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Abstract

Cardiovascular diseases affect 25% of the world’s population. While treatment

of myocardial infarction and heart failure has advanced significantly over the

past 30 years, with low mortality rates, questions remain regarding the patho-

physiology of the progression to heart failure following myocardial infarction. Left

ventricular strains have been identified as providing diagnostic and prognostic

information. Differing strain metrics arise from different imaging modalities and

also from a lack of standardisation of strain definition, hindering comparison and

also adoption.

This thesis proposed a regional, layer-specific, circumferential left ventricular

strain that is simple and robust to calculate. The reproducibility of this strain

metric was demonstrated across different users and software packages and com-

pared favourably to that of standard clinical metrics such as global strains and

ejection fraction. Analysis of serial data from a physiologically representative

porcine model of myocardial infarction demonstrated that the method was able

to locate regions of infarcted myocardium. The results suggested that this strain

metric could provide supplementary information to standard clinical measure-

ments.

The method was then applied to a large human cohort from the UK Biobank. The

results suggested that there are differences in regional strain and global function

between healthy males and females. Differences in multiple functional metrics

between healthy males and those suffering from cardiovascular disease were also

observed. These results indicated that the regional strain metric created in this

thesis has the potential to be useful for assessing human cardiac function and

disease state but requires validation by a targeted clinical study.
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Chapter 1

Introduction

1.1 Introduction

Cardiovascular disease (CVD) is the primary cause of death in the industrialised

world, claiming more than 16 million lives worldwide per annum [1]. CVD en-

compasses various different conditions, but myocardial infarction (MI) and heart

failure (HF) have particularly devastating physiological consequences. During

MI, also known as a heart attack, partially or fully blocked coronary arteries

cause a lack of perfusion to the heart tissue served by that artery. This can result

in damage to the cardiac tissue including death of the tissue cells. Although the

mortality rate for MI has decreased significantly in the developed world over the

past 30 years [2], MI still has a mortality rate of 9% upon reperfusion [3]. Sur-

viving MI does not guarantee a return to full health, with a cocktail of medicines

required to prevent further damage and deterioration of the heart. Within the

first year post-MI, patients still have a mortality rate of 10% due to the effects of

adverse cardiac remodelling and the ensuing HF [3]. HF occurs when the heart

cannot pump a sufficient amount of blood to other vital organs, causing them to

operate ineffectively. Once serious deterioration has occurred, restoring normal

cardiac function is difficult; medicine can alleviate some of the symptoms of HF,

however ultimately the heart cannot perform as efficiently.

Treatment of acute coronary syndromes has advanced in recent years, however

the diagnostic tools used at the point of admission to hospital, such as blood bio-

marker measurements, electrocardiography (ECG), and echocardiography, only

give a limited insight into the underlying problems [4]. Current treatments for
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HF remain limited, with medicines able to stabilise conditions, but not totally

reverse damage. When medicines fail to work, there are few options. Only 200

heart transplants are carried out a year in the UK [5], with limited donors and

long waiting lists. Life can be extended by implantation of a ventricular assist

device, with some patients living more than seven years, but 70% of patients will

likely experience a major cardiac event within the first year of implantation [6].

Thus, a better understanding of MI and its progression to HF is needed, with

research into the pathophysiological process, as well as phenomenological models

requiring further investigation.

Ventricular strains, a measure of myocardial deformation, have been shown to

detect signs of ventricular dysfunction for a number of cardiovascular diseases,

including MI [7]. Strains have been shown to characterise well the ventricular

remodelling that occurs soon after MI, and they have also been shown to have

some prognostic value [8]. Strains have begun to be adopted into clinical practice

tentatively, mainly by research institutions, and they do not form part of routine

clinical practice when diagnosing disease, or considering prognosis. This is partly

due to a lack of disease-specific consensus on reference ranges, but also due to

issues regarding reproducibility across imaging modalities and post-processing

software. Robust reliable measurement of strain may allow insight into the un-

derlying mechanisms of disease, but before it can be used routinely there is a

need to create a model and ensure measurements made have sufficient reliability

and repeatability.

1.2 Aims and Objectives

Use of strains is limited by several factors including reproducibility, choice of

imaging modality, and lack of knowledge of disease-specific changes. The aim

of this thesis was to create and assess a model of left ventricular (LV) strain,

which could characterise changes in LV function post-MI, and to understand

the limitations of translating the model between pre-clinical animal models and

humans. This will be achieved through the following objectives:

• Understanding current models and their limitations.

• Examining the reproducibility of the model across different post-processing

software and readers, and comparing this to the reproducibility of other
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commonly-used clinical metrics, such as volume-based metrics, found using

the same imaging modalities.

• Analysing the sensitivity of the model to various stages of disease, including

full health, as well as acutely evolving and chronic forms of MI and HF.

This could include use of animal models and human cases.

• Identifying limitations to translation of the strain model between species in

its research and development.

• Appraising any potential additional benefit and limitations of the model

itself, and in comparison to common volume-based metrics.

1.3 Structure of the Thesis

The thesis is presented across five further chapters. Chapter 2 contains a back-

ground and a review of literature: the heart and cardiovascular diseases will be

discussed, alongside different models of MI and HF, and different animal models

for CVD. Finally, a review of strain and various strain models will be examined.

Chapter 4 reports findings on inter- and intra-reader variability of both regional

and global strains and volume-based metrics measured using three different soft-

ware packages, with the focus on robustness of the model. Chapter 5 discusses

results from a physiologically representative porcine MI model, where global and

regional strains, as well as LV volumes and blood biomarkers, were investigated.

Chapter 6 examines global strains, the regional strain metric, and volume-based

metrics on a large human dataset from the UK Biobank. Both healthy people

and individuals with histories of CVD were included, and results were stratified

by age and gender. Finally, Chapter 7 discusses the findings of the previous three

chapters, and makes recommendations for further work. Therefore, through this

thesis a novel strain metric is proposed, analysed for robustness and accuracy

using an animal model, and then translated to humans, resulting in a tool which

has the potential to be tested further.
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Chapter 2

Background and Literature

Review

2.1 Introduction to the Heart

2.1.1 Human Heart Physiology and Anatomy

The heart is a muscular organ which beats 2.5 billion times in an average lifetime

[1]. It is capable of pumping over 7,000 litres of blood per day, although it is only

marginally larger than a fist [1]. It has four chambers: the left and right atria, and

left and right ventricles, with atria and ventricles separated by atrioventricular

valves to stop blood continually flowing through and prevent regurgitation. The

right atrium is responsible for receiving deoxygenated blood from veins from

the whole body, through the superior vena cava. This then passes to the right

ventricle (RV) which pumps this blood to the lungs for oxygenation, through the

pulmonary arteries. Once oxygenated, the blood is passed back to the left atrium

via the pulmonary veins, and then passes through to the left ventricle (LV) [9].

The LV is responsible for producing sufficient pressure to overcome the resistance

of the entire vascular system to circulate the blood throughout the rest of the

body, as well as to the heart muscle itself. For this reason the muscle around the

LV is significantly thicker than in other regions of the heart, as shown in Figure 2-

1. This thickness varies spatially, with the muscle around the base and equator of

the ventricle being the thickest (see Figure 2-2a for a definition of the basal region

of the heart). The wall thickness and curvature also vary temporally throughout
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Figure 2-1: Diagram of heart with a four chamber view. Arteries are in blue and
veins are in red [10].

the cardiac cycle. Inside the LV, there are two muscles which protrude from the

ventricle wall called papillary muscles, that attach via the chordae tendineae to

the mitral (bicuspid) valve. These muscles contract during systole to prevent

inversion or prolapse of the mitral valve.

The cardiac cycle is split into two distinct phases: diastole and systole. Diastole

is the phase of muscle relaxation, where the the atria are filling with blood.

During this period the tricuspid and mitral valves are both open allowing for

both ventricles to also fill with blood. The pulmonary valve and aortic valves

(both semi-lunar) are closed so as to inhibit back-flow from blood elsewhere.

End-diastole (ED) is marked by the closure of the mitral valve, or maximum

LV volume depending on the required purpose. Systole is the phase of muscle

contraction where the heart is pumping blood out from the ventricles. During

this phase, the tricuspid and mitral valves are shut to stop the ventricle from

filling, whilst the pulmonary and aortic valves are open to allow for the blood

to be pumped to the lungs and rest of the body. End-systole (ES) is marked

by aortic valve closure, or minimum LV volume. One full cycle of systole and

diastole is called a heartbeat.

The wall of the left ventricle is split into three distinct regions: the inner-most
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layer (the endocardium), middle layer (the myocardium), and the outer-most

layer (the epicardium). The endocardium is a relatively thin layer consisting of

collagen, elastin, and endothelial cells, and acts as a membrane between the blood

inside the ventricle and the myocardium. The epicardium is similar in thickness to

the endocardium, but is made primarily of collagen with some elastin, and acts as

a protective layer. The myocardial muscle is composed of three main components:

cardiomyocytes, the extracellular matrix, and capillary microstructures [11]. The

cardiomyocytes are the cells engaged in causing the contractile force in the heart

[12]. The extracellular matrix is made from type I and III collagen, and acts

as viscoelastic scaffolding, coupling the cardiomyocytes, as well as maintaining

spatial relations between the cardiomyocytes and the microvasculature [11].

The vessels of the myocardium supply it with blood through the right and left

coronary arteries (RCA and LCA respectively). Both arteries arise from the aorta

as it protrudes from the heart. The RCA originates from the right anterior surface

of the aorta and supplies blood to the right side of the heart as it descends round

to the posterior surface and down to the apex. The LCA arises from the left

anterior face of the aorta, and quickly splits into two main trunks, the circumflex

and left anterior descending artery (Cx and LAD respectively), see Figure 2-3.

The Cx artery curves round to the posterior surface and provides blood to left

atrium and ventricle, and the LAD artery travels down the anterior surface to the

apex and supplies both the left and right ventricles with blood. The arterial tree

consists of large arteries gradually branching into smaller arteries and arterioles,

finally ending as capillaries amongst the collagen and cardiomyocytes.

The Left Ventricle

To optimise and facilitate communication between clinicians, researchers, and

users of differing imaging modalities, guidelines on how to refer to the LV have

been made, with the most commonly used model being the 17-segment American

Heart Association (AHA) model [15]. This is increasingly used for the following

reasons:

• It is standardised and can be translated across all major imaging modalities.

Previously, each imaging modality used its own model to define the LV.

• It divides the LV into 3 approximately equal tiers along the long-axis (35%,

35%, and 30% for the basal, mid-ventricle, and apical thirds of the heart)
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(a) Definition of regions of the heart [13]. (b) Typical short-axis, basal MRI slice.

Figure 2-2: The base and apex are used to define opposite ‘ends’ of the heart,
with the basal end being near the top of the atria, and the apical end near the
bottom of the ventricles. When a basal LV slice is considered, this is a slice
nearer to the left atrium than the apex. Figure 2-2a shows a cross-sectional slice
through the left and right ventricles. Figure 2-2b shows a typical short-axis, basal
magnetic resonance imaging (MRI) slice of the left and right ventricles, with the
papillary muscles visible in the left ventricle.

[15].

• The model is used to define which LV segments are territories of either the

left anterior descending, right coronary, or left circumflex arteries [15].

Alongside these, the 17 segments (as defined in Figure 2-4) allow for targeted

identification of abnormalities. The basal and mid-ventricle slices are divided

into 6 segments of 60◦ each, and the apical slice is divided into 4 segments of 90◦

each. It is used for both human and animal LV models.

