted states. The FS is defined as follows:

DED—-DES
- DED (3)

FS

DED and DES represent the end-diastolic and end-systolic diameters, respectively. In
various areas of the heart, a more detailed image of cardiac function can be measured by
calculating the local FS. The dynamic system of the heart could be measured by considering

the wall/myocardial mechanics which include the wall movement, thickening and strain.

As shown in Figure 2-8, the end-diastolic and end-systolic pressure volume relationships
(EDPVR and ESPVR, respectively) are envisaged by plotting the left ventricular pressure
versus the volume for the diastolic and systolic phases. The EDPVR describes the passive
properties of the LV at the end-diastole phase. The slope of the EDPVR at any point
provides ventricular compliance. The ESPVR describes the maximum pressure that can be

developed in the LV for any given LV volume (See Figure 2-8).
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Figure 2-8: EDPVR and ESPVR of the left ventricle of a rat (fop —young rats, bottom- aging rats)
(Pacher et al., 2004)

2.1.4 Physiology of rat heart

The LV accomplished the mechanical work in all four chambers of the heart during cycle
(See Figure 2-9) The LV consist of muscles that have undergone large deformations and
high stresses. The pressure and volume are important determinants in assessing the cardiac
performance of the heart during heart cycles. During a single cardiac cycle, four steps are
manifested sequentially, namely: (1) the diastolic phase; (2) iso-volumetric contraction; (3)
the systolic phase; and (4) iso-volumetric relation. Figure 2.8 shows the typical P-V loop for
the left ventricle. At point 1, the EDV and EDP are read. It is at this point when the mitral
valve closes. The contraction of the muscle also begins at this point to raise the blood
pressure. At point 2, the systolic phase begins where the aortic valve opens. At this point the
blood is now ejected outside the LV. The pressure and volume increases and decreases
respectively to further eject the blood out of the LV. The end of systolic phase happens at
point 3. Point 3 is categorised by the ESV and ESP. The muscles relax for the intake of
blood to the ventricle. The LV undergoes an iso-volumetric relaxation until reaching point 4.
During filling, the mitral valve opens and the muscle relaxes further to ensure that the

volume increases so that more blood is filled in the ventricle (Nardinocchi et al., 2010).
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Figure 2-10 shows the schematic diagram of a rat. The overall biological parameters of a rat
are summarised in Table 2-1. The general structure of the circulatory system of the rat is
almost identical to that of humans. Pulmonary circulation carries blood through the lungs for
oxygenation and then back to the heart. Systemic circulation moves blood through the body
after it has left the heart. Comparing the rat heart to that of an average human being, the
average rat heart rate is found to be higher.
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Figure 2-9: LV Pressure-volume loop (Pacher et al., 2004).
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Table 2-1: Comparison of Biological Parameters in the Human and Rat (Brau et al., 2004).

Human Rat
Body weight (g) 70000 250
Heart weight (g) 330 1
Heart diameter (mm) 100 15
Heart excursion (mm) 30 5
Heart rate (bpm) 60 300
R-R interval (ms) 1000 200
Blood volume (mL) 5200 13.5
Cardiac output (mL/minute) 5600 74
Aortic flow (cm/second) 23.2 16.6
Breathing rate (breaths/minute) 12 60
Tidal volume (mL) 500 3
Minute volume (L/minute) 6 0.18
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Figure 2-10: Schematic diagram of rat (Pacher et al., 2004).
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2.2 Myocardial Infarction of the Heart

Myocardial infarction (MI) is caused by blocking of blood and oxygen in the arteries. This
condition is normally known as heart attack (HA). It is a result of damaged tissue of the heart
wall due to decreased blood flow. The MI is caused by the blockage of blood by blood clot
that obstructs an artery. The thrombus formation is caused by cholesterol build up over a
period of time. The development of atherosclerotic plaque occurs over a period of years to
decades. The two primary characteristics of the clinically symptomatic atherosclerotic plaque
are a fibromuscular cap and an underlying lipid-rich core. Plaque erosion can occur because
of the actions of matrix metalloproteases and the release of other collagenases and
proteases in the plaque, which result in thinning of the overlying fiboromuscular cap. The
second non-atherogenic cause of Ml is the use of drugs that can lead to coronary

vasospasm, including methamphetamines and cocaine.

MI has four main phases, namely: 1) acute ischemia, 2) necrosis, 3) fibrosis and 4)
remodelling. Acute ischemia happens from the first few minutes to hours after the infarction.
During this time the infarct sizes will depend on a number of factors including the loading. It
is reported that for a few hours after the infarction, the material properties of the infarct do
not change considerably. However, after six hours of the infarction, the infarcts begin to
stiffen. The structural changes during the acute ischemia are less predictable. In general,
most changes during the first few hours appear to affect the infarct at end-systole where
forces are generated within the myocardium. During acute ischemia, the myocardium is
reported to have no ability to generate systolic forces. This implies that the myocardium now
behaves like the passive material throughout the cardiac cycle. Many experiments reported
that the diastolic pressure-length curves move rightward. It can be concluded that the infarct

during acute ischemia behaves as a passive nonlinear viscoelastic material.

The fibrotic phase appears to happen two-week after the infarction in a rat animal model as
shown in Figure 2-11. During this time, the collagen content increases quickly. There are
several definitions of fibrotic phase, but (Holmes et al., 2005) define the phase as the time
where the number of fibroblasts and amount of new collagen start to increase quickly. In a
rat the collagen content starts increasing from day 7 up to three weeks. At this phase, the
myofibre orientation in the scar is the same as that of the healthy myocardium but the
transmural mean angle becomes small to the order value of 30°. It was reported that during
this phase, the stiffness of the infarct increases and a distinctive anisotropy is acquired. In
various animal experiments, the stiffness increases from six to ten times that of the healthy

myocardium. Strains in the circumferential direction were found to be greater than the
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longitudinal strains at end-diastole of two-week infarcted rat hearts. The important
determinants in the fibrotic phase are the three dimensional structure of the collagen fibres

and the amount of collagen (Zhang et al., 2013).

The remodelling phase happens between two and four-week in the rat, as shown in
Figure 2-12. During this period the mechanical properties of the infarcted region decouple
from collagen content. It is reported that, while collagen may continue to increase, the
stiffness of the infarct is observed to decrease. The effect of the remodelling phase can be
seen at both the microscopic and global levels. At the global level, the scar tissue is seen to
begin shrinking. The shrinkage is a result of decoupling of collagen content and will also
result in the reduction of volume of the ventricle. If the infarct is situated in the LV, the LV
volume will decrease. The stiffness of the infarct during the remodelling phase is still
unknown. However, some researchers suggested that the stiffness during this phase

becomes twofold compared to non-infarcted myocardium.

At the beginning of the remodelling phase, the stiffness in the infarcted region decreases.
This happens irrespective of the collagen content increase in the scar tissue. During this
phase, the collagen content and myofibre orientation are not the only determinants of the
mechanical properties. The large infarct size in the heart model, led to the increase in wall
stress and this may lead to poor functioning of the heart. This is mainly because cavity

dilation and scar shrinkage lead to unpredicted performance of the heart.
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Figure 2-11: Dying muscle and sectional view of the human heart. (a) Occluded coronary artery
causing a myocardial infarction. Heart sections showing (b) healthy myocardium (c) infarcted
myocardium and (d) dilated myocardium (Zhang et al., 2013).
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Figure 2-12: Temporal course of the phases of healing for various animal model (Holmes et al., 2005)
2.3 Myocardial Mechanics of the Heart

Figure 2-13 (a) shows the myocardial motion of the models during cardiac cycle. In the

analysis, only two phases were simulated, namely: systolic and diastolic phases. Figure 2-13
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(b) shows the legends used during systolic or diastolic phase. Figure 2-13 (a) and (c) show

how the radial, circumferential and longitudinal directions are defined.
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Figure 2-13: The myocardial motion of the normal heart and conversion used in the study.
(a) Myocardial movement in systolic and diastolic phases. (b) Legends of a cardiac cycle.
(c) Stress and strain directions.

2.4 Basic Continuum Mechanics

To understand the basic mechanics, basic continuum mechanics are presented in this
section. In the analysis of solid continua, material and geometric nonlinearity are the bases
of nonlinearity. Material becomes nonlinear when the stress-strain behaviour as given by the
constitutive relation is nonlinear. The majority of this work is achieved by using these
sources (Bonet, 1997, Crisfield, 1997, Marsden et al., 1993).

2.4.1 General formation

The stretch A is the measure of the deformation in the rod subjected to axial load. The
stretch is the ratio of the deformed length to the undeformed length. The deformation ratio is
shown in 4. The true (or Cauchy) stress in the truss member is determined by considering
the member subjected to the internal force T, divided by the cross-sectional area A. It is
argued that any member subjected to high strain is best represented by the alternative
stress known as Kirchhoff stress which is defined as follows:

t=0ov/V. (4)
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Figure 2-14: Kinematics of axial truss member in three-dimensional (Bonet, 1997)

To correspond to later developments upper case letters are used to describe the initial
undeformed position, X, length L, cross-sectional area A and volume V at time t = 0. Lower
case letters are used to describe the current deformed position, x, length /, cross-sectional
area a and volume v at time t. The deformed length of the member rod and the unit vector n

associated with it can be expressed as follows (See Figure 2-14):

€ = {(xp — Xa) - (xp — Xa)} /2 (5)
Unit vector is also represented as follows:

1
n==(x — x,) (6)

The above equation is built on the assumption that the rod subjected top axial load will go
under the uniform large strain measured by stretch. The Jacobian or volume change ratio

and the stretch can be represented as follows:

—
Il

(7)

Sl
<<
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The engineering strain and logarithmic strains are defined as follows:

de = —; (8)

e=ln/'l=flﬂ 9)

l

2.4.2 Kinetics

The description of motion is vital in finite deformation analysis. Kinematics is defined as the
study of deformation and motion without considering and referring to the cause of the

deformation (See Figure 2-15).
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Figure 2-15: Deformable body in general motion (Bonet, 1997)

The general motion of a deformable body is shown in Figure 2-15. The body shown in Figure
2-15 is the material particles labelled by the coordinates with respect to Cartesian basis E,.
By mapping between the position at the beginning and the final status of the particle, the

motion can be mathematically represented as follows:

x=¢X,t) (10)

The understanding between material and spatial description is furthered explored by

introducing the density of the material:

(a) Material description: the variation of p over the body is described with respect to the
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original (or initial) coordinate X used to label a material particle in the continuum at time

t=0as

p=pX,t) (11)

(b) Spatial description: p is described with respect to the position in space, x, currently

occupied by a material particle in the continuum at time t as

p=pxt) (12)

In Equation (11) a change in time t implies that the same material particle X has a different
density p. Consequently, interest is focused on the material particle X. In Equation (12),
however, a change in the time ¢ implies that a different density is observed at the same
spatial position x, now probably occupied by a different particle. Consequently, interest is

focused on a spatial position x.

2.4.2.1 Deformation gradient

The deformation gradient F is the key quantity in finite element analysis because the two
neighbouring particles after deformation can be described in terms of their relative material
position before deformation. Hence, the deformation is critical in defining deformation which
leads to strain definition. A shown in Figure 2-16, the two material particles Q, and Q; are in
knighthood of the material particle P. The elemental vectors dX; and dX, are used to define

the position of material particles Q1 and Q, as follows:
dX1=XQ1_XP; dX2=XQ2_XP (13)

After the deformation of material particles P, Q; and Q, the current partial positions can be

mathematically expressed as follows:

Xp = P(Xp, t); xq, = ¢(XQ1,t); Xq, = qb(XQz,t) (14)
The corresponding elemental vectors become:

dx; = xq, — Xp = ¢(Xp + dXq,t) — p(Xp, 1) (15)

de = xqz _xp = d)(XP + dXZ,t) - (l)(Xp,t) (16)
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Therefore, the deformation gradient tensor F is defined as follows:

7]
F=22=v,p (17)

V, represents the gradient with respect to the material configuration. The elemental vectors

dx;and dx, can be obtained in terms of dX;and dX, as (See Figure 2-16):

dx1 =FdX1, dxz =FdX2 (18)

Time =10}

Figure 2-16: General motion in the neighbourhood of a particle (Bonet, 1997)

2.4.3 Strain

The strain is regarded as the general measure of deformation in a material subjected to
applied force. As shown in Figure 2-16, the scalar product of the two elemental vectors
dX; and dX, after deformation dx; and dx,. The change in scalar product of the two
elemental vectors involves the change in length and angle between the two vectors. The

material vectors of spatial scalar product dx;. dx, can be found as follows:

dxl. de - Xm - CdXZ (19)
Where C represents the right Cauchy-Green deformation tensor. The right Cauchy-Green
deformation tensor is given in terms of the deformation gradient F as:

C=FTF (20)

Alternatively, left Cauchy-Green or Finger tensor is expressed as follows:
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B = FFT (21)

The change in scalar product can now be found in terms of the material vectors dX; and

dX, and the Lagrangian or Green strain tensor E as:
%(dxl'dxz_Xm'dXZ) =dX1'EdX2 (22)
Where E is defined as the material tensor

E=2
2

c-0 (23)

2.4.4 Distortional change

The separation of compressible and nearly incompressible materials necessitates the
separation of volumetric from the distortional components of deformation (See Figure 2-17).
This means that the separation of distortional components does not have any implication on
the volume change. If the determinant of the deformation gradient results to the ratio of the

volume, then the determinant of deformation gradient must satisfy the following:
detF =1 (24)

The above condition could be satisfied by choosing F such that the following relationship
holds:

F=J'sF (25)

Therefore, based on equation x and equation y, the following holds true:

detF = det (]_1/3F) (26)

= (/72F)detF =7 =1
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Figure 2-17: Distortional component of F (Bonet, 1997)

2.4.5 Cauchy stress tensor

The Cauchy stress tensor in linear analysis is defined as force per unit area. Figure 2-18
shows the deformable body at its current state (See Figure 2-18). The concept of stress is
developed by studying the action of the forces applied by one region R1 of the body on the
remaining part R2 of the body with which it is in contact (See Figure 2-19). The element of
the area Aa is normal to n in the neighbourhood of spatial point p as shown in Figure 2.18.

Therefore, the traction vector t, is defined as follows:
. Ap
t(n) = limpg0 ra (27)

The relationship between n and t must satisfy the Newton third law. Therefore, in applying

the Newton’s third law, the following agrees:
t(—n) = —t(n) (28)

The stress tensor is developed by associating the tree traction vectors in the Cartesian

directions ey, e,, €3

t(e;) = 01161 + 0316 + 03163 (29)
t(ey) = 01261 + 0226, + 03363 (30)
t(e3) = 013e; + 0236, + 03363 (31)
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Figure 2-18: Traction vector (Bonet, 1997)
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Figure 2-19: Stress components (Bonet, 1997)

2.4.6 Principle of virtual work

In establishing the finite element formulation, the weak form of the differential equation is
used. Therefore in solid mechanics the use of virtual work equation is used in establishing
the differential equation. In order to prove this, assume an arbitrary velocity from the current
position of the body as shown in Figure 2-20. The arbitrary virtual velocity is denoted by 6v.
Similary the virtual work éw per unit volume and time done by the residual force r during the

virtual motion is represented by: r- §v. The equilibrium implies the following:

w=r-dv=_0 (32)
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The weak statement of the static equilibrium of the body is given by the following

relationship:
SW=[(divo+f)-svdv=0 (33)

Finally, the spatial virtual equation can be expressed in terms of virtual velocity gradient and

anti-symmetric virtual spin tensor.
W=/ o:86ddv—[ f-évdv— [, t-évda=0 (34)

The scar equation above states that the equilibrium of a deformable body will become the

basis for the finite element discretization.
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Figure 2-20: Principle of virtual work (Bonet, 1997)

2.4.7 Alternative stress representations
2.4.7.1 The Kirchhoff stress tensor

The virtual work done by the stress may be expressed by the following terms:
SWine = [, 0 :8ddv (35)

Pairs such as o and d in this equation are said to be work conjugate with respect to the
current deformed volume in the sense that their product gives work per unit current volume.

The virtual work equation expressed in terms of the material coordinate system encourages
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the pairs of stresses and strain rates to materialise. This materialisation can be achieved by
initially expressing the initial volume and the area by transforming the integrals using the

following relationship:
J, Jo :8dav=[, fo-svdV + [, t,-SvdA (36)

fo represents the body force per unit undeformed volume which is the same as Jf. The ¢t is
the traction vector per unit initial area which is equal to t(da/dA). The area ratio can then be

expressed as:

da _ _J _ N1
i = vmin - JVN CN (37)

Given the above equation, the internal virtual work can then be expressed in terms of the

Kirchhoff stress tensor t
SWine = [ 7 : 8d dV (38)
Therefore, T = Jo (39)

This equation reveals that the Kirchhoff stress tensor 7 is work conjugate to the rate of
deformation tensor with respect to the initial volume. Note that the work per unit current
volume is not equal to the work per unit initial volume. However, Equation (40) and the
relationship p = p0/J ensure that the work per unit mass is invariant and can be equally

written in the current or initial configuration as:

lo:d="1:d (40)
P Po

2.4.7.2 The second Piola-Kirchhoff stress tensor

The first Piola-Kirchhoff tensor P is an assymmetrical two-point tensor and as such is not
completely related to the material configuration (See Figure 2-21). It is possible to contrive a

totally material symmetric stress tensor, known as the second Piola—Kirchhoff stress S,
dP = ¢ dp] = F~tdp (41)

dP = SdA; S = JF1oF T (42)

30



8d = F"TSEF~! (43)

Combining and substituting the above equation, the internal virtual work becomes:
Wine = [, 0:8ddv= |, Jo:(FTSEF™)dv
= [, tr(FYJoFT6F)dV = [, S: 6E dV (44)

The material virtual work equation is now expressed in terms of second Piola-Kirchhoff

tensor as follows:

o =J 'PFT; ¢ = J"1FSFT (45)

Time=10 Tume =1

Figure 2-21: First Piola-Kirchoff stress tensor (Bonet, 1997)

2.4.8 Finite element implementation Fung model

Formulation of specialised pseudoelastic constitutive relations is a prerequisite in modelling
of soft tissue. In Abaqus®, this can be achieved by coding a user subroutine called UMAT
(Abaqus, 2010).

The elastic deviatoric Green-Lagrange strain is defined as:
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The Cauchy stresses are calculated by using the equation 10.4.17 Simo et al. (1998) The

expression for the Kirchhoff stress tensor is denoted by t°

° = JU®' (©)1 + dev[2Fa;W°(C)FT] (47)
where
dev[] = () —3[():1]I. (48)

Therefore Cauchy stresses can be represented as follows:

o =) "dev[K 2. K] +40. (49)

The DDSDDE is calculated by calculating the spatial tensor of elasticity C. This is achieved
by using the following equation from Holzapfel et al. (2000).

C°=J2U°" @IRQI+JU”(O®)(1R1—2)+¢c°. (50)

This equation defines the tangent elastic moduli of the material in the spatial representation.
Therefore DDSDDE

—C+l(c. 2V . ¢ _1 2 (W& .| k. (2. 7). kT _
]C_C+9(C'ai®af'c)l®l 31®[K ( E@ai'c) K ] 3[K (aiﬁ'c) K ]®I
2 2 (7. W . g (g_1 av _ 2d%U
3[dev(r)®l+l®dev(r)]+3tr(K =K )(S 31®1)+1d] IQI-28)+]*FI®
I (51)
C represents the spatial deviatoric elasticity, whose components are defined by:

— = = - W

Cijpa = KuKjyKiex K 57 55 (52)
The deviatoric right Cauchy-Green deformation tensor C is represented by:
C=K''K (53)
and, the deviatoric left Cauchy-Green deformation tensor B is represented by:
B=K.K" (54)
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I represents the fourth order identity tensor

The Kirchhoff stress tensor is represented by:

T=]Jo (59)
The components of the fourth-order symmetry tensor are represented by:

sijit = %(8ubjk + 6bj1) (56)
An objective stress-rate constitutive relationship is written as:

2 =J¢d (57)

where C represents the corotational tensor of elasticity, and o is the current Cauchy stress

tensor.
1
JCijra +5 (Tubji + Tjrbu + Tibj1 + Tj1bix) (58)

The distortional deformation gradient is given by:

F=r(l) (59)
where: J = 1and n = 3
The strain energy function is given by Fung model:
c1 1 (J%-1
W=7(e0—1)+E(T—ln]). (60)

U is defined as:
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W is the strain energy per unit of reference volume, C1 and D1 are temperature dependent

material parameters, J is the elastic volume ration, and Q is defined as follows:
6 , G _—G —G
Q =e :b:e = eijbi]-klekl (62)

Mathematica® is used to take the derivatives of both equations A and B. The resulting

matrices are computed numerically, creating a generalised Fung model (Young et al., 2010).

dw d2W du du

@ dred 4 M0 2 (63)

2.4.9 Finite element modelling

Finite element method (FEM) is widely defined as a numerical technique for finding
approximate solutions to boundary value problems. This method is mostly used in areas
where there is a need to solve complex elasticity and structural analysis problems. FEM has
been used in understanding and designing real life structures like aircraft, vehicles, etc.
There are four main advantages of FEM, namely: (i) the ability to achieve accurate
representation of complex geometry; (ii) solving stress analysis of different materials; (iii) the
ability to represent the total solution of the system; and (iv) ability to capture and represent

local effects.

In structural mechanics FEM is regarded as the dominant discretization technique. In FEM
the physical and mathematical model is divided into the subdivision disjoint (non-
overlapping) components of simple geometry called finite elements. The reactions of all
elements are expressed in terms of a finite number of degrees of freedom characterised as

the value of an unknown function at a set of nodal points.

While FEM has been used extensively for many years in the motor, aviation and civil
industries, its application in understanding the structural behaviour of the soft tissues is

limited and began only a few years ago.

To achieve the desired unknown parameters (e.g. temperatures, stresses and strains) in
finite element analysis, the energy function is minimised. This allows the finite element
model to receive the correct solution. The finite element model is set to consist of functional
energy.

To achieve the solution in FEM, the following procedures must be followed:
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Divide structure elements with nodes. This process is called discretization or
meshing;

Assemble the elements at the nodes to create an approximate system of equations
for the whole structure. This will create the element matrices;

The approximate system of equations is solved involving unknown quantities such as
displacements at the nodes;

The desired quantities such as strains and stresses are calculated at certain

elements.

In any finite element analysis software, the following steps are required to achieve the

desired solution:

1)
2)
3)
4)

S)

6)

The geometry is required. The geometry could be anything from 1D, 2D and 3D
models;

Elements must be created which connect the nodal points;

Physical properties must be defined;

Boundary conditions or restraints. This must be as close as possible to the real
situation;

Loading must be defined in detail. This is an important aspect because if the
incorrect force or loading is applied the results obtained will be wrong;

The analysis can then begin.

2.5 Computational Cardiac Biomechanics Modelling of Healthy Heart

Stress, strain and material are the most fundamental parameters in the study of ventricular

wall mechanics after myocardial infarction. According to Omens, et al. (1993), the

understanding of myocardial stress and strain distribution is vital for four reasons:

1)

2)

3)

4)

Wall stress is affected by the blood flow and coronary vascular resistance. As a
result, the coronary pressure and volume can affect the myocardial mechanics;
Knowledge of ventricular stress and strain is vital in understanding the interactions
between healthy and non-healthy muscle tissue;

Damage and structural failure, healing and recovery, hypertrophy and remodelling of
ischemia myocardium are all thought to depend on wall stress or strain or both;

Left ventricular wall stress is a major determinant of myocardial oxygen demand and

hence the risk and degree of ischemic injury.
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The mechanics of the heart are complex and inherently multi-dimensional (Costa et al.,
2001). Computational models of healthy heart have been investigated rigorously over four
decades. Among many other things, the myocardial stress and strain are the most important
determinants of various aspects of cardiac physiology, pathophysiology and clinical factors.
The computational cardiac biomechanics models have the ability to qualitatively provide the
description of heart ventricular mechanics for the evaluation of cardiac performance (Bogen
et al., 1984; Hu et al., 2005; Klepach et al., 2012; Lee et al., 2013; Lee et al., 2014c; Wenk
et al., 2011a; Wenk et al., 2011b; Wenk et al., 2013b. Furthermore, computational studies of
heart function using MRI and FE methods have been developed (Beg et al., 2004; Hu et al.,
2005; Lee et al., 2014d; Watanabe et al., 2004).

The stresses and strains in the myocardial wall play a central role in cardiac mechanics as
they affect many physiological factors such as pumping performance, myocardial oxygen
demand, and coronary blood flow. The main determinants of myocardial stresses and strains
are: 1) cardiac geometry, most importantly the ventricular geometry; 2) structure of
myocardial tissue; 3) loading conditions (e.g. filling pressure, arterial pressure, and
ventricular volume); 4) constraints (e.g. pericardial and thoracic environment); 5) material

properties of the myocardium (passive properties, active properties).

In connection with biomechanics, the mammalian cardiac geometry has been studied most
extensively in dogs (Streeter and Hanna, 1973a, Streeter and Hanna, 1973b, Nielsen et al.,
2009, McPherson et al., 1987, Pao and Ritman, 1998) but has also been described for other
animal species such as sheep (Guccione et al., 2001, Moustakidis et al., 2002), rabbit
(Vetter and McCulloch, 2000, Vetter and McCulloch, 1998), and rat (Wise et al., 1999,
Crowley, 1997), and for man (Bettendorff-Bakman et al., 2008, Bettendorff-Bakman et al.,
2006, Schmid, 2006, Schmid et al., 2009). Three-dimensional geometrical information has
been reconstructed from histological measurements, e.g. cross-sectional morphometric
analysis of explanted hearts (Vetter et al., 1998; Vetter et al., 2000b), and in-vivo imaging
modalities such as magnetic resonance imaging (MRI) (Crowley, 1997, Wise et al., 1999,
Bettendorff-Bakman et al., 2006, Schmid, 2006, Schmid et al., 2009, Delhaas et al., 2008,
Kroon et al., 2008). Data on myocardial tissue structure, most importantly myofibre
orientation has been reconstructed from histological analyses (Nielsen et al., 2009, Vetter
and McCulloch, 1998, Stevens and Hunter, 2003), diffusion-weighted MRI (Reese et al.,
2010, Scollan et al., 1998) and calculation (Rijcken et al., 1999).

Loading conditions of the heart, and most importantly the left ventricle, have been defined

with circulatory models of varying complexity. The basic parameters in cardiac mechanics
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are blood pressure, volume and flow rate, in particular in the major cardiac chambers. From
the point of myocardial wall stress and strain, ventricular pressure is most relevant. Typically,
the pressure in the left ventricle throughout a cardiac is presented either in association with
the aortic pressure (constituting the LV afterload) or as ventricular pressure-volume
relationship. Afterload models have often been considered in cardiac mechanics
computations (Usyk et al., 2002, Watanabe et al., 2004, Usyk et al., 2001, Kerckhoffs, 2003).
The best-known models for LV afterload are two- and three-element Windkessel models
(Frank, 1899, Stergiopulos et al., 1999). The LV preload, i.e. the ventricular filling pressure,
has received less attention, at least with regard to model representations (Kerckhoffs et al.,
2006) and the incorporation in computational models of cardiac mechanics is rare
(Watanabe et al., 2004).

Unlike metals and other engineering materials, living tissues exhibit complex microstructure
and material behaviour. The mechanical behaviour of the living tissue is thought to change
with time (i.e. the tissue can grow or thicken) (Lee et al., 2014b). The computational study of
the short-term mechanisms responsible for LV and RV post-infarct with precise geometry of
the infarcted and myocardium remodelling has not been presented. Most researchers
including Bettendorff-Bakman et al. (2006); Bettendorff-Bakman et al. (2008); (Kortsmit et
al., 2013, Kortsmit et al., 2012, Miller et al., 2013, Wall et al., 2006, Wise et al., 1999,
Bettendorff-Bakman et al., 2006, Bettendorff-Bakman et al., 2008) model the mechanisms of
the infarcted region assuming that the wall of the infarcted area is the same as that of the
healthy myocardium. In reality this cannot be accurate because once the heart wall is
infarcted the wall has a tendency to begin thinning until the heart reaches failure (HF). In
addition, even though the left ventricle is believed to contribute intensively in the failure of
heart due to MI, the lack of FE biventricular models is clear (Kortsmit et al., 2012, Miller et
al., 2013, Kortsmit et al., 2013). In this study, the FE models to be utilised are biventricular
.i.e. they include both LV and RV. The biventricular FE models are to be validated and
verified providing information which is useful in understanding the cardiac mechanics of both
healthy and infarcted hearts. The uniqueness of the blood pumping role of the heart is
governed by the cardiac muscle. The contraction of cardiac muscle happens by the sliding
filament mechanism. The most distinguishing factors of cardiac muscles are that they are
short, fat, branched and interconnected (Granzier and Irving, 1995). Fibre orientation plays a

critical role in understanding the cardiac mechanics of healthy and infarcted hearts.

There have been numerous studies on the structure of fibre in various experiments that were
conducted on different species (Strijkers et al., 2009, Chen, 2005, Chen et al., 2005b,
Mekkaoui et al., 2012, Chen et al., 2003b). Ayache et al. (2009) and (Rabben et al., 1999,
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Ayache et al., 2009) proposed the fibre orientation of the LV of human heart. In their article
they have used rule-based fibre orientation generation. In trying to assign the fibre direction,
they have used a rule-based myocardial fibre generation algorithm. In these studies the
sudden discontinuities between nodes was eliminated by averaging the distance between
each node. The algorithm developed in the study was proposed for human heart but may be

used in rat heart.

The model to accurately predict the myofibre orientation of the rat heart (both LV and RV)
was developed (Savadjiev et al., 2012a). This model was developed such that the fibrous
composite of the heart wall is predicted. Inaccurate orientation of the fibres can lead to a
non-realistic simulation of the heart functionality and false local myocardial wall deformation.
Simulation of cardiac biomechanics requires the definition of a vector representing the
orientation of cardiac fibres inside a mesh of the geometry of the heart anatomy. This is
achieved by defining the vector at each integration point of the element via an ORIENT
subroutine. Fibre orientation across the heart wall is critical, since an alteration of its
distribution or orientation may lead to non-realistic incomplete models. Therefore, this
research addresses the question of modelling fibre structure of rat heart in a precise manner,
thereby providing accurate understanding of stress and strain distribution across the
myocardium. The active contraction is critically important in understanding the cardiac
mechanics of beating heart; most researchers and work presented in the literature
concentrated on FE models of passive filling of the heart in the LV (Chen et al., 2005b,

Guccione et al., 1995a).

Passive and active myocardium properties play roles in the diastolic and systolic
performance of the heart, respectively. Studies that attempted to simulate active contraction
of the LV have done so by assuming that the fibre orientations of both the active and passive
states are constant in longitudinal direction and for both LV and RV (Aikawa et al., 2001,
Bovendeerd et al., 2009, Dorri et al., 2006, Goktepe et al., 2011). The active contraction
simulation of rat heart has not yet been presented in the literature. The effects of mechanical
properties of the infarct zone on the ventricular performance are different during systole and
diastole. Furthermore, this study addresses the challenge of modelling active contraction of
the heart in both LV and RV using available commercial FE modelling software called
Abaqus®. This was achieved by implementing the constitutive Fung model suitable for
simulating the active contraction in Abaqus®. The effects of MI on the LV mechanics during
various MI stages are to be assessed by means of accurate assessment of myocardial fibre
stress and cardiac performance metrics such as end-systolic and end-diastolic pressure
volume relationships (ESPVR, EDPVR), ejection fraction (EF), stroke volume (SV) end-
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diastolic pressure (EDP) relationship, and stroke volume (SV) end-diastolic volume (EDV)
relationship. All these factors were found to be useful in providing further understanding of

the importance of infarcted hearts.