2.1.2 Myocardial Infarction and Heart Failure

MI occurs when there is some form of blockage in one or more coronary arteries,

causing a region of myocardium to be starved of blood and oxygen. The perfusion

abnormality initiates an ‘ischaemic cascade’ in the brain and myocardium trig-

gering metabolic abnormalities, abnormal diastolic and systolic performance, and

changes to ECG outputs [16]. Changes to ECG patterns during MI can include el-

evation of the ST-segment, indicating a full arterial blockage (known as STEMI).

Cases where biomarkers and other factors suggest cardiac muscle damage but
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Figure 2-3: Diagram of arteries (red) supplying oxygenated blood to the heart
muscle, and veins (blue) carrying away oxygen-depleted blood. This image shows
the anterior surface of the heart. The other side (not visible) is defined as the
posterior side [14].

Figure 2-4: Standard AHA 17-segment left ventricular model in bullseye display
[15].
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there has been no change to the ST-segment of an ECG, called non ST-segment

elevation MI (NSTEMI), are usually seen as less serious as this indicates a par-

tial, rather than full, arterial blockage [17]. If perfusion is severe and prolonged

cardiomyocytes begin to die. The region of dead tissue is called an infarct, and

contractile performance may be altered irreparably [18]. If reperfusion is restored

before significant necrosis occurs, the myocardium may be subject to transient

post-ischaemic perfusion dysfunction (myocardial stunning), and function may

recover in days or weeks [18]. Repetitive episodes of stunning or chronic low

rates of myocardial perfusion may result in contractile abnormalities, or hibern-

ating myocardium, but the tissue can remain viable, and upon revascularisation

LV function may recover over the course of months [18].

The size of the infarct depends on how long the blockage has occurred for, and

also how far up the arterial tree the blockage is. Due to the relatively low arterial

collaterisation of the healthy human heart (in comparison to other mammals), if

an occlusion occurs near the end of the arterial tree (smaller artery or arteriole),

then the amount of tissue not receiving blood would be less than if the occlusion

occurred higher up the tree (e.g. main artery), resulting in a smaller infarcted re-

gion. Infarct size can impact the function of the heart, with the LV and its ability

to pump blood being particularly affected. The percentage of blood pumped out

of the LV is quantified by the left ventricular ejection fraction (LVEF), and is one

of the clinical metrics used to assess and diagnose heart failure. Normal LVEF for

a healthy heart is 55-70%, but if this drops to 45% or below, the body does not

receive sufficient blood, and consequently oxygen, to keep its organs functioning,

and a diagnosis of HF is considered [19, 20]. A low LVEF is not present in all

cases of HF however, with a common subtype of HF being HF with a preserved

ejection fraction (HFpEF), thought to be caused by both diastolic and systolic

dysfunction [21].

Occlusion is often the result of plaque rupture following gradual arterial ather-

osclerotic stenosis (see Figure 2-5), or can also be caused by a thrombus. Build

up of atherosclerotic plaques is a serious medical condition called coronary heart

disease (CHD), and is a major cause of death in the UK and worldwide. Factors

which increase the risk of CHD and heart attacks include smoking, stress, high

blood pressure, diabetes, obesity, age, sex, and a family history of heart attack

[22].
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When tissue is starved of blood, cellular processes occur leading to myocyte nec-

rosis and an increase in apoptosis [23]. This cell death causes a cascade of cells

and proteins to be upregulated, causing inflammatory and anti-inflammatory

responses, as well as an increase in various biomarkers which trigger other re-

sponses within the body. The peak values of these biomarkers can also indicate

the severity of the infarct (see Section 2.1.3 for more further information).

Revascularisation can be accomplished using surgical methods including coron-

ary artery bypass, angioplasty, or stenting to allow for myocardial reperfusion:

these procedures are performed to inhibit growth of the infarct region, but have

their own associated risks. During occlusion, the absence of oxygen and nutri-

ents usually supplied by blood creates an environment in which the restoration of

normal circulation can result in more inflammation and oxidative damage, rather

than restoration of normal heart function [24]. Reperfusion into a region of cell

necrosis and apoptosis can exacerbate these problems leading to increased myo-

cyte necrosis and microvasculature dysfunction [3]. Reperfusion injuries present

a challenge in the treatment of MI, as even prompt reperfusion after an occlusion

still has a mortality rate of 9%, and 10% of surviving patients have some form

of HF in the first year thereafter[3]. There are therapies used in clinical practice

aimed at reducing the risks of reperfusion, however further research is required

to enhance their effectiveness against this poorly understood condition [3].

The remodelling associated with occlusion and reperfusion is also not well un-

derstood. LV remodelling post-MI describes the process by which ventricular

size, shape, and function are changed as a direct result of the MI, and happens

on macro- and microscopic scales [25]. Remodelling can be categorised into two

distinct phases: early and late. During the early phase, i.e. the first 72 hours,

the infarct expands, the wall thins, and ventricular dilation occurs. Inflammatory

responses are activated, and oedema can also occur [25]. Late phase remodel-

ling, i.e. post 72 hours, is characterised by myocyte hypertrophy, with up to a

70% increase in cell volume [25]. Wall stresses are increased during early stage

remodelling, and during the later phases these stresses are more evenly distrib-

uted as the scar forms to stabilise the distending forces, preventing further LV

deformation [25].
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Figure 2-5: Coronary angiogram (X-ray) showing the vasculature of the left main
stem artery and its branches. The dye used for the angiogram makes the vascu-
lature visible; two semi-occluded branches can be seen [13].

MI and the resultant remodelling can alter the function of heart irreparably,

depending on the severity, size, and location of the infarct, and can result in death.

The infarct scarring can affect the mechanical performance and ability of the heart

to pump blood. The contractile performance of the LV determines the amount of

blood reaching other organs, and if LVEF decreases substantially post-MI, this

can cause significant problems for a patient, including breathlessness, fatigue,

persistent coughing, irregular heart beat, changes in weight, and oedema [26].

There are medications which reduce these symptoms, including ACE inhibitors

and beta blockers [27], but these do not always have the desired effect, and if

the LV has significant difficulty in supplying the body with enough blood, a left

ventricular assist device or a heart transplant could be required [27].

2.1.3 Clinical Setting

MI is diagnosed using three main criteria: patient history, ECG, and enzyme

tests [20, 28, 29]. For most cases, if two of the three criteria are met, MI will
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be diagnosed and procedures to stabilise the patient will be initiated. Stabilisa-

tion treatments are for immediately increasing patient safety, and for initiation

and maintenance of reperfusion, and include access to suitable drugs such as an-

algesics, antiemetics, and oxygen, as well as anticoagulants, thrombolysis, and

angioplasty [29]. Immediate measures to protect the ischaemic myocardium are

also taken; these are generally drugs to prevent further damage including beta

blockers [29]. Once stabilised, an assessment as to the extent of the damage can

be undertaken by using various imaging techniques, such as coronary angiogram,

transthoracic echocardiography, perfusion imaging, and cardiac MRI (CMRI).

Increasingly, cardiac mechanics including strain may also be assessed, but it is

not routine [30, 31]. Each of the imaging methods offers different information,

and has benefits and disadvantages.

Coronary angiography uses X-rays and contrast agent to show the coronary vas-

culature (Figure 2-5). It gives information about amount of arterial stenoses

and occlusion, including the location, levels of blood flow, and it can be used

to help plan interventions such as angioplasty. As the contrast agent is inserted

via catheter, it is an invasive procedure. Depending on the angle of projection,

images can be distorted with diameters of arteries over or underpredicted, and

branches of the arteries can overlap significantly [32]. Transthoracic echocardio-

graphy uses ultrasound to look at the overall health of the heart, valves, and the

contractile function, and is often used to investigate quantities of interest such

as LVEF and strain. This imaging method is widely used due to the ubiquity

of the equipment, speed, low cost, and non-invasive nature; it is, however, low

resolution. CMRI gives higher resolution, and gives more accurate information

regarding strain and LVEF, and is considered the gold standard. It is normally

used to look in detail at motion abnormalities and LVEF, and can be used to

find the location of an infarct. It is time consuming and expensive, and can

be difficult for the patient, as they are required to be motionless and perform

breath-hold for long periods of time. Being inside an MRI machine can also be

claustrophobic. Other methods exist for looking at specific functions of the heart,

for example single photon emission computed tomography (SPECT) or positron

emission tomography (PET) can be used to study perfusion, but these are used

less frequently.

Ongoing treatment of MI includes early treatment to prevent HF, as well as meas-

ures to prevent re-infarction. These include continuation of drug related therapies
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and lifestyle modification, but if these are insufficient and HF develops, there are

medical devices and surgical methods of intervention [20, 29]. A diagnosis of HF

is based on patient history, ECG, visual assessment, LVEF, breathing tests, and

blood tests [33].With sometimes limited information, including:

• patient history,

• blood enzymes (see Section 2.1.3 on blood biomarkers),

• ECG,

• angiography,

• echocardiography,

it can be difficult to gauge minute differences presented between patients, and

with the pathophysiological development of MI and HF not clearly understood,

prognosis and resultant prescription of medication can be challenging. Thus,

there is a need to develop tools to allow for further analysis of the condition

and its progression for individual cases, to be used by clinicians to inform their

decisions.

Biomarkers

MI and HF are both diagnosed using a mixture of imaging methods, ECGs,

patient histories, and blood tests. Blood tests can be used to investigate specific

biomarkers related to cardiac function and damage, and are non-invasive. Many

of these biomarkers have had much research into their roles in the pathogenesis

and development of MI in the ischaemic cascade, as well as in their role in HF,

but no firm conclusions have been made as to their role or even links between

individual biomarkers. Thus, they provide auxiliary information, and some are

routinely used in clinical settings.

Cardiac troponins (cTns) levels are routinely assessed as part of blood enzyme

analyses during MI diagnosis. There are two cTns solely expressed in cardiac

muscle: troponin I (cTnI), and troponin T (cTnT). The presence of either in

blood tests indicates that there has been some form of damage to myocytes, but

does not give any information on what the injury was or how it occurred, though

greater concentrations are associated with greater cardiac damage [34].

Brain Natriuretic Peptide (BNP) is a hormone which is released by the myocar-
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dium when the ventricles are stretched or there are pressure changes inside the

heart (e.g. by fluid overload) [35]. Its use as a diagnostic biomarker for HF

has become widely accepted, with it being well integrated into standard medical

practice.

Interleukin-6 (IL-6) is a maladaptive protein and cytokine, levels of which are

increased during chronic and early-onset HF. IL-6 causes toxic effects on the

heart and local circulatory system, instigating both pro-inflammatory and anti-

inflammatory effects. It induces further chemokine and cytokine expression, and

is a major mediator of the acute phase response [36]. It can induce a hyper-

trophic response in cardiac myocytes, causing myocardial dysfunction. It is also

believed that IL-6 can contribute to issues in the local circulatory system, includ-

ing endothelium-dependent vasodilation and muscle wasting [36].

Interleukin-8 (IL-8) is a chemokine which is responsible for neutrophil and chemo-

taxis activation, as well as the proliferation and migration of smooth muscle cells

[36]. Concentrations increase in patients with chronic HF, but particularly high

concentrations signify the most severe HF cases, chronic or not. It is thought that

IL-8 is particularly good for characterisation of systematic inflammation [36]. It

is considered to be induced by several factors such as shear stress and hypoxia

[37].

Granulocyte-macrophage colony-stimulating factor (GM-CSF) is a protein which

stimulates multiple processes including proliferation and differentiation of cells

such as monocytes and macrophages, as well as stimulating a range of further

activities such as cytokine production [36]. In general, it is strongly associated

with end-stage HF in human cases, where high concentrations in tissues are ob-

served. It also has links to chronic HF [36].