2.5.1 Cardiac modelling software

There are various finite element software packages available to perform the FE analysis. In
this study, the FEM software used is called Abaqus® FEA (Dassault Systemes, Providence,
USA, 2007). Abaqus® has four core uses: computer fluid dynamics; computer aided
engineering; and structural analysis. Abaqus® is a general purpose FE software
programme, however, it has been used in various research studies in the area of cardiac
mechanics (Ahn and Kim, 2010, Bilston, 2002, Hu and Desai, 2004, Liu et al., 2004, Suh et
al., 1991).

Solid Edge® (Siemens PLM Software) is a commercial and mechanical design system
software with exceptional tools for creating 3D models. This is mainly used in creating
mechanical engineering drawings and as a design tool. The selection of this software was
based on its ability to create 3D models based on exported Excel plots and its ability to
develop the smoothing technique. The license used during this study is the student license

which is freely provided by Siemens® PLM Software.

Segment® software is mainly used for segmentation of medical images. The software is
freely available for research purposes. This software was developed mainly for use with
cardiovascular MRI in mind. In addition, the software is written in Matlab and the source
code is available which makes it easier for researchers to make modifications. The specific

version used during this study is Segment version 1.9 R9 (http://segment.heiberg.se).

2.5.2 Reconstruction of cardiac geometries

MRI has been used as a tool for the assessment of physiology and function in congenital
heart disease in both postoperative and preoperative state (Belle et al., 1998, Carr et al.,
2008, Chen et al., 2003a, Higuchi et al., 2009, Hu et al., 2005, Rudin et al., 1991, Shao et
al., 1997, Stuckey et al., 2008, Williams et al., 1993, Zimmermann et al., 2006, Cao et al.,
2008). It is generally accepted that MRI can accurately measure the blood flow parameters
using phase-encoded velocity mapping, structural cardiac parameters and local and global

deformation of the myocardial wall.
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In various studies of ventricular mechanics and myocardial mechanics using computational
modelling, the MRI data has been used for cardiac reconstruction of 3D geometries of the
heart in different species (Lee et al., 2014d, Lee et al., 2013, Lee et al., 2014c, Lee et al.,
2014a, Wenk et al., Wenk et al., 2013b, Wenk et al., 2011a, Klepach et al., 2012, Wang et
al., 2014). There are several advantages of MRI: (i) there is no exposure to radiation, (ii) it is
useful in showing soft tissues and (iii) it provides useful information on how blood flows and

circulates.

2.5.3 Modelling myofibre orientation

Cardiac modelling helps one to understand the mechanisms of heart diseases and the
understanding of these mechanisms leads researchers to come up with ways to cure and
prevent these diseases and ultimately save lives. Therefore, when modelling cardiac electro-
mechanics, the fibre orientations of the wall ventricles must be considered. Fibre orientation
of the heart is critical for a heart during myocardial contraction and excitation. Mechanical
function and electrical propagation of the heart significantly depend on the fibre orientation of
ventricular myocardium. The fibre orientation of the myocardium has been found to affect
current distribution during defibrillation shocks and is responsible for the stability of 3D
reentrant activity. For a dog and pig the total rotation angle of the fibres is from 120° to 180°,
respectively. The most distinguishing feature of ventricular fibre of myocardium is the

gradual counter clockwise rotation throughout the heart wall.
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Figure 2-22: Fibre directions generated using Poisson interpolation. (a) Shows fibre directions at three
location along the long axis. (b) Showing normal directions at the corresponding slices.
Blue colour represents the -70° and red colour represents +80° (Wong and Kuhl, 2014).
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Muscle fibres (cells) of the heart are thought to be highly complex but they are found to have
a highly organised pattern. It has been proven that the majority of the muscle fibres
contribute to the reliability and global performance of the heart. As shown in Figure 2-22 (a)

the ventricle walls are composed of a single helically folded muscular structure.

(@) (b)

Figure 2-23: Myofibre orientation and fibre angle definition. (a) Schematic representation of fibre
pathways in the left ventricular wall (b) lllustration of the helix fibre angle ay, and transverse fibre angle
a; use to quantify muscle fibre orientation (Bovendeerd et al., 2002).

It is evident that knowledge of cardiac and cardiovascular physiology was generally obtained
and gathered through the use of animals (Rehwald et al., 1997, Berr et al., 2005, Bucholz et
al., 2008, Chen et al., 2005a, Driehuys et al., 2008, MaA™ et al., 2005, Montet-Abou et al.,
2006, Ohnishi et al., 2007, Slawson et al., 1998). The use of large animals like dogs for
cardiovascular research has declined recently due to the cost associated with a large animal
model. Therefore, in performing the cardiac modelling of rat heart it is critical that the fibre
orientation of the ventricular wall be modelled precisely (See Figure 2-23). Most literature
has reported on fibre orientation of the left ventricular wall of rat heart. Since this study is
also including the right ventricular wall of the rat heart, it is vital that the fibre orientation of

rat heart be used.
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Figure 2-24: Schematic of the arrangement of muscle and collagen fibres and the surrounding matrix.
(a) structure without loadings; (b) tensile load applied in the muscle fibre direction, showing decreased
inter-fibre separation so that the collagen network bears load primarily in the muscle fibre direction;
(c) compressive load applied in the muscle fibre direction, showing the muscle fibres buckled and
lateral extension of the collagen network (Holzapfel and Ogden, 2009b)

Figure 2-24 shows the schematic structure of the embedded collagen muscle fibre subjected
to compression and tension loadings. The loadings are subjected to loadings which are
applied in the fibre direction. In Figure 2-24, it is evident that the muscle fibres are extended
and the length of the inter-fibres decreased. There is a significant difference between the
fibre orientation of different species (Healy et al., 2011, Chen et al., 2003a). The fibre
structure of rabbit, sheep, and mouse was studied and compared. The studies concluded
that the fibre orientation of the heart differs with species and the size of the heart. Therefore
to study the cardiac mechanics of the rat heart, there is a need to look at the accurate fibre

orientation of the rat heart because this has an influence on the mechanics.

In cardiac modelling of rat heart, both the fibre orientation of healthy heart tissue and
infarcted heart needs to be explored. Simultaneously, the fibre orientation in normal (healthy
heart of human, sheep, and rat) and remodelled myocardium in sheep was studied
(Mekkaoui et al., 2012). This study found that in healthy heart, the sub-endocardial and sub--
epicardial myofibres had both positive and negative helix angle (HA). The infarcted heart
was found to have a significant positive shift in HA. The helix angle (HA) is defined by the
inclination of the fibre out of the short axis plane. In the lateral wall of the left ventricle (LV),
fibres with a positive HA course towards the antero-apex and those with a negative HA

course towards the postero-apex. The fibre arrangement on the infarcted regions is different
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from the healthy tissue. Many studies concluded that the fibre orientation in the infarcted
region is at zero degrees (Bogaert et al., 1999, Chen et al., 2003a, De Bakker et al., 1988,
de Baker et al., 1990, Gardner et al., 1985, Luke and Saffitz, 1991, Olivetti et al., 1990,
Reese et al., 1995, Sosnovik et al., 2009, Ursell et al., 1985, Walker et al., 2005a, Wickline
et al., 1992, Wu et al., 2006).

L] Bl venbncks

fvcan fibae
© pwrsond akion

R,

|.|'.'L'-:'\... 2 l“

Figure 2-25: Schematic diagram of LV fibre orientation. (a) The left ventricle and a cut-out from
equator. (b) The structure through the thickness from the epicardium to the endocardium.
(c) Five longitudinal circumferential sections. (d) myocytes and collagen fibres.

(e) a cube of layered tissue (Holzapfel and Ogden, 2009a).

The sketch shown in Figure 2-25 is the illustration of three-dimensional layered organisation
of myocytes from the epicardium to the endocardium. Figure 2-25 shows and confirms that
the muscle fibre orientations varies with location from side to side of the wall in the equatorial
region, the principal muscle fibre direction rotates from +53° to +70° (sub-epicardial region)
to approximately 0° in the mid-wall region to -53° to -70° (sub-endocardial region) with
respect to the circumferential direction of the left and right ventricle. The understanding of
myofibre direction in various animals models were studied using MRI (Healy et al., 2011,
Chen, 2005, Chen et al., 2005b, LeGrice et al., 1995a). In this way, the accurate fibre

orientation has been achieved.
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Figure 2-26: Helix angle of healthy heart. (a) Myofibre orientation of rat heart during systolic phase
(Chen et al., 2003b). (b) LV angle variation of rat heart. Helix angle of healthy human heart
(c) Myofibre orientation of human heart during diastolic phase.
(d) LV angle variation of human heart (Streeter et al., 1969).

Figure 2-26 (a) shows the myofibre orientation on the rat heart from the endocardium to the
epicardium. It can be deducted from Figure 2-26 (a) that the myofibre orientation at the
endocardium is negative degree while on the epicardium the orientation is more positive
degree. The helix angle on the LV of the rat hearts varies from -53° to +54° from
endocardium to the epicardium on the short axis. While it is not clear on the myofibre

orientation on the RV, it is safe to assume that the orientation is similar to that in the LV.
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2.5.4 Mathematical representation of fibre orientation

There are various models available for the implementation of fibre orientation. The accuracy
and the reliability of the present models need to be assessed so that they may be applied in

the current study. In this study, two models will be discussed and assessed.

2.5.4.1 The Vavadjiev model

The main function of myofibres is to reinforce and strengthen the heart wall during passive
and active contraction. (Savadjiev et al., 2012a, Savadjiev et al., 2007)) developed a model
to accurately model the bundle of myofibre orientation of the heart. It was shown that the
myofibre orientation takes the form of the generalised helicoid. The model created was
based on smooth variation of curvature parameters across the myocardium walls of different
species including the dog, the rat and the human. The study had addressed the challenge of
analysing fibrous composite of the heart wall (Savadjiev et al., 2007, Savadjiev et al.,
2012b). In this study the fibre orientation of the heart used the generalised helicoid model
(GHM) to accurately model the fibre direction across the heart wall. This model insists on the

use of accurate local coordinate frame.

Accordingly, the GHM expresses the fibre orientation across the heart wall in terms of the
curvatures. The orientation theta (©) is a function of (x,y,z). The ©(x,y,z) denotes the
alignment in the x-y plane with respect to the x axis, which is aligned with the local fibre
direction and with the z axis taken to be the component of the heart wall orthogonal to it. In
order to ensure that the frame rotates smoothly and consistently, the reference frame must
be chosen as detailed in (Savadjiev et al., 2012a) (See Table 2-2).

Krx+Kyy

) + Kz (64)

0(x,y,z) = arctan(

where Ky, Ky and Kg are parameters of GHM.
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Table 2-2: Quantitative assessment of the GHM fits for rat heart DT-MRI datasets (Savadjiev et al.,

2012a)
* Kg (rad/mm) Kn(rad/mm) Kr(rad/mm) M (rad) k(-)
Rat 1 -0.19+0.14 0.008+0.053 0.003+0.053 0.109+0.003 12849
Rat 2 -0.21+£0.12 0.008+0.045 0.005+0.043 0.090+0.002 13247
Rat 3 -0.22+0.11 0.008+0.043 0.006+0.049 0.107+0.003 12119
Rat 4 -0.20+£0.14 0.008+0.053 0.000+0.053 0.101+0.001 14416
Average | -0.205+£0.128 | 0.008+0.0495 | 0.0035+0.0495 | 0.1018+0.002 | 1318

*All values reported as mean standard deviation. A neighbourhood of 5 x 5 x 5 about the central voxel v is used

for each fit. Errors are measured only for the voxels closest to v. KB, KN, and KT are species-normalised values.

2.5.4.2 The Streeter model

The Streeter Model (Streeter et al., 1969) seems to go well with the way the ORIENT
subroutine has been built in Abaqus®. The Vavadjie Model cannot be easily implemented in
Abaqus® because it works mainly on the local coordinates systems. The local coordinates
system in ORIENT currently cannot be accessed and this makes it difficult or impossible to

implement the Vavadjie Model in Abaqus®.

During the contraction phase of the heart, the myocardium thickens significantly (Wenk et
al., 2011a). It has been shown that as the heart contracts, the total change in fibre
orientation from epicardium to endocardium remains quantitatively the same (McCulloch and
Mazhari, 2001). This implies that the myofibre orientation at end-diastole and active filling
remains the same (Ohnishi et al., 2007). Therefore, the fibre orientation data range used at

end-diastole may also be used at end-systole simulation.

2.5.5 Cardiac constitutive models

The structure of soft tissues is related to its mechanical properties. Constitutive modelling is
used to predict the mechanical behaviour subjected to generalised loadings. The cardiac
behaviour of soft tissue myocardium can be expressed in various constitutive laws. The
famous constitutive law is the Fung model. The Fung constitutive law is extensively used in
modelling soft tissues. In understanding the mechanisms of ventricular mechanics, there are
four important fundamentals:

1) Accurate 3D geometry representation;

2) Accurate myofibre orientation representation;

3) Realistic description of boundary conditions and continuum balance laws;
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4) Accurate constitutive equations describing the material properties of the myocardium.

Hyperelastic, transversely isotropic strain energy W is given. The Fung model (Fung, 1984)

is represented by the following function:
W=2C2-1) (65)

Q is a quadratic function of three principal strain components. In this case, the Q represents

the special three dimensional isotropy with respect to fibre coordinate system.
Q = [bsE3; + by(E3; + E33 + E33 + E3;) + bys(Ef, + E31 + Ef3 + E31)] (66)

where C, by, by and by, are absolute constants which are independent of deformation and
position in the body. In essence the main function C is to scale stresses. Where E;4, E» and
Es; are the fibre strain, cross-fibre strain and radial strain, respectively. Eo; is the shear strain
in the transverse plane and Eq, and E,; are the shear strains in the fibre-cross-fibre and
fibre-radial planes, respectively. The subscripts R, C and F represent the radial, cross-fibre

and fibre directions, respectively.

2.6 Modelling the Infarct

Ventricular remodelling and tissue healing after myocardial infarction are dynamic and
simultaneous processes (Zimmerman et al., 2004). With the aim of providing a basis to
systematic development of Ml therapies based on the understanding of the mechanical
mechanisms involved, Holmes and colleagues presented a description of the mechanics of
healing myocardial infarcts (Holmes et al., 2005) and distinguished four stages of myocardial
infarction:

(i Acute ischemia (first minutes to hours after infarction),

(i) Necrotic phase (hours to 1 week after infarction),

(iii) Fibrotic phase (1 week to 2-4 weeks after infarction), and

(

iv) Remodelling phase (2-4 weeks to 4-8 days after infarction).
The time points of these stages vary between species; lower numbers refer to small animals

(e.g. rat), upper numbers refer to man (Abdessalem et al., 2010a, Abdessalem et al.,

2010b). The myocardial infarction stages are also shown in Figure 2-12.
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The computational biomechanics studies of damaged heart have been conducted by several
authors (Bovendeerd et al., 2009; Guccione et al., 1995b; Klepach et al., 2012; Lee et al.,
2014b; Usyk et al., 2002; Wenk et al., 2011a; Wenk et al., 2011b; Wenk et al., 2013b). One
particular study by (Walker et al., 2005b) considered the MRI based finite element analysis
on the left ventricular aneurysm in sheep with myocardial infarction. In order to validate their
FE models of left ventricular aneurysm, they have used the tagged MRI to determine systolic
material parameters in three dimensional stress-strain relationships (Walker et al., 2008,
Walker et al., 2005b). Moreover, they have also concentrated on bi-axial material testing in
each heart. Even though they have used the precise geometry from the MRI data, it is
unclear how they have modelled the infarct in heart. Increased left ventricular wall stress

after myocardial infarction is associated with remodelling (Aikawa et al., 2001).

A computational model that predicts reverse remodelling in human LV heart has been
developed. In this study, the strain driven growth model was introduced (Lee et al., 2014a).
For heart to adequately pump blood, it must be able to contract. Therefore, the study of
contractility using the antero-apically infarcted sheep heart was developed. In this study, the
main limitation was that the interaction with the RV was neglected. By neglecting the
interaction of LV with RV, the model provides results that are not comparable with the
experiment due to overstretching in the infarct (Wenk et al., 2011b). Furthermore, the
contractility in the border zone of a human heart post myocardial infarction is studied by the
finite element model. This model shows that there is substantially less contractility (25%-
33%) in the border zone of the MI (Wenk et al., 2011a). Furthermore, a coupled biventricular
finite element and lumped-parameter circulatory system model of heart failure is presented.
In this study, the modelling of the interaction between the heart and the circulatory system is
presented by creating an animal-specific (canine) finite element biventricular model (Wenk et
al., 2013b). The growth and remodelling of the human heart LV after myocardial infarction
was studied. The two computational models were developed in this study; one model was
before operation were MI is present, and the other model is after operation where Ml is

surgically excluded (Klepach et al., 2012).

Various researchers presented the computational models of non-treated myocardial
infarction (Lee et al., 2013, Wenk et al., Wenk et al., 2013b, Wenk et al., 2011a, Klepach et
al., 2012, Wenk et al., 2011b, Lee et al., 2014a). For example, studies by Lee et al. (2014d)
and (Wall et al.,, 2006, Lee et al., 2014c)produced the FE model of treated myocardial
infarction. They have modified the model’s mesh and regional material properties to simulate

the expected change in the myocardium but the model is still oversimplified. The
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assessment of left ventricular (LV) and right ventricle (RV) diastolic function usually relies on

non-invasive measures of left ventricular relaxation and stiffness (Nucifora et al., 2010).

Figure 2-27 shows the data over a period of time on the advancement of anisotropy in the
healing of ovine infarcts. It can be seen that in the control species, the longitudinal stresses
are higher than the circumferential stresses. This observation changes from two-week after
infarction to six weeks where the increase of circumferential stresses changes and presents

higher magnitude as compared to the control when comparing with the longitudinal stresses.
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Figure 2-27: Longitudinal and circumferential stresses during various time points infarction
(Holmes et al., 2005)
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3 Simulation of Passive Filling in Healthy and Infarcted Hearts

3.1 Introduction

Development of a computational model for the simulation of local myocardial mechanics in
the presence of Ml is critical in the understanding of its mechanisms. The comparison of
transmural stress and strain with the healthy and non-treated infarcted case is necessary in

understanding the effect of infarcts on the local measures and global functioning of the heart.

Methods and models based on computational solid mechanics were developed utilising
existing approaches established for the healthy and the non-treated infarcted heart. The
developed methods and models were verified and validated to an extent feasible within the
framework of this project. The Finite Element Method (FEM) was used to simulate solid
mechanics of the myocardium i.e. strains and stresses in the myocardial wall. 3D
geometrical models of the heart were developed from volumetric imaging information MRI
data using solid modeller Solid Edge®. The 3D reconstructed geometries of the healthy and

infarcted hearts are presented in section 3.2.2.

Validation of computational methods and models developed were performed using
experimental data (collected in in vivo studies of related research not conducted by the
applicant) and by comparison with data reported in literature. Simulation of myocardial
biomechanics was conducted with emphasis on mechanics in infarct zone, wall stresses and
strains including local restriction of deformation. Section 3.2.2 shows how the reconstruction
of geometries were conducted using the Segment® segmentation software. The
methodology used for the validation and verification of the heart models is presented in
section 3.2.3. Section 3.2.5 further discusses the boundary conditions applied in modelling
both the infarcted and non-infarct models. Section 3.3.3 shows and discusses the contours
plots results of the healthy and infarct models. Validation of average stress and strain was
done by comparing the study results with similar published works as presented in section
3.3.3.

3.2 Materials and Methods
3.2.1 MRI datasets

The data acquisition and details of the animal models have been described previously by

(Saleh et al., 2012)). Cardiac magnetic resonance imaging (CMRI) was performed on both
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healthy and infarct rat heart at the Cape Universities Brain Imaging Centre (CUBIC). CUBIC
is a joint initiative between Stellenbosch University, the South African Medical Research
Council, Siemens and the University of Cape Town. The scans were performed on a
MAGNTOM Allegra 3T MRI scanner (Siemens, Erlangen, Germany). The advantage of this
brain-only scan is that it has a small bore, maximum gradient strength of 40 mT.m™ and slew
rate of 40 mT.m™. In order to achieve the scanning of small animal like a rat, a circularly
polarized 70 mm inner diameter birdcage radiofrequency (RF) coil was designed and built to

receive and transmit the signal (Saleh et al., 2012).

The sequence used in this project was Gradient Echo (GE) sequence (fast low angle shot —
FLASH — sequence). This sequence enables one to obtain and achieve cardiac images for
both the functional and structural assessment of rat heart. To achieve high temporal
resolution, the minimum number of segments of 1 k-space line per cardiac frame per cardiac
cycle was attained. The slice thickness of 1 mm was achieved by reducing the time
bandwidth product. The following parameters were used in acquiring short-axis images:

¢ field of view (FOV) = 60 mm;

e matrix size = 256 x 256;

¢ in-plane resolution 234 ym;

e slice thickness 1.0 mm;

e TR 7.6-8.0 ms;

e TE 3.44-3.50 ms;

e flip angle 25° and 40°;

e bandwidth 282 +/- 3 Hz/pixel;

e 3 signal averages.
The FLASH sequence was triggered by both ECG and respiration (Saleh et al., 2012).

3.2.2 Geometrical reconstruction

The left and right ventricle were segmented in short-axis MRI image stacks at end-systolic
time points (Heiberg et al., 2010). From data of the segmented ventricular contours, 3D
geometries were reconstructed using Solid Edge®. The stages of reconstruction of the bi-
ventricular cardiac geometry are illustrated in Figure 3-1 (a), (b) and (c), whereas the fully
reconstructed rat heart in end-diastolic configuration is displayed in Figure 3-3 (a) and (b).
Figure 3-2 shows a set of cardiac short-axis MR images from base to apex of a rat heart
after myocardial infarction with epicardial and endocardial segmented contours of left and

right ventricle. Figure 3-2 shows segmentation in IGES file format of both left and right
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ventricles using Solid Edge® software. Figure 3-3 (a) and (b) shows the meshed 3D
geometry of the rat heart at end diastole ready for Finite Element Analysis (FEA). The FE
mesh comprises 18569 tetrahedral elements.

The reconstruction of rat heart geometries was completed using Solid Edge ST5 version
software (3D modelling). The MRI images were segmented using Segment®
(http://segment.heiberg.se). Segment® provides an input file with both x and y coordinates
of the endocardium and epicardium. These coordinates were used to create 3D heart
models in Solid Edge®. Figure 3-1shows the procedure followed to create the 3D rat heart

models from MRI data.

Obtain MRI data

Image segmentation
using Segment
software

1

3D geometry in Solid
Edge

Volume mesh
generation in
Abaqus

J

Biomechanical
model simulation

Figure 3-1: Procedure of creating biomechanical model of the rat heart

Figure 3-2: Set of short-axis MR images from base to apex of a rat heart at four-week after myocardial
infarction. The contours of epicardium and endocardium of both left and right ventricle are highlighted.
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3.2.3 Geometry verification

There was a need to validate the reconstructed models by using MRI data (experimental
data). The aim of validating the constructed model was to ensure that the difference between
the experimental data and the reconstructed 3D models is minimised. The ESV was
constructed from MRI data. The segmented MRI data were used to create 3D rat heart
models. In the current study, both the healthy and infarct models to simulate passive filling
were validated by adjusting material constant C such that the LV and RV EDVs correspond
with the MRI data. The wall volume of the reconstructed 3D model at end-diastole time point

was then compared with the MRI data.

3.2.4 Tissue structure definition
3.2.4.1 Myofibre orientation

The fibre orientation adopted in this study was first reported by (Streeter et al., 1969) and
used by (Beyar and Sideman, 1984b, Dang et al., 2005, Wenk et al.)). In studying the stress
and strains in the healthy myocardium of dog heart. Following the description given by
(Streeter et al., 1969) of the fibres' orientation along the equator, the fibre angle at the
reference state is postulated to vary from +53° at the endocardium to -53° at the epicardium
relative to circumferential direction of the LV and RV for the healthy rat heart as reported by
(Beyar and Sideman, 1984a). Figure 2-13 in section 2.3 defined clearly how circumferential
direction is defined in the LV heart model. Several authors reported the transmural
distribution of myofibre orientation during systolic and diastolic phases (LeGrice et al.,
1995b, Usyk et al., 2002, Mekkaoui et al., 2012, Napadow et al., 2001). The fibre angle
varies linearly from epicardium to endocardium. The fibre angle orientation was used in both
the LV and RV including the septum. Equation (67) was used to define the fibre angles in
both LV and RV. The fibre angle on the LV and RV of the rat hearts varies from -53° to +53°
from endocardium to the epicardium on the short axis relative to circumferential direction
(See Figure 3-3).
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(d)

Figure 3-3: Fibre orientation in the biventricular rat heart model.
(b) 3D healthy rat heart model showing nodes, (b) Fibre orientation in the LV of healthy rat heart
model (showing how fibre angles are distributed from the endocardium to the epicardium)
(c) 3D healthy rat heart model showing fibre angles distribution from the base to the apex and
(d) Fibre orientation in the RV of healthy rat heart model.

The angle variation a as developed by (Beyar and Sideman, 1984a) is given by the following
relationship;

a=R(1—i—g) (67)

0

Where g is the distance from the origin to the endocardium, h, is the left ventricle wall
thickness and R is the maximum fibre angle at the endocardial surface (Beyar and Sideman,
1984a).

3.2.4.2 Resultant fibre orientation in Abaqus®

Figure 3-4 shows the fibre angles in the LV. The distribution of fibre plays a vital role in the
accuracy of cardiac mechanics. As shown in Figure 3-3 the myofibre orientation on the LV
are distributed such that the fibre angle distribution varies from -53° and the endocardium
and

-53° on the epicardium relative to circumferential direction (Figure 2-13) in section 2.3
defined clearly how circumferential direction is defined in the LV heart model. As predicted

by various studies in the literature the fibre alignment at the mid-wall is 0°. The ORIENT
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subroutine written in Fortran 77 language was developed in implemented in an Abaqus®
environment so that myofibre orientation is as accurate as required. This is critically
important especially during systolic phase where the deformation of the myocardium

depends mostly on the direction of the fibre (Guccione et al., 1993a).

Endocardiu

Endocardium |

Figure 3-4: Fibre orientation of across the myocardial wall

3.2.4.3 Implementation of fibre orientation in Abaqus®

Implementation of fibre orientation in Abaqus® is done using the ORIENT subroutine. This
subroutine is called at the start of the analysis at each location (material point, special-
purpose element). An array T containing the direction cosines of the preferred orientation in
terms of the default basis directions. T(1,1), T(2,1), T(3,1) give the (1, 2, 3) components of
the first direction; T(1,2), T(2,2), T(3,2) give the second direction and T(1,2), T(2,3), T(3,3)
represent the third directional cosine. The ORIENT subroutine in Abaqus® does not need
the directions to be normalised. If the second direction is not orthogonal to the first direction,
Abaqus®/Standard will orthogonalize and normalise the second direction with respect to the
first. The third direction is then determined by taking the cross product of the first and second
directions. For planar elements the first two directions must lie in the plane of the element.
The ORIENT subroutine presented in Appendix B was used to generate the myofibre

orientation shown in Figure 3-4.
The direction cosines can be represented as follows:

(1) The first direction of cosine can be represented by:
T(1,1) = cos@cosb
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T(2,1) = cos@sinb

T(3,1) = sin®

(2) The second direction of cosine is represented by:
T(1,2) = —sin6

T(2,2) = cosb

T(3,2) =0

(3) The third direction of cosine is represented by:
T(1,3) = —sin@cosbh
T(2,3) = —sin@Psinb

Figure 3-3 (a) shows the tetrahedral elements applied on the healthy model in Abaqus®.
Furthermore, Figure 3-3 (b) and (c) shows the myofibre orientation applied on the healthy
model (LV and RV) using ORIENT subroutine in Abaqus®. The myofibre direction is applied

at each integration point of the element as defined in the ORIENT subroutine.

3.2.5 Finite element modelling
3.2.5.1 Constitutive model of passive myocardium

Biventricular FE models were created for the healthy, two-week and four-week infracted rat
heart using a particular animal for healthy rat heart and another animal for both the infarcted
hearts. These models were created by reconstructing MRI data. The ventricular walls of
each rat heart model were meshed with approximately 18569 8-node tetrahedral elements.
Each region, the healthy and infarct, was assigned different material properties. The
quadratic node tetrahedron element has the ability to show the exact analytic solution for

pure bending dominated problems even with a coarse mesh with only one element in depth.

Nearly incompressible, transversely isotropic hyperelastic constitutive law for passive
myocardium used in this study was used by researchers (Guccione et al., 1995a, McCulloch
et al., 1992, Guccione and McCulloch, 1993). The constitutive law was modelled with a
predefined Fung model in Abaqus®. The passive material properties were represented by

the strain energy function:

W=2C(e?—1) (68)
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Q is a quadratic function of three principal strain components. In this case, the Q represent

the special three dimensional isotropy with respect to fibre coordinate system.

Q = [bsE%, + b, (E5; + E33 + E3; + E3;) + by (ES2 + E3y + E%3 + E3q)] (69)

where C, by, by and by, are absolute parameters which are independent of deformation. In
simplicity the main parameter C is to scale stresses. Where E41, E»; and E3; are the fibre
strain, cross-fibre strain and radial strain, respectively. E,; is the shear strain in the
transverse plane and E1, and E4; are the shear strains in the fibre-cross-fibre and fibre-radial
planes, respectively. The subscripts 1, 2 and 3 represent the radial, cross-fibre and fibre
directions, respectively. Table 3-1 shows the constitutive model parameters used at end-

diastole simulation.

The segmented MRI data were utilized to produce 3D rat heart models. In the present study,
both the normal and infarct heart models to simulate passive (inactive) filling were validated
by changing material parameter C such that the LV and RV EDVs comparable with the MRI
data. The wall volume of the reconstructed 3D heart model at end-diastole time point was
then contrasted and the MRI information. It was found that the stress scaling factor C to be
used in this simulation was 0.002 MPa (See Table 3-1). The stress scaling factor was
increased from 1.1 kPa to 2kPa such that the difference between the EDV of the model and
EDV of the MRI is minimised.

Table 3-1: Constitutive model parameters for passive LV and RV heart model (Omens et al., 1993).

Parameter Constants | Value Units
Fibre strain coefficient b; 9.2 -
Cross-fibre strain coefficient by 3 -
Shear strain coefficient Bss 3.7 -
Stress scaling factor c? 0.002 MPa

*C value given based on the validated models. This value is different from (Omens et al., 1993)
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Table 3-2: Stress scaling coefficients for healthy and infarcted (two-week and four-week after) rat

heart models
Healthy model Two-week Four-week
infarct model infarct model
C - Stress scaling coefficient 0.002 MPa 0.002 MPa 0.002 MPa
(Healthy myocardium/tissue)
C - Stress scaling coefficient n/a 0.02 MPa 0.02 MPa
(Infarcted myocardium/tissue)

Note: Two-week and four-week infarct models contain both the healthy and infarcted myocardium.

The healthy heart model contains only healthy myocardium.

The full description of the strain function used for modelling the passive myocardium is found
in section 2.4.5. Table 3-1 shows the constitutive modelling parameters used in healthy and
infarcted rat heart models. Furthermore, Table 3-2 shows the stress scaling coefficient used
in healthy, two-week and four-week infarct models. These parameters are applied such that
the EDV of the model is close to that of the MRI data.

3.2.5.2 Boundary conditions

In order to simulate the diastolic phase of rat heart, the endocardial pressure was applied to
the systolic phase model on both the left and right ventricles. A pressure of 4.8 kPa and 0.96
kPa was applied in left and right ventricles, respectively. The applied endocardial pressure
was linearly increased from 0-4.8 kPa and 0-0.96 kPa for left and right ventricles,
respectively. The MRI dataset was used to optimize the stress scaling coefficient of the
strain energy function C. The calibration was achieved by increasing or decreasing the
stress scaling coefficient of the strain energy function until the ESV volume is equal to the
EDV measured by the MRI.