Tumour Necrosis Factor α (TNFα) is a cytokine which has multiple effects, in-

cluding both local and systemic inflammation, and it is one of the best character-

ised pro-inflammatory mediators. The amount of TNFα produced depends on the

severity of the chronic HF. As well as having increased amounts in blood serum

during HF, there is also a rise in TNFα levels in the myocardium [36]. If high

levels of TNFα are continually expressed, structural changes to the heart can en-

sue, leading to increased apoptosis and fibrosis, as well as promoting hypertrophy

of cardiomyocytes [23].

Biomarkers play a crucial role in helping diagnose patients with suspected MI
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and HF, with assays for at least two markers being incorporated into routine

practice. The uses of cTns and BNP for evaluating patients are well established,

however the prognostic importance for all six markers discussed is still unclear.

It does not appear that a single marker explored here can be used independently

for diagnosis or prognosis, with further information from either other biomarkers

or other tests (such as an ECG) required to give solid and accurate results. It is

also unclear whether biomakers are present in other species.

2.2 Porcine vs. Human Cardiac Anatomy

While the overall shape of the porcine heart is different to that of the human

heart (pigs have a more classic ‘Valentine’ shape, whereas humans have a more

trapezoidal shape), many features of the heart, and more specifically the LV, are

comparable [38]. Of the differences that do occur, many discrepancies in cardiac

anatomy between pigs and humans that arise are due to posture, i.e. pigs being

quadrupedal and humans being bipedal. Other factors, such as the formation

of the thorax, also affect the anatomy. The human thorax is dorsoventrally

compressed, whereas for many mammals, including pigs, the thorax is laterally

compressed [39]. These differences affect the positioning of the heart, such that

for pigs the heart ‘rests’ on its apex [38]. The apex of the porcine heart is formed

entirely of the LV apex, whereas in humans, the apex of the heart is composed

more equally of both left and right ventricles, but is however still dominated more

by the LV [38, 40].

Juvenile pigs (less than 25 days old) are often used in biomedical research, how-

ever the relative proportion of LV dimensions to the size of the heart overall has

been observed to be much smaller in comparison to adult specimen [38]. In pigs

of 8-10 weeks old (20-30 kg) the heart to body weight ratio is identical to that of

humans (5 g/kg), whereas in adult pigs this decreases to 2.5-2.9 g/kg [39]. The

LV wall of an adult pig is thicker than that of a size-matched human heart [38].

The papillary muscles attached to the mitral valve leaflets are located in similar

positions in the porcine LV as in humans, positioned anterolaterally and pos-

teromedially [38]. These muscles, alongside the trabeculations (especially in the

LV apex), are coarser in pigs than in humans [38, 39], indeed most mammals,

including pigs, do not have the same degree of trabeculations in the ventricles

compared to a human heart [40]. Trabeculae, the muscular ridges and columns,
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in this case in the LV, serve to strengthen the walls of the LV and to increase

the force exerted during the systolic (contraction) phase [40]. They have been

hypothesised to play pivotal roles in maintaining LV compliance and preventing

increases in end-diastolic volumes [41, 42].

Both porcine and human hearts generally have right coronary artery dominance,

with 80% of pigs and 90% of humans possessing this feature [38, 40]. Right

dominance defines the origin of the artery which descends into the posterior

sulcus (one of two surface grooves which separates the ventricles of the heart),

despite the fact that the left coronary artery supplies the majority of myocardium

[39]. Moreover, the vasculature of the myocardium is similar in pigs and humans.

The normal human heart has ‘sparse’ coronary collateral development, with each

area of the heart usually supplied by a single coronary artery [40]. This is also

seen in pigs. Simply put, if an artery becomes blocked, any tissue served by

arteries downstream of the blockage will not receive any blood flow.

There are differences in porcine electrophysiology in comparison to humans, not-

ably in the Purkinje fibre network. The Purkinje fibres are a conduction network

in the heart, which is responsible for the wave of excitation (ready for muscle

contraction) spreading through the ventricular mass rapidly [39]. In humans,

these fibres occur subendocardially, whereas in pigs they are transmural. This

causes both the endocardium and epicardium to be activated simultaneously in

pigs [39], unlike in the human heart where there is a small lag between endocar-

dial and epicardial activation (in the order of milliseconds) [43]. This results in

differences in ventricular conductivity, and potentially contractility [39, 44].

2.3 Clinical Models of Myocardial Infarction and

Heart Failure

2.3.1 Why Use Animals?

The role of animals in preclinical biomedical research has been developed over

the years to test procedures and drugs before human trials begin, and is multifa-

ceted, being used for both device development and testing, but also for training

physicians in optimal techniques and new procedures. Other approaches that

can be used for clinical studies included working on cultures, individual cells, in
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vitro models, and in silico models, however these are not always appropriate,

especially for testing medical device implantation, for example.

Despite differences between humans and other mammals, there are benefits to

using mammals in cardiovascular research. Broadly, these are:

1. Producing physiologically relevant outcomes,

2. Both short-term/acute and long-term/chronic studies can be performed,

3. Cardiac function and other responses to be assessed in an intact animal (for

larger animals),

4. Drug screening and toxicity testing and their molecular mechanisms are

often similar to humans.

Limitations to these models must be clearly understood in order for correct inter-

pretation and translation of research. For example, most models of cardiovascular

disease, especially ischaemic disease, will never fully replicate the human condi-

tion. Studies are performed on tissues which were previously healthy, whereas in

humans the progression, including processes like the ischaemic cascade, is com-

plex and often occurs over a longer term [45], as well as there being differences

in long-term effects caused by acute MI or more long-term coronary stenoses.

Cardiovascular systems have also evolved differently in order to best suit indi-

vidual species, creating further potential differences between humans and other

mammals [44].

2.3.2 Animal Models

Animals used for cardiovascular research can be categorised into small animal and

large animal models. Small animals include fish, rodents, and rabbits; and large

animals are usually dogs, sheep, pigs, and non-human primates. The following

section will mainly discuss large animal models.

Small animal models are used regularly due to the easier animal husbandry and

associated costs, the reduced costs of technical staff required to perform opera-

tions, the large scale nature in which studies can be performed, and that they

often have similarities with larger animals and humans. Mice, in particular, are

often used for studies on gene therapies, due to advanced gene manipulation

techniques [46], and their relative similarity in cardiovascular system to larger
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animals and humans. However, due to their size, some surgical methods can be

difficult to implement [39]. There are also many intrinsic differences between

rodents and humans, such as heart rate and oxygen consumption, and these can

make translation and extrapolation of data between rodents and humans challen-

ging [46]. However, mice in particular have increased infarct healing processes in

comparison to other species, decreasing the observation period needed for studies

[46].

Large animal models are routinely used for studies on medical device testing as

surgery is easier on larger specimens, and medical devices need to be able to fit in

animals. For investigations into cellular process, larger amounts of tissue can be

collected than from small animals. They are more expensive to house, surgeries

are often more complex requiring larger teams of experts, and some animals are

difficult to use for reasons of ethics and judgement from wider society.

Historically, canine models have been routinely used in cardiovascular research,

due to their hearts being similar to the human heart on the cellular and organ

levels [45]. Many early advances which now form the basis of reperfusion treat-

ments were achieved using dogs [39]. Most in vivo techniques are applicable to

dogs due to their size. However, the canine vasculature is different to humans,

with increased coronary arterial collaterisation [47]. For certain ischaemic injur-

ies, canine models might be more representative of the human condition because

of this. It has been suggested that the high degree of collaterisation more closely

resembles features of humans with more chronic coronary artery diseases where

collaterisation has developed over time [48]. More recently, dogs have fallen out

of favour due to societal reluctance to use dogs in biomedical research; as such,

it is difficult to gain ethical approval for canine studies [45].

Sheep have become increasingly popular as they also share many similarities to

human hearts on the organ and cellular levels [45]. There are large differences in

responses to cardiovascular injury between juvenile and adult specimens however,

with adults developing infarct expansion, collagenous scarring and decreases in

cardiac function, whereas juveniles have demonstrated a capacity to heal via

myocardial regeneration at a cellular level [45]. A major limitation of ovine

models is their increased susceptibility to zoonotic diseases [49].

Non-human primates boast many significant physiological, metabolic, biochem-

ical and genetic similarities to humans, however, few studies have been conduc-
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ted using them, with only a handful of models having been demonstrated [50–

52]. This is likely due to increased costs all round, and difficulty gaining ethical

approval [45].

More recently, pigs have become increasingly popular due to their similarities

in organ size, coronary anatomy and collaterisation, immunology, contractile and

relaxation kinetics, and physiology to humans (for more in depth explanations, see

Section 2.2) [44, 53]. Pigs represent a good model for MI, due to their low degree

of coronary collaterisation, and it has been suggested that this closely resembles

the earlier stages of human cardiovascular diseases (where collaterisation has

not yet developed) [48]. MI generally occurs between 20-35 minutes after the

onset of an occlusion, and after 60 minutes, the anterior left ventricular wall can

become completely infarcted [47]. This is faster than in humans and non-human

primates, where infarction is slower by comparison [47]. Pigs also have similar

responses to humans considering cardiac damage, and healing characteristics of

the myocardium in swine more closely resemble that of humans when compared

to sheep for instance [39]. Pigs do suffer from a predisposition to refractory

arrhythmogenesis, which other large mammals do not [49], however this can be

mitigated by use of certain protocols (which will be discussed subsequently).

2.3.3 Surgical Methods of Inducing Myocardial Infarction

Surgical methods of inducing MI in animals can be broadly split into two cat-

egories: open-chest surgery or closed-chest surgery. The choice between these

often depends on the desired outcome of the study, and whether reperfusion of

the myocardium is required: for example, if the decline into HF is desired, a

closed-chest reperfusion model would be optimal, as this is most similar to the

human condition. Generally, open-chest models have higher mortality and more

associated complications [54].

Chemical agents, such as isoprenaline, are commonly used in small animal models

to induce MI. Injection of the agent causes a decrease in coronary blood flow due

to depressive effects on ambient circulation; larger doses produce larger infarctions

[47]. The benefits of this method are that administration is fairly simple, and

that the model has a high success rate with low mortality [47]. However, the

method of administration can cause differences in cardiac biomarkers such as

cardiac troponins (which are routinely used to assess levels of cardiac damage
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[55]). A further negative is that specific regions of the myocardium cannot be

targeted for infarction [47], and overall, the method does not simulate the natural

pathogenesis of human coronary artery disease [56].

A model for targeted MI induction is coronary artery ligation, and is routinely

used, especially in murine models [47, 57], but models in non-human primates

have also been developed [52]. In general, ligation is performed during a thora-

cotomy (open-chest), and ligation can either be permanent or not. More modern,

but permanent, methods of artery ligation have negated the need for thoracotomy

in mice, with ligation being performed using real-time imaging such as ultrasound

to identify the desired artery, and small incisions in the chest are made for needles

to enter and sew the ligature in place [58]. Other methods also include slipknot

ligatures, which can be more easily removed [47]. Artery ligation can produce

infarctions in targeted locations, and can be performed for a desired length of

time (if required), however, the additional trauma due to invasive surgery can

alter local and systemic immune and inflammatory responses [47]. Dependent on

the model, further surgery can be required to remove the ligation [47]. In small

animals, arteries can be difficult to locate, and detection of necrosis can also be

challenging [57]. This invasive surgery also has a high mortality rate [47].