Figure 3-5 (a) shows how boundary conditions were applied on the basal surface of the
heart model. All the nodes at the base were allowed to move in the radial direction.
Furthermore, the nodes at the base were restrained from moving in the circumferential and
longitudinal directions. Using the Abaqus® convention, the nodes at the basal surface where
set such that U2 = U3 = 0. This convention was applied in both the LV and RV. Similarly,
Figure 3-5 (b) shows the surfaces where the pressure was applied. It is important to note
that the boundary conditions did not change. The same boundary conditions were applied in

both the non-infarct model and the infarcted heart models.
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(c)

Figure 3-5: Boundary conditions at end-diastole. (a) Pressure boundary conditions and displacement
constraints using the cylindrical coordinates. (b) Basal surface and (c) Endocardial pressure in LV and
RV.

3.2.6 Data analysis and capturing

Since the infarct is on the LV, the LV was used to study the effect of infarct on heart
performance. This was achieved by capturing the stresses and strains in radial,
circumferential and longitudinal directions. This was achieved by creating paths so that the
stresses and strains from the endocardium to the epicardium are recorded and plotted as a
function of normalised myocardial length. The paths used in capturing stresses and strains
are created from the base to the apex excluding the RV. The stresses and strains are
recorded along the longitudinal direction of the heart at the centre. In other order the heart
was divided into two halves along the longitudinal direction. Figure 3-6 shows the
arrangement of paths to be used in further processing of results. Figure 3-6 (a) shows the
paths in the two-week infarct model. In this model the paths E and F are in the infarcted
region. Furthermore, Figure 3-6 (b) shows the model after four-week infarcts. In this model
the paths C, D, E and F are in the infarcted regions. From Figure 3-6 (a) regions E and F are
located on the infarcted tissue of the two-week infarct model. On the other side, Figure 3-6

(b) shows regions C, D, E and F of the infarcted tissue on the four-week infarcted tissue.

This section shows the results of the healthy, two-week and four-week infarcted 3D models

of the rat heart. The stress and strains of healthy and infarcted regions will be compared.
Figure 3-6 shows the arrangement of paths to be used in further processing of results.
Figure 3-6 (a) and (b) shows the paths used in plotting the stresses and strains on the LV

and RV for two and four-week infarcted 3D rat heart models.
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(a) (b)

Figure 3-6: Paths utilised in further processing of results for
(a) two-week infarct and (b) four-week infarct models.

The endocardial volumes were obtained from Abaqus®. In Abaqus® endocardial volumetric

readings cannot be obtained in a straightforward process. In order to achieve the volumetric

readings (ESV and EDV) the following has been done:

(a)
(b)
(c)
(d)
(e)
(f)
(9)

Import the model as ... mesh;

The mesh is then converted from solid to shell model;

Delete the unwanted shell membranes;

Copy (mirror) the desired volume;

Convert mesh from tri to tet;

Measure the volume of both the mirrored and the original volumes;

Divide the volumetric reading by two to get a final volumetric reading.

Measurement of myocardial mass and wall volumes were obtained by using Solid Edge

software. The reason for using Solid Edge is that Abaqus® does not offer the opportunity to

measure epicardial areas and volumes.
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(a) (b)

Figure 3-7: 3D healthy heart model. (a) Healthy rat heart with both LV and RV (b) Cavity measured
volume of healthy LV,
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3.3 Results
3.3.1 Reconstructed biventricular geometries

3.3.1.1 3D reconstructed model of healthy heart

Figure 3-8 (a) and (b) shows the 3D model for the healthy rat heart used as a control. The
control model is constructed from the healthy heart MRI data. This is when the heart is
assumed to be working normally and without myocardial infarction. The LV volume was
measured to 79.8 pL. The myocardial volume seems to match the MRI. As shown in
Figure 3-8 (d), the thickness of the free wall (LV) (myocardium) of the healthy rat heart
model appears to be constant from the base to the apex. As expected, the thickness of the
RV free wall is double the size of the LV free wall on the healthy model. The size of the
septal wall is seen to be less than the free wall of the LV but also larger than the free wall of
the RV on the healthy model (See Figure 3-8 (c)).

3.3.1.2 Dimensions of reconstructed healthy model

The geometrical reconstruction of the 3D model during end-systolic phase was conducted
the same way as that which were reported in section 3.2.2. Table 3-3 shows the overall
dimensions of the healthy heart model during ESV. The number of elements used before
and after meshing is equal. The objective of Table 3-3 is to show how the dimensions of a
healthy model were constructed from the MRI data. The overall dimension during end-
systolic phase was validated by comparing it with the MRI data of the same model. The
overall radius of the LV of the healthy model is labelled as g and has a magnitude of 2.784
mm. The distance from the centre of the LV to the epicardium is recorded to be 5.14 mm and
is labelled as f. the thickness d of the RV has the magnitude of 1.136 mm (See Table 3-3).
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Figure 3-8: Short axis view taken at the middle of the long axis.
(a) Healthy 3D rat heart model (b) Isometric view and Side view
(c) Short axis healthy rat heart model. (d) Long axis healthy rat heart model.

Table 3-3: Geometrical physical dimensions at end-diastole

Before Mesh

Parameters After Mesh (mm) | (mm)
a 12.500 12.520
b 11.254 11.300
c 12.963 12.950
d 1.1362 1.1500
e 5.5835 5.6300
f 5.1440 5.1500
g 2.7838 2.7500
h 3.4585 3.4600
i 2.7675 2.7700
No. of

elements 18569 18569
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(c) (d)

Figure 3-9: Reconstructed ventricular geometry and heart structure. (a) Pre mesh. (b) Post meshing.
(c) The bi-ventricular healthy heart model (d) Basal surface slice cut parallel to the short axis.

3.3.1.3 MI model geometries

The cavity and wall volume of the infarcted rat heart models are different from the healthy
models since the reconstructed geometries used underwent wall thinning and volume
dilation. The same animal was used to reconstruct the infarcted heart models after two and
four-week using the MRI data. However, the healthy rat heart model was reconstructed from
a different animal. Due to the accuracy and non-automation of the segmentation process the
cavity and wall volume may change. The wall, cavity and epicardial volumes of each model
are shown in Table 3-4 and Table 3-5. Figure 3-10 shows the cross-sectional view of the
healthy and infarct models considered in the current study. As shown in Figure 3-10 (b) and
(c) the wall thinning and dilation occurs in both the infarcted hearts after two and four-week.
The endocardial volume of the healthy model is small compared to the infarct models. In the
infarct models, the wall thinning in the four-week infarct model is evident (See Figure 3-10(a)
and (b)).

64



Figure 3-10 (a)-(c) shows the ESV of the healthy, two and four-week infarct models,
respectively. The ESV was measured for each model at the end of the simulation. The ESV
is calculated by Abaqus® software. Since the ESV is in two folds, the final ESV is divided
into two to get the accurate volume. In Figure 3-11 (a)-(c), the healthy, two and four-week
models are shown to elaborate the progression of myocardial wall thinning during the MI.
Figure 3-11 (a) shows the healthy model reconstructed from the MRI data at the end of
systole time point. Similarly, Figure 3-11 (a) and (b) show the 3D reconstructed two and four-
week infarct models from MRI data. It can be seen that there is wall thinning in both the two
and four-week infarct models. However, there is further thinning of the myocardial wall on

the four-week infarct model as shown in Figure 3-11 (c).

Figure 3-12 shows the deformed and undeformed state of the FE rat models (healthy and
infarct models). The long axis at the mid-ventricle through healthy and infarct models is
shown by Figure 3-12 (a), (c) and (e). Similarly, the short axis at the mid-ventricle through
healthy and infarct models is shown by Figure 3-12 (b), (d) and (f). What is important to note
here are that the displacements in the infarcted regions of the two and four-week models are

limited as compared to the healthy region.

Endocardial LV and Endocardial LV and Endocardial LV and
RV volume (HM) RV volume (2WIM) RV volume (4WIM])
HM = Healthy model

2WIM — 2 weeks infarcted modeal
4WIM — 4 weeks infarcted model

(a) (b) (c)

Figure 3-10: Endocardial view of LV and RV. (a) Healthy rat heart model
(b) two-week infarcted and (c) four-week infarct models.
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Hnealth!,-r myncardlum - 2 weeks infarcted | | 4 weeks infarcted
myocardium . myocardium

Infa rl:ted tissue

Infa rcted tissue

Healthy tissue

(d) (e) (f)

Figure 3-11: Short-axis slice at the mid-ventricle of 3D models. (a) Healthy rat heart model
(b) Infarcted after two-week model (c) Infarcted after four-week model. Long-axis slice through the
healthy and infarct region of 3D models. 3D models reconstructed models. (d) Healthy rat heart
(e) Infarcted after two-week (f) Infarcted after four-week.
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(b) (d) (f)

Figure 3-12: Undeformed and deformed state of the FE rat heart models. Short-axis slice at the mid-
ventricle and long-axis slices through healthy and infarcted myocardium of (a) Healthy long-axis slice,
(b) Healthy short-axis slice, (c) two-week infarcted long-axis slice, (d) two-week infarcted short-axis
slice, (e) four-week infarcted long-axis slice and (f) four-week infarcted short-axis slice.

3.3.2 Comparison of models and MRI measurements

This section provides understanding of how the MRI data of 3D heart models were
compared with reconstructed data. The results of verified and validated 3D models are
presented in this section. Table 3-4 shows the epicardial reconstructed volume of the healthy
and infarct models at two and four-week at end-diastole time point. There is an increase of
both the epicardial volume and area in the infarct models. This is due to cavity dilation and
the shrinkage of the infarcted region due to loading conditions including diastolic pressure
loading on the rat heart. The errors between the mesh and segmented MRI data are 0.46 %,
0.41 % and 0.41 % for the non-infarcted and the infarct models, respectively. The errors
were calculated by comparing the reconstructed volume and area with the MRI volume and
area. The epicardial volume of the reconstructed two-week model is less than that of the
healthy model by 3.13 %. Furthermore, the epicardial volume of the reconstructed four-week
model is greater than that of the healthy model by 68.04 %. As shown in Table 3-4, the
similar trends are shown when comparing the epicardial area of the two-week and four-week

infarct model with the healthy model.
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Table 3-5 shows the MRI data of the cavity and wall volumes and cavity area of healthy and
infarct models. Table 3-5 shows the cavity and wall volumes and cavity area of healthy and
infarct models considered in the current study. The object of Table 3-5 is to show how Mi
affects the cavity volume and area of the LV due to wall thinning of the myocardium. The
wall volume is defined as the combination of the RV and LV (biventricular model) volumes.
As shown in Table 3-5, the cavity volume of the healthy, two-week and four-week infarct
models are 72.97 uL, 118.94 pyL and 18616 uL, respectively. Similarly, as shown in
Table 3-5 the cavity volume of the healthy, two-week and four-week infarct models are
108.74 mm?, 143.30 mm? and 166.48 mm?, respectively. The cavity volume of the healthy
model is lower by 38.65 % and 99.61 % when compared to the two-week and four-week
infarct models, respectively. Additionally, the cavity area of the healthy model is lower by
2412 % and 34.98 % when compared to two-week and four-week infarct models,

respectively.

The experimental error as shown in Table 3-6 for cavity and wall volumes and cavity area
are well within error of 3 %. The error was obtained by comparing the cavity volume on the
3D constructed geometry and the MRI data using Solid Edge® and Segment® software. As
shown in Table 3-7, the epicardial surface volume of bi-ventricular healthy and infarct
models is presented. The aim of Table 3-7 is to show the difference between the epicardial
surface volumes of different models. However, the surface epicardial area of all models is
also considered for comparison purpose. The surface epicardial volume of the reconstructed
healthy model has higher volume of 992.55 mm® when compared with the two-week infarct
model. However, the surface epicardial volume of the reconstructed four-week infarct model
has the highest volume of 1667.53 mm®. As a result, the analyses of the surface area for
both models follow the same trend as the epicardial volume. The reason why the two-week
infarct model has lower surface epicardial volume is that at two-week after infarction the rat
heart tends to shrink due to structural changes including low collagen content in the infarcted
region. When comparing the MRI epicardial volume, it was found that it has similar epicardial
volume to the reconstructed 3D models of 0.46 %, 0.41 % and 0.41 % of healthy, two-week
and four-week models, respectively. Table 3-8 shows the EDV of healthy and infarct models.
When comparing the simulation cavity volume of the healthy and infarct models after
simulation with MRI data, it was found that the errors of healthy, two-week and four-week
heart models are 0.34 %, 1.36 % and 0.78 %, respectively. Table 3-9 shows the comparison
of the ESV and EDV for the control (healthy) model with the average from the literature for
rats. The 3D model of the healthy heart contracted from the MRI data shows the ESV and
EDV of 207.5 yL and 72.97 uL, respectively. The average ESV and EDV from the literature
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are 220.5 uL and 88.5 pL. The error of the ESV and EDV when comparing the MRI data and
the literature is found to be 5.91 % and 17.55 %, respectively. Similarly as shown in
Table 3-9, the reconstructed 3D model from the MRI data shows the ESV and EDV of 41.5
ML and 14.6 uL, respectively on the RV of the healthy heart.

Table 3-4: Comparison of reconstructed heart geometries - cavity and wall volumes and cavity area of

LV for healthy, two-week and four-week infarct models.

Cavity Volume (uL) Cavity Area (mm?) Wall Volume (pL)
(LV only) (LV only) (LV plus RV)
Healthy 72.965 108.740 763.870
Two-week | 418 940 143.300 707.147
infarct
Four-week 186.160 166.480 656.515
infarct

Table 3-5: Comparison of MRI heart geometries - cavity and wall volumes and cavity area of LV for
healthy, two-week and four-week infarct models.

Cavity Volume (uL) Cavity Area (mm?) Wall Volume (uL)
(LV only) (LV only) (LV plus RV)
Healthy 73.56 106.23 765.67
Two-week 117.20 141.45 710.78
infarct
Four-week | 448 67 168.54 650.52
infarct

Table 3-6: Comparison of error for MRI data and 3D reconstructed heart geometries.

Cavity Volume (uL) Cavity Area (mm?) Wall Volume (pL)
(LV only) (LV only) (LV plus RV)
Healthy 0.808 % 2.363 % 0.235 %
Two-week | 4 185 o, 1.308 % 0.511 %
infarct
Four-week
infarct 1.304 % 1.222 % 0.922 %
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Table 3-7: Model verification of healthy, two-week and four-week infarct models

Two-week | Four-week

Healthy Infarcted Infarcted
Reconstructed model Epicardial
Volume (mm°) 992.55 961.32 1667.53
Reconstructed model Epicardial
Area (mm?) 532.64 517.99 735.62
MRI segmented volume (mm®) 990.55 965.26 1660.65
Error (%) -0.46 0.41 -0.41

Table 3-8: Comparison of cavity volumes for healthy, two-week and four-week infarct models at ED.

(After simulation) Cavity | (MRI data) Cavity o
Volume (uL) Volume (uL) Error (%)
Healthy 207.50 208.20 0.336%
Two-week 261.72 265.32 1.357%
infarct
Four-week 369.70 372.62 0.784%
infarct

Table 3-9: ESV and EDV of left and right ventricle predicted for healthy model

Model (LV) Average (LV) (Saleh et | Model (RV)
al., 2012)
ESV (uL) 207.5 220.5 41.5
EDV (ulL) 72.97 88.5 14.6

3.3.3 End-diastolic myocardial mechanics for healthy and infarcted ventricles

This section shows the results for passive filling of the healthy, two-week and four-week
infarcted 3D models of the rat heart (i.e. at end-diastole time point). The stresses and strains
of healthy and infarcted regions will be compared. As shown in Figure 3-6 (a), the paths that
are in the infarcted region for the two-week infarct models are indicated by transmural paths
E and F. Similarly, Figure 3-6 (b), the paths in the infarcted region for four-week infarct

model are indicated by transmural paths C, D, E and F.

3.3.3.1

ventricle

Distribution of end-diastolic stress and strain in left and right

This section shows the contour plots of stress and strain in the short and long axis of the
healthy and infarct models. Figure 3-13 shows contour plots of the radial, circumferential and

longitudinal stresses in the healthy, two-week and four-week infarcted 3D rat heart. The
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radial stress values shown in Figure 3-13 agree with the pressure boundary conditions
applied on the models. The pressure of 4.8 kPa was applied normal to the endocardial wall
and there was no pressure applied on the epicardial wall. Figure 3-13 (a)-(c) shows that
there is nearly -0.5 kPa radial stress on the epicardium and -4.83 kPa on the LV
endocardium. The endocardium of the RV at the septal wall for the healthy model (see
Figure 3-13 (a)) shows higher stress of -2.66 kPa as compared to the free wall which is

showing -0.5 kPa on the endocardium.

Figure 3-13 (a) shows that the circumferential stresses are higher than the radial stresses in
healthy and infarct models. The circumferential stress of the healthy model at the
endocardium is shown to be 19.2kPa. This observer station is similar to two and four-week
infarct models. When comparing the healthy model with the infarct models, the reduction of
circumferential stresses in the infarcted region as compared to that of the healthy model was
observed. The circumferential stresses increase from the endocardium (19.2 kPa) to the
epicardium (-3.7 kPa) (see Figure 3-14 (d)-(f)). This is due to the fact that the pressure was
applied normal to the endocardial wall. The circumferential stress in the RV remains stable

for all models.

The longitudinal stresses of all models are shown in Figure 3-13 (i)-(h). The stresses in
longitudinal direction are low compared to radial and circumferential directions. The
longitudinal stress of the healthy model at the endocardium is shown to be 1.667 kPa at the
free wall. However, on the same model, the longitudinal stress of the septal wall at the
endocardium is shown to be -4.583 kPa. Additionally, the longitudinal stress of the septal
wall at the epicardium is shown to be -2.500 kPa. This observation is similar to the two and

four-week infarct models.

In the apex region, there is a numerical error due to the collapse of mesh. Therefore this
region will not be focussed on during the results discussion. The septal wall, between the left
ventricle and the right ventricle, shows a variation radial stress from -4.8 kPa on the
endocardium of LV to -0.5 kPa on endocardium of the RV. This is because a pressure of 4.8

kPa and 0.96 kPa were applied on the LV and RV cavities, respectively.

Figure 3-14 and Figure 3-15 show the contour stress plots for passive filling simulation in the
short-axis and long-axis, respectively. Figure 3-14 shows the contour plots of radial,
circumferential and longitudinal stress in the mid-ventricle position (between apex and base).

In Figure 3-15 the distribution of stresses in radial, circumferential and longitudinal directions
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can be seen. The advantage of presenting contours in this manner is that the effect of infarct
on the stress due to MI can be clearly visualised. For example, in Figure 3-14 (e), the
distribution of radial stress at the endocardium is different from the radial stress for the four-
week model as shown in Figure 3-14 (c). At the infarcted region (four-week rat heart model),
the radial stress at the endocardium is shown to be -2.667 kPa. Similarly, at the infarcted
region (four-week rat heart model), the radial stress at the endocardium is shown to be -
4.833 kPa. This trend is observed in circumferential and longitudinal stresses of two and

four-week models as shown in Figure 3-14 (e), (f), (g) and (h).

Figure 3-15 shows the contour plots of radial, circumferential and longitudinal stresses of
healthy and infarct models. In Figure 3-15 the contours are only shown in the long-axis view.
In Figure 3-15 it is not possible to view the stress distribution on the endocardial volume
(cavity) of the rat heart models as shown in Figure 3-13. The emphasis of Figure 3-6 is to
view the details of stress distribution (on healthy and infarcted regions) in long-axis.
Figure 3-15 (a) shows that the radial stresses of the healthy model at the apex are low
compared to the radial stresses at the free wall (LV) and septal wall. However, the septal
wall of the healthy model is still showing that it has high radial, circumferential and

longitudinal stresses at the endocardium when compared with free wall (LV).
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Healthy Two-week infarct Four-week infarct

(9)

Figure 3-13: Contour plots of end-diastolic stress in in the healthy, two-week and four-week infarct
models. (a)-(c): Radial stress, (d)-(f):Circumferential stress, and (g)-(i): Longitudinal stress.
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Figure 3-14: Contour plots of end-diastolic stress in short axis cross section equidistant between the
base and the apex for the healthy, two-week and four-week infarct models. (a)-(c): Radial stress, (d)-
(f):Circumferential stress, and (g)-(i): Longitudinal stress.
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Figure 3-15: Contour plots of end-diastolic stress in central long axis cross section for the healthy,
two-week and four-week infarct models. (a)-(c): Radial stress, (d)-(f):Circumferential stress, and
(9)-(i): Longitudinal stress.
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Figure 3-16 (a)-(i) shows the radial, circumferential and longitudinal strain contour line on
healthy, two-week and four-week infarcted heart models, respectively. As shown in
Figure 3-16 (a), the radial strain on the free wall (LV) was found to be -0.45 and -0.05667 on
the endocardium and epicardium, respectively. In addition, as shown in Figure 3-16 (a), the
radial strain on the septal wall was found to be -0.3517 and —0.1058 on the endocardium
and epicardium, respectively. When comparing the radial strain of the healthy model, it is
concluded that at the free wall on the endocardium, the radial strain is higher than the radial
strain at the septal wall at the endocardium by 21.84%. In addition, when comparing the
radial strain of the healthy model, it is concluded that at the free wall on the endocardium,
the radial strain is lower than the radial strain at the septal wall at the endocardium by 45.28
%. When studying the radial strain at the infarcted region of the free wall (LV) of two-week
and four-week models, it was found that the strain of -0.0075 was recorded (See Figure 3-16
(b) and (c)). The radial strain at the free wall (LV) at the healthy myocardium is higher than
the infarcted region by 98.33 %.

The circumferential strain in the free wall (LV) of the healthy model (Figure 3-16 (d)) at the
endocardium was found to be 0.2887 and 0.00625, respectively. Furthermore, the
circumferential strain in the septal wall of the healthy model (Figure 3-16 (d)) at the
endocardium was found to be -0.3025 and -0.05667, respectively. Also, when comparing the
circumferential strain on the infarcted region of two and four-week models with the healthy
model, it was found that there is a circumferential strain of -0.0075 and -0.45 at the free wall
of the healthy and infarcted myocardium, respectively. When comparing the circumferential
strain at the endocardium of the healthy model at the free wall (LV), it was found that the
circumferential strain at the free wall was lower by 4.56 % when compared to the septal wall
at the endocardium. Moreover, when comparing the circumferential strain at the
endocardium of the healthy model at the free wall (LV), it was found that the circumferential
strain at the free wall is lower by 88.97 % when compared to the septal wall at the
endocardium. The radial strain at the free wall on the endocardium of the healthy model is
higher than the radial strain at the septal wall. This is contrary to the circumferential strain,
as the circumferential strain at the free wall on the endocardium of the healthy model is

lower than the circumferential strain at the septal wall.

There is a reduction of strain in both infarct models at the infarcted region. The radial,
circumferential and longitudinal strains of the healthy model were reduced from -0.45 to
-0.05667 on the infarcted heart models. This is due to the fact that the material properties at

these regions are modified and the scaling stress factor was increased compared to healthy
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tissue by 10 times from 0.02 kPa to 0.2 kPa. In addition, the left ventricle of the healthy
model deforms symmetrically in the healthy myocardium from the pericardium to the
endocardium. The two-week infarcted heart, Figure 3-18 (b), (e) and (h), has a smaller
infarct region of about 16% of LV wall volume whereas the infarcted at four-week (as shown
in Figure 3-18 (c), (f) and (i)) is about 26 % of LV wall volume. The strain distribution in the

RV is similar in all models as the RV wall was not infarcted.

Figure 3-16 (g)-(i) shows the longitudinal strain of the healthy, two and four-week infarct
models. The contours of the longitudinal strain are not uniform in the same way as the radial
and circumferential strain as shown in Figure 3-16 (a)-(f). What is important to note in
Figure 3-16 (g)-(i), is that all models have the longitudinal strain of 0.1900 at the mid-
ventricular position (between apex and base) on both the free wall (LV) and septal walls.
This behaviour is different from what was observed in the radial and circumferential strain.
When compared with the healthy model, the infarct models have a lower longitudinal strain
of 0.0025.

The aim of Figure 3-17 is to view the strain contour of healthy and infarct models in the
short-axis view. This view provides the strain distribution differentiation in the healthy and
infarct models. In Figure 3-17 (a), it can be seen that the radial strain of the healthy model at
the endocardium is higher than the radial strain at the epicardium position. When looking at
Figure 3-17 (b and (c), it can be seen that the radial strain at the endocardium for two and
four-week models is lower that the radial strain in the healthy model. Similarly, it can be seen
that the circumferential strain is higher at the healthy model and lower for the two and four-
week models, as shown in Figure 3-17 (d)-(f). In Figure 3-17 (g)-(i), it was found that the
longitudinal strain of the free wall (LV) on the endocardium is higher than the infarct models.
The longitudinal strain of the free wall (LV) on the endocardium of healthy, two and four-
week models are found to be 0.1400, 0.06667 and 0.03, respectively. However, on the
septal wall (endocardium of LV), it was found that the longitudinal strain of the healthy model
is lower than the longitudinal strain of the two and four-week infarct models. The longitudinal
strain of the septal wall (endocardium of LV) on the endocardium of healthy, two and four-
week models are found to be, 0.06667 and 0.140 and 0.140, respectively.

All three hearts have greater strain in the radial direction (Figure 3-18 (a)-(c)) than in the
circumferential direction (Figure 3-18 (d)-(f)) and longitudinal directions (Figure 3-19 (g)-(i)).
However, the circumferential strains in the infarcted regions for both two-week and four-

week infarcted hearts show a reduction of strain compared to the healthy heart. This is due

77



to the change of material properties on the region. It is important to note that even if there is
a reduction of circumferential strains in the infarcted regions, the radial strains in the
infarcted regions remain small as compared to the circumferential. Figure 3-18 (g)-(i)
indicates that the strain in the longitudinal direction is minimal compared to the radial and
circumferential strain. This means that the infarcted regions on the heart models have lower
strain in the longitudinal direction when compared with the radial and circumferential strains.
This clearly conforms to what was expected. Figure 3-17 and Figure 3-18 show the contour

strain plots for passive filling simulation in the short-axis and long-axis, respectively.

Healthy Two-week infarct  Four-week infarct

Radial Strain

+1.400e-01
+9.083e-02
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Longi. Strain

(9) (h) (i)

Figure 3-16: Contour plots of end-diastolic strain in central long axis cross section and endocardium
for the healthy, two-week and four-week infarct models. (a)-(c): Radial strain,
(d)-(f):Circumferential strain, and (g)-(i): Longitudinal strain .

78



Healthy Two-week infarct Four-week infarct
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Figure 3-17: Contour plots of end-diastolic strain in short axis cross section equidistant between the
base and the apex for the healthy, two-week and four-week infarct models. (a)-(c): Radial strain, (d)-
(f): Circumferential strain, and (g)-(i): Longitudinal strain.
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Figure 3-18: Contour plots of end-diastolic strain in central long axis cross section for the healthy, two-
week and four-week infarct models. (a)-(c): Radial strain, (d)-(f): Circumferential strain, and
(9)-(i): Longitudinal strain.
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3.3.3.2 End-diastolic stress along intramural paths in the left ventricle

Figure 3-6 shows the arrangement of intramural paths along which stress and strain results
will be assessed and illustrated. Depending on the cardiac region, the transmural position is
expressed by the normalised myocardial thickness ranging between 0 and 1 as follows:

e LV free wall: 0 = epicardium, 0.5 = mid-wall and 1 = endocardium,

e Septal wall: 0 = RV endocardium, 0.5 = mid-wall and 1 = LV endocardium.

Figure 3-19 (a-c) shows the transmural radial stress. The myocardium is in compression
state in the radial direction. Generally, on the free wall, the radial stresses increase from 0.6
kPa to 4.8 kPa on epicardium and endocardium, respectively. However, on the septal wall,
the radial stress has a high value of -0.9 kPa at the epicardium of the RV. This is because
the load pressure is applied to the endocardium. The epicardial wall is left to be free with no
external load applied on it. The radial stress near the boundary condition at the base that
was fixed in both radial and longitudinal directions is not predictable and remains negligible

compared to other regions or paths.

Figure 3-19 (c) shows the radial stresses of the four-week infarcted rat model. The radial
stresses on the septal wall of the four-week infarct model show that the stress begins at an
average of -4.75 kPa. The path F shows higher radial stress value at the epicardial wall. This
is contrary to others regions as the stress value starts lower than the value attributed in path
F.

This is attributed to the change of stress scaling factor C to 0.2 kPa from 0.02kPa. The
infarcted regions as shown in Figure 3-19 (a) are paths E and F. The rest of the paths are on
the healthy myocardium and are expected to behave like the healthy model. Again, the
infarcted regions on the four-week heart models are represented by regions C, D, E and F
(See Figure 3-19 (b)).

As shown in Figure 3-19 (d-f), the circumferential stress remains high to the value of 5.6 kPa
as compared to the radial stresses. Again, the circumferential stresses increase as a
function of normalised myocardial thickness. The stress is high at the epicardium and low at
the endocardium. The highest circumferential stress is approximately 19 kPa whereas the
radial stress is 4.8 kPa. In both the healthy and infarcted rat heart models, the
circumferential stresses were observed to be higher than both radial and longitudinal stress

at the infarcted and healthy regions.
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Figure 3-19 (g)-(i) shows the longitudinal stresses of the healthy and infarcted rat heart
models. Paths A to F indicate low longitudinal stresses in all rat heart models when
compared to both the radial and circumferential stresses. The paths I, K and L in the septal
region show lower longitudinal stresses compared to the values reported along paths A to F.
As shown in Figure 3-19 (g) the healthy model shows the lower longitudinal stresses in paths
A, B, C, D, E and F. This behaviour is also observed in both the two and four-week infarct
models. In Figure 3-19 (h) and (i), the longitudinal stresses in paths C, D, E and F increase.
The longitudinal stresses increase from average of 1.5 kPa to 3.2 kPa on C, D, E and F

paths is attributed to the wall thinning on the model due to infarcted tissue.

The circumferential stresses values at the infarcted regions for two and four-week models in
path E and F are generally lower than those in the healthy regions. (Please note that the
healthy region is found in both the healthy and infarct models). As shown in Figure 3-19 (d-f),
the circumferential stresses for the four-week infarct model are higher than both healthy and
the two-week infarct models due to the stretching effect. This may be attributed to the further
thinning of the wall in the four-week infarct model. The paths A, B, C, D, E and F
circumferential stress start with low value at the epicardium and increases as it approaches
the endocardium. It is important to note that the circumferential stresses of the septal wall
exhibit different behaviour than those of the wall on LV. The circumferential stresses begin at

the epicardial wall of LV at a value of approximately zero.

The longitudinal stresses as shown in Figure 3-19 (g)-(i) show that the myocardium is under
tension longitudinally. In the infarcted heart models considered, the longitudinal direction has
the lowest average stress value of 1.5 kPa as compared to 4.8 kPa of both the radial
stresses. It is important to note that the longitudinal stresses vary as a function of normalised
myocardial thickness. However, for all three models, the longitudinal stress has different
behaviour when compared to radial and circumferential stress. In addition, the radial stress
varies from endocardium to epicardium with nearly 0.2 kPa and 4.8 kPa at the epicardium

and endocardium, respectively.

Comparing the healthy and two-week infarct model, the longitudinal stresses remain the
lowest when compared with both radial and circumferential stresses. At the infarcted regions
E and F, the longitudinal stresses have decreased by an average of 65% when compared to
radial and circumferential stresses. This exhibits a similar trend with that of the healthy
model. The longitudinal stresses show that the myocardium is under tensile state. The radial

and circumferential stresses path shows a steady increase from the epicardium to the
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endocardium for all heart models. In this case, the stress values are high at both end i.e.
endocardium and epicardium. In the majority of paths the longitudinal stresses have lower

value at the mid-wall.
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Figure 3-19: Transmural distribution of end-diastolic stress versus normalised myocardial thickness of LV free wall and septal wall for of healthy, two-week and four-week
infarct models. (a)-(c): Radial stresses, (d)-(f): Circumferential stresses, and (g)-(i): Longitudinal stresses.
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3.3.3.3 End-diastolic strain along intramural paths in the left ventricle

It is important to note that all paths as shown in Figure 3-20 (a), (b) and (c) have radial strain
values which vary from the epicardium to the endocardium. This is attributed to the boundary
conditions applied in the model. In addition, paths labelled B, C, D, E and F have the highest
radial strain of -0.35. This is because the wall in this region is free to move and it is not
restricted as compared to other walls, like the wall between the LV and RV. On the other
side, the wall between the RV and LV is restricted because the pressure of 3.8 kPa and 1.2
kPa is applied on wall cavity. To note here is that both the strains and stresses in radial
direction are negative and this simply means that the wall might be in compression. The
radial strains increase from the epicardium to the endocardium. Similar to the radial
stresses, the radial strains show that the myocardium is in radial compression. The radial

strain at the infarcted regions is shown to be lower than in the healthy regions.