Coronary artery embolisation is a technique more often used in large mammal

studies [50, 51, 59]. A catheter is guided to a coronary artery, and is used to

introduce material into the artery to form a thrombus. Materials used have in-

cluded sponge foam, alcohol injections, balloon catheters [47]. This MI induction

method is a closed-chest surgery, and can closely resemble the human condition

of acute ischaemic disease, like atherosclerotic plaque rupture or a blood clot

[47]. Balloon catheters in particular can be good for reperfusion models, as they

can be deflated to allow for reperfusion. In a study using a rabbit model to test

multiple types of arterial embolisation techniques, including coil, sponge, and

balloon catheters, and targeted alcohol release via a catheter, it was found that

coils often failed due to premature and inaccurate deployment, resulting in high

mortality rates [60]. Foam sponges were difficult to see using fluoroscopy, and

often adhered to the catheter. The balloon model was found to yield inconsistent

results, and the most efficient and reproducible method was found to be alcohol

injection [60]. Introduction of a catheter in the coronary artery system can in-

crease the likelihood of arrthymia and ventricular fibrillation. Anti-arrhythmic

protocols are required to prevent this, with beta blockers and amiodarone typ-
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ically being administered [47]. It has also been suggested, in the case of pigs,

that males are more susceptible to ventricular fibrillation due to their increased

myocardial thickness [61], and as such, this can be somewhat mitigated by using

females. Coronary artery embolisation can be targeted at specific arteries, and

the results are physiologically representative with minimal additional trauma. It

can, however, be difficult to control the exact location and release of the mater-

ial, which needs confirming with real-time imaging (often angiography), requiring

additional highly trained staff to perform the procedure [47].

Another method used to induce MI is an ameroid constrictor. A ring-like struc-

ture is introduced around an artery, often during thoracotomy [62], but it can

also be introduced through closed-chest models [47]. The ring is cased in a hy-

groscopic material, which takes on moisture from its surroundings over time, and

this causes a decrease in ring circumference and thus a narrowing of the artery it

surrounds. Due to the gradual occlusion, it can mimic chronic myocardial infarc-

tion and atherosclerotic plaques, and can promote the development of collateral

blood supply [47]. Similar results can be obtained using a hydraulic occluder [47].

While this model can be used to mimic atherosclerotic plaques over a period of

time, with administration of an atherogenic diet and gradual occlusion of an

artery, perhaps by balloon angioplasty, the same results can be created in animal

models [47].

A less commonly-used approach is to use cryoinjury MI induction. A probe is

cooled using liquid nitrogen, inserted after thoracotomy, and applied to the de-

sired wall for a few seconds. MI occurs, often with small amounts of remodelling

[47]. This method is more commonly used in small animal models including

zebrafish and murine models [63], but has also been used in pigs [64]. In compar-

ison to ligation, both show similar losses to LV function, but the smaller amounts

of adverse remodelling seen in the cryoinjury cases suggests that it is a good

model to use to investigate myocardial repair, heart regeneration, and cellular re-

modelling [47]. The pathophysiology of the injury is quite different to traditional

MI, however, as cell death occurs without ischaemia [47].
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2.4 Strain

2.4.1 What is strain and what does it measure?

The most basic definition of linear strain for engineering purposes is the amount

of deformation of a material in the direction of an applied force, divided by the

initial length of the material. Simply put, a material is loaded with a force,

which produces a stress, in turn causing the material to deform. This results in

a unitless quantity, often expressed as a decimal or as a percentage, and is shown

by Equation 2.1:

ε =
Lnew − Loriginal

Loriginal

(2.1)

For typical clinical cardiovascular applications, strain is typically calculated as a

percentage change in dimension [65]. By convention, the original length, Loriginal,

is the ‘length’ measured at ED, henceforth L0, and Lnew is the length measured

at any other time during the cardiac cycle, and Lt is the length at the time of

interest in the cardiac cycle, with Equation 2.1 typically expressed as:

εt =
Lt − L0

L0

(2.2)

This type of strain is known as the Lagrangian strain, as it refers to an initial

reference state at ED [66]. The other method of defining strain, the ‘natural

strain’ or Eulerian strain, where strain is defined in relation to the actual length

of the tissue through time (rather than the initial undeformed length), is seldom

used in clinical settings [66]. This instantaneous strain is less intuitive to under-

stand and harder to compare to visual cues [66]. Equation 2.2 can be applied

to the three principal directions used in organ-level LV mechanics: longitudinal,

circumferential, and radial (Figure 2-6).

As the original length L0 is taken at ED, the LV cavity is at around its maximal

size. This means that strain measured around ES is a measure of percentage

shortening for the longitudinal and circumferential directions (contraction causes

decrease in LV height and circumference), however for the radial direction strain is

a measure of percentage thickening (contraction causes increase in wall thickness).

While considering motion in these principal axes can explain the movement of the
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Figure 2-6: Definition of principal axes in the LV.

LV for the purposes of strain analyses, the actual movement of the LV is a com-

plex 3D deformation including twisting of the LV. Twist is the relative rotation of

the apex around the long-axis of the LV with respect to the base throughout the

cardiac cycle [65]. This motion is characterised by an anti-clockwise rotation dur-

ing systole, caused by circumferential-longitudinal shear [66]. This twisting and

shear is caused by the sheet-like structure of the contractile fibres in the myocar-

dium, and the variation of the fibre direction within each sheet transmurally.

These sheet layers shear against one another in directions not directly aligned

with the global principal axes (circumferential-longitudinal, longitudinal-radial

and circumferential-radial). Full deformation can be described and computed

through consideration of both the strain and shear of these layers, with individual

strains and shears arranged into a symmetric 3× 3 strain tensor (Equation 2.3)

[66].

ε =

 εlong εlong−circ εlong−rad

εlong−circ εcirc εcirc−rad

εlong−rad εcirc−rad εrad

 (2.3)

Whilst there are models which look at the strain and shear at the cellular level
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of fibres (usually involving finite element analyses), it remains challenging to

perform such analyses clinically [66]. Considerations including model type (e.g.

multiphysics), and which aspects should be patient-specific (and how that data

should be collected) must be made [67]. Time to collect data, set up and run

models can mean it is also not feasible to perform complex models in clinical

time frames [67]. As such, the strain along the three principal axes described

in Equation 2.1 does not give fibre strain, as mechanics and deformation at the

organ level are used in diagnostics and prognostics clinically [65].

Strain rate is the change in strain over time, and reflects the rate of deformation

change in units of 1/s. Unlike strain, strain rate is commonly calculated in both

Lagrangian and Eulerian forms. The Eularian form describes strain rate as an

instantaneous measure (Equation 2.4), where the rate of shortening of the tissue

is measured relative to the actual length of tissue, independently from its previous

deformation history [66].

ε̇Euler =
1

Lt

Lt+1 − Lt

dt
(2.4)

The Lagrangian form (Equation 2.5) is also used. In certain imaging modalit-

ies such as speckle tracking echocardiography (STE), Lagrangian strain rate is

calculated as the original length is always known and used as a reference [68].

For the the purposes of this work, strain rate will refer to the Lagrangian strain

rate, and Eulerian strain rate will not be referred to further. As strain rate is a

temporal derivative of strain, it is dependent on imaging frame rate.

ε̇Lagrange =
1

L0

Lt+1 − Lt

dt
(2.5)

2.4.2 Imaging Methods

Strain can be measured using different methods. Most are image based, especially

for clinical purposes, but there are other more invasive techniques, often used to

validate imaging methods. Two main imaging modalities are used: ultrasound

and MRI. Extracting strain from the images requires post-processing, and this

can be done manually or automatically. Most post-processing methods are auto-

matic, for ease, reproducibility, and time saving, but have had to be validated

against manual image traces or against other strain measurement methods such

as sonomicrometry (ultrasonic measurement of distances between piezoelectric

crystals). Automated methods can broadly be said to make use of some form of
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feature or grid tracking technology to track LV movement in order to calculate

strain.

Ultrasound

Ultrasound is a popular imaging method used for its speed in comparison to MRI

protocols, and because it is readily available. There are two main methods used

for strain estimation: tissue Doppler imaging (TDI) and STE.

Doppler imaging is a technique more often used to measure blood flow velocities,

but has been adapted for use in measuring tissue velocities [65]. The technology

can differentiate between the LV cavity blood and the myocardium in order to

only analyse the movement of the myocardium. Myocardial velocity is measured,

and from this the velocity gradient and then the strain rate is calculated. Strain

can then be found as the temporal integral of strain rate [65]. Imaging requires

that the ultrasound scan lines are along the same direction of myocardial wall

motion (for any desired strain) [65]. Often scans are taken from the apical view,

so that all four chambers are visible (this also applies to STE). TDI is the most

developed ultrasound-based strain technology, however, as it measures velocities

from a fixed point in space with reference to an external probe, it is highly angle-

dependent (foreshortening can easily occur), and strain can only be measured

in one direction from an image set [65]. The method is very sensitive to noise,

and this affects the comparison of adjacent velocities [69]. Due to these factors,

TDI is not as reproducible as other methods, with inter-observer variability often

greater than 10-15% [69].

STE uses a phenomenon which tracks patterns of grayscale pixels in myocardial

tissue, and has become increasingly popular [65]. Random noise is filtered out,

resulting in small patches of myocardium with ‘temporarily stable and unique’

speckle patterns or ‘kernels’, which are tracked on a frame-by-frame basis [65].

Distances between kernels can be measured instantaneously, and strains and

strain rates calculated. In comparison to TDI, it is relatively angle-independent,

and strain in more than one direction can be extracted from an image [65]. It

is not entirely angle-independent however, as better resolution (and therefore

speckles) is achieved along the ultrasound beam rather than perpendicular to the

beam direction [65]. STE can be used in both 2D and 3D: 2D has been shown

to be good for estimating circumferential and longitudinal strains, with radial
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strains being more challeging to capture [65]; 3D STE is a more recent techno-

logy which can offer more information than 2D, as out of plane motion can be

accounted for, however the accuracy of the tracking algorithms have proved to

be a challenge [65]. As kernels can be tracked throughout the scan volume, LV

twist and torsion can also be quantified.

Stark differences between 2D and 3D STE have been noted, as through-plane

motion has been shown to cause discrepancies in both longitudinal and circum-

ferential strains, especially around the LV base [70]. 2D STE requires kernels

to be tracked through consecutive frames, but due to LV movement, this cannot

always be achieved. 3D STE is, however, limited often by relatively poor spatial

and temporal resolution. There have been several studies investigating whether

3D STE actually provides information which is clinically relevant on top of that

which 2D STE provides [65, 71], however, this still remains unclear. For both

2D and 3D STE, imaging quality affects the ability of software to accurately

track the endocardial border [65], and this affects the strain models which can be

used (see Section 2.4.3). Contrast media can be used to enhance the endocardial

border [72]. Ultrasound in general also suffers from operator induced errors, as

positioning of the transducer affects the resulting images.

STE has been shown to be superior to TDI when defining transitional zones

between healthy and diseased myocardium in cases of MI, and in general is better

than velocity imaging for investigating dysfunctional myocardium [73]. Studies

have also repeatedly shown significant differences between vendors for ultrasound

technologies; while GLS has been found to be relatively stable across vendors,

radial and circumferential strains have been found not to be reproducible [74].

Differences are further compounded by the fact that individual vendors use differ-

ent methods for strain calculation, without releasing details, leading to inevitable

differences, especially in segmental strains [74, 75]. This problem is not unique

to ultrasound imaging, with similar problems in lack of clarity of vendor strain

algorithms reported in MRI studies [76], leading to a lack of sufficiently valid-

ated and translatable reference ranges for segmental and global strains in TDI,

STE, and MRI strain calculations. Finally, for circumferential strains, images are

taken along only three planes in routine practice, one plane in each of the base,

mid-ventricle, and apex. This leads to potential misrepresentation of strains, as,

for reasons discussed above, errors can be introduced. Smaller regions of dysfunc-

tional myocardium may also be missed. While this may be suitable for calculation

26



of global strains, regional strains benefit from a larger sampling of the LV.

MRI

MRI is considered the gold standard for cardiovascular imaging, as it provides a

large field of view, has relatively high signal-to-noise ratio, and has high spatial

resolution [66]. The imaging also provides a high contrast between the LV cavity

blood and the myocardium. It is unable to distinguish features within the com-

pact myocardium, however, due to the relatively large dimensions of voxels and

the homogeneity of water content and tissue properties of the myocardium [66].

As such, tracking using MRI is effective at the endocardial and the epicardial

border [77], making MRI particularly suitable for assessing layer-specific strains

[78].

A standard CMRI protocol includes imaging of the LV and RV completely, with

a short-axis stack of images as well as long-axis images covering 2-, 3-, and 4-

chamber views. Cine-loop acquisitions are periodic, obtained over several heart

beats, meaning a set of images is an ‘average’ cardiac cycle. As such, minor

beat-to-beat differences are smoothed out. This potentially leads to incorrect

measurement and estimation of displacements, and therefore strain values [66].

The temporal resolution may also cause minor beat-to-beat differences and short-

lived phases of cardiac motion to be missed, and may affect the accuracy of strain

rate, but most standard sequences of 30-50 frames per heartbeat are sufficient for

estimation of strain [66].

Similarly to 2D STE, of particular concern with most CMRI feature tracking

methods is through-plane motion, as features cannot be tracked out of plane in

subsequent frames [77]. In principle, there are 3D tracking methods which can

be applied, however, due to the nature of CMRI, the resolution in the long-axis

is fairly poor, meaning CMRI is not well-suited to track voxels through planes as

features cannot be tracked out of plane in subsequent frames [66]. CMRI with

similar resolution in all axes is technically possible, but not widely available [66].

Dedicated CMRI feature tracking acquisition sequences include Spatial Mod-

ulation of Magnetization (SPAMM) and Displacement Encoding with Stimu-

lated Echos (DENSE), as well as institution-dependent software solutions [79].

SPAMM is a linear tagging approach which was augmented to include tagging

two orthogonally intersecting sets of lines to mark rectangular grids on a 2D
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image [7]. Tag lines are known to obscure endocardial borders, as well as the

dedicated imaging sequence requiring additional time [7, 66]. In DENSE imaging

tissue displacement is measured at the pixel level in 3D. This has the benefit of

having no visible tags, and is relatively easy to perform, but has had compar-

atively little clinical research [7, 80]. Strain-encoded CMRI (SENC) is able to

measure strain in an axis orthogonal to the image plane, for example extracting

longitudinal strain from short-axis image stacks, but its use remains limited [7,

66]. SENC has been shown to provide a highly reproducible method for assess-

ing LV functional performance, with reproducibility for strains being higher than

traditional metrics such as LVEF [81, 82].

There has been some debate as to whether the strength of the magnetic field

used for imaging can influence the metrics extracted from the images, includ-

ing strain. An early study using CMR feature tracking suggested that strains

derived at magnetic field strengths of 1.5 T and 3.0 T did not differ in value,

but that circumferential strain was the the most reproducible of all strain and

volume parameters tested [83]. This study also highlighted significant amounts

of segmental variability between test repetitions at both 1.5 T and 3.0 T [83]. A

more recent study by Mangion et al. conducted using DENSE investigated the

differences in strains at both 1.5 T and 3.0 T [84]. Statistically significant differ-

ences between global circumferential strain (GCS) at 1.5 T and 3.0 T and global

longitudinal strain (GLS) at 1.5 T and 3.0 T were found, and this then affected

correlations between strains and age, and strains and sex, suggesting that field

strength can affect strain. Relatively little other research has been done in this

area, and more is need to further understand the issue.

Tissue Tracking

The tissue tracking methods described in Sections 2.4.2 are used because they

allow for tracking of small segments of the LV, as opposed to looking at strains on

an LV global scale. Dividing into smaller sections decreases accuracy, however,

as errors become larger in proportion to the line segment measured. When com-

pared to CMR feature tracking, CMR tissue tracking intra- and inter-observer

reproducibility has been shown to be lower for strain measurements [85]. Sys-

tematic differences in strain values and reproducibility values have been shown

between feature tracking and tissue tracking, particularly for longitudinal strain

[85].
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Several studies have compared strains measured using tissue tracking in STE and

CMRI, with values of GCS and GLS having good agreement, and reduced agree-

ment for radial strains [66, 86–88]. Circumferential strains have shown increased

reproducibility using CMRI tissue tracking, most likely due to the higher image

quality of CMRI short-axis images [66].

Many STE studies have found that GLS is a sensitive marker for various types

of LV dysfunction, as have studies conducted on MRI (see Section 2.4.5)), with

much less attention paid to circumferential and radial strains. As discussed, both

imaging methods and their tissue tracking technologies are suited to collecting

data for longitudinal strains, and less so for circumferential and radial strains. It

is possible that there is a bias towards GLS being considered to be more relevant

clinically purely as it can be processed better. It has been noted that it is unlikely

that GLS is inherently better at describing and highlighting dysfunction in the

LV than any other strain, but that factors including imaging may factor into why

GLS has routinely been found to be a better prognostic indicator [89].

2.4.3 Strain Models

Models of LV strain are broadly divided between global strains vs. segmental

strains, and layer-specific vs. myocardial (full-wall) models.

Segmental strain models are often based on the 17-segment AHA LV model de-

scribed in Section 2.1.1, occasionally omitting the 17th segment in favour of in-

cluding it as part of segments 13 to 16. This highly localised approach allows for

information on regional movement, and can investigate localised illnesses includ-

ing ischaemic regions. Many studies which use these 16/17-segment models for

strain report suboptimal tracking of segments due to poor image quality or failure

of the software in tracking [31, 90]. Interpretation of results is not trivial for such

models. Most strain software packages output plots of strain curves through time,

with 17 strain lines (one per segment) per plot for each of the principal strain

directions (see Figure 2-7). This over-abundance of data can make it difficult to

interpret such plots. Segmental strain data is also often displayed on bullseye

plots similar to that shown in Figure 2-4. There is also a lack of validated strain

reference ranges for individual segments.

Global strains take an average of all circumferential strains (for example), and call

this GCS, and the same is done for longitudinal and radial strains. Depending on
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Figure 2-7: Strain curves and bullseye plots from three vendors for healthy par-
ticipants for 3D STE. GE software: 17-segment model. TomTec software: 16-
segment model. Canon software: 16-segment model, peak strains calculated. It
is unclear whether TomTec and GE calculate peak or end-systolic strains. Each
software also outputs other information of potential interest including: global
area change ratio (GACR), global principal strain (G3DS), global area strain
(GAS). Of particular interest is the range of values for GCS and GRS. Image is
composite of images from Nabeshima et al. [71].
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how averaging is defined, errors associated with length measurement can either

be reduced or propagated. If strains have initially been calculated using the 17-

segment model, and one or more of these segments has to be omitted due to

suboptimal tracking, the global strain is negatively affected. This is especially

true in localised myocardial diseases, like MI, where strains can often be unevenly

distributed [65]. While global strains have been shown to be useful in predicting

disease progression (see Sections 2.4.4 and 2.4.5), the information they provide is

perhaps more supplemental than segmental strains, as while it can comment on

the overall health/function of the LV, it does not give the perhaps more nuanced

information that segmental strains do.

There is some evidence that global strains are more comparable across different

STE vendors (as mentioned in Section 2.4.2, STE has problems with inter-vendor

reproducibility), whereas segmental strains between vendors, especially at the

base must be viewed with caution (the base is the furthest point from the trans-

ducer and is subject to distance-related echo dropout) [91]. However, it has been

noted that 3D STE strain values can vary significantly between vendors even

for images acquired from the same subject [92]. The increased translatability of

global strains across vendors is also due to the fact that, in clinical practice, there

is higher variability in segmental strains, with segmental strains across vendors

ranging from good to very poor in repeatability [72, 93]. Still care must be taken

when comparing global strains across different vendors, as often it is unclear

whether end-systolic strains or peak systolic strains are being calculated [71].

These issues are further highlighted by considering the differences in strain values

produced when using different imaging modalities or vendors. As shown in Figure

2-7, the difference in global strain metrics can vary greatly between pieces of soft-

ware when using STE. While it is not known whether the data displayed for all

three pieces of software is for one patient, or for three separate patients, it is still

perhaps surprising that a difference in magnitude of approximately 40% could ex-

ist for GCS. While there appears to be more agreement between the GLS values,

the difference between the TomTec and Canon software values represent a per-

centage difference of 16.5%. Mirea et al. found statistically significant differences

in segmental strains when performing repeated measurements on patients using

different ultrasound machines [93]. Average values for peak segmental strains

varied from -13.3% to -17.8% when compared across eight ultrasound vendors

[93], representing a percentage difference of up to 33.8% between machines. This
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issue is not solely contained to ultrasound however. When comparing 2D feature-

tracking CMR (FT-CMR) to 3D FT-CMR, Lui et al. found there was a significant

difference in GCS values calculated, with 2D FT-CMR having an average GCS

of -17.6% ± 2.6%, and 3D FT-CMR having an average of -20.9% ± 3.7% (per-

centage difference of 18.8%) [94]. A study conducted by Mangion et al. which

compared strains measured using different field strength MRI scanners of 1.5 T

and 3.0 T, found significant differences in both GLS (–12.5% ± 3.2% vs. –10.5%

± 3.1% respectively, percentage difference of 19.0% and GCS (–19.5% ± 2.6%

vs. –18.5% ± 2.6% respectively, percentage difference of 5.6%) [84].

This leads to the conclusion that for regional (and global) strains, data should

only be compared to other data measured using the same equipment and vendor-

specific package to limit the variability of the strains [93]. In practice, this means

that reference ranges found using STE are not widely applicable. Similarly to

STE, MRI sequences which include segmental estimations can also suffer from

suboptimal tracking, rendering those segments unusable, and also affect the global

measure [7]. It has been reported that reproducibility for MRI-derived strains

can be improved by significant observer training [95]. The same report also noted

that while additional training could improve reproducibility within an individual

software package, training could not improve reproducibility between software

packages due to the considerable software related variances [95], suggesting again

that measurements should only be compared to other data measured in the same

software.

Measurement of strain as a multi-layer or myocardial property is also of interest.

Some argue that strain is of interest as a measure of muscular contraction, and

as such an average value across the wall (using an average of endocardial and

epicardial strains, or measured as the average value of strain calculated on the

myocardial thickness) is of more use clinically [66]. Myocardial strain more often

appears in STE where individual borders are harder to track [71]. Myocardial

strain has been shown to be useful in ischaemic disease prognostication [71, 96,

97], where 3D STE has also been shown to be superior to 2D STE in prognostic

power [71, 97].

Multi-layer approaches allow for more in-depth information regarding the func-

tional state of myocardial fibres at different wall depths [98]. This is of particular

interest during ischaemia which is known to be transmural in nature, initially af-
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fecting the subendocardium [99]. Gradients in strain between layers has also been

shown to be indicative of damaged myocardium [100]. Layer-specific analysis can

be performed by both ultrasound and MRI modalities. In a similar manner to

the use of an LV segmental model, dividing the LV into layers also creates an

opportunity for suboptimal tracking by software [98].