As shown in Figure 3-20 (d)-(f), the circumferential strains vary from the epicardial wall to the
endocardial wall. The values increase exponentially from the epicardium to the endocardium.
The values of circumferential strains are positive, indicating that the wall in this direction is
under tension. Again, the paths B, C, D, E and F move more than the other regions. The
circumferential strains values are higher than those of the radial and longitudinal strains.

This concludes that the heart model moves more in the circumferential direction.

The circumferential strains are generally higher than those of the healthy model including the
infarcted paths E and F. Similarly, the circumferential strains increase from the epicardial to
the endocardial wall. In this case, the majority of strains values are positive. This means that
the myocardium is in tension in the circumferential direction. This behaviour includes the

infarcted regions.

As shown in Figure 3-20 (g)-(i), the longitudinal strains behave slightly differently to the
longitudinal stresses. The longitudinal stresses show higher stress value at both the
endocardium and the epicardium wall. Furthermore, the longitudinal strains behaviour is
similar to that of the radial and circumferential strains. This means that the longitudinal
strains are nearly zero at the epicardium wall and increase as they approach the
endocardium. The longitudinal strains are at the highest at the endocardium wall. Figure 3-
21 (9)-(i) shows the behaviour of longitudinal strains in eight paths on LV. The values show

that the two-week infarct model has low movement in the longitudinal direction.
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3.3.4 End-diastolic myocardial mechanics in the left-ventricular infarct region
and the septal wall

This section shows the stresses and strains in radial, circumferential and longitudinal
directions for healthy, two-week and four-week infarct models. The radial, circumferential
and longitudinal stresses at epicardial, mid-wall and endocardium at regions C, D, E and F
are plotted for comparison purposes. This section allows for comparing how stresses and
strains behave in different regions of both the healthy and infarct models. In a later section,
the average stresses and strains are computed in order to compare the average values of
stresses and strains in healthy and infarcted regions. This allows one to gain an
understanding of the mechanisms of myocardial infarction in rat heart. This understanding is

critical in the adoption of Ml treatment during these stages.

3.34.1 End-diastolic stress and strain in the left-ventricular infarct

region

Figure 3-21 (a)-(c) shows the radial stresses of healthy and infarct models in endocardium,
mid-wall and epicardium of the region of the infarct defined by the paths C, D, E and F. The
radial stress at the endocardial wall seems to be higher than stress in the mid-wall and
epicardial wall. The highest stress recorded is in the region C and D in healthy and two-week
infarct models. The regions C and D in the infarct model do not cover or include the infarcted
area. Furthermore, the radial stress at endocardium in regions E and F shows to have

decreased due to infarction.

Figure 3-21 (d)-(f) shows the circumferential stresses in healthy and infarct models. The
circumferential stresses are reported to be high in both the healthy and infarcted
myocardium. The high circumferential stresses are recorded on the infarcted regions. Similar
to the radial stresses, the circumferential stresses are high at the endocardial wall and lower

at the epicardial wall.

Figure 3-21 (g)-(i) shows the longitudinal stresses at the paths C, D, E and F at
endocardium, mid-wall and epicardium. The longitudinal stresses are high at both the
epicardium and endocardium and low at the mid-wall. This is different from the radial and
circumferential stresses at these regions. The majority of high longitudinal stresses are
presented in the healthy model at regions D, E and F. The longitudinal stresses at four-week

infarct model are high in regions C, D, E and F.
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Figure 3-21: Comparison of average end-diastolic stress at paths C, D, E and F at endocardium, mid-

wall and epicardium of the healthy, two-week and four-week infarct models. (a)-(c): Radial stress,

(d)-(f): Circumferential stress, and (g)-(i) Longitudinal stress.
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Figure 3-22 (a)-(c) shows that the radial strains for the four-week infarct model are high at
the healthy regions (C and D) and lower at the infarcted regions (E and F). This is a similar
trend with the two-week infarct model because at this model, the radial strains at the
endocardium are high at regions C and D and low at regions E and F. In this model, the
radial strains at E and F are longer than those of the four-week infarct model. At the
epicardium wall the radial strains seem to have flattened for the four-week infarct model at
the regions C, D, E and F. The radial strains at the mid-wall are greater than those of the

epicardial wall but less than those of the endocardial wall.

In Figure 3-22 (d)-(f), it is interesting to note that the circumferential strains for healthy, two-
week and four-week infarct models are generally lower than the radial strains. Again, it is
vital to note that the radial stress is lower than the circumferential stress but the
circumferential stress is higher than the radial stress. In this case the circumferential strain is
much lower than the strains at the endocardial wall. This is in contrast to the radial strains,
because the radial strains at the epicardium are lower than those of the endocardium wall,
but not as great as those of the circumferential strains. At regions C, D, E and F the
circumferential strains of the four-week infarct model are much lower than those of the
healthy model in regions C, D, E and F. The healthy model at regions C, D, E and F exhibit
highest strains value when comparing with the two-week infarct model. It is interesting to
note that the circumferential strains in healthy, two-week and four-week infarct models
remain flat. This means that the value of circumferential strains are independent of whether

the tissue is infarcted or not infarcted at the epicardial wall.

Figure 3-22 (g)-(i) shows the longitudinal strains at regions C, D, E and F for healthy, two-
week and four-week infarct models. On average, the maijority of the longitudinal strains have
been shown to remain constant in the endocardial wall, mid-wall and epicardial wall. The
difference between the radial and circumferential strains is that at the infarcted region F, the
strains at endocardium and mid-wall are under compression as opposed to the other regions
where the myocardial wall remains under tension. The healthy model at region F in the
endocardium has the highest longitudinal strains of -0.14. At the mid-wall the healthy model

has the highest longitudinal strains of -0.05.
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Figure 3-22: Comparison of average end-diastolic strain at paths C, D, E and F at endocardium, mid-
wall and epicardium of the healthy, two-week and four-week infarct models. (a)-(c): Radial strain,
(d)-(f): Circumferential strain, and (g)-(i) Longitudinal strain .
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3.34.2 End-diastolic stress and strain in the septal wall

Figure 3-23 (a)-(c) shows the radial stresses at LV endocardium, mid-wall and LV
epicardium in the septal wall of healthy, two-week and four-week infarct models. The septal
region of interest was defined by the paths |, J, K and L. The radial stresses at |, J, Kand L
regions have the average value of 3.8 kPa in the endocardium wall. The healthy model
shows the radial stress as lower than the applied pressure of 4.8 kPa in the endocardium
wall. Region K shows the lowest radial stress for the healthy model at 1.1 kPa at the
endocardial wall. This is similar in the mid-wall, because the radial stress at the mid-wall in
the healthy model is the lowest at less than 1 kPa. Furthermore, the radial stresses in
regions |, J, K and L are shown to be equal in the epicardium for healthy, two-week and four-
week infarct models. The four-week infarct model has the highest value of radial stress at
region K at both the endocardium and the epicardium. For the two-week infarct model, the
highest radial stress is located at region L with the value of 4.7 kPa. At the same position
and model, the radial stress at the mid-wall is the highest at region L with the value of
approximately 2 kPa. At the epicardium in region I, the radial stress is 0.8 kPa for both the
healthy and four-week infarct models. The radial stress in region | for the two-week infarct

model is lower than both the healthy and four-week infarct models at a value of 0.67 kPa.

Figure 3-23 (a)-(i) shows the stress in the radial, circumferential and longitudinal directions
for healthy, two and four-week infarct models in the |, J, K, L regions/paths. These stresses
are measured by the defined paths in the endocardium, mid-wall and epicardium positions at
end-diastole phase. It can be seen from Figure 3-23 (a), (d) and (g) that the radial,
circumferential and longitudinal stresses are high at the endocardium. This is because the
applied pressure mimicking the end-diastolic pressure of 4.5 kPa and 0.92 kPa was applied
on the endocardial wall of LV and RV, respectively. The circumferential stresses as shown in
Figure 3-24 (d), (e) and (f) are high at all positions from endocardium to the epicardium. It is
vital to note that the stresses in radial, circumferential and longitudinal directions are high at
the four-week infarct model followed by the two-week infarct model. The healthy model is

showing low stress in all directions when compared to the four and two-week infarct models.

The highest radial stress is 4.5 kPa shown in region K followed by region J at the
endocardium on the four-week infarct model. All models, including the healthy and infarcted,
have no pressure applied on the epicardium. However, their radial stress at the epicardium
is the lowest in all regions when compared to endocardium and mid-wall positions. In
general, the radial stresses at the epicardium in regions |, J, K and L for healthy, two and

four-week infarct models show stress which is flat. In other words, the radial stress remains
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the same in regions |, J, K and L irrespective of the models as shown in Figure 3-23 (c). This
observation could be attributed to the fact that all surfaces at the epicardial position
experience the same pressure irrespective of whether the model is healthy or infarcted. The
regions |, J, K and L are positioned between the LV and the RV. In fact this wall divides the
RV and the LV. However, this wall is subjected to the applied pressures on both sides of the

wall.

Figure 3-23 (d)-(f) shows the circumferential stress in the epicardial position in the regions |,
J, Kand L for healthy and infarct models. Contrary to the radial stress shown in Figure 3-24
(d), the circumferential stress for healthy and infarct models is higher than the radial stress.
Furthermore, the circumferential stresses in all regions are approximately equal in
magnitude for the four-week infarct model. The healthy model shows the minimum
circumferential stress as compared to infarct models at end-diastole at the epicardial
position. The average stress for the four-week infarct model in regions |, J, K and L is
estimated to be 3.0 kPa. At the endocardium, the highest circumferential stress is 22 kPa at
region | followed by 20.0 kPa at region K for the four-week infarct model. Again, the
circumferential stress for the healthy model at the endocardium is lower compared to the
infarct models. The general trend observed in Figure 3-23 (d) is that at each region, the
highest circumferential stress is linked to the four-week infarct model followed by the two-
week infarct model and lastly the healthy model. When comparing the circumferential stress
at the mid-wall and epicardium for all models, it can be seen that the average circumferential
stress is 6 kPa at the mid-wall, while the average circumferential stress is 3.0 kPa at the
epicardium. To note here is that the circumferential stresses are all positive which indicates
that the model is under tension in endocardial, mid-wall and epicardial positions at the end-

diastole phase as shown in Figure 3-23 (d)-(f).

Figure 3-23 (g)-(i) shows the longitudinal stresses in regions |, J, K and L at endocardial,
mid-wall and epicardial positions for healthy and infarct models. Generally, the longitudinal
stresses at endocardium, mid-wall and epicardium in the regions I, J, K and L are
approximately equal for healthy and infarct models. This behaviour is expected because the
movement in the longitudinal direction is the same in all models since the pressure applied
on the endocardial wall is the same. The longitudinal stresses in mid-wall and epicardial
positions are positive and this indicates that the models are under tension. In other words,
the heart models expand in the longitudinal direction. At regions K and L the longitudinal
stress at the epicardium for the four-week infarct model are higher when compared to region
I and L.
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Figure 3-23: Comparison of average end-diastolic stress at paths I, J, K and L at endocardium, mid-

wall and epicardium of the healthy, two-week and four-week infarct models. (a)-(c): Radial stress,

(d)-(f): Circumferential stress, and (g)-(i) Longitudinal stress.
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Figure 3-24 (a)-(i) shows the strains in the radial, circumferential and longitudinal directions
for healthy, two and four-week infarct models in the |, J, K, and L regions/paths. As shown in
Figure 3-24 (a-c), the radial strain is higher than the circumferential and longitudinal strains.
In regions |, J and K the radial strains are high in the four-week infarct model. The radial
strains in all regions are low in the healthy model. At the endocardial position, the radial
strains are high followed by the strain at the mid-wall. The radial strain at the epicardium is
seen to be the lowest when comparing it to the endocardium and mid-wall. Furthermore, the
radial strain at epicardium is found to be -0.16, -0.19, -0.19 and -0.18 for regions |, J, K and
L in the four-week infarct model. Furthermore, the radial strains at the mid-wall are -0.18, -

0.22, -0.25 and -0.21 in region |, J, K and L in the four-week infarct models, respectively.

As shown in Figure 3-24 (a), the radial strain at the endocardial position is observed to be
the highest when compared to the circumferential and longitudinal strains. The radial strains
at the endocardium are -0.27, -0.30, -0.34, -0.31 for the four-week infarct model. In addition,
the radial strains on the two-week infarct model are -0.22, -0.23, -0.25, -0.31 in the regions |,
J, K and L, respectively. When looking at Figure 3-24 (a), it can be seen that the healthy
model has lower radial strains. The radial strains in the healthy model are -0.19, -0.24, -0.25,
-0.22 in regions |, J, K and L, respectively. It is important to note that the radial strains are
positive at the endocardium, mid-wall and epicardium in regions |, J, K and L are in
compression state. This observation is false when looking at the circumferential and

longitudinal strains because they are both in tension.

Figure 3-24 (d)-(f) shows the strains in the circumferential direction for all models and
regions. Generally, the strains in the circumferential direction are lower than the radial
direction. However, the trend observed is that the circumferential strains are higher in the
four-week infarct models and lowest in the healthy model. At the endocardium as shown in
Figure 3-24 (d), the circumferential strains are 0.23, 0.23, 0.26 and 0.2 in regions |, J, K and
L, respectively on the four-week infarct model. Moreover, at the mid-wall as shown in Figure
3-25 (d), the circumferential strains are 0.14, 0.15, 0.16 and 0.15 in regions |, J, K and L,
respectively on the four-week infarct model. In addition, at the epicardium as shown in
Figure 3-25 (d), the circumferential strains are 0.11, 0.13, 0.12 and 0.14 in regions |, J, K
and L, respectively on the four-week infarct model. When looking in Figure 3-24 (d)-(f) it is
clear that the circumferential strain on the endocardium, mid-wall and epicardium is high for
the infarct model. The trend observed in Figure 3-24 (d)-(f) is in line with what is expected in

reality because of the models physical properties.
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In regions |, J, K and L, the circumferential strains in the healthy model are 0.17, 0.185, 0.19,
and 0.14 at the endocardium. Additionally, in regions I, J, K and L, the circumferential strains
in the healthy model are 0.075, 0.074, 0.074, and 0.074 at the mid-wall. Furthermore, in
regions |, J, K and L, the circumferential strains in the healthy model are 0.025, 0.027, 0.026,
and 0.025 at the epicardium. At the mid-wall and epicardial position, the circumferential
strains in the healthy model are observed to be equal in the regions I, J, K and L. The
observation was also found to be similar to the circumferential strains in the two-week infarct

model.

Figure 3-24 (g)-(i) shows the longitudinal strains in endocardial, mid-wall and epicardial
positions for healthy and infarct models in the regions |, J, K and L. When compared to the
radial and circumferential strains, the longitudinal strains are low. This means that at end-
diastole, there is little movement in the longitudinal direction when compared to radial and
circumferential directions. This is true because the applied pressure was mainly in the radial
direction and therefore there is little expectation that the model will move greatly in the
longitudinal direction. Figure 3-24 (a) and (d) shows that the radial and circumferential
strains in the endocardium are uniform across the regions. However, as shown in
Figure 3-24 (g), the longitudinal strain in the endocardium is not uniform across the regions
(I, J, K and L). The non-uniformity of longitudinal strain in the endocardium continues to the
mid-wall and epicardium across regions I, J, K and L in all models. The longitudinal strains in
region | at the endocardium and mid-wall are lower than the longitudinal strains in the
epicardium. Longitudinal strains at regions |, J, Kand L are 0.03, 0.076, 0.12, and 0.09 in the
endocardium on the four-week infarct model, respectively. Furthermore, the longitudinal
strains at regions I, J, K and L are 0.025, 0.064, 0.092, and 0.065 in the mid-wall on the four-
week infarct model, respectively. Moreover, the longitudinal strains at regions |, J, K and L
are 00.068, 0.078, 0.078, and 0.05 in the epicardium on the four-week infarct model,
respectively. The pattern is similar to the longitudinal strains in the endocardium, mid-wall
and epicardium in regions I, J, K and L on the healthy and two-week infarct models. The
general observation is that the longitudinal strains are high at the endocardium and

epicardium but lower at the mid-wall in all regions for healthy and infarct models.

The strain in the circumferential direction is lower than the strains in the radial direction as
shown in Figure 3-24 (a) and (d). However the stress in the circumferential direction is higher
than the stress in the radial direction for all regions in healthy and infarct models. This
means that even though the strain in the circumferential direction is lower than the strain in

the radial direction, the magnitude of the stress in the circumferential and radial directions
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does not depend entirely on the strains. This clearly means that the stress magnitudes

depend not only on the magnitude of strains but also on the constitutive parameters

provided.
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Figure 3-24: Comparison of average end-diastolic strain at paths I, J, K and L at endocardium, mid-
wall and epicardium of the healthy, two-week and four-week infarct models. (a)-(c): Radial strain,

(d)-(f): Circumferential strain, and (g)-(i) Longitudinal strain .
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3.3.4.3 Comparison of end-diastolic stress and strain in infarct region

and septal region

Transmural stress remains one of the important factors in determining and understanding
the underlying mechanisms in healthy and infarcted heart. The measurement of stress
across the myocardium from endocardium to the epicardium provides more information as
the stress could be measured at any point across the myocardial wall. In this study, the
transmural stresses across the wall were recorded in healthy and infarct models. This
approach has shown great success and was utilised by various authors in heart mechanics
including (Carapella et al., 2014; Omens et al., 1993; Wenk et al., 2011b; Wenk et al.,
2013b). In this study, this was achieved by recording the stresses on the predefined paths
from the epicardium to the endocardium. In order to ensure consistency and comparability,
the paths were defined such that the stresses are compared exactly at the same path for all
models. In addition, the radial, circumferential and longitudinal stresses are then recorded
and compared with healthy and infarct models. The stresses at paths A, B, C, D, E, F, G, H,

I, J, Kand L are shown in Figure 3-6.

It was observed that the defined material properties have an influence on the value of
stresses in the defined path. If stress scaling factor C escalates, the average radial,
circumferential and longitudinal stresses also increase. In the infarcted regions of both two
and four-week infarct models, the stress scaling factor C was increased by tenfold as
compared to the healthy myocardium. This has resulted in the increase of stresses in these
regions i.e., paths E and F in the two-week model and paths C, D, E and F in the four-week

model.

Figure 3-25 (a)-(f) shows the average radial stresses of paths C, D, E and F for healthy, two-
week and four-week infarct models. The radial average stresses in these regions are shown
to be minimal. This is in agreement with the physical constraint of the model because the
uniform pressure was applied only on the endocardial wall of the model. Furthermore, the
average radial stresses at the endocardial wall are shown to be greater than at the epicardial
wall. The pressure of 4.8 kPa (36 mmHg) was applied at the endocardial wall, so the
expectation is that the average radial stresses must be equal to 4.8kPa. The healthy model
is the only model in agreement with this since it has an average radial stress of 4.4 kPa. The
two-week model shows that there is an average stress of 3.0 kPa. This is a low value since it
is lower than the expected value of 4.8 kPa. In addition, the average radial stress of the four-
week model is less than the expected value of 4.8 kPa. This model records the value of

radial stress as 2.6 kPa. The lowering of average radial stresses could be due to the wall
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thinning in the infarcted area. It is concluded that the wall thinning due to the infarcts has
impact on the value of the radial stresses. Recently, (Wenk et al., 2013b) developed a
biventricular FE model of swine heart and reported on the average myofibre stress during
ED and ES phases (passive filling and active contraction phases). In this regard, it was

concluded that myofibre stress during ES phase is higher than in ED phase.

The radial stress on the healthy model in regions B, C and D at the epicardium is 3.2 kPa,
4.0 kPa and 3.0 kPa. While the circumferential stress in regions B, C and D at the
epicardium are 15.8 kPa, 14.4 kPa and 3.0 kPa. The stresses on regions B, C, D are 2.25
kPa, 2.25 kPa and 1.35 kPa. The high circumferential stresses in this region could be
attributed to the high stress scaling factor in the infarcted tissue. This shows that for healthy
diastolic model simulation the highest stress recorded is on the circumferential direction. For
region B the radial stress is higher by 79% than radial stress at the epicardium. At regions C,
D, E and F the radial stress at the endocardium is lower than at the epicardium. The mid-wall

stresses at these regions seem to be lower than those in the epicardial region.

The radial stresses on paths |, J, K and L show the linear increase from the pericardium to
the endocardium. The epicardium has the lowest average radial stress and the mid-wall has
recorded the mid value between the epicardial and the endocardium. Furthermore, the
average radial stresses in paths |, J, K and L show the highest values. Again, this is
attributed to the physical nature and the boundary conditions applied on healthy, two-week
and four-week infarct models. To note here is that the average radial stress in paths C, D, E
and F is greater than the average radial stress in regions |, J, K and L. The paths I, J, K and
L are located in the wall between the LV and the RV. This means that this wall is subjected
to both the pressures applied on the LV and the RV. The radial stresses on paths I, J, K and
L have a high value of stress at the epicardium. This is contrary to what was recorded in the
regions C, D, E and F. These results are different to the single ventricular model (Mojsejenko
et al., 2014; Omens et al., 1993; Wenk et al., 2011a; Wenk et al 2011b) because in the bi-

ventricular model, there is no additional pressure applied on the septum.

The circumferential stresses of both paths I, J, K and L and C, D, E and F are higher than
the average radial stresses in the same regions. This means that all models have the
movement in the circumferential direction. Paths C, D, E and F show high circumferential
stresses on the healthy model at the endocardial wall surface. The mid-wall has the
circumferential stresses greater than at the epicardial wall. This is the expected behaviour

since the model was constrained in such a way that the pressure is applied at the
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endocardial wall. Furthermore, the circumferential stress increases from 1.3 kPa on the
epicardial wall to the value of 6.5 kPa on the endocardial wall from healthy to four-week
infarcted, respectively. The average circumferential stress at the mid-wall increased from 2.4
kPa, 5.2 kPa and 8 kPa in healthy, two-week and four-week infarct models. The average
circumferential stresses show a decrease from the healthy model with 14.3 kPa and 11.7
kPa in the mid-wall and 10.9 kPa at the four-week infarct model. This means that the healthy
model has greater movement in the paths C, D, E and F as compared to the infarcted
region. This happens so because the infarct models have a thinned wall and this wall

becomes stiffer as compared to the healthy model.

Contrary to what was observed in the paths C, D, E and F, the paths I, J, K and L show
different circumferential stresses value. The healthy model seems to move little compared to
the other infarct models. The average circumferential stress in the epicardial wall on the
healthy model is 0.3 kPa while two-week and four weeks infarct models have the average
circumferential stresses at the epicardium of 1.8 kPa and 2.9 kPa, respectively. Furthermore,
the circumferential stress for the healthy model at the mid-wall is 1.4 kPa while the
circumferential stress at the mid-wall at two-week and four-week infarct models are 2.9 kPa
and 5.0 kPa, respectively. The paths I, J, K and L show that there is greater movement in
these regions at the endocardium from 10 kPa to 18.3 kPa in healthy and four-week infarct

models.

The paths labelled I, J, K and L is the myocardium wall that is shared by the LV and RV
(septal wall). The reason that the paths C, D, E and F show far less circumferential values in
the epicardium, mid-wall and endocardium in all models is that the wall does not constitute
the infarcted regions and it will move more than others because the material properties are
not changed. The other reason affecting the movement of region C, D, E and F is that the
path |, J, K and L region experience pressure in both the epicardial wall and the endocardial
wall. This has the tendency to greatly increase the circumferential stress. The longitudinal
direction in this model shows how the heart moves. As shown in Figure 3-25 in the healthy
model, the longitudinal stress is high at both the epicardial and endocardial walls. The
longitudinal stress at the mid-wall region is required to have the lowest value. The
explanation for this is that the wall at the epicardium moves relative to the endocardial wall.

This could be again attributed to the fibre orientation at that region.

The longitudinal stresses on the paths |, J, K and L for the healthy model shows that the

stresses values are high at the mid-wall for the healthy model. On the two-week infarct
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model the longitudinal stresses at the mid wall show a decrease and the value is lower than
the stress at the epicardial and endocardial walls. As shown in Figure 3-25, the important
aspect to note is that the longitudinal stress at the epicardial wall for healthy, two-week and
four-week infarct models are 0.5 kPa, 1.8 kPa and 2.6 kPa, respectively. Similarly, the
longitudinal stress at mid-wall for healthy, two-week and four-week infarct models are 0.55
kPa, 0.8kPa and 1.9 kPa, respectively.
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Figure 3-25: End-diastolic stress for healthy, two-week and four-week infarct models.
Average radial (a), circumferential (b) and longitudinal (c) stress at paths C, D, E and F.
Average radial (d), circumferential (e) and longitudinal (f) stress at paths I, J, K and L.

Strain has been used greatly in trying to understand the mechanisms associated with
myocardial infarction in heart. Unlike stress, strain has been documented in various animal

experiments to study the myocardial mechanics of healthy and infarcted heart tissues.
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Figure 3-26 (a)-(f) shows the comparison of average radial, circumferential and longitudinal
strains in LV paths C-F and septal paths I-L for healthy, two-week and four-week infarct
models. The septal wall shows that it is in compression from the epicardial to endocardial
wall. The healthy model shows average radial strains of -0.163, -0.268 and -0.562 at
epicardial, mid-wall and endocardial position, respectively. Furthermore, the two-week infarct
model shows average radial strains of -0.137, -0.250 and -0.364 in epicardial, mid-wall and
endocardial wall, respectively. Moreover, the four-week model shows average radial strains
of -0.04, -0.07 and -0.11 in epicardial, mid-wall and endocardial wall, respectively (see
Figure 3-26 (a)).

When comparing the radial strain to the circumferential strain in all models, it was found that
the average circumferential strains in the regions C-F are lower than the average radial
strains (see Figure 3-26 (a) and (b)). The average circumferential strain of the healthy
model at the endocardium is found to be 0.281. This strain is 50% lower than the average
radial strain of the healthy model at the endocardium. The healthy model shows average
circumferential strains of 0.032, 0.043 and 0.281 at epicardial, mid-wall and endocardial
position, respectively. Furthermore, the two-week infarct model shows average
circumferential strains of 0.015, 0.070 and 0.148 in epicardial, mid-wall and endocardial wall,
respectively. Moreover, the four-week model shows average circumferential strains of 0.024,

0.037 and 0.061 in epicardial, mid-wall and endocardial wall, respectively (see Figure 3-26

(b)).

When comparing the average radial and circumferential strains of the two-week infarct
model at the mid-wall (free wall), it was found that the average radial strain is 72% higher
than the average circumferential strain. Similarly, when comparing the average radial and
circumferential strains of the four-week infarct model at the mid-wall (free wall), it was found
that the average radial strain is 45.6% higher than the average circumferential strain. The
healthy model shows average longitudinal strains of 0.052, 0.043 and 0.031 at epicardial,
mid-wall and endocardial position, respectively. Additionally, the two-week infarct model
shows average longitudinal strains of 0.054, 0.053 and 0.031 in epicardial, mid-wall and
endocardial wall, respectively. Also, the four-week model shows average longitudinal strains
of 0.0001, -0.003 and -0.004 in epicardial, mid-wall and endocardial wall, respectively (see
Figure 3-26 (c)).

Generally, the average longitudinal strains are found to be the lowest when compared with

average radial and circumferential strains in all heart models in the free wall C-F region. The
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average longitudinal strain of the healthy model at the endocardium position is found to be

less by 94.50 % and 88.97% as compared to average radial and circumferential strains.

When comparing the average radial, circumferential and longitudinal strains of the free wall
and septal walls, it was observed that the strains on the septal wall are higher than the
strains in the free wall for all models. As shown in Figure 3-26 (d), the average radial strain
in the healthy model was found to be -0.110, -0.198 and -0.466 on epicardium, mid-wall and
endocardium, respectively. Additionally, as shown in Figure 3-26 (e), the average
circumferential strain in the healthy model was found to be 0.029, 0.065 and 0.173 on
epicardium, mid-wall and endocardium, respectively. Furthermore, as shown in Figure 3-26
(f), the average longitudinal strain in the healthy model was found to be 0.023, 0.035 and
0.052 on epicardium, mid-wall and endocardium, respectively. As shown in Figure 3-27 (d),
the average radial strain in the two-week model was found to be -0.238, -0.325 and -0.520
on epicardium, mid-wall and endocardium, respectively. Additionally, as shown in Figure 3-
27 (e), the average circumferential strain in the two-week model was found to be 0.082,
0.113 and 0.218 on epicardium, mid-wall and endocardium, respectively. Furthermore, as
shown in Figure 3-26 (f), the average longitudinal strain in the two-week model was found to
be 0.053, 0.050 and 0.055 on epicardium, mid-wall and endocardium, respectively. As
shown in Figure 3-27 (d), the average radial strain in the four-week model was found to be -
0.359, -0.426 and -0.582 on epicardium, mid-wall and endocardium, respectively.
Additionally, as shown in Figure 3-26 (e), the average circumferential strain in the four-week
model was found to be 00.122, 0.149 and 0.227 on epicardium, mid-wall and endocardium,
respectively. Furthermore, as shown in Figure 3-26 (f), the average longitudinal strain in the
four-week model was found to be 0.060, 0.061 and 0.072 on epicardium, mid-wall and
endocardium, respectively. The average radial strain at the endocardium for the healthy
model in the free wall is 17.08% higher than the average radial strain in the septal wall for
the healthy model. Similarly, the average circumferential strain at the endocardium for the
healthy model in the free wall is 38.43% higher than the average radial strain in the septal
wall for the healthy model. In addition and in contrast, the average longitudinal strain at the
endocardium for the healthy model in the free wall is 67.74% lower than the average radial

strain in the septal wall for the healthy model.

The average radial strain at the mid-wall for the healthy model in the free wall is 26.12%
higher than the average radial strain in the septal wall for the healthy model. Similarly, the
average circumferential strain at the mid-wall for the healthy model in the free wall is 28.57%
higher than the average radial strain in the septal wall for the healthy model. In addition, the
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average longitudinal strain at the mid-wall for the healthy model in the free wall is 18.60%

higher than the average radial strain in the septal wall for the healthy model.

When considering the two-week infarct model, the average radial strain on the endocardium
of the septal wall is 30 % higher than the average radial strain on the free wall. Similarly, the
average circumferential strain on the endocardium of the septal wall is 32.11 % higher than
the average circumferential strain on the free wall. Additionally, the average longitudinal
strain on the endocardium of the septal wall is 43.36 % higher than the average longitudinal
strain on the free wall. When considering the four-week heart model, the average radial
strain on the endocardium of the septal wall is 80.58 % higher than the average radial strain
on the free wall. Similarly, the average circumferential strain on the endocardium of the
septal wall is 73.13 % higher than the average circumferential strain on the free wall.
Additionally, the average longitudinal strain on the endocardium of the septal wall is 94.44%

higher than the average longitudinal strain on the free wall.