Few studies have been performed to investigate differences between myocardial

strains and single layer strain, however a study by Moen et al. investigated dif-

ferences between myocardial and layer-specific strain in an open-chest porcine

model where LAD perfusion pressure was decreased incrementally [98]. Ima-

ging was performed using both TDI and STE; TDI was used for single layer

radial strain analysis and the anterior wall was analysed using three layer radial

TDI. One layer STE was used to capture radial, circumferential, and longitud-

inal strains, and three layer STE was used to capture anterior wall radial strain.

TDI strain was more sensitive to the smaller changes in perfusion pressure than

STE, whereas STE strain was only found to change with more moderate changes

to perfusion pressure. The three layer techniques were found to provide addi-

tional information regarding functional state of myocardial fibres at varying wall

depths, as well as giving information about blood flow rate, which the myocardial

technique could not provide [98]. However, for the multi-layer technique there

was an increase in the number of segments that could not be adequately tracked

[98].

It should also be noted that when using a full-wall myocardial approach for ana-

lysing animal model such as porcine ones, the wall thickness should be taken into

consideration. As discussed in Section 2.2, the LV wall of adult pigs is in general

thicker than that of a size-matched human heart [38], suggesting that myocardial

models may not be as physiologically representative or relevant when compared

to human cases, and that layer-specific models may be more appropriate.

2.4.4 Porcine Studies on Strain

Due to the costly nature of porcine experiments, there are relatively few stud-

ies which investigate porcine cardiovascular strain in healthy or diseased cases.

There are even fewer which perform long-term studies and use CMRI, with the

majority opting to use STE. Porcine studies into strain have been important in

highlighting the acute effects of cardiovascular disease and its effect on strain,
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and also occasionally longer terms effects.

Strains have been shown to be of use in identifying regions of MI, both in the

acute stages of MI, and in the longer term. Ballo et al. used an open-chest

ameroid constrictor model to evaluate relationships between regional myocardial

(full-wall) strain [101]. STE was performed at 3 months post-operation, and a 16-

segment LV model was employed in 13 pigs. Whilst global radial strain (GRS)

and GCS did not vary between the MI and control groups, strain rates were

lower in MI pigs. It was also found that infarcted segments had lower strain than

non-infarcted segments within the same animal. GCS was found to correlate

with other commonly-used clinical metrics, i.e. end-diastolic volume (EDV),

end-systolic volume (ESV), and LVEF, whereas strain rates did not. Reduced

circumferential strain (CS) and CS rate was found to most accurately identify

myocardial segments with an infarct. This study, while using STE and lacking

information on longitudinal strain (LS), suggests that regional CS is a strong

indicator of regional dysfunction. Unfortunately, no serial measurements were

taken as part of this study, so no changes in strain with decreasing myocardial

perfusion and increasing ischaemia could be studied.

A further study to confirm that in acute ischaemia, strains indicate regional dys-

function, was conducted by Howard-Quijano et al. [96]. This study observed

layer-specific strain in an 18-segment LV model (base, mid-ventricle, and apex

regions each split into 6 equal segments) along the three principal axes in pigs, us-

ing an open-chest LAD suture, allowing reperfusion after 15 minutes of occlusion.

Serial STE images were taken for up to 30 minutes post-reperfusion. For global

strains, only GLS was found to be sensitive to the changes induced by ischaemia.

Layer-specific segmental strains showed decreases for both endocardial and epi-

cardial LS in ischaemic zones, but only decreases in endocardial strains for CS

and radial strain (RS) in the iscahaemic zones. LVEF was unaffected by the

ischaemia, which is perhaps unsurprising given the very short length of time of

the occlusion. Similarly to Ballo et al., CS was only measured along three planes

[101], and in this case Howard-Quijano et al. only used the basal and apical

planes to calculate RS [96], and while there was some evidence that CS and RS

could identify dysfunctional regions, LS was found to be more sensitive. This

study and imaging was conducted open-chest, and this may have influenced the

LV dynamics and therefore the strain.
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Bachner-Hinenzon et al. investigated using CS and RS to differentiate between

stunned/tethered and infarcted myocardium in 10 male pigs [59]. In this closed-

chest model, a balloon occluded the LAD artery for 90 minutes. STE imaging

was performed at baseline, after occlusion, 2 hours post-MI, and 30 and 60 days

post-MI. Myocardial strain was investigated using an 18-segment model similar

to that used by Howard-Quijano et al. [96] GCS and GRS were both found to

decrease during the occlusion; mid-ventricular CS and RS recovered by 30 days,

but apical CS did not recover even by the 60 day point. Results suggested that

CS was the best indicator of MI, and that it also accurately detected reperfusion.

At the apex, CS was also able to accurately discriminate MI transmurality scores.

While it is not possible to directly compare results between Bachner-Hinenzon et

al., Howard-Quijano et al., and Ballo et al., they all do suggest that, to at least

some degree, CS as measured using STE is an accurate indicator of LV ischaemic

regions and LV dysfunction [59, 96, 101].

A further study which suggested that GCS was a better marker than GLS for LV

dysfunction was that of Chen et al. [102]. This ex vivo study was conducted using

excised porcine hearts, with latex balloons sewn into the LV. The hearts were

driven mechanically by a pulsatile pump inflating the balloon, and STE was used

for imaging, with validation done by sonomicrometry. While GCS was found to

better characterise LV dysfunction, results from this study are not physiologically

representative and should be considered with caution. However, it does add to

the body of evidence suggesting that CS is a worthwhile measurement potentially

helpful clinically.

One porcine study conducted using MRI also found that circumferential paramet-

ers described regions of LV remodelling and scar formation [103]. Whitaker et al.

performed serial imaging on eight pigs, at 16, 32, and 62 days post-MI induced

by 180 minute balloon occlusion of the LAD, with no baseline measurements

taken. Peak myocardial CS and RS in a 16-segment LV model were calculated.

At each of the three time points, peak RS, CS, RS rate, and CS rate was found to

be lower in the infarcted segments when compared to remote ones. Between 16

and 62 days there was an increase in magnitude of both RS rate and CS rate in

remote segments, but this was not seen in the infarcted ones, perhaps suggesting

a compensatory change in LV mechanics. However, strain rates are known to be

sensitive to changes in loading conditions [104], and may not necessarily reflect

actual remodelling of the LV.
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2.4.5 Human Studies on Strain

Strain studies in humans can broadly be split into three categories: strain in

healthy individuals, strain in individuals with myocardial infarction, and strain

in individuals with other illnesses. Many of the studies into healthy people are for

definition of reference ranges on various imaging modalities and post-processing

software packages, as well as looking into links between strain and other factors

such as sex, age, and body size. While these factors are also considered in studies

using individuals with cardiovascular disease, those studies are generally more

focussed on ability of strain to characterise and predict disease after myocardial

infarction.

Studies on Healthy Individuals

Studies on healthy volunteers using STE have found interesting trends in strain

using large scale studies. Hung et al. imaged 1105 healthy elderly volunteers

(76±5 years, 61% women) using 3D STE to investigate myocardial GCS and

GLS [111]. It was found that advancing age was associated with significantly

reduced GLS, and slightly increased GCS in both sexes. Overall, women were

found to have greater GLS and GCS (in magnitude) than men [111]. Some sim-

ilar trends were found in another large scale STE study conducted by Støylen et

al. [75]. This study focused on strains in all three principal directions as well as

investigating myocardial and layer-specific, and global and segmental strains, in

1266 healthy individuals (mean age 49.1 years). All absolute strains had negat-

ive correlations with age and body surface area (BSA): these correlations were

strongest for LS, and only very weak for CS. Differences in gender were found

to mainly be a function of differences in BSA. Unlike Hung et al., CS was found

to be preserved with increasing age (as the correlation was so weak), indicating

that there was no compensatory increase in circumferential or radial function to

account for preservation of ejection fraction with increasing age. Ages of pop-

ulations were significantly different, however, and could cause trends in CS to

differ.

Healthy participant CMRI studies also have inconsistencies in overall trends.

Augustine et al. performed CMRI on 145 healthy humans (mean age 29.7 years)

to find strain trends, as well as measure differences between feature tracking and

tagged MRI strains [76]. The best inter-observer agreement was found for both
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GCS and segmental CS, and segmental reproducibility was the best in the mid-

ventricle and base. No significant difference in CS was found between genders,

however LS was greater in females, and RS greater in males. For both tagging

and feature tracking, there was a deterioration in reproducibility from the global

to the segmental level for strain, with poorest reproducibility at the apex, and a

systematic bias with feature tracking giving larger strain values than tagging was

also noted. Also of interest was that the error between tracking and tagging for

LS grew as the strain values grew, suggesting further biases between the strain

calculation methods.

A different CMRI study also using feature tracking on 150 (50% male) healthy

participants (mean age 45.8 years) performed by Andre et al. found different

trends [112]. CS and LS were found to be significantly higher in magnitude in

women, whereas RS was found to be lower. Unlike Augustine et al., all strains

(both segmental and global, endocardial and myocardial) were found to have stat-

istically significant differences between the sexes, and there was no significant age-

dependency for CS and LS. Similar observations regarding gender-based strain

differences were seen in Mangion et al., who undertook a study using DENSE

CMRI on 89 healthy individuals (50% male), using two different strengths of

magnetic field, 1.5 T and 3.0 T [84]. Both segmental and global LS and CS were

greater in magnitude for women than in men. LS and CS were both found to

correlate with age at 3.0 T, but not at 1.5 T. This difference in field strength may

account for discrepancies in absolute values and trends seen between studies.

Even within the same imaging modality, differences in overall trends are incon-

sistent, results from the STE studies by Hung et al. and Støylen et al. being

prime examples [75, 111], resulting in justified hesitancy in using all strains. This

is not limited to STE however, as there are also differences in strain values and

trends between MRI studies using different strain estimation techniques and field

strengths.

Studies on Cardiovascular Illnesses

There are few clinical studies on cardiovascular disease focusing on CS, with the

majority focusing solely on LS, and sometimes including CS and seldom RS. LS

has been shown in many studies to correlate with LVEF [113–116], characterise

regions of infarcted/non-infarcted myocardium [100, 117], and also be a strong
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predictor of end-point [117, 118]: none of these studies include any information

on CS, with very few patient-based studies including it.

In a 2D STE study, GCS and GLS were investigated in relation to ST-elevation

MI (STEMI) related HF by Lee et al. [31]. 242 patients were used in this

study, 71 of which were excluded due to suboptimal spatial and temporal quality

of imaging, leaving 171 patients for the study. 17-segment myocardial strain

was calculated using long-axis imaging, whereas only one mid-ventricular short-

axis image plane divided into 6 segments was used to calculate CS; CS from

these 6 segments was then averaged to calculate GCS. Perhaps unsurprisingly,

only GLS was found to be significantly associated with the development of HF.

Interestingly, in this study, the blood biomarker NT-proBNP (a derivative of

BNP described in Section 2.1.3, commonly used as a diagnostic for HF) was also

investigated, and it was found that it was of lesser significance than GLS for

prediction of HF. Both LVEF and GLS were comparable in this respect. This

study highlights issues in the practice of strain estimation and routine clinical

assessment, especially when imaging is performed using ultrasound technologies.

Unfortunately the measurement using only one mid-ventricular slice is less than

optimal, and is not equivalent to GCS calculated as an average of three or more

short-axis planes, potentially explaining the lack of findings regarding CS. Meta

analyses have shown that using only one mid-level LV slice to calculate GCS

reduces accuracy [119]. This meta-study by Vo et al. showed that the one-slice

GCS method produced strain results with larger spreads in data when compared

to results using three short-axis planes for GCS calculation, giving less accurate

results, potentially underestimating strain magnitudes [119].

2D STE has been used effectively to assess strain and its relation to infarct trans-

murality by Altiok et al. [90]. 16-segment layer-specific CS using both SENC

MRI and 2D STE were compared on 29 patients (mean age 62.4) with ischaemic

cardiomyopathy. Endocardial CS analysis by STE and SENC allowed for distinc-

tion of segments with non-transmural infarction and non-infarcted segments both

with similar accuracy. Endocardial and epicardial peak CS found using SENC

and STE were also significantly different between non-infarcted, non-transmural

infarcted, and transmural infarcted segments. It was found that the accuracy

of both methods required improvement however, as analysis of endocardial layer

deformation tended to be more accurate than that of the epicardium.
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It has also been reported by other studies which use CMRI methods that CS is

more accurate for discerning segmental changes and defining infarct transmural-

ity. Koos et al. reported that endocardial CS more accurately made distinction

of non-transmural infarcted myocardium from transmural infarcted myocardium

than LS [120]. MRI-derived CS has also been shown to significantly correlate

with infarct size, and best distinguish segmental transmural infarct extent, as

well as infarcted from adjacent and remote segments, when compared to LS [80,

121].

CMRI tissue tracking (tracking features of interest along contour lines on stand-

ard cine images, analogous to STE) has also been used to assess the prognostic

value of myocardial strains in the three principal axes in a retrospective study

conducted by Gavara et al. [118]. The global and 16-segmental myocardial

strains of 323 patients were analysed from images taken one week post-STEMI.

The study tracked major adverse cardiac events including death, readmission

for HF, or readmission for reinfarction. It was found that patients who suffered

major adverse cardiac events had more segments with ‘abnormal’ strains in all

three axes, where abnormal was defined by cut-off values derived from control

patients. Patients suffering from major adverse cardiac events during follow-up

exhibited higher values of GLS and GCS, and lower values of GRS. While ma-

jor adverse cardiac events were associated with more severe abnormalities in all

strain indices, only GLS was found to be an independent predictor. GLS did not,

however, improve risk classification, and it was suggested that it offered supple-

mentary information on LV function, giving further evidence to underlie clinical

decision making.

In contrast to this, Buss et al. reported that the power of GCS prognostication

was in identifying patients with preserved ejection fraction at 6-month follow-up

[122]. Feature tracking was used to assess 74 patients using a layer-specific seg-

mental strain model. GCS accurately predicted end-points of identifying patients

with preserved ejection fraction, whereas GLS did not, and was found to be as

accurate at cTnT (see Section 2.1.3) in this regard also.

Studies on Other Illnesses

There are studies on strain in patients suffering from other illnesses that affect

the cardiovascular system. Strain imaging in cardio-oncology is becoming more
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prevalent, with some cancer therapies being cardiotoxic, damaging myocytes and

affecting cardiovascular function [105, 106]. GLS has been shown to be a sensitive

and reproducible measure of LV function and has emerged as an early marker

of cardiotoxicity, surpassing the abilities of LVEF [105]. However, it has been

noted that extensive education is needed to enhance the performance, analysis,

and interpretation of GLS for the management of cardio-oncology patients, as

it is not currently standard clinical practice to perform measurements in these

cases [105]. Strain has also been used to investigate amyloidosis. It has been

shown that reduced longitudinal strain served as an independent predictor of

survival in amyloidosis patients, and was in fact a better predictor variable when

compared with standard clinical variables (age, Karnofsky index, and New York

Heart Association functional class) and biomarkers [107].

Strain can also play an important role in assessing the cardiovascular health of

foetuses, as well as adults. Drop et al. performed STE on gestational foetuses and

were able to discern those suffering from congenital heart disease from healthy

foetuses by assessing their left and right ventricular strains [108]. In adult popula-

tions, congenital heart disease requires long-term and frequently lifelong, follow-

up. Identifying progression of existing disease, complications from previous sur-

geries and new symptoms must be at low risk to the patient and with high

reproducibility when used for serial measurements [109]. Traditional volumetric

measures have their limitations and more frequently now, strains are used to as-

sess adult congenital heart disease sufferers as they can give more personalised

information on localised changes to performance [109]. Research into strains in

Takotsubo syndrome (stress-induced cardiomyopathy) has been performed, which

highlighted the on-going changes to strain in the myocardium, despite the transi-

ent phenomenon of the syndrome [110]. These changes to strain, which persisted

far beyond the acute event, were not detected by more traditional metrics such

as LVEF or LV size [110], further highlighting the importance and difference of

strain metrics to traditional measures of cardiovascular performance.

2.5 Final Remarks and Summary

There is evidence, from both human and animal studies, that CS and CS rates

can be a useful tool for characterisation and prognostication of cardiovascular

diseases, with its greater discriminative ability in assessing transmural extent
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of infarction in patients with recent and chronic MI [8, 80, 101, 103, 120–122].

Strain may be useful as an early marker of localised LV dysfunction before LV

function becomes impaired globally [8, 122]

It is however, LS which has become more popular, perhaps due to the ubiquity of

clinical STE studies [100, 113–115, 117, 118], and their propensity for using long-

axis acoustic windows [8]. LS is itself a useful tool, but does not innately describe

LV remodelling better than CS, rather offers different information on correlations

with LVEF and predictions of future cardiovascular events. In contrast, CS bet-

ter describes information on regional changes as well as information regarding

LVEF. Recent studies suggest that CS could be a powerful tool, complementing

both GLS and current clinical practice, but that it is limited by reproducibility,

especially in STE [65, 66, 70, 73]. Then there is a need for preclinical MRI based

strain studies into CS, both on animals and humans, and at larger population

based scales, as typically numbers in clinical studies are often limited [31, 90,

120, 122].

Multiple LV models (ranging from 16 -18 segments) and myocardial/layer-specific

models are currently in use [59, 101] which hinders translation between studies.

Therefore there is a need for strain reporting to be standardised, or strain models

to be simpler [93]. Appropriate choice of strain model is also important when

considering the translation of a model between species, especially if the desired

model is to be physiologically representative of the human condition. For ex-

ample, there are known differences in LV anatomy between pigs and humans

(such as thicker walls) [38], and this should be taken into consideration when

choosing a strain model.
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Chapter 3

Research Methods Overview

3.1 Summary

This chapter contains details on the model for regional circumferential strain that

was developed for the thesis. A rationale for the model and its design are also

presented. Finally, an overview for the project development is given in order

to clarify the model development and testing based on the software that was

available at different stages throughout the project.

3.2 Strain Model Definition

Strain calculations were derived from extracting contour perimeter lengths in-

formation from cardiovascular MRI images. By defining the strain in terms of

endocardial contour perimeter, the metric becomes computable through a range

of means whether that be manual, semi-automated, or fully automated, thus

making the metric suitable for widespread adoption.

In the following results chapters both manual and automated approaches were

used. A mixture of manual tracing and automatically generated contouring was

performed for results in Chapter 4, where different software packages were tested

to ensure that contouring differences did not affect the resulting strain metric.

Contours were manually traced for results in Chapter 5 (as explained in upcom-

ing Section 3.4, at the time this study was performed, the only software that

was available could perform manual contouring). Contours were automatically
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generated and double checked by eye for results in Chapter 6.

Papillary muscles and trabeculae were included in the LV blood pool when con-

touring following guidelines from the American Heart Association and Society for

Cardiovascular Magnetic Resonance (SCMR) [123, 124]. In-depth information on

contouring methods, image analysis and contour length estimation will be given

in the relevant chapters.

For each individual MRI slice of a short-axis image stack (generally 7 - 9 slices),

contours were drawn on the images throughout the cardiac cycle. The numbers

of images contoured depended on the study. For the study in Chapter 4, a subset

of 16 contiguous images from the 30 available were used. These spanned from

from just before end-diastole to just after end-systole. This reduced subset was

used to decrease the time needed for participants to complete the study, and

the images included were considered to be the ones showing greatest variation in

endocardial contour sizes. In Chapter 5, all 30 time frames were used in order to

capture strain and strain rate throughout the entire cardiac cycle. For Chapter

6, only end-diastole and a further five frames around end-systole (two before,

and two after end-systole, as well as end-systole) were contoured due to time

constraints. Further explanations and rationales are given in each chapter.

The contours were then analysed to find their lengths. The method used to

extract lengths from contours was different depending on the software used for

the contouring. Length extraction is described in-depth in each chapter for each

method used. The extracted contour lengths were then used to calculate the

strain, ε, for a given slice throughout the cardiac cycle using the definition intro-

duced from Chapter 2:

ε =
L− L0

L0

(3.1)

The reference length, L0, was the perimeter length at end-diastole, and this was

then compared to the perimeter length, L, throughout the cardiac cycle for a

given CMRI slice. Circumferetial strain rate, ε̇, as defined by Equation 3.2, was

also calculated, where L(x, tn) and L(x, tn+1) were endocardial lengths on one

cine MRI stack (x) at consecutive points in time (tn), ∆t was the time between

successive images, and L0(x) was the end diastolic length for that cine slice.
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Figure 3-1: Short-axis MRIs with endocardial (green) and epicardial (blue) bor-
ders were traced, stacked and grouped into three regions: base, equator/mid,
and apex. Strain was calculated for all slices individually, and the mean was
then found by averaging strains in their regions. Global strain was calculated as
the mean of all slices. Finally, the resultant regional and global circumferential
strains were found for each time point to give strain curves throughout the car-
diac cycle.

ε̇ =
L(x, tn+1)− L(x, tn)

L0(x)∆t
(3.2)

The same short-axis slices were then divided into three ‘vertical regions’ along

the long-axis of the ventricle: apex, mid-ventricle, and base (defined in Figure

3-1, with two or three slices per region. Since image slices for a patient are

always same thickness, this method automatically divides the ventricle as close

as possible into thirds in the long-axis. As the apex is known to be difficult to

contour [76, 125], this can lead to increased variability in contour delineations,

and thus strain. To boost the reproducibility of this region, where possible, three

image slices were included, and the other two regions had only two (if for example

only seven slices were available). In the case of only six slices being available, all

regions had two image slices in each region.

A mean of the strains from the slices in a region were calculated at each time

point throughout the cardiac cycle. This gave slice-averaged strains in each of

the three regions. Global strain was also calculated; this was the mean of the

strains from all the slices in the short-axis stack at each time point in the cardiac

cycle. This model was also intended to be layer-specific; as such, these analyses

were conducted for both the endocardium and the epicardium.
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The novelty of this model is that it only divides the left ventricle into three

roughly equal tiered segments along the long-axis of the left ventricle. Where

other models further divide each tier into smaller segments or present global

strain, this hybrid model offers a moderate degree of localisation within the left

ventricle, the benefits of which will be discussed in the following section.

3.3 Rationale

As presented in the literature review (Chapter 2), there are currently several

models used to divide the left ventricle into regions/sections for localised strain

analysis. These can be categorised broadly as:

• Global or segmental:

– models of global left ventricular strain (entire organ level),

– models dividing the left ventricle into regions/segments to calculate

strain.

• Full-wall or layer-specific:

– models considering myocardial strain (full wall thickness),

– models calculating strain on specific layers (endocardial vs. epicardial

strain).

As previously described, regional strains often divide the LV into 16 or 17 seg-

ments (see Chapter 2 Figure 2-4) [15].. However, there are also models which

divide the LV into 18 segments [59, 96]. These disparate segmental models are

part of the cause of the hesitancy to adopt strains as a metric. These models

do have some commonality, however: they divide the LV into 3 approximately

equal tiers along the long-axis (35%, 35%, and 30% for the basal, mid-ventricle,

and apical regions of the heart) [15]. As such, it was determined that any devel-

opment of the strain metric for the purposes of this thesis, should maintain this

feature of three roughly equal long-axis tiered regions for circumferential strains.