When considering the two-week infarct model, the average radial strain on the mid-wall of
the septal wall is 23.10 % higher than the average radial strain on the free wall. Similarly, the
average circumferential strain on the mid-wall of the septal wall is 38.05% higher than the
average circumferential strain on the free wall. Additionally, the average longitudinal strain
on the mid-wall of the septal wall is 6.00 % lower than the average longitudinal strain on the
free wall. When considering the four-week heart model, the average radial strain on the mid-
wall of the septal wall is 84.04% higher than the average radial strain on the free wall (see
Figure 3-26 (a) and (d)). Similarly, the average circumferential strain on the mid-wall of the
septal wall is 75.17 % higher than the average circumferential strain on the free wall (see
Figure 3-26 (b) and (e)). Additionally, the average longitudinal strain on the mid-wall of the
septal wall is 95.08 % higher than the average longitudinal strain on the free wall (see Figure
3-27 (c) and (f)). Generally, it was observed that the average radial, circumferential and
longitudinal strains at four-week (on the free wall) model are lower than the average radial,
circumferential and longitudinal strains in both healthy and two-week infarct models on the
septal wall. However, when comparing the average radial, circumferential and radial strains
on the septal wall, it was observed that the strains in healthy, two and four-week models are
uniformly distributed (see Figure 3-26 (d), (e) and (f).
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Figure 3-26: End-diastolic strain for healthy, two-week and four-week infarct models.
Average radial (a), circumferential (b) and longitudinal (c) strain at paths C, D, E and F.
Average radial (d), circumferential (e) and longitudinal (f) strain at paths I, J, K and L.
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4  Simulation of Active Contraction in Healthy and Infarcted

Hearts

4.1 Introduction

Soon after myocardial infarction, the infarcted region ceases to contract, and after 72 hours
the infarcted region begins stretching and thinning; this process is commonly known as
remodelling or infarct extension. The wall thinning and ventricular expansion agitate uniform
strain/stress distribution in normal myocardium which affects the cardiac function. The
myocardial contractility plays an important role in efficient blood pumping into the body. FE is
a non-invasive method that could be helpful in assessing healthy and infarcted tissues. The
goal of this chapter is to examine the effect of myocardial infarction on the rat heart during
the end-systolic state. In this chapter, nearly incompressible, transversely isotropic,
hyperelastic constitutive laws for active myocardial were modelled with user-defined material
subroutine ORIENT in the standard FE solver, Abaqus® version 6-12. The aim of this
chapter is to use the passive filling model presented in chapter 3 to perform an active
contraction of the rat heart. This was achieved by adding the active stress component. In this
chapter the same passive models developed in the chapter 3 were used. The transmural
stress and strain in the same paths as presented in chapter 3 were used. Additionally, the
functional parameters including EDV, ESV, CO and EF were determined using the
presented FE results. The methodology used for simulating the healthy and infarcted heart
models is given in chapter 3. In the previous chapter, the models were subjected to a static
endocardial pressure of 4.8 kPa and 0.96 kPa in LV and RV, respectively. To simulate end-
systolic state at ES, the endocardial pressures as a function of time of 14.6 kPa and 3.2 kPa
were applied. The boundary conditions applied during end-diastolic state simulation were
also used during end-systolic state. In addition, the passive material properties used during

end-diastolic state simulations were also used during end-systolic state simulation.

4.2 Materials and Methods
4.2.1 MRI Dataset

The meshes used for active contraction were identical to the mesh sets used at end-diastole
simulation. The short axis sets for systolic simulation are the same as the diastolic filling as
shown in Figure 3-2. It should be noted here that the MRI data used for the healthy model at
end-diastole and active contraction were constructed from the same animal. In addition, the
MRI data for the two-week and four-week infarcted rat heart were reconstructed from the

same animal.
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42.2 Geometrical reconstruction

The 3D geometries used to model the active contraction are those that were used at end-
diastole. As expected, the dimensions of the heart change considerably at ES. In other
words, the wall volumes, endocardial volume, epicardial volume parameters are large
compared to parameters at end-diastole phase. The physical dimensions at ES phase are
detailed in Table 4-2.

4.2.3 Tissue structure definition and implementation of fibre orientation

The fibre orientation adopted in this study was detailed in section 3.2.4. It was assumed that

the fibre angle distribution at end-diastole and end-systole remains the same.

4.2.4 Geometry verification

To simulate passive filling the geometry validation was done by adjusting material constant
C such that the LV and RV EDVs correspond with the MRI data. The adjusted material
constant was found to be 0.02 MPa. To validate the geometry to simulate active contraction,
the isometric tension under maximal activation (T,.x) was adjusted such that the LV and RV
ESVs correspond with MRI data. The value T, used to simulate active contraction is 67.88
kPa. This value is different to the T.x used in Guccione et al. (1993b) of 135.7 kPa.

4.2.5 Modelling of infarcted myocardium

The infarcted tissue of the heart was modelled as passive material. The active contraction of
the infarcted material was switched off completely. The functional border zone was not
considered in the current study. In our model, there are two sets of material definition, (1)
active contraction was modelled as described in section 4.2.6 and (2) the passive

mechanical properties of infarcted myocardium was modelled as described in section 3.2.5.

4.2.6 Constitutive model of active myocardium

To simulate the active contraction of the rat heart, the active stress tensor is added in to the
passive strain energy function detailed in section 3.2.5 (Guccione et al., 1995b). The active
contraction studies were performed on the LV of a human heart and currently there is no
literature on finite element analysis of active contraction on a rat heart model using the Fung

orthotropic isotropic model. The results obtained at end-systole are within the range
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presented by Guccione et al. (1993b). Therefore, the results obtained using these
constitutive models for both the diastolic filling and systolic ejection is presented for the
infarcted rat models. Furthermore, the constitutive model to be used for active contraction
simulation was validated as presented in section 3.6. Definitions for each terms used at ES

modelling are defined in the nomenclature.

T =T@ 4+ T® (70)

The passive and active fibre stresses are given by the following equations (Guccione et al.,
1993b).

T® = pjct + 2] /3Dev (g) "
T@ = To{t, Ca,, L Tmax} (72)
T=T,C, .
T,=T Ca "

max Ca% +E(.‘a§0 t

Caomax
ECaso = exp[B(1-1,)—1] (75)

C, = %(1 — COSw) (76)

t
m— when0 <t <t¢,
[
W ={ piototts

whent, <t <t, +t, (77)
k Owhent, +t, <t

t,=mi+b (78)

l = lRﬂ ZEFF + 1 (79)
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B is regarded as constant, Cao,,,, is the maximum peak intracellular calcium concentration,
l, is the sarcomere length at which no activation tension develops and [ is the stress free
sarcomere length. w is the load wave, t, is time-to-peak tension t, is a linear function of
sarcomere length, t is the time it takes to complete the active contraction phase. Table 4-1
shows the material properties used during the systolic simulation (Guccione et al., 1963b)
The Tax as presented by Guccione et al. (1963b) is 135.7 kPa as compared to the value of
67.88 kPa used in this study. Also, for validation of ES, the T.« was reduced until the LV
and RV ESVs are equal to the MRI data.

Table 4-1: Parameters used in the active contraction model (Guccione et al., 1963b)

Parameters Value Unit
Tmax 67.88 kPa
Ca, 4.35 UM

(Cao)max 4.35 UM

B 4.75 um’
l 2.04 pum™
to 0.1 Sec
m 1.0489 Sec
b -1.429 Sec
Ir 1.85 pm

The infarcted region of both the two and four-week heart models are modelled using the
Fung constitutive model detailed in section 3.2.5.1. It was assumed that the active
contraction in the infarcted area is switched off completely. The functional border zone is not
considered in the current study. The material properties on the infarcts are different for the
rest of the heart. It was assumed that the material in the infarcted region has stiffer scaling

factor C.

4.2.7 Implementation of the active contraction

This section describes a three dimensional constitutive model used for simulating the active
myocardium during the contraction phase and its finite element implementation in Abaqus®.
The starting point was to give background on the continuum mechanics needed for

implementation of the constitutive model. The Fung strain energy function for myocardium is
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used as an example. The UMAT subroutine generated is validated using both the analytical

and numerical methods.

The present work was motivated by an interest in the development of computational models
in modelling active materials. The Fung model was programmed using Fortran 77. In this
study, there are two different Fung models used. The coded Fung model is referred as an
ORIENT subroutine in Fortran 77. The Abaqus® Fung model is referred to as the in-built
Fung model in Abaqus®. The coded Fung model was compared with the Abaqus® Fung
model. In order to achieve this, three tests were developed. The uniaxial, eqi-biaxial and
shear tests were developed using one hex element. The results are presented in the section

below.

Abaqus® provides an application programming interface (APIl). The API is regarded as an
extension of Python®, an object-oriented programming language. This interface assists
programming and can be used to create and modify parts, steps, materials and loading
conditions. The API or subroutine programming can also be used in the post processing of
results and analysis of results. The availability of user subroutines in Abaqus® may assist in
the modelling of highly complex behaviour of materials. In Abaqus® user subroutines are
programmed in Fortran language. The successful implementation of a UMAT subroutine is
achieved by initially developing the proper definition of the constitutive equation (Hibbitt et
al., 1997). This task requires the following steps:

o Explicitly define the Cauchy stress for large strain applications;

¢ Define the stress rate in corotational framework;

o Define the dependence on time (Active contraction);

e Explicitly define the internal state variables; and

¢ Transform the constitutive rate of equation into and incremental equation using a

suitable integration procedure.
4.2.8 Boundary conditions

The endocardial pressures of LV and RV were applied such that the required end-systolic
volumes were obtained. The pressures of 14.6 kPa and 2.92 kPa were applied on the LV
and RV endocardial walls as shown in Figure 4-1. Systolic simulations were performed using
the pressure time relationships shown in Figure 4-2. The end-diastolic pressure in the LV is
recorded to be approximately 0.627 kPa. On the LV the pressure increases from an end-
diastolic value of 0.627 kPa to a peak pressure of 16.67 kPa in 0.15 seconds. Similarly, in
the RV the pressure increases from an end-diastolic value of 0.1254 kPa to a peak pressure

of 3.334 kPa in 0.15 seconds. The end systolic pressure is recorded to be approximately 14
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kPa at the time of 0.4 seconds on the LV. The time series plot was recorded with an average
heart rate of 120 beat/minutes (Guccione et al., 1993a). In this study the end systolic
pressure used was 14.6 kPa and 2.92 kPa in the LV and RV, respectively. Figure 4-2 was
then implemented in Abaqus® to represent the pressure as a function of time. All
simulations were run using Abaqus® version 6-12. The simulation duration was 0.15
seconds at which the full contraction was achieved. The time steps used in solving the
equations is 0.01 seconds for contraction model (see Figure 4-2).

(a) (b)

Figure 4-1: Boundary conditions at ES. (a) Basal surface and
(b) Endocardial pressure applied on LV and RV.

—e— LV Pressure
14 4

—u=— RV Pressure

Pressure (kPa)

T T T 1

.06 0.8 1.0 1.2
Time (sec)

Figure 4-2: The pressure wave form of the left and right ventricle against time
(Guccione et al., 1993b)

111



4.3 Results
4.3.1 Reconstructed geometry

4.3.1.1 3D reconstructed healthy model

The geometrical reconstruction of a 3D model during end-systolic phase was conducted the

same way as that which was reported in section 3.2.2.

4.3.1.2 Dimensions of reconstructed healthy model at ES

Table 4-2 shows the overall dimensions of the healthy heart model at end-systole.
Parameters used at ES phase are different to those that were used at end-diastole phase as
shown in Table 4-1. The number of elements used before and after meshing is equal. The
objective of Table 4-2 is to show the dimensions of a healthy model that was reconstructed
from the MRI data. The end-systolic dimensions were validated by comparing them with the
MRI data of the same heart model. The overall radius of the LV of the healthy model is
labelled as g and has a magnitude of 2.784 mm. The distance from the centre of the LV to
the epicardium is recorded to be 5.14 mm and is labelled as f. The wall thickness d of the RV

has the magnitude of 1.136 mm (see Table 4-2).

Table 4-2: Geometrical dimensions at ES

= After Meshing Before Meshing
arameters

(mm) (mm)
a 12.500 12.500
b 11.254 11.300
c 12.963 12.950
d 1.1363 1.1500
e 5.5835 5.6000
f 5.1440 5.1500
g 2.7840 2.7500
h 3.4585 3.4600
i 2.7675 2.7700
No. of
elements 18569
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4.3.1.3 MI model geometry

Figure 4-3 (a) and (b) shows the two-week infarcted rat heart bi-ventricular model
reconstructed from the MRI. This model was validated by comparing EDV and ESV of the
model and the MRI data. The cream and green colours represent the infarcted region and
healthy myocardium, respectively. The infarcted region covers approximately 16% of the LV
of the wall volume. It is clear from Figure 4-3 that the infarct in this case is located in the LV
only. As shown by different colours the infarct is modelled by changing the scaling factor C.
This was achieved by assigning the elements on the infarcted region different material

properties.

The infarcted region of the four-week rat heart model is shown in Figure 4-3 (c, d). The
cream and green colours indicate the infarcted region and healthy myocardium, respectively.
The infarcted region in the four-week model covers approximately 26% of the LV. When
comparing it to the two-week infarct model, this model has a higher infarcted area. Again,

the infarct is visible on the LV only.

(b) (d)

Figure 4-3: (a) Sectional view and (b) 3D model of the two-week infarct model. (c) Sectional view and
(d) 3D reconstructed bi-ventricular model of a four-week infarct rat heart model.
Green and white colours represent healthy and infarcted tissues, respectively.
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4.3.2 Comparison of numerical models and MRI measurements

(a)

Figure 4-4: Meshed smoothed and calibrated end-systolic 3D rat heart geometries.
(a) Healthy model, (b) two-week infarct model, and (c) four-week infarct model.
Green and white colours represent healthy and infarcted tissues, respectively.

Figure 4-4 (a-c) shows the healthy two and four-week infarct models during end-diastolic
phase. It can be seen from Figure 4-4 (a) that the model shows uniform thickness of the
myocardial wall in both LV and RV. Figure 4-4 (b) shows the heart that has an infarct after
two-week. During this time, the wall starts thinning due to the infarct. Further infarct is shown
in Figure 4-4 (c) after four-week. The LV wall shows further thinning when comparing it with

the healthy and two infarcted hearts.

(a) (b) (c)

Figure 4-5: Finite element models at end-systole. (a) Healthy model, (b) two-week infarct model, and
(c) four-week infarct model (Colour does not represent anything).

At end-systole time point, the MRI data was segmented and compared with the simulated

data from Abaqus® using Solid Edge®. The reconstructed 3D rat heart geometries (see

Figure 4-4) were calibrated using in vivo MRI data. The left ventricular volumes were
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measured using Solid Edge® and compared with in vivo MRI data as shown in Table 4-3.
The results show that all geometries (healthy, two and four-week infarcted myocardium)
measures from Solid Edge® and MRI differed between 0.1 % and 5.2 %. In must be noted
that this procedure was done on both diastolic and systolic volumes. This was achieved by
measuring the exact inner volume of left ventricle of each geometry. It can be seen from

Table 4-3 that the calculated error is 5.2 % in both end-diastolic and end-systolic volume.

After fitting the FE mesh on the contours that were segmented from the MRI data, the EDV
and ESV of healthy and infarcted heart models are presented in Table 4-3. The calculated
error in cavity volume of the LV at end-diastolic time point of the healthy and infarct models
at two and four-week are 1.5 %, 5.1 % and 4.2 %, respectively. Similarly, the error in cavity
volume of the LV at end-systolic time point of the healthy and infarct models at two and four-

week are 15.1 %, 4.4 % and 7.2 %, respectively.

In Table 4-4, the model right ventricular (RV) volumes for all models are presented. The
calculated error in cavity volume of the RV at end-diastolic time point of the healthy and
infarct models at two and four-week are 0.75 %, 2.09 % and 1.53 %, respectively. The wall
volumes of the healthy and infarct models are 1010.68 mm?®, 913.64 mm? and 848.00 mm?®,
respectively (see Table 4-5). Table 4-6 and Table 4-7 show the heart epicardial wall area of
the healthy and infarct models and cavity area, respectively. For the healthy model, the heart
wall area has an error of -0.61 %. The highest error of 5.7 % of the heart wall area was

found to be on the two-week infarct model.

Table 4-3: Comparison of LV cavity volumes obtained from reconstructed models and MRI

Health Two-week Four-week
y infarcted infarcted
'(\ﬂol_(;e' ESV. 17352 181.23 245.25
MRI ESV (uL) | 86.57 189.56 264.23
Error (EDV)% | -1.54 -5.06 -4.24

Table 4-4: Comparison of epicardial volume during ES of RV

Epicardial volume RV Two-week Four-week

Healthy infarcted Infarcted
MRI Cavity Volume (L) | 44¢ 35 105.65 106.85
Model Cavity Volume (UL) | 144 704 103.268 104.854
Error (%) -4.09 226 1.87
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Table 4-5: Comparison of wall volume of the heart during ES

Two-week Four-week

Healthy infarcted Infarcted

Model Wall Total Volume
mm3 (before subtracting the LV and

RV volumes) 1194.356 1194.356 1194.356
Model Wall Volume (mm®) | 1010.682 913.638 848.002
MRI Wall Volume (mm?®) 910.55 843.78 927.87
Error (%) 9.907 7.646 -9.418

Table 4-6: Comparison of wall area of the heart during ES

Two-week Two-week
Healthy infarcted Infarcted
Model Total Wall Area
(mm?) 584.41 584.41 584.41
Model Wall Area (mm?) 209.27 184.62 141.23
MRI Wall area (mm?) 210.55 195.22 145.63
Error (%) -0.612 -5.742 -3.115

Table 4-7: Comparison of endocardial area of LV and RV during ES

Two-week Four-week
Endocardial area Healthy Infarcted Infarcted
LV Endocardial area (mm?) | 191.97 219.24 261.18
RV Endocardial area (mm?) | 183.17 180.55 182.00

4.3.3.1 Uniaxial tests
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4.3.3 Validation of the active contraction code

The boundary conditions of the uniaxial test are shown in Figure 4-6.

This section presents the results of both the Fung coded and Abaqus® Fung material
models. The same one-element model was run and the stress and strain of the same one
element were compared between two codes. A cubic element of 20x20 mm was used. The

displacement of 10 mm (50 % strain) was applied on the element as shown in Figure 4-6.

As shown in Figure 4-6, one element cube is fixed in four corners to ensure that pure
compression and tension is achieved. In order to control the displacement in the z or y or x
direction, the displacement of 10 mm was applied instead of force or pressure. The

displacement of 10 mm is equivalent to 50 % of the displacement since the element is 20x20




mm in dimension. Table 4-8 shows the material constants used to validate the active
contraction model. As shown in Table 4-9, the boundary conditions applied on the uniaxial

test of single hex element were applied such that pure tension and compression is achieved.

Table 4-8: Constitutive model parameters for validation of active contraction code (Omens et al.,

1993)

Parameter Constants | Value Units
Fibre strain coefficient bs 9.2 -
Cross-fibre strain coefficient by 3 -
Shear strain coefficient bss 3.7 -
Stress scaling factor C 0.002 MPa

(A
A (8)

Figure 4-6: Uniaxial test loading and boundary conditions

Table 4-9: Boundary conditions of uniaxial test in single hex element (along x-direction)

Point X-coordinate y-coordinate z-coordinate
(A) 0 free free

(B) 0 0 free

(©) 0 free 0

(D) 0 0 0
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Z-Direction Fung homemade Y-Direction Fung homemade X-Direction Fung homemade
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Figure 4-7: Stress vs. strain of uniaxial test in Z, Y and X directions. (a) along Z-direction
and (b) along Y — direction and (c) uniaxial test along X- direction

Figure 4-7 shows the principal stresses and strains (S33 and S22) in Z and Y directions for
both the Fung coded and Fung Abaqus® models. It can be seen that in this range of stress
the hyperelastic behaviour is well exploited as shown in Figure 4-7 (a) and (b). There is a
close fit of nearly 95% between the homemade coded model and Abaqus® built-in Fung
model. It can be concluded that for tensile and compression tests the homemade coded and

Abaqus® built-in models have negligible errors in the Z, Y and X directions.

Figure 4-8 shows the stress and strain in the S11 direction during a stretching in the X
direction. When comparing those results with Z and Y directions, it can be concluded that the
stress and strain in the Y direction for the coded Fung model is the same as the built-in
Abaqus® Fung model. The highest principal stress (S11) in the X direction is 0.65 MPa and
the highest principal stress in the Z and Y directions are 0.009 MPa and 0.0085 MPa,
respectively. The principal stress in the X direction is higher than the principal stresses in the
Z and Y direction by a factor of 72.22 and 76.47 respectively. This is mainly because the
load was applied in the X direction and therefore the expectation is that the element will
stretch more in this direction. It can be seen that the stress values are constant along the
length of the element model. The maximum stress in the X direction where the displacement
is applied is approximately 0.65 MPa. When comparing the maximum stress in the Z and Y
directions, the maximum stresses are 0.009 MPa and 0.0085 MPa in the Z and Y directions,

respectively.
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4.3.3.2 Eqi-biaxial tests

The egqi-biaxial test is critical in accessing the accuracy of the coded Fung model. This is
mainly because the elements to be used are subjected to the biaxial loading. Therefore it is
important to see if the coded Fung model gives the accurate results as compared to the
Abaqus® Fung orthotropic model. Figure 4-8 shows the one element model in Abaqus®
loadings in both sides of the element model. In this case the element is subjected to
displacement of 10 mm in the Y and X directions. The boundary conditions at the nodes are
modified to accommodate the biaxial tests. This is because the element constraints are pure

tension or compression testing and is not the same as the bi-axial test.

Figure 4-8: Eqi-biaxial test loading and boundary conditions

Table 4-10: Boundary conditions of biaxial test in single hex element (along x-direction)

Point x-coordinate y-coordinate z-coordinate
(A) 0 free 0

(B) free free 0

(© 0 0 0

(D) 0 free 0

(E) free 0 free

(G) 0 0 free

(H) 0 free free

It can be seen that the coded Fung and Abaqus® models provide the same stress and strain
in 22 directions. This clearly indicates that the coded model is yielding the same results as
the built in Abaqus® model.
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Figure 4-9: Stress vs. strain of uniaxial test along X and Y directions

The validation of passive Fung model coded using Fortran 77 language is performed by
comparing the stress and strain in three directions using pure tension test, eqi-biaxial test
and shear test. The highest stress in S22 direction for both the coded and Abaqus® modules
is shown to be 0.085 MPa in Figure 4-9.

4.3.3.3 Shear tests

The shear test configuration in Abaqus® user inference is shown in Figure 4-10. The
constraints in the four positions are modified to accommodate the shear test configuration.
To ensure that the twisting mode is achieved, the displacement load of 10 mm was applied
in the X direction on the one side of the element model. The consistent stress in the S11
direction during shear test is -0.00527 MPa.

Figure 4-10: Shear test loading and boundary conditions
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Table 4-11: Boundary conditions of shear test in single hex element (along x-direction)

Point x-coordinate y-coordinate z-coordinate
(A) 0 0 0
(B) 0 0 0
(©) 0 0 0
(D) 0 0 0
(E) 0 0 free
Strain (mm/mm) Abaqus Stress12
008 -006  -004 -002 000 Strain (mm/mm)
T T T T » 0.000 A -0010
-0.001 Abaqus -0.008
Stress12
000z = -0.006
38
0003 || 2
ﬁ & -0.004
0004 & || &
& -0.002
—e— Fung Stress11 | -0.005
! 0.000
—=— Abaqus Stress1l 1 _0.006
- 0.002
Fung and Abaqus stress 11 1 o7 0.10 -0.05 0.00 0.05
(a) (b)

Figure 4-11: Stress vs. strain in the S11 and S12 directions

The maximum stress during shear test in the S11 direction for Abaqus® model is -0.006
MPa while the maximum stress in the S11 direction is -0.002 MPa. The difference in the

stress values in the S11 direction might be due to various reasons (See Figure 4-11)

4.3.3.4 Validation of stress on active material

The selected results used to validate the model were modelled with the T, of 0.3714 kPa
with the magnitude of 5.891 mm. A magnitude of 5.891 mm was applied in the X direction on
the passive material only (See Figure 4-12). It is concluded that the higher T, parameter
yields higher stress and the displacement in the U1 direction. The principal stresses are

summarised in Figure 4-12.
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Table 4-12 shows the stresses in S11, S22 and S33 of active material and passive material,
respectively. The error of the stress in S11 direction is calculated to be 6.95%. This error is
the smallest error when comparing it with the error calculated in S22 and S33 directions. The
active stress values were achieved by running the simulation of one element model using
the coded Fung model. As per the definition of the active model, the model must contract
without applying any external load on it. On this case, the displacement of the model

depends on the magnitude of the T .

Table 4-12: Validation of active stress model

Active Passive
Stress (kPa) (kPa) Error (%)
S11 -26.38 -28.35 -6.95
S22 -16.37 -21.94 -25.39
S33 -16.37 -21.94 -25.39
(a) (b) (c)

Figure 4-12: Active contraction of one element (a): T, =0.3714 kPa,
(b): Trax = 0.2714 kPa, (c): Tpax = 0.1357 kPa

4.3.3.5 Validation of strains on active material

Figure 4-13 shows the contour plots of the strain during active modelling by varying the T
It can be seen that the highest T.« produced the highest magnitude in the U1 direction. To
validate and verify the active model, the U1 of 5.891 mm was applied on the one element
model using the passive coded model. The strains in the LE11, LE22 and LE33 of the active
and passive models were compared. The results for maximum and minimum strains in LE11,

LE22 and LE33 are shown in Table 4-13 and Table 4-14, respectively.
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As shown in Table 4-13 and Table 4-14 the maximum strains are shown to have the
minimum errors when comparing them with the minimum strains. The error on the maximum
strain is 0.62 % while the error of 0.44 % is recorded on the minimum strains in the LE11.
The errors of 0.47 % and 0.66 % have been recorded for maximum and minimum strain,
respectively along LE22. Along LE33 Table 4-13 and Table 4-14 show the error of 0.47 %
and 0.66 % in the maximum and minimum strains, respectively. It is therefore concluded that
the active models show that the developed and implemented models are both accurate and
reliable and are suitable in the application to study the local cardiac mechanics during

systolic phase.

LE, LE11

(b) (c)

Figure 4-13: Active contraction of one element strain contours (a): Tpa.x = 0.3714 kPa,
(b): Trax = 0.2714 kPa, (c): Tyax = 0.1357 kPa

Table 4-13: Validation of active maximum strain model

Strains Active Passive

(maximum) | Strain Strain Error (%)
LE11 -0.3029 -0.3048 0.62
LE22 0.1928 0.1919 -0.47
LE33 0.1928 0.1919 -0.47

Table 4-14: Validation of active minimum strain model

Strains Active Passive

(minimum) | Strain Strain Error (%)
LE11 -0.3854 -0.3837 -0.44
LE22 0.1514 0.1524 0.66
LE33 0.1514 0.1524 0.66
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4.3.4 Ventricular function

Figure 4-14 shows the end-diastolic volume and end-systolic volume of healthy two-week
and four-week infarct models, respectively. The ED volume of the healthy model increased
from 207 pL to 369 pL on the four-week infarct models (see Figure 4-14 (b)). Figure 4-14 (a)
shows the end-diastolic volume of the LV in healthy, two-week and four-week infarct models.
The ES volume for the healthy model was predicted to be 73 yL whereas the ES volume of
two-week and four-week infarcted hearts was predicted to be 119 pyL and 186 pL,

respectively.

Figure 4-15 shows the stroke volume calculated using ESV and EDV as shown in
Figure 4-15. The SV of healthy, two and four-week infarct models are 134.77 pL, 142.76 pL
and 182.91 L. The ejection fraction for the healthy model was 64.9 %. Figure 4-16 shows

that there is a decrease in ejection fraction for two-week and four-week infarct models to
54.6 % and 49.5 %, respectively.

The reduction in ejection fraction on the infarct models is attributed to the increase of
collagen and stiffening of the scar tissue. Another reason for the decline in ejection fraction
is that the infarcted area is set to behave like a passive material. While the healthy region is
contracting due to active forces on the myocardium, the diseased area on the heart does not
contract. Figure 4-17 shows the EDSPVR and ESPVR of healthy, two-week and four-week
infarct models. The slope of the EDPVR is smaller than that of ESPVR.

Figure 4-18 shows the contractility of healthy and infarct models at ES. The healthy model
shows high contractility as opposed to infarct models which show the decrease of
contractility. The contractility was calculated by measuring the slope of the graph for all
models. As shown in Figure 4-18 the contractility at two-week and four-week infarct models
was reduced to 0.2634 kPa/uL and 0.1935 kPa/ L, respectively.
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Figure 4-14: EDV and ESV for healthy, two-week infarct and four-week infarct models.
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Figure 4-18: Contractility of healthy, two-week and four-week infarct models

4.3.5 End-systolic myocardial mechanics in left and right ventricle
4.3.5.1 Distribution of end-systolic strain in the left and right ventricle

The results presented in this section were obtained using the subroutine developed for
simulating the end-systolic state presented in Appendix A. It can be seen that the radial
strain is higher at the infarcted regions in both the infarct models. At ES and at end-diastole

the contour plots of the Figure 4-19 shows the strain in radial, circumferential and
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longitudinal directions in healthy and infarcted hearts after two and four-week, respectively.
Figure 4-19 (a)-(c) shows the radial strains in radial direction of the healthy and two infarcted
heart models, respectively. The radial strain is lower in the infarcted regions in both infarct
models. Furthermore, Figure 4-19 shows the long axis of healthy and infarct models. In
Figure 4-20 the infarcted area of the two-week model has a radial strain of -0.04 when
compared to the four-week infarct model which has a radial strain of -0.002. However, the
infarct model at two-week has low radial strain when comparing it to the four-week infarct

model.

The circumferential strains in the four-week infarct model are higher than the radial and
longitudinal strains by an average of 30 % and 95 %, respectively. This behaviour could be
interpreted to mean that all models have higher strain in the circumferential direction when
compared with radial and longitudinal directions. This is contrary because the pressure
applied on the model was applied on the endocardial wall. The high strain in the
circumferential direction could also be attributed to the fact that the active contraction was

assumed to be on the fibre direction only.

The apex region for healthy and infarct models shows high strains in all directions
considered. This is normally due to the computational error during simulation. This area is
therefore not considered in further processing of the results. As compared to the strain
distribution at end-diastole, the longitudinal strains are high at ES by 95 %. It should be
noted here that the longitudinal strains at end-diastole and active contraction simulation are

minor when compared with radial and circumferential strains.

It can be concluded that the models translate further in the circumferential direction at end-
diastole and active contraction simulation. This confirms what was expected because the
heart model is constrained in both the circumferential and longitudinal directions at the basal
surface. The material properties at the infarcts were modelled with an increased C of 0.02
kPa. The infarcted area modelled at ES is identical with that modelled at end-diastole. The
infarcted region has resulted in the increase of strain in radial, circumferential and
longitudinal direction during the active contraction phase. This is attributed to the fact that
the material in the infarcted regions was increased by tenfold. This has increased the strains
but the increase of stress is shown in these regions. Figure 4-19, Figure 4-20 and
Figure 4-21 show the strain contour plots of healthy and infarct models along short-axis,
long-axis and 3D rat heart model contour plots, respectively. It can be seen that in

Figure 4-19 (b) and (c) the infarcted area in the two-week model is less than the infarcted
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area in the four-week model. This has an influence in the strain distribution along all three
directions (radial, circumferential and longitudinal) because there is a reduction of strain in

the infarcted region.
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Figure 4-19: Contour plots of end-systolic strains in a central long axis cross-section and endocardium
of healthy, two-week and four-week infarct models. (a)-(c): Radial strains. (d)-(f): Circumferential
strains. (g)-(i): Longitudinal strains.
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Figure 4-20: Contour plots of end-systolic strains on the short-axis cross-section equidistant between

the base and the apex of the healthy, two-week and four-week infarct models. (a)-(c): Radial strains.
(d)-(f): Circumferential strains. (g)-(i): Longitudinal strains.

Radial Straim

+3,000e-01
+2.625e-01
+2.250e-0L
+1.875e-01
+1.500e-01
+1.125e-01
+7.500e-02
+3.750e-02

+0.000&+00
-3, 750a-02
<7, 30002

- =1. 125401
-1.5008-01
-1.755e-01

+9.917a-02
+6.725e-0F
+3.533a-02
+3.417&-03
=2.850a-02
=&, 042a-02
-9.233=-02
=1,243a-01
-1.562a-01
-1.881a-01
-2.200e-01

129



Healthy Two-week infarct Four-week infarct

Radial Strain
+3.000e-01
+1.615e-01
+2.250e-01
+1.675e-01
+1,500e-01
+1.125e-01
+7.500e-02
+3.750e-02
+0.000a+00
-3.750&-02
-7.500a-02
-1,.125a-01
-1,.500e-01

-1.755e-01
Clrgumd., Stradn
+2, 300801
- +1.042e-01
+1,3683e-01
+9.250a-02
+4, 66 Te-02
+8, A34e-04-
-4 500e-02
“9,0B3e-02
=1.367e-01
=1.82%e-01
=} 7E3e=01
- =2, Tdie-01
-3 200e-01
-3.301e-01
w w w T

+2.674a-01

+1.630e-01

Figure 4-21: Contour plots of end-systolic strains in the central long axis cross section of the healthy,
two-week and four-week infarct models. (a)-(c): Radial strains. (d)-(f): Circumferential strains.
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4.3.5.2 End-systolic stress along intramural paths in the left ventricle

Figure 4-22 represents the end-systolic stresses along intramural paths in the LV free wall
(i.e. the region affected by the infarct) and the non-infarcted septal wall. The transmural
position is expressed by the normalised myocardial thickness. Transmural position and
normalised myocardial thickness correspond as follows:

e LV free wall: 0 = epicardium, 0.5 = mid-wall and 1 = endocardium,

e Septal wall: 0 = RV endocardium, 0.5 = mid-wall and 1 = LV endocardium.
The selected paths are C, D, E and F in the LV free wall and |, J, K and L in the septal wall
(see Figure 3-13).

Figure 4-22 (a), (d) and (g) indicate that radial stress in all regions in the healthy model are
lower than the radial stresses in the infarcted regions. This means that in the infarct, the
thinned wall extends more than the thick wall of the healthy model. The regions I, J, Kand L
exhibit higher radial stresses compared to regions C, D, E and F at ES phase in both the
healthy and infarct models. It is important to note that the circumferential stresses at two-
week infarct models are higher than the radial and longitudinal stresses by an average of

65% in the same model.

Longitudinal stresses on the healthy model are shown to be more equal to circumferential
stresses but higher than stresses in the radial direction. It is to be noted that the contraction
is assumed to be in the fibre direction. These patterns exist in both the two and four-week
infarct models. The infarcted regions D, E and F in the infarct models show a linear increase
of stress from the endocardium to the epicardium across the myocardial wall. This may be
attributed to the further thinning of the myocardial wall due to MI progression and
remodelling. This behaviour of the stresses across the myocardial wall does not manifest in
the non-infarcted regions (I, H, K and L) across the myocardial wall thickness from the

endocardium to the epicardium.

Generally, the stresses in the radial, circumferential and longitudinal direction in healthy and
infarct models seem to increase linearly from the epicardium to the mid-wall. However, the
observation of the stresses behaviour from the mid-wall to the endocardium is different. In
this case, the stresses increase sharply from mid-wall to endocardium in healthy and infarct
models. This may be attributed to the myofibre orientation across the wall from the
epicardium to endocardium. The myofibre orientations are distributed such that it is zero

degrees at the mid-wall and -55° at the epicardium and +55° at the endocardium.
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4.3.5.3 End-systolic strain along intramural paths in the left ventricle

Figure 4-23 shows the distribution of radial, conferential and longitudinal strains from the
epicardial to endocardial wall of the healthy and two and four-week infarct models.
Figure 4-23 (a), (d) and (g) show that the radial strains show the widest spread from 0.23 to -
0.05 in the radial direction. This is followed by the strains in the circumferential direction as
shown in Figure 4-23 (d). The least spreading of the strain has occurred in the longitudinal
direction from 0.05 to -0.05. This behaviour is contrary to that of the two-week infarct model
as shown in Figure 4-23 (c), (f) and (i). In this model, the shortest spread is shown in

Figure 4-23 (e) from -0.05 to -0.15 in the circumferential direction.

From Figure 4-23 (a), (b) and (c), it is observed that the radial strains for the healthy model
are lower than in the infarct models at two and four-week. Figure 4-23 (c) shows the radial
strains of the infarct model after four-week. In this model, the radial strains in the selection
regions are high especially in the region where the infarct is clearly visible. The radial,
circumferential and longitudinal strains are low in the C, D, E and F regions. However, the
radial, circumferential and longitudinal strains are high at the infarcted regions I, J, K and L

as shown in Figure 4-23 (c), (f) and (i).

At ES, the variations of strains in all three directions seem to vary linearly. This is opposite to
the observation made from the passive filling modelling results. In active contraction the
strain variation is linear and does not shows sign of hyperbolic or parabolic. In passive filling
phase the myocardial walls are only moved by the internally applied pressure on the
endocardial wall of both the LV and RV. At ES simulation, even though the high pressure of
14.6 kPa is applied on the endocardial walls of LV and RV, the active stress is still generated

within the myocardial wall to counter the pressure applied in the endocardial walls.
Figure 4-23 (d)-(f) shows that the highest strains are in the circumferential direction for

healthy and infarct models. This means that the movement on the circumferential direction is

independent of whether the heart is infarcted or not.
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4.3.6 End-systolic myocardial mechanics in the LV infarct region and the
non-infarcted septal wall

This section shows the stresses and strains in radial, circumferential and longitudinal
directions for healthy two-week and four-week infarct models at ES. The radial,
circumferential and longitudinal stresses at epicardial, mid-wall and endocardium at regions
C, D, E and F are plotted for comparison purposes. This section allows comparing how
stresses and strains behave in different regions of both the healthy and infarct models. In a
later section, the average stresses and strains are computed in order to compare the
average values of stresses and strains in healthy and infarcted regions. This allows one to
gain an understanding of the mechanisms of myocardial infarction in healthy and infarcted
myocardium. This understanding is critical in the adoption of MI treatment during these

stages.

4.3.6.1 Stress and strain in the left-ventricular infarct region

Figure 4-24 shows the stresses in the radial, circumferential and longitudinal direction for
healthy and infarct models at the endocardium, mid-wall and epicardium. Radial stresses are
shown in Figure 4-24 (a)-(c) whereas Figure 4-24 (d)-(f) shows the circumferential stresses
and Figure 4-24 (g)-(i) shows the longitudinal stresses. Generally, the stresses (radial,
circumferential and longitudinal) are highest at the endocardium and lowest at the
epicardium. This is attributed to the fact that the internal pressure of 14.6 kPa and 2.92 kPa

was applied at LV and RV, respectively in healthy and infarct models.

The infarct model at four-week shows that the radial, circumferential and longitudinal
stresses are high compared to those in the healthy and the infarct model at two-week. The
highest stresses are in the circumferential direction at four and two-week model after

infarction. The healthy model shows the lowest stress values in all directions.

At the epicardium, the radial stresses are low compared to the stress values in the
circumferential and longitudinal directions. The highest radial stress recorded is 75 MPa for
the four week infarct model. The highest circumferential stress value is 150 MPa in the four-
week infarct model at regions D and E. Regions C and F show the lowest values of stress in

all direction at the epicardium and the mid-wall positions as shown in Figure 4-24 (c), (f) and

Q).
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At the endocardium, region C shows the highest stress values in radial, circumferential and
longitudinal directions. However, as shown in Figure 4-24 (d) and (g), the circumferential and
longitudinal stresses are low in region F. This is not the same for radial stress in the region
F. This is expected because region F is near to the apex and it is not expected that it will
have deformation as the deformation constraint by the apex. At the mid-wall position, the
radial, circumferential and longitudinal stress at region F is low as compared to regions C,D
and E for healthy and infarct models at two and four-week.
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Figure 4-24: Comparison of end-systolic stresses at endocardium, mid-wall and epicardium in regions

C, D, E and F of the healthy, two-week and four-week infarct models. (a)-(c): Radial stresses,
(d)-(f): Circumferential stresses, and (g9)-(i) Longitudinal stresses.

Figure 4-25 shows the strains in radial, circumferential and longitudinal direction at the
endocardium, mid-wall and epicardium for healthy and infarct models. Radial strains are
shown in Figure 4-25 (a)-(c) whereas circumferential strains are shown in Figure 4-25 (d)-(f),

and longitudinal strains are shown in Figure 4-25 (g)-(i).
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The strains in all three directions are high in the four-week infarcted heart when compared to
two weeks infarcted and healthy heart models. In the four-week infarct model, region C
shows the highest strains in radial, circumferential and longitudinal directions. Small strain

values are recorded in the epicardium position in all regions C, D, E and F.

The longitudinal strains are shown to be the lowest in all the regions (endocardium, mid-wall
and epicardium). This is contrary to the strains in radial and circumferential directions.
Circumferential strain shows to be the highest compared to radial and longitudinal strains.
The highest strain value is recorded in the circumferential direction at region C as shown in
Figure 4-25 (d) for four-week infarct model. Region F shows the lowest strain values in the
radial, circumferential and longitudinal directions in the healthy model at the endocardium
position. The highest value of strain at region F is recorded to be -0.16 in the four-week

infarct model.
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Figure 4-25: Comparison of end-systolic strains at endocardium, mid-wall and epicardium in regions
C, D, E and F of the healthy, two-week and four-week infarct models: (a)-(c): Radial strains,
(d)-(f): Circumferential strains, and (g)-(i): Longitudinal strains.
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4.3.6.2 Stress and strain in the non-infarcted septal wall

Stress in radial, circumferential and longitudinal directions for healthy and infarct models in
the I, J, K and L regions are shown in Figure 4-26. The circumferential stress at the
endocardium is higher than the circumferential stress in the mid-wall and inner surface of the
septal wall (LV). The radial, circumferential and longitudinal stress at the endocardium in the
Regions |, J, K .and L are higher than the stress in the mid-wall and epicardium. Contrary to
the passive filling phase modelling, the higher radial stress in recorded in the two-week
infarct model. As shown in Figure 4-26 (a) the radial stress in the regions |, J, K and L are -
120 kPa, -90 kPa, 175 kPa, -220 kPa for two-week infarct model at the endocardium,
respectively. Moreover, the radial stress in the Regions |, J, K and L are 20kPa, -20kPa, -30
kPa, -35 kPa for two-week infarct model at the mid-wall, respectively. Finally, the radial
stress in the regions |, J, K and L are 50 kPa, -20 kPa, 25 kPa, -18 kPa for two-week infarct

model at the epicardium, respectively.

When comparing the stress in circumferential and longitudinal direction at ES, it can be seen
from Figure 4-26 (d) and (g) that the longitudinal and circumferential stresses have
equivalent magnitude. This is contrary to the passive filling because during this phase there
is no active force generated by the myocardium. Radial stress in the mid-wall position has
the same magnitude when comparing to the stress in the epicardial position as indicated in
Figure 4-26 (b) and (c). The observation is the same when looking at the circumferential and
longitudinal stresses in the Regions I, J, K and L of the mid-wall and epicardium (see
Figure 4-26 (e), (f), (h) and (i)). It is important to note that this observation happens in

healthy and infarct models.

I, J, K and L regions are labelled as shown in Figure 4-26 (a) and (b). As shown in
Figure 4-26 the Regions |, J, K and L represent the myocardial wall which is between the LV
and RV. This tissue wall is subjected to pressure applied on the LV and RV plus the active
forces generated at ES. When comparing the circumferential stresses in the |, J, K and L
regions, it can be seen that the circumferential stress for four-week infarct model are -295
kPa, -140 kPa, -200 kPa, -250 kPa, respectively at the endocardium. The maximum
circumferential stress in the regions is -295 kPa. Consequently, the circumferential stresses
for regions |, J, K and L in the four-week infarct model are -130 kPa, -80 kPa, -81 kPa, -85
kPa, respectively at the mid-wall. Consequently, the circumferential stresses for regions |, J,
K and L in the four-week infarct model are -110 kPa, -80 kPa, -20 kPa, -30 kPa, respectively

at the epicardium.
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In Figure 4-26 (d) and (e) it can be seen that in region I, the circumferential stress in Figure
4-26. (d) is higher in the two-week infarct model while in Figure 4-26 (e) the circumferential
stress in higher in the four-week infarct model. This trend continues even in Figure 4-26 (f)
where circumferential stress at the epicardial position is shown. The circumferential stress at
the endocardium in regions |, J, K and L for two-week infarct model are -500 kPa, -270 kPa,
-150 kPa, -110 kPa, respectively. Furthermore, the circumferential stress at the mid-wall in
Regions I, J, K and L for two-week infarct model are -110 kPa, -60 kPa, -80 kPa, -45 kPa,
respectively. Moreover, the circumferential stress at the epicardium in regions |, J, K and L
for two-week infarct model are 10 kPa, 75 kPa, -40 kPa, -45 kPa, respectively. As expected
the circumferential stress in the endocardial position are higher than mid-wall. The smallest

circumferential stresses are found in the epicardial position as shown in Figure 4-26 (f).

Figure 4-26 (g)-(i) shows the stress in the longitudinal direction at ES at the endocardium,
mid-wall and epicardium in the regions I, J, K and L. As expected the highest stress in this
case are found in the endocardium. The lowest circumferential stresses are found in the
epicardium. As shown in Figure 4-26 (g) and (h), the highest longitudinal stresses are found
in the two-week infarct model. This is not what was observed at end-diastole phase. The
longitudinal stresses at the endocardium for two-week infarct model are -450 kPa, -240 kPa,
-120 kPa, -100 kPa in regions |, J, K and L, respectively. In addition, the longitudinal
stresses at the mid-wall for two-week infarct model are -100 kPa, -30 kPa, -80 kPa, -60 kPa
in regions |, J, K and L, respectively. Furthermore, the longitudinal stresses at the
epicardium for two-week infarct model are 15 kPa, -55 kPa, 30 kPa, -45 kPa in regions I, J,
K and L, respectively. At the epicardial position, the longitudinal stress in region | is positive
which signal that the myocardium is in tension. The observation is different from others in the

two-week infarct model where the majority of longitudinal stresses are in compression.
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Figure 4-26: Comparison of stresses in Epicardium, Mid-wall and Endocardium at ES in IJKL region.
(a), (b) and (c) represents the radial stresses of the healthy, two-week and four-week infarct models,
respectively; (d)-(f) represents the circumferential stresses of the healthy, two-week and four-week
infarct models, respectively and (g)-(i) represents the longitudinal stresses of the healthy, two-week
and four-week infarct models, respectively.
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Strains in radial, circumferential and longitudinal directions for healthy and infarct models in
the I, J, K and L are shown in Figure 4-27. The observation here is that the radial strains in
the endocardium, mid-wall and epicardium have equivalent magnitude as shown in Figure 4-
27 (a)-(c). The above described observation holds in circumferential strains as shown in
Figure 4-27 (d)-(f). The same applies when looking at the longitudinal strains at the
endocardium, mid-wall and epicardium as shown in Figure 4-27 (g)-(i). Even though there is
no pressure applied on the epicardium, due to the force generated in the myocardial tissue
the epicardium still experiences strain due to active stress. This is different from the passive
filling simulation because in this case, there are no active generated forces by the
myocardium. When comparing the radial, circumferential and longitudinal strains, it can be
seen that the radial strain is higher than the circumferential strain followed by the longitudinal
strain. This trend is however similar to that observed at end-diastole phase as shown
Figure 4-27. It is vital to note that the radial stress at the endocardium on the two-week
infarct model is higher than the radial stress of the healthy and two-week infarct model as
shown in Figure 4-27. This trend is different when looking at the radial strain as shown in
Figure 4-27. It can be seen that Figure 4-27 (a) shows that the radial strain of the two-week
infarct model in the endocardium is lower than the radial strain of the healthy and four-week

infarct model in the endocardium.

The radial strains at the endocardium in the Region [, J, K and L for two-week infarct model
as shown in Figure 4-27 (a) are 0.10, 0.14, 0.145, and 0.13, respectively. Furthermore, the
radial strains at the mid-wall in the Region |, J, K and L for two-week infarct model as shown
in Figure 4-27 (b) are 0.09, 0.14, 0.15, 0.13, respectively. Likewise, the radial strains at the
epicardium in the Region |, J, K and L for two-week infarct model as shown in Figure 4-27 (c)
are 0.065, 0.14, 0.15, 0.145, respectively. From the information give, it can be concluded
that the radial strains in the endocardium, mid-wall and epicardium for the two-week infarct
model are evenly distributed. The highest radial strains are produced by the four-week
infarct models at Region | as shown in Figure 4-27 (a), (b) and (c). The radial strains on the
endocardium of the four-week infarct model in the Regions |, J,K and L at ES phase are
0.26, 0.15, 0.10, and 0.04, respectively as shown in Figure 4-27 (a). Likewise, the radial
strains on the mid-wall of the four-week infarct model in the Regions I, J.K and L at ES
phase are 0.23, 0.14, 0.10, 0.05, respectively as shown in Figure 4-27 (b). Equally, the radial
strains on the epicardium of the four-week infarct model in the Regions |, J,K and L at ES
phase are 0.19, 0.12, 0.09 and 0.06, respectively as shown in Figure 4-27 (c). To note here

is that the radial strains are all position in the endocardium, mid-wall and epicardium. This
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means that the radial strains are all in tension. However, Figure 4-27 (a), (b) and (c) shows
that the radial stresses are all negative which signals that the myocardial tissue is in

compression.

Figure 4-27 (d)-(f) shows the circumferential strains in the endocardium, mid-wall and
epicardium on the regions |, J, K and L. It can be seen that the highest strain in the
circumferential direction is observed at the endocardium followed by the mid-wall. The
lowest circumferential strains are observed in the epicardium on the four-week infarct model.
In the endocardial position, the circumferential strain of the four-week infarct model in the
regions |, J, K and L at ES phase are -0.27, -0.10, 0.01 and 0.05, respectively. Also, in the
mid-wall position, the circumferential strain of the four-week infarct model in the Regions I, J,
K and L at ES phase are -0.26, -0.11, -0.04 and -0.08, respectively. Equally, in the epicardial
position, the circumferential strain of the four-week infarct model in the Regions |, J, Kand L
at ES phase are -0.26, -0.07, -0.09 and -0.06, respectively.

Figure 4-27 (g)-(i) shows the longitudinal strains on the healthy and infarct models in the
regions |, J, Kand L at ES at endocardium, mid-wall and epicardium. The longitudinal strains
in all regions (I, J, K and L) at endocardium, mid-wall and epicardium are found to be lower
than the radial and circumferential strains. In this region, the mixer of negative and positive
longitudinal strains in various regions is observed. This is opposite to the circumferential
strains where every strain was negative. As shown in Figure 4-27 (g),(h) and (i) the positive
longitudinal strains are observed in the endocardium, mid-wall and epicardium at Region I.
Looking at Region I, the longitudinal strain at the endocardium in region | for four-week
infarct model is 0.015. On the mid-wall and epicardium the longitudinal strains at region | are
0.03 and 0.06, respectively. In region L, the longitudinal strains in the endocardium, mid-wall
and epicardium are shown to be positive and hence in tension for healthy model. Again, in
region L, the longitudinal strain is positive only at the endocardial and mid-wall positions. The
highest longitudinal strain is found in region K at the endocardium. However, at the mid-wall
position the highest longitudinal strain is found to be in region J for four-week model. The
observation is the same in the epicardial position where the highest longitudinal strain is

found in region J.
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Figure 4-27: Comparison of strains in Epicardium, Mid-wall and Endocardium at ES in IJKL region.
(a), (b) and (c) represents the radial stresses of the healthy, two-week and four-week infarct models
respectively; (d)-(f) represents the circumferential stresses of the healthy, two-week and four-week,
infarct models, respectively and (g)-(i) represents the longitudinal stresses of the healthy, two-week

and four-week infarct models, respectively.
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4.3.6.3 Comparison of end-systolic stress and strain in infarct region and septal region

Figure 4-28 (a)-(f) shows the systolic stresses in radial, circumferential and longitudinal
direction in the selected regions C, D, Eand F and |, J, Kand L. The C, D, E and F paths are
located where the tissue infarct is present. Consequently, the |, J, K and L is located where
there is no tissue infarct, but these paths are the wall which separate the LV and RV. As
shown in Figure 4-28 (a), (b) and (c), the radial, circumferential and longitudinal stresses at
the endocardium position are -202.32 kPa, -200.05 kPa and —190.48 kPa, respectively for
healthy model. In the same way, the radial, circumferential and longitudinal stresses at the
mid-wall are -17.00 kPa, -38.81 kPa and -18.31 kPa, respectively. The radial stress in the
mid-wall is lower than in the circumferential and longitudinal directions by 52.35% and
7.10%, respectively. Similarly, Figure 4-28 (a), (b) and (c) for healthy model at the
epicardium, shows that the radial, circumferential and longitudinal stresses are -1.25 kPa, -
17.17 kPa and 9.15 kPa, respectively. Nonetheless, the trend resembles that which was
observed at end-diastole modelling, including that the magnitudes of the stresses in all

directions are much high than the latter.

Generally, the radial, circumferential and longitudinal stresses for two and four-week infarct
models are lower than that of the healthy model. For example, as shown in Figure 4- (a)-(c)
at the endocardium, the radial stress of the healthy model is 92.1 % and 95.8 % higher when
compared to two and four-week infarct models. In the two-week infarct model at the
endocardium, the radial, circumferential and longitudinal stresses are -16.13 kPa, -55.46 kPa
and -41.77 kPa, respectively. When comparing two-week infarct model to the healthy model,
it has been observed that the radial, circumferential and longitudinal stresses at the mid-wall
are higher than the stresses at the epicardium position. This observation is different from
that which was observed at end-diastole modelling results. For example, for two-week infarct
model, the circumferential stress at the mid-wall is -49.24 kPa while the stress is -36.20 kPa
at the epicardium position. Similarly as shown in Figure 4-28 (c), the longitudinal stress at

the mid-wall position is -14.06 kPa and -36.10 kPa at the epicardium position.

Figure 4-28 (a), (b) and (c) show the low distribution of stresses in radial, circumferential and
longitudinal directions for four-week infarcted heart model as compared to healthy and two-
week infarct models. The low stress distribution might be due to the further thinning of the
wall in the infarcted regions C, D, E and F. Again, the low stress value in the infarcted region
is observed due to the fact that the infarcted tissue was modelled as passive material. The
circumferential and longitudinal stresses for four-week infarct model at the endocardium are

-38.49 kPa and -46.66 kPa, respectively. At the mid-wall and epicardium positions the
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circumferential and longitudinal stresses for four-week model are -14.4 kPa, -20.10 kPa and
-4.997 kPa, -9.011 kPa, respectively. This means that the radial, circumferential and
longitudinal stresses at all positions (endocardium, mid-wall and epicardium) are low than
those presented in healthy and two-week infarct model. In conclusion, it was expected that
the four-week infarct model will present the lowest stress magnitudes in radial,
circumferential and longitudinal directions because of the passive material behaviour

imposed on the infarcted tissue.

Generally, the |, J, K and L paths show the average of high stresses compared to the C, D, E
and F regions. For example, the average radial stress in the C, D, E and F paths is -202.32
kPa and -212.00 kPa in the I, J, K and L paths. This is mainly because the |, J, K and L
regions are subjected to pressure in both the endocardium and epicardium positions
because of the position of the wall region. Another reason why this is so, could be that the I,
J, Kand L paths are characterised by healthy tissue which is modelled by active constitutive
law whereas the C, D, E and F paths is modelled as passive material. Ideally, the stresses in
radial, circumferential and longitudinal directions should be equal because in this region
there are no infarction, wall thinning and dilation. However, this is not observed mainly
because the stresses in all these directions does not only depend on the geometry of the |,
J, Kand L paths but also on the geometry of the whole heart model and material properties
applied on the model. It is important to note that, the general trend of magnitude of radial,
circumferential and longitudinal stresses in healthy and infarcted heart models is maintained

as compared to the C, D, E and F paths.

In the I, J, K and L regions, the average radial stresses are -212.00 kPa, -77.02 kPa and -
1.250 kPa at the endocardium position for healthy, two-week and four-week infarct models,
respectively (Figure 4-28 (d), (e) and (f)). Average radial and circumferential stresses of the
healthy model at the mid-wall position show the magnitude of -9.58 kPa and -52.75 kPa,
respectively. In these positions, the stresses at the mid-wall position are higher than that in
the epicardium position for healthy model. Average longitudinal stress for healthy model,
shows the stress of -31.04 kPa at the epicardium position and -8.28 kPa at the mid-wall
position. This shows that the magnitude of the longitudinal stress at epicardial position is
greater than stress at the mid-wall position by 73.6 %. It is important to note that similar

observation was made in the C, D, E and F paths.

At two-week infarct model, the radial stress at the endocardium is -77.02 kPa compared to -

97.00 kPa in the circumferential direction. In the same model, the longitudinal stress is
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recorded to be -114.48 kPa. This means that the circumferential stress for two-week model
is higher than the radial and longitudinal stress at the endocardium position. For two-week
heart model, the highest stress magnitude is recorded at the endocardium position, followed
by the mid-wall position and the lowest stress magnitude is recorded at the epicardium
position. At the mid-wall the radial, circumferential and longitudinal stresses are -7.75 kPa, -
37.20 MPa and -20.83 kPa, respectively. Consequently, at the epicardium position, the
radial, circumferential and longitudinal stresses are -12.84 kPa, -53.68 kPa and -32.40 kPa,

respectively.

At the |, J, K and L paths for four-week infarcted heart model, the radial stress at the
endocardium is -1.25 kPa. On mid-wall and epicardium positions the radial stresses are -
7.096 kPa and 2.713 kPa, respectively. The circumferential stresses at the endocardium
position are the highest stress magnitude of -39.18kPa. Consequently, the longitudinal
stress at the endocardium position is showing the magnitude of -7.663 kPa. As compared to
the healthy and two-week infarct models, the stress distribution in the |, J, K and L are

higher. This is the same stress distribution as compared to the C, D, E and F paths.

The radial, circumferential and longitudinal stresses at the mid-wall position for four-week
infarct model are -7.096kPa, -70.30 kPa and -22.63 kPa, respectively. It can be seen that the
circumferential stress for four-week model remains higher when comparing to radial and
longitudinal stress. Moreover, the radial, circumferential and longitudinal stresses at the
epicardium position for four-week infarct model are 2.713 kPa, -50.025 kPa and -23.343
kPa, respectively. This shows that the average stresses at four-week infarct models in the I,
J, K and L paths are higher than those presented by the healthy and two-week infarct
models. Again, it can be concluded that the infarcts mainly shown in the C, D, E and F

regions have an influence in the stress distribution in the |, J, Kand L.
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Figure 4-28: End-systolic stress for healthy, two-week and four-week infarct models.
Average radial (a), circumferential (b) and longitudinal (c) stress at paths C, D, E and F.
Average radial (d), circumferential (e) and longitudinal (f) stress at paths I, J, K and L.
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Figure 4-29 (a)-(f) show the radial, circumferential and longitudinal strains in the C, D, E and
F paths and I, J, K and L paths in the endocardium, mid-wall and epicardium positions. The
healthy model shows the lowest strains in the radial, circumferential and longitudinal
directions at endocardium, mid-wall and epicardium positions. This is what was expected
because the healthy model has thick and proper thickness and as such will have little
movement in all directions as compared to the infarct models. However, in the two-week
infarct model, the radial, circumferential and longitudinal strains are higher than those
presented in healthy model in all positions (endocardium, mid-wall and epicardium). The
highest radial, circumferential and longitudinal strains are shown in the four-week infarct
model. This is according to what was expected because the four-week infarct model, has the
thinnest wall thickness in the infarcted region due to the remodelling of the heart wall and

pressure applied in the endocardium.

In the C, D, E and F paths, the radial strains in the healthy model are lower than
circumferential and longitudinal strains at the endocardium by 81.7% and 81.4%,
respectively. The radial, circumferential and longitudinal strains for healthy model at
endocardium position are -0.005, -0.028 and 0.029, respectively. Moreover, the radial,
circumferential and longitudinal strains at mid-wall position for the healthy model are -0.010,
-0.045 and 0.054, respectively. Consequently, the radial, circumferential and longitudinal
strains at epicardial position for the healthy model are -0.013, -0.071 and -0.070,
respectively. Following the observation recorded in the healthy model, the highest recorded
strains in the C, D, E and F regions are in the circumferential direction followed by the
longitudinal direction. The lowest recorded strains in the healthy model are in the radial
direction. The lowest recorded strain in the radial direction is observed because the infarct
models are mostly restricted to have some movement due to passive material behaviour

imposed.

The radial strains in the two-week infarct models at the endocardium, mid-wall and
epicardium are 0.012, 0.002 and -0.005, respectively. Additionally, the average
circumferential strains in the two-week infarct models at the endocardium, mid-wall and
epicardium are -0.007, -0.006 and -0.006, respectively. Similarly, the longitudinal strains in
the two-week infarct models at the endocardium, mid-wall and epicardium -0.004, 0.003 and
0.011, respectively. The radial strains for two-week infarct models at endocardium, mid-wall
and epicardium positions are lower than circumferential and longitudinal strains in the same
positions. The radial strain at endocardium in the two-week infarct model is doubled than

that of the healthy model. This means that the regions C, D, E and F has moved by half in
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the endocardium of the two infarct model as compared to healthy model has moved more
than double in the radial direction. The same applies when comparing the strains of the two-
week infarct model with the healthy model in the circumferential and longitudinal directions.
In Figure 4-29 (c), the longitudinal strain for two-week infarct model are -0.004, 0.003 and

0.011 in the endocardium, mid-wall and epicardium positions.

The four-week infarct model has lowest strains in the radial, circumferential and the
longitudinal directions when comparing to healthy and two-week infarct models. This
behaviour is attributed to the fact that the infarct tissue becomes stiff and passive in its
behaviour. The radial strain in the endocardium position for four-week infarct model has the
strain magnitude of 0.011. On the mid-wall and epicardium, the radial strains for four week
infarct model are 0.006 and 0.003, respectively. The circumferential strains on the
endocardium, mid-wall and epicardium positions are 0.004, 0.004 and 0.003, respectively in
the four-week infarct model. Similarly, the longitudinal strains on the endocardium, mid-wall
and epicardium positions are -0.015, -0.009 and -0.006, respectively in the four-week
infarcted. It is clear that the average strain (radial, circumferential and longitudinal) in the
epicardium, mid-wall and endocardium in healthy model is higher than that of the infarct

models.

Figure 4-29 (d)-(f) show the magnitude of strains in three positions (endocardium, mid-wall
and epicardium) in the radial, circumferential and longitudinal directions. The strains in this
region are expected to be higher than those in the C, D, E and F regions because the wall is
subjected to the pressure in both ends and the wall is thicker than the C, D, E and F wall.
Generally, the radial strains in endocardium, mid-wall and epicardium positions are higher
than circumferential and longitudinal strains in the same positions for all the models (healthy
and infarct models). Consequently, the longitudinal strains in the endocardium, mid-wall and

epicardium are lower than circumferential strain in healthy and infarct models.

The radial strain in the I, J, K and L paths for healthy model has the magnitude of 0.081,
0.077 and 0.072 in the endocardium, mid-wall and the epicardium positions. On the same
healthy model, the circumferential strains in the I, J, K and L paths for healthy model has the
magnitude of -0.190, -0.173 and -0.180 in the endocardium, mid-wall and the epicardium
positions. The longitudinal strain in the I, J, K and L paths for healthy model has the
magnitude of 0.118, 0.095 and 0.098 in the endocardium, mid-wall and the epicardium
positions. Therefore, as expected, the radial strain in the healthy model is higher than the

circumferential and longitudinal in the endocardium, mid-wall and epicardium positions.
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The radial strains of the healthy model are lower than the radial strain in the two-week infarct
model. However, in the |, J, K and L paths, the circumferential strains (two-week infarct
model) in the endocardium, mid-wall and epicardium position is lower than the
circumferential strain in the healthy model. For two-week infarct model, the radial strain in
the endocardium, mid-wall and epicardium are 0.141, 0.118 and 0.162, respectively. The
circumferential strains in the endocardium, mid-wall and epicardium are -0.139, -0.160 and -
0.164, respectively. Similarly, the longitudinal strain in the endocardium, mid-wall and

epicardium are 0.056, 0.041 and 0.023, respectively.

The radial strains in the four-week infarct model at endocardium, mid-wall and epicardium
position are 0.119, 0.096 and 0.069, respectively. The radial strains in the four-week infarct
models at endocardium, mid-wall and epicardium are higher than radial strains in the two-
week infarcted and healthy models. Similarly, the circumferential strains in the four-week
infarct model at endocardium, mid-wall and epicardium position are -0.081, -0.109 and -
0.122, respectively. Moreover, the longitudinal strains in the four-week infarct model at
endocardium, mid-wall and epicardium position are 0.011, 0.013 and 0.003, respectively. At
four-week infarct model, the radial strain is 50 % more than the circumferential strain at the
endocardium, mid-wall and epicardium positions. The similar trend prevails in the mid-wall
and epicardium positions. The longitudinal strain in the endocardium position is 38 times in
the circumferential strains while the circumferential strain at the endocardium is
approximately 0.5 times the radial strain in the same position. The trend is the same in the

mid-wall and epicardium positions for radial, circumferential and longitudinal direction.
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Figure 4-29: End-systolic strain for healthy, two-week and four-week infarct models.
Average radial (a), circumferential (b) and longitudinal (c) strain at paths C, D, E and F.
Average radial (d), circumferential (e) and longitudinal (f) strain at paths I, J, K and L.
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5 Discussion

5.1 Overall Discussion

This study investigated the effects of remodelling in the infarcted rat heart using the FEM at
two time points (two and four-week) after MI. The biventricular geometry of a rat heart was
reconstructed from short-axis MRI and the infarcts were modelled by changing the material
constitutive parameters in the infarcted region. As a result, three models of a rat heart were
developed, namely that of a healthy heart, of a heart with a LV infarct two-week after infarct
induction, and of the same infarcted heart four-week after infarction. These models were
used to study the effect of myocardial infarction and post-infarct remodelling on the

functioning of the left ventricle and the cardiac, i.e. myocardial, mechanics in the rat heart.

A number of animal models to study cardiac mechanics have been proposed (Guccione et
al., 1995a, Janz and Grimm, 1972, McCulloch et al., 1992, Mojsejenko et al., 2014, Omens
et al.,, 1993, Pao et al.,, 1974, Ratcliffe et al., 1998). The importance of these previous
studies was to utilise animal models in an attempt to understand various heart diseases
including MI. It is evident that knowledge of cardiac and cardiovascular physiology was
generally obtained and gathered through the use of animals (Gilson and Kraitchman, 2007,
Nahrendorf et al., 2003, Nahrendorf et al., 2001, Rehwald et al.,, 1997). The use of big
animals like dogs for cardiovascular research has declined recently due to the cost
associated with the large animal model. Rat models have been developed extensively to

study heart failure, aging and post infarct remodelling.

The cavity pressures and the volumes of the cavity play an important role in understanding
the cardiac performance of the heart. In the current study the regional mechanics of the
myocardium were used to understand the underlying mechanisms of the myocardium by
utilising the biventricular rat heart models. The research study conducted was based on the
MRI images obtained using a 3D MRI machine. The geometries captured by MRI were used
to create 3D models. These models were validated and verified by measuring the mass of
the heart (model), the end-systolic and end-diastolic volumes of the LV and RV. The
volumes of these 3D models were measured and compared with those of the MRI. The
images obtained from MRI contain three time points, one the healthy (control) model, two the

two-week infarcted and three the four-week rat heart models.

To understand the myocardial behaviour of the heart, it is critical to understand the stresses

and strains. Therefore, the radial, circumferential and longitudinal strains and stresses were
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all analysed for both healthy and infarcted tissues. This was achieved by comparing stresses
and strains during both filling and contraction ejection. The main aim was to observe if the
effect of post-infarct remodelling has any adverse effect on the functional parameters of the
heart. This finding has serious implications on the treatment of the infarcted hearts and the
understanding of the mechanisms of cardiac mechanics. To achieve this understanding the
stresses and strains were recorded at various regions across the myocardium thickness.
The advantage of capturing the stresses and strains in this way is that one is able to capture
the behaviour of both the healthy and infarcted tissue. This is critical in terms of
understanding the mechanism of infarcted hearts. In this study the wall thinning of the
myocardium played an important role in understanding the cardiac mechanics of the infarcts.
Therefore, during 3D reconstruction of the geometries the wall thinning was observed with
interest. In order to quantify the experimentally measured strain and stress data, the
mathematical models are used here to predict the stress and strain across the wall thickness

of the healthy and infarcted tissue.

In order to simulate the passive filling, the inner pressure of 4.8 kPa and 1.2 kPa was applied
in LV and RV, respectively in all models. The passive modelling was achieved by using the
Fung constitutive model (Guccione et al., 1995b). To simulate the active contraction, the
endocardial pressure of 14.6 kPa and 2.9 kPa was applied in LV and RV, respectively in
healthy and infarcted rat heart models. The active simulation was achieved by combining the
passive and active models. The infarcted areas were modelled as the passive materials but
with stiffer material properties. In active and passive models the stresses and strains

together with the measurements of volumes were measured and presented.

In this study the active contraction model presented by Guccione et al.,, (1993a) and
Guccione et al., (1993c) was used to study the effects of infarction on the bi-ventricular
models. This was achieved by studying the distributions of stresses and strains on infarcted
regions during systolic phase. In order to obtain the accurate finite element analysis, the
following complex features are to be taken into consideration, namely: (i) large deformations;

(i) transmural muscle fibre orientation; and (iii) non-linear antistrophic material properties.

The constitutive parameters used in this study are higher than those used in Omens et al.
(1993). The differences may be attributed to the fact that the geometrical models reported in
Guccione et al. (1995a) and Omens et al. (1993) are not exactly the same as those
presented in this study. The stress scaling factor was increased from 1.1 kPa to 2kPa such
that the difference between the EDV of the model and EDV of the MRI is minimised. This
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optimization was manually performed in such a way that the ESV of the model after applying
the inner pressure is equal or close to the EDV of the MRI measured values. Therefore, the
constitutive parameters were optimised and adjusted accordingly to ensure that the ES
geometry of the reconstructed model is equal to EDV of the MRI data after applying the inner
pressure. This was achieved by assuming the inner pressure applied is the same as found in
the literature. It should be noted that the boundary conditions also play a role in how the ESV

and EDV increases.

The active contraction model was implemented such that it has two forcing functions, (1) the
forcing function C; and (2) internal myocardial wall pressure (also previously defined as
endocardial pressure). In order to simulate the endocardial pressures at end-systole, the
pressures of 14.6 kPa and 2.9 kPa were applied on LV and RV. The pressure applied on the
endocardial surface is a function of time. The stresses and strains data were taken at time
0.4 seconds. The time 0.4 seconds, represents the point at which end-diastolic occurs.
During active simulation, the models actively contracted against the applied endocardial
pressure as shown in Figure 4-2 applied on the endocardial surfaces of LV and RV.
Figure 4-2 shows the time course of the internal pressure applied to the endocardial
surfaces of the RV and LV. Transversely the isotropic model for rat heart was presented by
Omens et al. (1993). In this study, the researchers studied the behaviour of resting rat
myocardium using the Fung model. The results of this study, especially stress and strains of
the healthy myocardium during diastolic filling, match the results presented by (Omens et al.,
1993).

As tabulated in Table 4-1, peak intracellular calcium concentration was 4.35 pM. In this
study, the elastance model was used, where the C, is set to unity. This means that the force-

velocity relation was excluded in the model.

5.2 Development of FEM

5.2.1 Geometrical reconstruction of healthy and infarct models

The MRI data used during this study was first reported in Saleh et al. (2012). The Allegra
MRI 3T scanner with a small animal coil and gradient-echo sequence was used to record the
long-term ventricular remodelling Saleh et al. (2012). The MRI parameters used for acquiring
the data are as follows: field of view (FOV) = 60 mm, matrix size = 256 x 256, in-plane
resolution 234 um, slice thickness 1.0 mm, TR 7.7ms, TE 3.5ms, flip angle 25- to 40, and 3
signal averages. For the four-week scan, FOV and matrix size were increased to 75mm and
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320 x 320, respectively (Saleh et al., 2012, Saleh, 2012). The data received from the MRI
scanner was of high quality such that the papillary muscles in the ventricles were visible. As
compared to most studies in the area of cardiac biomechanics, the papillary muscles in this
study were disregarded (Guccione et al., 1995a; Klepach et al., 2012; Kortsmit et al., 2012;
Miller et al., 2013; Omens et al., 2013; Wenk et al., 2005). Therefore, all papillary muscles

were discarded in order to achieve this.

The MRI was smoothed to allow the alignment of data (long-axis) longitudinal direction (z).
This was done in such a way that the cavity volumes and the mass of the myocardium were
not tampered with or affected. The smoothing was achieved by manually moving the short-
axis data of the LV and RV. Furthermore, the data smoothing was performed by Solid
Edge® 3D modelling software. Segment® software was used to manually segment the
epicardial and endocardial contours of LV and RV. The 3D model segmented from
Segment® software was then used to create the 3D model in Solid Edge®. The Egis model
was then imported into Abaqus® to be meshed. In this study, the 3D rat heart geometry was
meshed with tetrahedral elements quadratic constant pressure C5H10D with a total of 32221

elements and 6540 nodes.

5.2.2 Boundary and loading conditions

Boundary conditions are critical in obtaining the accurate simulation results. In modelling the
biventricular models of the heart, it is critical that the real conditions are emulated. The
boundary conditions are applied on the basal surface of the RV and LV to imitate the
properties of valves and annuli. Various researchers who performed a biventricular model
simulation have used different boundary conditions (Ratcliffe et al., 1998, Guccione et al.,
1995a, Kortsmit et al., 2012, Kortsmit et al., 2013, Wang et al.,, 2013, Wenk et al.,
2013a).The boundary conditions of the heart were set such that the displacements of the
nodes are restricted in the circumferential-radial plane. This means that only the longitudinal
displacements are allowed to move (Wenk et al., 2013a). In other work, the longitudinal
displacement of the base is set to zero. Consequently, the circumferential displacement of
epicardial wall is set to zero. In this case the ventricular wall is set free including the apex. In
other research work, the nodes at the apex are constrained to move along the long axis and
the basal axis is constrained in all directions (Ratcliffe et al., 1998a). Consequently, the
displacement of the epicardial-basal edge was constrained fully. The remainder of the nodes
were allowed to move in the radial direction (Wenk et al., 2013a). The boundary conditions
presented by Wenk et al. (2013) have come close to the boundary conditions used for this

study except that in this study the nodes at the base including the endocardial and epicardial
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edge at the base were fully constrained in the longitudinal and circumferential directions but
free to move in the radial direction. On the contrary Wenk et al. (2005) has constrained
nodes only at the epicardial basal edge. In this study the boundary conditions were set such
that the real conditions are emulated. The nodes at the basal surface are fixed in transitional
radial and circumferential directions. The rest of the model was left free to move in both the

transitional and rotational directions.

The EDPVR was mimicked by applying a pressure with a linear increase from 0-4.8 kPa on
the LV and 0.98 kPa on the RV. In the literature, there are different values of EDP reported
for rat models ranging from EDP of 0.4 kPa to 7 kPa (Dobner et al., 2009, Fletcher et al.,
1981, Landa et al., 2008, Pacher et al., 2004, Prunier et al., 2002, Raya et al., 1988).
Variations of these values are mainly attributed to the difficulty of measuring pressure in
such a small rat heart and the accuracy of the equipment used in these experiments. The
pressures applied at the endocardial surfaces of the LV and RV were higher than the
pressure reported of 1.33 kPa (Pacher et al., 2004). Even though the value of EDP (4.8 kPa)
used in this study is higher than reported research papers in some instances (Fletcher et al.,
1981; Prunier et al., 2002; Raya et al., 1988), it is still acceptable because it falls within the
maximum reported EDP value of 7kPa. In this study, the EDP (of LV and RV) was
determined mainly by matching the EDV of MRI data and retaining the stability of the model.
The linear variation of pressure during passive filling is regarded as unphysiologic; however,
this method has been used by others to mimic the passive filling phase of the heart models
(Kerckhoffs et al., 2007; Kortsmit et al., 2012; Kortsmit et al., 2013; Miller et al., 2013; Walker
et al., 2008; Wenk et al., 2013a). The linear pressure increment method used in this study is
validated in the above mentioned studies. The EDP of 4.8 kPa was applied in healthy and
infarct heart models. Even though in reality, the EDP could slightly decrease or increase
after infartcion, the literature is not conclusive (Kerckhoffs et al., 2007; Kortsmit et al., 2012;
Kortsmit et al., 2013; Miller et al., 2013; Walker et al., 2008; Wenk et al., 2013a).

To mimic the ESPVR, the time varying pressure was applied on the endocardial surfaces of
RV and LV as 14.6 kPa and 2.9 kPa, respectively (Pacher et al., 2004). The ESP on the RV
during active contraction was rarely reported in the literature. Therefore the value of ESP
applied in the RV was obtained and estimated by the rule which states that the RVESP is
nearly 20% of the LVESP. The ESPVR was mimicked by applying a time varying pressure
shown in Figure 4-2. The same pressure waveform was applied on the endocardial of LV
and RV in all models. The end-systolic volume was then read at the end-systolic time of 0.4

seconds. In other studies, the active contraction volume was modelled by holding the peak
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pressure constant (Kortsmit et al., 2012, Miller et al., 2013). The transmural stresses and
strains were determined using the end-systolic and end-diastolic configurations. In this
study, it was assumed that there are no external loadings on the heart model. Naturally, this

is not true as the heart is situated near other organs.

5.2.3 Constitutive law and the active stress model

The myocardium of a heart portrays highly complex features such as non-linear anisotropic
material properties, fibre orientation variation across the myocardium, large deformation and
residual stresses. To achieve the accuracy of material behaviour of these conditions, finite
element analysis needs to be used. The transmural variation of stresses and strains plays an
important role in selecting the appropriate constitutive model suitable for passive filling and
active contraction simulation. To achieve the desired results of the study, the rat heart was
modelled as nearly incompressible. The general purpose finite element analysis Abaqus®
was selected. Based on biaxial testing results, it has been showing that the myocardium
behaves more like anisotropic material with high stiffness in the fibre direction. The
constitutive material parameters used in this study were presented, tested and validated in
previous studies (Omens et al., 1993). Active contraction of healthy heart has been
presented by various authors but very limited studies have presented the active contraction
simulation of the infarcted heart models (Vetter and McCulloch, 2000, Wang et al., 2010b,
Wang et al., 2010a, Whiteley et al., 2007).

The combination of passive stress tensor component and the active fibre directional
component was used to model the active contraction of the rat heart. Accordingly, the active
directional component was described to depend on various factors including: the maximum
peak intracellular calcium concentration, the stress free sarcomere length, the peak
isometric tension-sarcomere length relation and the sarcomere length at which no tension is
developed (Guccione et al., 1993a). In Abaqus®, it is possible to assign different material
properties in the same model. This was achieved by assigning the elements in the infarcted
region, the passive material components (Abaqus® built-in Fung model) and the rest of the

myocardium was assigned the active contraction model.

A transversely isotropic material model was used to model the behaviour of the passive and
active tissue. This was achieved by implementing the passive and active models using the
ORIENT subroutine in Abaqus®. In order to simulate the tissue as transversely isotropic
material model, constitutive parameters including fibre strain, shear strain, and cross-fibre

coefficients need to be defined. In this study the parameters used to model the healthy and
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infarcted tissues were based on the study presented in (Omens et al.,, 1993). The

parameters selected were based on the arrested rat heart during passive filling.

The heart is regarded as a muscle with both connective tissue and cells which are bounded
by liquid filled extracellular space. Incompressible models usually are problematic and
demand more time to converge. Therefore, in the current study the myocardium is modelled
as near incompressible by defining the bulk modulus D of the material. D was assigned a
value of 1E-06 during passive filing and active contraction simulation. This value has
allowed the modelling of a tissue material as approximately incompressible. Most studies
have modelled the tissue as a quasi-compressible material (Doll et al., 2000; Kortsmit et al.,
2012; Kortsmit et al., 2013; Miller et al., 2013).

5.2.4 Developing the infarct models

In the bi-ventricular rat heart model, the infarction occurred in the LV. Therefore, the LV was
modelled with the passive behaviour and the active behaviour during active ejection phase.
The RV was also modelled similarly to the LV. The rat heart model was modelled at two time
posts after the infarction: two-week after infarction and four-week after infarction. In the two-
week infarct model, the infarcts had accounted for approximately 16% of the LV. For the
four-week infarct model, the infarcts accounted for approximately 26% of the LV. The infarct
in the two-week infarct model was labelled regions E and F. Similarly, the four-week infarct

model transmural paths were labelled regions C, D, E and F.

For both the two-week and four-week infarct models, the infarct was assumed to have
increased the stiffness by tenfold compared to that of the healthy tissue, similar to that seen
in recent studies by Lee et al. (2014a) and Mojsejenko et al. (2014) and previous studies by
Lee et al. (2013); Wenk et al. (2005); and Wenk et al. (2010) for various animal models. By
conducting biaxial testing in sheep and pig hearts, it was shown that in both cases the
stiffness of the infarcted tissue is greater than the healthy tissue. The increase of stress

scaling factor (C) catered for the formation of scar in the infarct region.

In this study, the fibre orientation in the scar tissue (infarct) was left the same as that of the
healthy tissue. There is little evidence in the literature on how collagen fibre direction
changes due to MI. Like those who argue to the contrary, a study by (Holmes et al., 1997) in
pig model concluded that during passive inflation of isolated, arrested hearts, the infarcted
tissue revealed circumferential strain is significantly less compared to radial and longitudinal

strains; on the contrary, longitudinal and radial strains remain the same when compared with
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healthy models. Furthermore, (Rouillard and Holmes, 2012) confirmed that in rat heart, there
is less strain in circumferential direction compared to radial and longitudinal directions in the
infarcted tissue of the heart after three weeks MI. The tests on collagen fibre orientation in
the infarct are conclusive on pig and sheep heart models changes considerably. This implies
that the isotropic material properties were assigned in the infarct region with equal stiffness

in the fibre and cross-fibre directions.

5.3 Validation of the Models

5.3.1 Implementation of active contraction code

The coding of UMAT subroutine for hyperelastic material behaviour remained a challenge as
manual coding was required. The hyperelastic materials have underlying anisotropic fibres
which must be represented in strain energy function. The hand coding of a UMAT subroutine
remains a tedious job as a lot of debugging needs to be done with no guarantee of success.
The manual coding of a Fung model implementation was attempted by Sun et al. (2005).
One may appreciate that this involves a high level of work and the accuracy maybe

compromised.

The automatic generation of a UMAT subroutine is the best option as presented by Young et
al. (2010). The automatic generation of the UMAT subroutine used in this study was adopted
from Young et al. (2010). Mathematica® was used to automate the UMAT coding for the
Fung model. The main function of the Mathematica® was to solve the partial differential
equations to give a ready-made solved equation based on given pseudoelastic strain energy
function. In Abaqus® the UHYPER, UANISTROHYPER_STRAIN and UNISOHYPER_INV
subroutines are available for modelling hyperelastic material. These subroutines are easily
available and do not require intensive work as compared to a UMAT subroutine. The
challenge with the latter is that does not offer the user the opportunity to access the Cauchy
stress tensor. In order to model the active contraction of the heart, the access to the Cauchy
stress tensor is vital because there is a need to add the active stress on the passive stress.
Therefore, the only way to model active filling in Abaqus® is to give the user access to the
Cauchy stress tensor. The success of working the UMAT subroutine depends on the
accurate definition of the Cauchy stress tensor, the corotational tensor of elasticity and the

specific strain energy (Abaqus, 2010).
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5.3.2 Validation of the developed passive and active models

The strain energy function used to model the tissue material was first developed by Fung
(1984). The active contraction was modelled by adding the active stress in the direction of
the fibre. The ED, LV and RV volumes were validated by measuring the ED volumes of the
RV and LV of the models as presented in Table 3-4, Table 3-8 and Table 3-9. The MRI was
assumed to be an accurate measurement. The error was minimised to ensure that the
volumes measured on the reconstructed 3D models are similar to those of the MRI. During
passive filling, the internal pressure of different magnitudes was applied together with the
constitutive parameters until the end-systolic volume of the model based on MRI data is
reached. Once the end-diastolic volume is accurate, the model was then recreated using
Solid Edge® software to create the IGES file for remeshing into Abaqus®. In conclusion, the
passive and active models were validated by measuring both the RV and LV volumes of the

3D reconstructed models against the MRI data.

5.4 Comparison of Healthy and Infarcted Cases

The performance of the heart is normally determined by firstly considering the pressure-
volume relationships including the functional parameters and secondly, analysing the
myocardial deformation. The myocardial mechanics include the determination of transmural
stress and strain in healthy and infarcted tissues. In this section, the effect of infarct sizes on
functional parameters and wall mechanics is compared and discussed. The results indicate

that stress and strains distribution at healthy and infarcted regions are different.
5.4.1 Cardiac functional parameters

The functional parameters used to evaluate the heart functioning are ejection fraction (EF),
stroke volume (SV) and contractility. The parameters in this study are compared to other
experimental studies that are available in the literature. These quantities were computed by
measuring and comparing the state of the mesh from the beginning of simulation to the end

of simulation time.

The EF for healthy rat heart models varies from 45 % to 79 % (Carapella et al., 2014, Daire
et al., 2008, Liu et al., 2006, Ruetten et al., 2005, Saleh et al., 2012, Yoon et al., 2009, Wang
et al., 2009, Wise et al., 1998). The variation of EF in healthy rat heart is attributed to many
factors including the age, size and type of the rat, natural variability in material properties of
the myocardium, the type of anaesthesia used during experimentation, etc. This variation

does not only apply to the same animal model but across different animal species. It is
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important to note that the regional contractile function in the normal rat heart was measured
using cardiac cine and tagged cardiovascular magnetic resonance (CMR). In this study, the
EF was found to be 74.2 + 4.4 %. The EF (=SV/EDV) for the healthy rat heart model in this
study was determined to be 62 %. The EF determined and presented by this study is similar
to the EF of 61% presented by (Wise et al., 1998). It is important to note that the EF of the
healthy model presented in this study falls within the value that is reported in the provided
literature (Carapella et al., 2014, Ruetten et al., 2005, Saleh et al., 2012, Yoon et al., 2009,
Wang et al., 2009). The MRI measured EF was based on the rat heart when the rat was
subjected to anaesthesia. The anaesthesia has the tendency to lower the contractility of the
heart (Tsamis and Stergiopulos, 2009). The EF calculated for the four-week infarct model
was reduced to 49 %. EF is reported to decrease as a function of infarct size. The higher the
infarct size the lower the EF (Gaudron et al., 1993, Kostuk et al., 1973, Pfeffer et al., 1988,
Pfeffer and Braunwald, 1990, Pfeffer et al., 1991, Pfeffer, 1995). As shown in the literature,
the reduction of EF at the four-week model was expected since this model has large infarct
region which has the ability to significantly reduce the contractility. The infarct models have
shown the reduction of EF to 55% and 49% for the two-week and four-week infarct models,
respectively. The infarct stretching occurs due to degradation of intermyocyte collagen struts
by serine proteases and activation of matrix metalloproteinases which is released from
neutrophils (Cleutjens et al., 1995a, Cleutjens et al., 1995b). This infarct stretching is the
main cause of wall thinning and ventricular dilation which increase the diastolic and systolic
wall stresses. The decrease in EF after Ml is associated with considerable structural and
functional alterations including the decrease in contractility, the increase in SV and the
increase in EDV and ESV. The SV (=EDV-ESV) was found to be increasing from 135 pL for
the healthy case to 143 pL and 183 uL for the two-week and four-week infarct models,
respectively. This increase of SV is in line with literature and is mainly attributed to the wall
thinning and ventricular dilation (Cleutjens et al., 1995a, Cleutjens et al., 1995b). The
elationship between the ejection fraction and myocardial strain using a simple left ventricle

FE heart model was established (Maclver et al., 2015).

The LVEDV (left ventricle end-diastolic volume) increased from 208 pL of the healthy model
to 262 uL and 369 pL of two-week and four-week infarcted heart models, respectively. To
model the structural changes of the infarcted tissue, the stress scaling factor has been
changed. At four-week there is severe wall thinning and dyskinesia in the infarcted area. The
collagen scarring after four-week infarct was evident (Saleh et al., 2012). It is understood
that transformation of fibroblasts to myofibroblasts are responsible for the formation of
collagen (Dai et al., 2005, Jugdutt, 2003b, Jugdutt, 2003a, Villarreal et al., 1991). The
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decrease in wall thickness at the infarcted region is attributed to the necrosis of myocytes.
The wall thinning in the infarcted regions caused the increase in EDV and ESV in the two-
week and four-week infarct models. There was a significant movement in the infarcted
region which contributed to the increase of EDV and ESV in all models. The reduction of
strain and increase of stress in the two-week model is smaller than that of the four-week
model because the infarcted region in the four-week model is larger than that of the two-
week infarcts. There is considerable volume dilation on the two and four-week infarcted
heart models. This observation is consistent with what has been reported in the literature
(Epstein et al., 2002, Gilson et al., 2004). At four-week there was enlargement of EDV and

ESV in the myocardium compared to the healthy model.

The ESPVR for each model was used to calculate the contractility during the active
contraction phase. The healthy model has the highest contractility of 0.3 kPa/pL. The two-
week and four-week infarct models have experienced a reduction in contractility of 0.2
kPa/uL and 0.1 kPa/uL, respectively. The four-week model has the lowest contractility
because it has the largest infarcted area. The infarct area is modelled as the passive
material and has no contraction attributed to it. It is critical to note that the myocardium in the
LV for the healthy model has the ability to contract because all materials are modelled as

healthy.

5.4.2 Myocardial stress and strain

The Cauchy stress tensor represents the true stress of the model. Therefore, the Cauchy
stress tensor was used to measure how myocardium reacts under certain applied pressure.
The Green-Lagrangian strain tensor was used to compare the strain on the model because it
is useful when the structure exhibits high deformation. The expected strains in soft tissue
mechanics can be as high as 40 % of the original deformed shape. The average stresses
and strains are to be compared in (i) regions C, D, E and F in the LV wall that are exposed to
infarction and (ii) regions |, J, K and L in the septal wall. It should be noted that for the two-
week infarct model, only the paths E and F are in the infarcted region whereas the paths C
and D are located in non-infarcted myocardium. As such, only paths E and F are considered
for the two-week infarct model and correspondingly in the healthy control case. For the four-
week infarct model, all four paths C, D, E and F are located in the infarcted region.
Consequently, separate average healthy control data are provided for the two-week infarct
(from path E and F) and the four-week infarct (from paths C, D, E and F). In the following
sections, the graphs for the LV free wall region present four cases, data from the E-F region

for the two-week infarct and the corresponding region of the healthy case, and data from the
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I-J-K-L region for the four-week infarct and from the healthy case. For the septal wall region
that is non-infarcted in all models, the four septal paths |, J, K, and L were considered for all
models to provide data from the same region in all models for comparison purpose. The
graphs for the septal region as such comprise three cases only, i.e. healthy, two week infarct
and four-week infarct. Please note that strain and stress always refers to average values

unless stated otherwise.

5.4.2.1 Strain in the healthy and infarct models during passive filling

Figure 5-1 shows the average radial, circumferential and longitudinal strains in the healthy,
two-week and four-week infarct models along the paths C, D, E and F and |, J, K and L,
respectively. The C, D, E and F (free wall) paths are in the infarcted region (see notes

above) while the paths I, J, Kand L are in the non-infarcted septal wall.

As shown in Figure 5-1 (a), in the free wall, the radial, circumferential and longitudinal strains
of the healthy models are higher than those of the two-week and four-week infarct models.
The radial strain in the two-week and four-week infarct model is 83.6 % and 76.1 % lower,
respectively, than the radial strain in the healthy models. The circumferential strain in the
two-week and four-week infarct model is 69.5 % and 66.7 % lower, respectively, than
circumferential strain in the healthy models. In longitudinal direction, the strain in the two-
week and four-week infarct model is 45.9 % and 95.2 % lower, respectively, than the strain
in the healthy case. In the radial direction, the strain in the four-week infarct model was
found to be 85.0 % higher compared to the two-week infarct model. In the circumferential
direction, the strain in the four-week infarct model was found not to have changed compared
to the two-week infarct model. In the longitudinal direction, the strain in the two-week infarct
model was found to be 90.0 % higher compared to the four-week infarct model (see
Table 5-1).

The maximum decrease of strain in two-week infarct model is found to be in the radial
direction. Furthermore, the maximum decrease of strain in four-week infarct model is found
to be in the longitudinal direction. The strain in the radial direction for four-week infarct model
was found to be higher than that of the two-week infarct model. The finding is based on the
fact that the four-week infarct model has a larger infarct size compared to the two-week
infarct model whereas the infarct stiffness in both models was the same (C = constant). As
the infarcted tissue stiffens compared to the healthy tissue, the strain in all directions
decreased. This is mainly attributed to the fact that after infarction, the collagen substance
expands quickly and infarct stiffness is generally associates with collagen content. The
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healing infarct soon enters a stage where new collagen deposition is the essential
determinant of structural and mechanical changes. The stage after two-week infarction is
characterized as starting when the quantity of fibroblasts and extent of new collagen start to
increment speedily in the healing infarct more or less 5 days after dead tissue in the rat and
consummation when collagen amassing moderates and mechanical properties decouple
from collagen content. In rats, the collagen substance starts ascending on day 4 or 5 and
keeps on increasing for no less than 3 weeks. The mean introduction of the collagen fibres
fluctuates with complexity underneath the epicardium in a pattern comparable to that for
healthy muscle fibres excluding that the transmural range of mean angles is reduced. The
accessible evidence recommends that during this stage infarct stiffness peaks and the
recuperating infarct acquire a particular anisotropy. Due to lack of available data in the
literature regarding the stiffness factor for rat, the infarct stiffness of both the two-week and

four-week model were modelled using the same magnitude.

As shown in Figure 5-1 (a), the strain in the healthy regions E and F and C, D, E and F have
different stress values. It was further observed that in the radial direction, the strain in the C,
D, E and F region is 21.3 % higher than the E and F region in the healthy model. Similarly, it
was observed that in the longitudinal direction, the strain in the C, D, E and F region is 11.9
% higher than the E and F region in the healthy model. In the contrary, the circumferential

strain in the E and F region is 8.6 % higher than the C, D, E and F region.

Figure 5-1 (b) shows the strains in the radial, circumferential and longitudinal direction in the
septal wall (I, J, K and L paths) for healthy, two-week and four-week infarct models. It is
important to recall that the septal wall region is non-infarcted in all three models. The radial
strain in the two-week and four-week infarct model is 41.7 % and 83.3 % higher than radial
strain in the healthy models, respectively. The circumferential strain in the two-week and
four-week infarct model is 62.5 % and 100.0 % higher than circumferential strain in the
healthy models, respectively. The longitudinal strain in the two-week and four-week infarct
model is 25.0 % and 50.0 % higher than longitudinal strain in the healthy models,
respectively. In the radial direction, the strain in the four-week infarct model was found to be
29.4 % higher compared to the two-week infarct model. In the circumferential direction, the
strain in the four-week infarct model was found to be 23.1 % higher compared to the two-
week infarct model. In the longitudinal direction, the strain in the four-week infarct model was

found to be 20.0 % higher compared to the two-week infarct model.
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The presented results show that the infarct and its size has major influence on the strain in
the septal wall. The infarct in the LV free wall induces increased, i.e. hyper-physiological,
strains in the non-infarcted septal wall. When comparing the infarcted models to the healthy
model, it was found that in the two-week infarct model the strain has risen by to 41.7 % in
the radial direction. In the four-week infarct model with a larger infarct size, the strain has

even risen by to 83.3 % compared to the healthy case in the radial direction.

It is worth emphasising that bi-ventricular finite element models were utilised in this study.
The septal wall is pressurised from both sides, i.e. the LV side and the RV side. The
pressure applied at the LV side is much higher than that applied on the RV side. Due to the
geometry of the bi-ventricular model, as the free wall is forced to have minimal strain due to
stiffening of the scar tissue on the wall, this myocardial energy needs to be accommodated
by the septal wall. This means that as the free wall stiffens due to scaring with increase in
collagen content after infarction and the LV cavity pressure is assumed to remain the same,
the septal wall will compensate and absorb some of the pressure load and associated
energy. This explains higher strain in all directions in the two-week and four-week infarct
models compared to the healthy case. These findings have practical implications as when

the free wall in the infarct region may trigger adverse remodelling of the heart.

The minimum increase of strain in two-week infarct model is found in the longitudinal
direction. In addition, the minimum increase of strain in four-week infarct model is found to
be in the longitudinal direction. Similarly, the maximum increase of strain in two-week infarct
model is found to be in the circumferential direction. Furthermore, the maximum increase of
strain in four-week infarct model is found to be in the circumferential direction (See
Table 5-1).
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Figure 5-1: Average radial, circumferential and longitudinal strains during passive filling simulation in
(a) free wall paths C, D, E and F and (b) septal wall paths I, J, K and L.
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Table 5-1: Difference of average strain in the LV free wall (infarct region) for different models at end-
diastole

Radial | Circumferential | Longitudinal

Strain Strain Strain
Two-Week Infarct versus Healthy -83.6 % -69.5 % -45.9 %
Four-Week Infarct versus Healthy -76.1 % -67.7 % -95.2 %
::r]ofgrré\{Veek Infarct versus Two-Week 85.0 % 0.0 % -90.0 %

Table 5-2: Difference of average strain in the septal wall for different models at end-diastole

Radial | Circumferential | Longitudinal

Strain Strain Strain
Two-Week Infarct versus Healthy 41.7 % 62.5 % 25.0 %
Four-Week Infarct versus Healthy 83.3 % 100.0 % 50.0 %
Four-Week Infarct versus Two-Week Infarct | 29.4 % 23.1% 20.0 %

5.4.2.2 Stress in the healthy and infarct models during passive filling

Figure 5-2 shows the average radial, circumferential and longitudinal stresses in the healthy,
two-week infarcted and four-week infarcted heart models along the paths C, D, E and F and
I, J, Kand L. The C, D, E and F (free wall) paths are in the infarcted region (see notes

above) while paths I, J, K.and L are in the non-infarcted septal wall.

In the LV free wall region (see Figure 5-2 (a)), the stress is, for all cases studied,
considerably higher in the circumferential direction compared to the radial and longitudinal
directions. The positive values of the stress indicates extension in the circumferential and
longitudinal direction, whereas the negative, i.e. compressive, stress in radial direction is
associated with wall thinning during filling (as indicated by the compressive radial strains in
Figure 5-2 a). The average radial stress in the two-week infarct model is 178.4 % higher than
the healthy model. The average radial stress in the four-week infarct model is 58.2 % higher
than the healthy model. The average radial stress in the four-week infarct model is 51.3 %

higher than the two-week infarct model.

The circumferential stress in the two-week and four-week infarct model is 74.2 % and 91.1 %
higher than for the healthy model, respectively. The circumferential stress in the four-week
infarct model is 15.9 % higher than the two-week infarct model. The longitudinal stress in the
two-week and four-week infarct was predicted to be 7.7 % and 11.4 % higher than the stress
in the healthy model, respectively. In the longitudinal direction, the stress in the four-week

model is found to be 49.6 % higher than in the two-week model.
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It was observed that the stress in the healthy regions E and F (as reference for the two-week
infarct) and C, D, E and F (as reference for the four-week infarct) have different stress
values. The radial stress in the healthy (EF) region is 62.4 % higher than the healthy (CDEF)
region. Contrary to the radial direction, in the circumferential direction, the stress in the
healthy (EF) region is 5.6 % higher than the healthy (CDEF) region. In addition, the
longitudinal stress in the healthy (EF) region is 44.7 % higher than the healthy (CDEF)

region.

Figure 5-2 (b) shows the stress in the radial, circumferential and longitudinal direction in the
septal wall (I, J, K and L paths) for healthy, two and four-week infarct models. It is important

to recall that the septal wall region is non-infarcted, i.e. healthy, in all three models.

As observed in the free wall, the stresses are: (i) positive associated with extension in
circumferential and longitudinal direction compared to negative stresses in radial direction
caused by thinning of the septal wall during filling, and (ii) of substantially larger magnitude in

the circumferential direction compared to the radial and longitudinal directions.

Related to the higher strain magnitudes observed in the two-week and four-week infarct
models compared to the healthy heart, the stress magnitudes are higher in the infarcted
hearts compared to the healthy heart. Similarly, higher stress magnitudes are observed in

the four-week infarcted heart compared to the two-week infarcted heart.

The radial stress in the two-week and four-week infarct model is 64.9% and 52.3 % higher
than in the healthy model, respectively. In circumferential direction, the stress in the two-
week and four-week infarct model is 94.8 % and 188.6 % higher than in the respective
healthy model, and the stress in longitudinal direction of the two-week and four-week infarct

model is 16.7 % and 287.0 % higher than in the respective healthy model.

Comparing the infarct models, the circumferential and longitudinal stress was found to be
48.1 % and 231.5 % higher in the four-week infarct model than in two-week infarct model,
whereas the radial stress was 7.6 % lower in in the four-week infarct case compared to two-

week infarct case.

Similar to the indications for strain (Figure 5-2 b), it has been found that the size of the infarct

in the LV free wall has a definite influence on the stress in the septal wall (during passive
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filling). Whereas both infarcts cause elevated stresses in the non-infarcted septal wall, the
increase in stress beyond the level found in the healthy heart was generally larger for the

larger four-week infarct compared to the smaller two-week infarct.
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Figure 5-2: Average radial, circumferential and longitudinal stresses at end-diastole along (a) paths C,
D, E and F in the free wall infarct region and (b) paths I, J, K and L in the septal wall.

Table 5-3: Difference of average stress in the free wall (Infarct region) for different models at end-

diastole
Radial Circumferential | Longitudinal
Stress Stress Stress
Two-Week Infarct versus Healthy 1784 % |74.2% 7.7 %
Four-Week Infarct versus Healthy 58.2 % 91.1 % 11.4 %
Four-Week Infarct versus Two-Week
Infarct 51.3 % 15.9 % 49.6 %

Table 5-4: Difference of average stress in the septal wall for different models at end-diastole

Radial Circumferential | Longitudinal
Stress Stress Stress
Two-Week Infarct versus Healthy 64.9 % 94.8 % 16.7 %
Four-Week Infarct versus Healthy 52.3 % 188.6 % 287.0 %
Four-Week Infarct versus Two-Week
Infarct 7.6 % 48.1 % 231.5 %

5.4.2.3 Strain in healthy and infarct models during active contraction

Figure 5-3 shows the average radial, circumferential and longitudinal strains in the healthy,

two and four-week infarcted heart models in the paths C, D, E and F and I, J, K and L,
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respectively. The C, D, E and F (free wall) paths are in the region of the infarct (see notes

above) whereas paths |, J, Kand L are in the non-infarcted septal wall.

Generally, it was observed that the average strains (radial, circumferential and longitudinal)
in the free wall (C, D, E and F regions) have lower magnitude compared to the septal wall (I,
J, K and L regions). The average strain magnitudes are largest in circumferential direction
followed by the longitudinal and the radial direction in the free wall, whereas in the septal

wall strains in radial direction are larger than in longitudinal direction magnitude.

In the LV free wall region of the infarct (Figure 5-3 a), the radial strain in the two-week and
four-week infarct is 80.0 % and 92.3 % lower, respectively, than the strain in the healthy
heart. The circumferential strain in the two-week and four-week infarct is 97.1 % and 93.3 %
lower than in the healthy case. The longitudinal strain in the two-week and four-week infarct
cases is 87.2 % and 83.9 % lower than in the healthy model, respectively. When compared
to the two-week infarct, the strain in the four-week infarct model was found to be 150.0 %,
133.3 % and 200.0 % higher in the radial, circumferential and longitudinal direction,
respectively. The large relative differences in strain of the two infarct cases should be seen

in context of the small absolute values of the strain.

The positive radial strain in the healthy cases indicates an increase in myocardial thickness
associated with contractile deformation of the LV in circumferential and longitudinal direction
expected due to active contraction and indicated by the negative strain values. However, the
radial strains in both the two-week and four-week infarcted models have been found to be
negative, although of marginal magnitude, related to slight wall thinning. This is due to the
loss of active contractility that the infarcted area, with the small strain magnitudes in radial
direction agree with similar low strain magnitudes in circumferential and longitudinal direction
— effectively indicating small deformations in the infarcts in all direction compared to the

same region on the healthy heart.

The strain in the healthy regions E and F and C, D, E and F have different stress
values. It was further observed that in the radial direction, the strain in the C, D, E and F
region is 550.0 % higher than the E and F region in the healthy model. Similarly, it was
observed that in the longitudinal direction, the strain in the C, D, E and F region is 135.9 %
higher than the E and F region in the healthy model. In the contrary, the circumferential
strain in the C, D, E and F region is 1.96 % lower than the E and F region in the healthy

model.
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Figure 5-3 (b) shows the strain in the radial, circumferential and longitudinal direction in the
non-infarcted septal wall (I, J, K and L paths) for healthy, two-week and four-week infarct
cases. The radial strain in the two-week and four-week infarct model is 17.1 % and 19.8 %
lower than in the healthy model, respectively. The circumferential stress in the two-week and
four-week model is 24.3 % and 30.7 % lower than circumferential strain in the healthy
models, respectively. The longitudinal strain in the two-week and four-week model is 35.1 %
and 45.5 % lower than longitudinal strain in the healthy models, respectively. Contrary to the
free wall, the strain in the septal wall of the four-week infarct case is lower than in the two-
week infarct case in all three directions, namely by 3.3 %, 8.4 % and 16.0 % in radial,

circumferential and longitudinal direction.

The presence of an infarct, and its size, in the free wall affects the strain in the septal wall at
end-systole similarly to what was observed at end-diastole. The free wall infarct leads to
increased septal strain values in the infarct cases compared to the healthy case, and for the
larger free wall infarct (four-week) compared to the smaller infarct (two-week). For example,
at end-diastole (Figure 5-3 b) the circumferential septal strain increases from healthy case to
two-week infarct case and further in the four-week infarct case. At end-systole, the same is
observed although the circumferential strain is negative in all three cases (Figure 5-3 b) —
the compressive strain values decrease from healthy case to two-week infarct case and four-
week infarct case. The same is observed for the longitudinal direction, and the radial
direction appropriately for the opposite change in sign of the strains between end-diastole

and end-systole.
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Figure 5-3: Average radial, circumferential and longitudinal strains during active contraction simulation
along (a) paths C, D, E and F in the free wall and (b) paths I, J, K and L in the septal wall.
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Table 5-5: Difference of average strain in the LV free wall (infarct region) for different models at end-

systole
Radial | Circumferential Longitudinal
Strain Strain Strain
Two-Week Infarct versus Healthy -80.0 % 971 % -87.2 %
Four-Week Infarct versus Healthy -92.3 % -93.3 % -83.7 %
rnc;;:é\{Veek Infarct versus Two-Week 150.0 % 133.3 % 200.0 %

Table 5-6: Difference of average strain in the septal wall for different models at end-systole

Radial | Circumferential Longitudinal

Strain Strain Strain
Two-Week Infarct versus Healthy 171 % -24.3 % -35.1%
Four-Week Infarct versus Healthy -19.8 % -30.7 % -45.5 %
Four-Week Infarct versus Two-Week 339, 849 -16.0 %
Infarct

5.4.2.4 Stress in healthy and infarct models during active contraction

Figure 5-4 shows the average stresses in the radial, circumferential and longitudinal
directions for healthy, two-week infarct and four-week infarct models in the LV free wall
(paths C, D, E and F) and the septal wall (paths I, J, Kand L).

In general, absolute stress values are highest in circumferential direction followed by

longitudinal and radial directions - for all models both free wall and septal wall region.

In the LV free wall (Figure 5-4 a), the radial stress in the two-week and four week infarct is
60.0 % and 98.7 % lower in magnitude, respectively, and of opposite sign than the stress in
the healthy model. In the absence of contractility, the radial strain becomes negative
indicating wall thinning similarly to the radial strain in the end-diastolic infarcts (Figure 5-4 a).
In circumferential direction, the stress in the two-week and four week infarct case is 83.9 %
and 45.3 % lower than the stress in the healthy model, respectively. The longitudinal stress
in the two-week and four-week infarct case is 56.0 % and 58.0 % lower than the stress in the
healthy model, respectively. The radial, circumferential and longitudinal stress in the four-
week infarct model is 96.7 % lower, 219.3 % higher and 45.3 % lower than the respective
stress in the two-week infarct model.
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In the non-infarcted septal wall region (Figure 5-4 b), the radial stress in the two-week and
four-week infarct model is 66.1 % and 81.6 % lower than in the healthy models, respectively.
The circumferential stress in the two-week and four-week infarct model is 63.9 % and 68.1 %
lower, respectively, than the circumferential stress in the healthy models. The longitudinal
stress in the two-week and four-week infarct model is 61.9 % and 72.6 % lower than in the
healthy case, respectively. The stress in four-week infarct model is 45.7 %, 11.8 % and 28.1
% lower than in the two-week infarct model for radial, circumferential and longitudinal

direction, respectively.

In this study, the three dimensional models of the rat, healthy and infarcted at two and four-
week, and transmural muscle fibre distribution are used to compute the global strain and
stress to assess transmural distributions of the stress and strains in radial, circumferential
and longitudinal directions. The results presented here show that there is a significant
variation in a transmural distribution. The radial, circumferential and longitudinal stresses in
the healthy model (free wall) of -40.95 kPa, -46.65 kPa and -28.59 kPa, respectively, are in
good agreement with the fibre stresses of between 30-43 kPa as presented by Guccione et
al. (1995c) for the dog heart. The substantial differences in stress in the septal wall of the
healthy heart and the infarct cases confirm the substantial effect of the LV free wall infarcts

in remote regions.
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Figure 5-4: Average stresses during active contraction along (a) paths at C, D, E and F in the free wall
and (b) paths I, J, K and L in the septal wall.
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Table 5-7: Difference of average stress in the LV free wall (infarct region) for different models at end-

systole
Radial Circumferential | Longitudinal
Stress Stress Stress
Two-Week Infarct versus Healthy -60.0 % -83.9 % -56.0 %
Four-Week Infarct versus Healthy -98.7 % -54.3 % -58.0 %
Four-Week Infarct versus Two-Week
Infarct -96.7 % -219.3 % -45.3 %

Table 5-8: Difference of average stress in the LV septal wall for different models at end-systole

Radial Circumferential | Longitudinal
Stress Stress Stress
Two-Week Infarct versus Healthy -66.6 % -63.9 % 61.9 %
Four-Week Infarct versus Healthy -81.6 % -68.1 % -72.6 %
Four-Week Infarct versus Two-Week
Infarct -45.7 % -11.8 % -28.1 %

5.4.3 Review of strains and stress in the septal wall in conjunction with LV
dimensions of healthy and infarcted cases

Many studies including the present have investigated the changes in wall mechanics of the
LV infarct region associated with various stages of myocardial infarction, infarct healing and

post-infarct ventricular remodelling.

The current study has however also assessed in detail the changes in wall mechanics of the
septal wall in presence of an infarct in the LV free wall. As pointed out before, the septal wall
is not exposed to infarct injury and healing but remains healthy and functional, i.e. contractile
while the LV infarct region and LV undergoes the stages of infarct healing and ventricular

remodelling.

As described in previous sections, substantial changes in strains and stresses have been
observed in the septal wall between the healthy heart and the infarcted cases. In general,
ED strain and stress increased in the presence of the LV infarct in all directions whereas ES
strain and stress decreased in all directions in the infarct models compared to the healthy
case (Table 5-9). The observed changes of strain and stress at both the ED and the ES time
point results in the non-physiological adaptation of the ranges that septal strain and stress
undergo in a cardiac cycle due to the LV infarct, illustrated in Figure 5-5 and Figure 5-6. The

changes in the strain range are moderate and vary between an increase of 34% in radial
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direction and a decrease of 14% in longitudinal direction. The range of the septal wall stress
is however affected more substantially and reduced between 60% and 80% - with larger

reductions being associated with the larger 4w infarct.

The non-physiological mechanics of the non-infarcted septal wall in a heart with an LV infarct
may well contribute to the adverse post-infarct processes at multiple levels and during
various stage of infarct healing and remodelling of the LV. Adverse effects could include
local reduction of contractile efficiency of the cardiac muscle in the septal wall contributing to
the functional impairment of the LV, and potentially the RV, and mitigating therapeutic efforts

focussing on infarct region in the LV free wall.

Table 5-9. Infarct sizes, LV volumes and functional parameters, as well as ED and ES values and
ranges of strains and stresses in septal wall for healthy, 2-week infarct and 4-week infarct cases and
comparison between cases

Healthy 2w dw 2wvs  4wyvs 4w vs

infarct infarct | H (%) H (%) | 2w (%)
Infarct size (%) n/a 16.2 30.3 n/a n/a 87.0
LV EDV (uL) 207.5 261.7 369.7 26.1 78.2 41.3
LV ESV (uL) 73.0 118.9 186.2 62.9 155.1 56.6
LV SV (pL) 134.4 142.8 183.5 6.3 36.5 28.5
LV EF (%) 64.8 54.6 496 | -15.8 -23.4 -9.0
ED Strain radial -0.120 -0.170 -0.220 41.7 83.3 29.4
ES Strain radial 0.111 0.092 0.089| -17.1 -19.8 -3.3
ED-ES Strain range radial 0.231 0.262 0.309 134 33.8 17.9
ED Strain circum 0.080 0.130 0.160 62.5 100.0 23.1
ES Strain circum -0.189 -0.143 -0.131| -24.3 -30.7 -8.4
ED-ES Strain range circum 0.269 0.273 0.291 1.5 8.2 6.6
ED Strain longit 0.040 0.050 0.060 25.0 50.0 20.0
ES Strain longit -0.077 -0.050 -0.042| -351 -45.5 -16.0
ED-ES Strain range longit 0.117 0.100 0.102| -14.5 -12.8 2.0
ED Stress radial (kPa) -0.96 -1.59 -1.46 64.9 52.3 -7.6
ES Stress radial (kPa) 48.4 16.5 89| -66.0 -81.6 -45.7
ED-ES Stress range radial 49.4 18.0 104 | -63.6 -78.9 -42.2
kPa
(ED S)tress circum (kPa) 2.47 4.80 712 94.8 188.6 48.1
ES Stress circum (kPa) -111.4 402 -355| -63.9 -68.1 -11.8
ED-ES Stress range circum 113.9 45.0 426 | -60.5 -62.6 -5.3
kPa
(ED S)tress longit (kPa) 0.48 0.56 1.85 16.7 287.0 2315
ES Stress longit (kPa) -67.8 -258 -18.6| -61.9 -72.6 -28.1
ED-ES Stress range longit 68.3 26.4 204 | -61.3 -70.1 -22.7
(kPa)
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Figure 5-5: Strain range in the septal wall in (a) radial, (b) circumferential and (c) longitudinal

direction.
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direction.
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6 Conclusions and Recommendations

6.1 Review of Aims and Outcomes of the Research

The aim of this study was to use a biomechanical model to study the cardiac mechanics of
the remodelling rat heart after myocardial infarction. The specific aims in order to achieve the

overall aim were as follows:

(a) Create and segment a 3D rat heart healthy biventricular model and models at two
time points after myocardial infarction are created based on the MRI data. To achieve
the accurate finite element models, the validation and verification of the 3D
geometries are performed such that the accurate EDV, ESV and wall volume is
achieved. The realistic geometries are segmented based on the MRI data of the rat
heart at two time points after infarction.

(b) Use the segmented geometries to study the cardiac mechanics of the remodelling rat
heart of the healthy models. The accurate fibre orientation in the heart remains the
vital part in studying the cardiac mechanics as fibre plays a vital role in the beating of
the heart. This is ensuring that the infarct models at two-week and four-week are
compared with the healthy model.

(c) Develop the Fung model suitable to study the cardiac mechanics of remodelling rat
heart at end-systole. Currently Abaqus® has implemented the Fung constitutive
model which is only suitable for passive simulation.

(d) Study the cardiac mechanics of the infarcted regions in the rat heart. The functional
parameters of the heart namely, ejection fraction, stroke volume and the contractility

are then determined based on the geometries of the rat heart.

In this work, the anatomically realistic model of the rat biventricular model that employs a
structure-based constitutive Fung model and a rule-based cardiac fibre distribution was
developed. The model uses the Fung orthotropic model assuming that the myocardium is
incompressible due to its high water content. This model was then used to simulate the
diastolic and systolic mechanics of the healthy and infarcted hearts at two time points (two-
week and four-week after myocardial infarction). The left and right ventricular myocardium
were treated as an inhomogeneous, thick-walled, nonlinearly elastic, incompressible
material, following the modelling framework of the Fung Model (Ateshian and Costa, 2009,
Sun and Sacks, 2005), which takes into account the fibre-reinforced microstructure of
ventricular myocardium. In addition, the end-diastolic and end-systolic pressure—volume

relationship of the model prediction agrees well with published ex vivo rat heart
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measurements. The changes in the fibre angle distribution change the distributions of stress

and strain dramatically. This highlights the importance of using realistic fibre structures.

The transmural distributions of the stress and strain of the healthy model were compared
with results in infarcted regions at different time points (two and four-week infarcted). Large
differences were found in the stress and strain predictions generated at different regions
especially in the infarcted regions at end-diastole and end-systole. In addition, although
similar trends can be identified, these results are also different from published results from
animal LV models. This highlights the significance of bi-ventricular models and accurate fibre
orientation during simulation especially at end-systole. Modelling of ESPVR and EDPVR to
simulate diastolic and systolic state, respectively, is significant in studying the functional
performance of the healthy and diseased hearts. Functional parameters of the rat heart were
determined based on the geometries of the healthy and infarcted rat heart models. The
comparison of stress and strain in radial, circumferential and longitudinal directions was
used to assess differences in the healthy and the infarcted hearts at end-diastole and end-

systole.

Following this study, future study could continue developing the clinical data by firstly
improving on the heart model. By using FE models, progress has been made in
understanding the ventricular mechanics of the heart at end-diastole and end-systole time
points. The biventricular FE models of a heart give an overview and understanding of
cardiac mechanics of both LV and RV. In addition, the FE models provide computational
tools to study the effect of the infarcted area size of myocardium and thereby implement the
right procedure for MI patients’ management. Better understanding of Ml mechanisms

gained from this study may lead to better understanding of Ml therapies.

This study has further assisted in the development of computational tools for the study of
cardiac mechanics involved in the progression of myocardial infarction. In addition, the
contribution of this study could be seen in accelerating the translation of myocardial
infarction therapy concepts into clinical application. Moreover, a reduction in the use of
research animals in pre-clinical research on Ml and CVD therapies could be achieved by

studying the effect of Ml on the global functioning of the heart using FE models.

6.2 Novel Aspects of the Presented Study

The generation of 3D rat heart models is critical in finite element analysis. In this study, the

3D model geometries of the remodelling rat heart were generated from cardiac MRI data
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obtained from the same animal at different time points after infarction. This has assisted in
acquiring the real geometries of the infarcted rat hearts. The wall thinning plays a critical role
in the global functions of the heart. In our models, the real geometries were used in
simulating and understanding the mechanisms of the cardiac mechanics during myocardial

infarction.

A Fung-based material model was developed with the inclusion of the active stress
components. The model was implemented in Abaqus® software with the active contraction
UMAT subroutine being coded in Fortran 77. This enabled cardiac mechanical simulations

with fully developed active contraction.

The fibre orientation in the rat heart plays a vital role during active ejection and passive filling
phases. The accurate representation of fibre orientation in the myocardium required the use
of a subroutine called ORIENT. The fibre orientation was not modelled physically. In our
study, the fibre orientation was modelled accurately in the LV reflecting the exact fibre

arrangement in the epicardium, mid-wall and endocardium.

The general purpose finite element software Abaqus® was used to study the biomechanical
analysis of remodelling of rat heart after myocardial infarction. The stress and strain results
obtained using the general purpose finite element software is in agreement with results
obtained using the specialised finite element analysis for biomechanical simulation. We were
therefore, able to prove that the general purpose software could be used in understanding

the complex nonlinear behaviour of remodelling of rat heart.

The behaviour of remodelling rat heart was achieved with great accuracy. This study
demonstrated, through finite element analyses, how functional parameters of the heart
change at various stages after myocardial infarction. The global parameters of the
remodelling rat heart including ejection fraction, stroke volume and contractility were
accurately determined at each infarction stage using the biomechanical models. This has
contributed greatly to the body of knowledge because the understanding of infarcted heart

could be drawn from the biomechanical model as compared to in-vivo studies.

Substantial changes in strains and stresses have been observed in the septal wall between
the healthy heart and the infarcted cases. In general, ED strain and stress increased in the
presence of the LV infarct in all directions whereas ES strain and stress decreased in all

directions in the infarct models compared to the healthy case. The observed changes of
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strain and stress at both the ED and the ES time point results in the non-physiological
adaptation of the ranges that septal strain and stress undergo in a cardiac cycle due to the
LV infarct. The non-physiological mechanics of the non-infarcted septal wall in a heart with
an LV infarct may well contribute to the adverse post-infarct processes at multiple levels and

during various stage of infarct healing and remodelling of the LV.

6.3 Recommendations for Further Work

To achieve the specific aims of the research, this model for healthy and infarcted hearts can
be considered accurate and acceptable. In performing a simulation, there is a need to
balance the accuracy and reliability of the results. Therefore, sometimes there is a need to
trade-off in accuracy or reliability of the model simulation results. In this study, the complex
simulation of healthy and infarcted hearts at end-diastole and active contraction was
achieved. The finite element analysis performed in this study provides the information
required in studying the cardiac mechanics of remodelling the rat heart after myocardial
infarction. In this model, certain assumptions were made and the removal of these
assumptions could improve the accuracy of the results. Many possibilities for further work
have been identified during the work of this thesis. The recommended aspects for future
work include the following: Determination of contribution of the infarct in the septal strain and
stress, residual stress during segmentation; fibre orientation in the infarcted heart; the effect

of blood perfusion; and the development of specific fibre orientation.

6.3.1 Determination of contribution of the infarct in the septal strain and stress

Further research beyond the current study and scope of the doctoral thesis is required / will
contribute to a more detailed understanding of contributions of non-physiological mechanics
of the septal wall. Of particular interest and a possible first target is to identify the concurrent
roles of changing mechanics of the infarct region in the free LV wall on the one hand and the
ventricular remodelling and dilation on the other hand — such as an increase in
circumferential strain caused by a dilated ventricle. The best way to achieve this and
determine their contribution would be to run simulations with 2w and 4w infarct geometries
with dilated LV but without an infarct, i.e the LV is healthy. These simulations would indicate
the increased septal wall strain due to dilated LV. The difference in septal strain and stress

to the 2w and 4w infarct models would be the contribution of the infarct.
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6.3.2 Residual stress in reconstructed geometric configuration

We assume the reference configuration, which is derived from imaging data obtained at end-
diastole, to be a stress-free configuration. In the presence of external pressure loads, this
configuration would not actually be stress-free in a real heart. The presence of the residual
stresses in the myocardium was proved by observing movement of the heart after the
remaining (residual) stresses were relieved Omens et al., 1990; Omens et al., 1998;
Rodriguez et al., 1993; Zamir et al., 2004. The observations from these authors have far
reaching implications on the mathematical models where the configuration is assumed to be
stress free. Some authors have argued that the residual stress and strain are more uniform
during the passive filling phase, whereas others have urged that these residual stresses are
minimal at the end-systole phase due to high stress generated by the active forces within the
myocardium. The impact of initial strains and residual stresses on the mechanical behaviour
of the LV in diastole must be addressed in future work. During segmentation, the model was
assumed to be at a stress free state. In conclusion, there is a need to look at how residual
stress and strain at a particular point of interest during segmentation can be taken into

account.

6.3.3 Fibre orientation in the infarcted region

The fibre structure is also rule-based, and may not reflect the fibre structure of the particular
rat LV and RV used to construct the geometrical model. The myofibre plays an important
role during passing, filling and active contraction. As such, the exact myofibre orientation
based on a specific model may improve the results.In this study, the fibre orientation in the
infarcted region was assumed to be the same as in the healthy tissue. This happens mainly
due to lack of information on a specific model. Myofibre orientation plays an important role in
the understanding of cardiac mechanics. Without a proper and detailed myofibre orientation
of the specific object, the details of the mechanics may be lost. In future, there is a need to
look in detail at the myofibre orientation in the infarcted regions as this could influence the

results of the myocardial mechanics in those regions.

6.3.4 The effect of blood perfusion

The effect of blood perfusion was not taken into account in this study. The flow of blood in
heart vessels also plays an important role on the global functioning of the heart. The
inclusion of this process in the rat heart model could change the mechanism of heart

function on the healthy and infarcted hearts.
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6.3.5 Development of specific fibre structure

Further work is required to develop patient-specific fibre structure estimated from in-vivo
DTMR datasets, to evaluate the impact of initial strains and residual stresses, and to account
for fluid—structure interaction. It is clear that closely matched experimental data are needed
for more in-depth LV modelling. Fibre orientation is critical in the movement of the heart
during the filling and active contraction phases. In our model, the fibre orientation used is not

for the specific model.

6.3.6 Modelling of functional border zone

The border zone between the infarct and the healthy area was not considered in this study.
The non-ischemic infarct border zone is responsible for the depression of wall thickening and
systolic shortening (Homans et al., 1985, Jackson et al., 2002, Jackson et al., 2003). The
improvement of contraction in the border zone of the infarct is said to have the ability to
improve the global ejection capability of the infarcted heart (Zhang et al., 2012). The
understanding of perfused infarct border zone mechanics may lead to the improvement of
LV pump function. The contractility in the border zone is not homogenous. This means that

the FE models must be defined such that this limitation is reduced.

6.3.7 Boundary conditions

The LV and RV pressures applied on the model were investigated from the literature. The
mimicked endocardial pressures used in the current study could be less accurate since the
individual models have their own endocardial pressures. Therefore, the precise
measurements of end-systolic and end-diastolic pressures of LV and RV could improve the

accuracy of the model.

6.3.8 Structure and Fluid interaction

The current model treats the LV and RV as a hyperelastic structure, without accounting for
fluid—structure interactions, and the boundary conditions are therefore necessarily simplified.
In applying the boundary conditions applied on the models, the assumption made was that
the heart is free of contact from other organs surrounding it. This may pose a limitation and

compromise on the accuracy of the results because in reality this is not the case.
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6.3.9 Possible dyssynchrony of the ventricles due to the infarct

Possible dyssynchrony of the ventricles due to the infarct is not considered in this
study. This could have a possible influence on simulation results as the implemented model
which assumes uniform contraction. In future studies, there is a need to look at the possible

influence of dyssynchrony of the ventricles due to the infarct.
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Appendix A — UMAT subroutine

This user material (UMAT) subroutine is generated by Mathematica® (Young, 2010) and
(Young et al.,, 2010) and used for simulating active contraction phase of healthy and
infarcted rat heart model. The coding is attached to the thesis pdf file.
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Appendix B — ORIENT Subroutine

The aim of this subroutine is to assign myofibre orientation to cardiac geometry. The coding

is attached to the thesis pdf file.
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