From recent literature, it was also apparent that the software currently used

to track the motion of the myocardium throughout the cardiac cycle can often

fail to complete tracking due to poor image quality or inadequate tracking of

pixels between images [7]. This impacts the information available to a clini-
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cian/researcher, but it also impacts the calculation of the global strain [7]. It

was not in the scope of the project to create or to improve upon an image/pixel

tracking software algorithm. Dividing segments by eye was not considered as this

would have introduced further errors to the strain estimation, and was considered

to be too time-consuming. As such, another key consideration was to develop a

model that could offer some localisation that did not require access to specialist

software, thus making a model potentially useful for other research settings with

similar limited access to technology. Partially for this reason, it was decided that

the model should not include any segments which required the short-axis images

of the myocardium to be divided in any fashion. As such, the model included

localisation to the three tiered regions: base, mid-ventricle, and base, as well as

being able to calculate global strain.

It was also noted that some methods used to calculate segmental strain often

only used information gathered from individual slices from a region; especially for

ultrasound, data is often only collected from three short-axis planes, one at base,

one in the mid-ventricle, and one at the apex [96, 101]. This method of analysing

one slice per region could lead to several issues; loss of information through

sub-optimal tracking [7, 90], inaccuracies due to movement or positioning of the

plane (patient or operator movement, operator error) [126], potentially limiting

repeatability/reproducibility especially for poor quality images [65], and perhaps

that one slice is not necessary fully representative of the strain in that region.

As CMRI short-axis data typically has multiple slices per region available1, a

method that incorporated all the possible information available when calculating

parameters for that region was considered to be optimal, so in order to reduce

errors associated with lack of tracking and slight movement of patient/operator,

and in order to have information from the entire LV, it was decided that CMRI

slices would be grouped into the three regions, and a mean strain would be

calculated of the slices contained in that region.

Similarly, for calculation of global circumferential strain, it is common to calculate

1The number of slices per region is dependent on total number of slices, the slice thickness
(which can be altered by the radiographer or can be machine dependent), and size of organ.
While there is no literature on the typical number of slices taken in an cardiac MRI protocol, a
minimum of three is required for a fast sequence [127]. In routine practice, a slice thickness of
10 mm is standard [127]. LV dimensions are usually expressed in terms of volumes, occasionally
in terms of diameter [128], but generally not in terms of length in the long-axis. As such, it
is difficult to compute an average number of slices used to capture a ventricle, or an average
number of slices per ventricular region.
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this using a single plane near the mid-ventricle [31], with no information from

the base of apex included. In order to give a more representative value of global

circumferential strain, the mean of all slices in the LV was used to calculate global

circumferential strain in this model.

While many strain estimation techniques use myocardial strain, it has been shown

that there are additional benefits to using layer-specific strains including func-

tional state of the endocardial myocardial fibres, and gauging infarct transmur-

ality [98]. Due to the excellent contrast between LV blood pool and myocardium

that is offered when using MRI, and the potential for more detailed results or

characterisation of LV function, especially for different diseases, a layer-specific

approach to strain estimation was incorporated into this model.

Finally, it was also essential that the model was simple to calculate, and transpar-

ent to interpret in its calculation of regional and global strains for comprehension

and use for other researchers.

3.4 Outline of Work Flow and Chronology of

the Thesis

In the previous chapter, a case was been made to justify the investigation and

development of a circumferential strain metric. However, as will become apparent

from reading the following chapters, other metrics were also investigated during

the course of the research. The order in which chapters in this thesis are presented

are not the chronological order in which the research was conducted. In order

to clarify the work presented in the chapters, a brief discussion of the order and

content of the research will be presented.

Initially, the only data available was the porcine data, and the only image analysis

tools available was Simpleware ScanIP (Synopsys, Inc., Mountain View Califor-

nia, USA, Version 7). ScanIP is an image segmentation and processing software

predominately used by engineers for image visualization, analysis, segmentation,

and quantification tools, allowing for exportation to CAD and 3D printing, as well

as having additional modules for FE meshing. As will be discussed in Chapter 4,

this software was found to be sub-optimal for the processing of the porcine data

set. However, as this was the only software available at the time, initial strain

and volume analysis was performed using this software.
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After discussion with our collaborators, another software was recommended for

image analysis, OsiriX (Pixmeo, Geneva, Switzerland). OsiriX is a medical image

processing application for Mac dedicated to DICOM images. It is freely available

with limited function, or can also be purchased for enhanced functions. This tool

had functions which allowed for more accurate quantification of the endocardial

border for the purposes of the porcine study, and the data was subsequently re-

processed and analysed using the free version. This re-processed data was then

used for the analysis in Chapter 5.

As this work was exploratory in nature, many hypothesises were pursued when in-

vestigating circumferential strains, including comparison to longitudinal strains.

Longitudinal strains were investigated in order to compare whether they char-

acterised changes to left ventricular function better than circumferential strains.

Similarly, differences in endocardial and epicardial strains, as well as strain rates

were also explored. As shown in this results of Chapter 5, the longitudinal strain

and epicardial strain results did not yield results of significance.

With two different software packages available it was decided that assessing intra-

user and inter-vendor variability of the metric would be a useful study to perform.

This makes up part of the data presented in Chapter 4. As the aim of the thesis

was to develop a circumferential strain metric, only circumferential strains were

analysed as part of this work. For three further reasons, only parameters derived

from short-axis endocardial contours were used for this study, these being:

1. results from Chapter 5 indicated that epicardial strains and strain rates

were not as insightful as endocardial strains for characterisation of changes

to left ventricular function post-MI,

2. the time-consuming nature of manually tracing additional epicardial con-

tours and exporting data from OsiriX would significantly increase the time

needed for participants to perform contouring,

3. the study participants would have required additional training time to un-

derstand the differences involved with tracing epicardial contours.

Towards the end of the project, large quantities of human data became available

for analysis through a successful application to the UK Biobank. While OsiriX

was considered to be a good software for image analysis, it was limited by the

time-consuming nature of manually contouring the images. Through a collab-
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oration with Dr Jonathan Rodrigues of the Royal United Hospitals Bath, we

negotiated access to Circle CVI42 (Release 5.11.2, Circle Cardiovascular Imaging

Inc., Calgary, Canada). Its functionality was suited to our purposes as it con-

tained an in-built automatic contouring function as well as automatic detection

of end-diastole and end-systole.

CVI42 was initially tested using the porcine data and compared against the res-

ults from OsiriX and ScanIP, forming the remainder of the results presented in

Chapter 4. As the repeatability between CVI42 and OsiriX was found to be good

for the circumferential strain metric, it was decided to use CVI42 for the analysis

of UK Biobank data. In planning for Chapter 6, analysis of longitudinal and

epicardial strains had been desired for completeness to compare to the porcine

results. However, due to time constraints imposed by the COVID-19 pandemic,

it was only possible to conduct research on the critically necessary data, and so

again, analysis on only short-axis endocardial data was conducted.
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Chapter 4

Inter- and Intra-Reader

Variability of Cardiovascular

Clinical Metrics and Myocardial

Strain Across Three Software

Packages †

4.1 Summary

This chapter presents a study which tested the inter- and intra-reader and inter-

software variability of various clinical volume metrics and circumferential strain

metrics when calculated using the following software packages: OsiriX, Simple-

ware ScanIP and Circle CVI42. Seven readers analysed 16 image stacks from a

cine MRI sequence from a porcine specimen. Endocardial contours were drawn

twice in both OsiriX and Simpleware ScanIP, for a total of four repetitions. The

images were also contoured automatically in Circle CVI42. Endocardial global,

apical, mid-ventricular, and basal circumferential strains, as well as end diastolic

†The majority of the contents of this chapter are already published in the same format in
‘Comparison of the within-reader and inter-vendor agreement of left ventricular circumferential
strains and volume indices derived from cardiovascular magnetic resonance imaging’ by Mansell
et al. [129]. This paper was adapted into this chapter. All text was written by Oladoyin
Odunmbaku-Mansell, aside from the description of the data acquisition in Section 4.3.1, which
was written by our collaborators.
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volume, end systolic volume and left ventricular ejection fraction were calculated

using custom code, and compared.

Potential systematic differences between measurements from different readers us-

ing different software packages were found. Bland-Altman analysis showed sys-

tematic biases in contour length between software packages. Statistically sig-

nificant differences were found between softwares for end systolic volume, end

diastolic volume, apical and mid-ventricular strains (all p ≤ 0.037), but none

were found for global or basal strains, or left ventricular ejection fraction (all

p > 0.05). It was found that certain functional metrics were influenced more by

choice of contouring software, than by reader. OsiriX and CVI42 gave consistent

results for all strain and volume metrics, whereas ScanIP did not.

These results show that caution should be taken when comparing these values

found using software which contour according to different criteria.

4.2 Introduction and Background

Accurate and reproducible quantification of cardiovascular properties is imper-

ative for correct identification and management of many cardiovascular diseases.

Prognosis post myocardial infarction is partially based on measurements of end-

diastolic and end-systolic volumes, or LVEF, as these reflect adverse remodelling

of the left ventricle [11, 30, 130, 131]. Non-invasive measurement techniques using

many imaging modalities have become popular in monitoring disease progression.

CMRI, for example, provides high spatial resolution, has a high reproducibility,

especially for images taken in the short-axis [66, 132], and is now widely used for

quantification of clinical measurements by both clinical and research institutions.

CMRI can be used as non-invasive diagnostic tools to assess LVEF and, more

recently, ventricular strains. Ventricular strains quantify ventricular deformation

and are dependent on the change in endocardial or epicardial lengths throughout

the cardiac cycle. They have been shown to be sensitive markers for myocar-

dial dysfunction [90, 120, 132]. Strain can be measured from imaging data such

as CMRI, usually using off-line post-processing software packages. Most strain

methods, like LVEF, depend on the placement of endocardial or epicardial con-

tours, thus accurate and repeatable contouring is needed for precise results. There

are three factors affecting the precision of strain acquisition: the repeatability of
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imaging/image quality, the choice of software used for image processing and con-

touring, and the reader confirming or altering the resultant contours [133, 134].

Poor image quality, especially in short-axis images, can be minimised by use of

CMRI as opposed to echocardiography [66]. Choice of software and individual

reader bias have been shown to produce differences in contouring, which in turn

lead to differences in left ventricular volumes [125, 133]. Inconsistencies in strains,

nevertheless, have not been robustly investigated; as strains are derived from the

same endocardial/epicardial border data used for the calculation of LVEF, it is

possible that there will also be inconsistencies in strain values too.

A large range of commercial software packages have become available over the

last decade, many with in-built image analysis tools, which can operate on an

automatic, semi-automatic, or manual basis. Through machine learning and grey-

scale thresholding techniques, vendors have been able to incorporate automatic

and semi-automatic contouring of the left ventricle into software packages, with

accurate results which need minimal manual alterations [135]. Calculation of

strain should be simple if contour lengths are known and can be done relatively

simply with numerical analysis software, however many advanced software pack-

ages have in-built strain calculation. This calculation may rely on placement of

landmarks such as right ventricular insertion points to the left ventricle, increas-

ing the need for human input. Moreover, these are typically ‘black box’ systems

using closed-source, proprietary algorithms for image segmentation and/or strain

calculation, which increases the uncertainty of the strain calculation.

A cross-centre study for CMRI centres showed that there can be large variations

in both endocardial and epicardial contouring even amongst expert readers [125],

confirming that delineation of the left ventricular myocardium from the blood

pool and epicardium is highly dependent on the reader, even when using images

of superior quality such as steady-state free procession CMRI [133]. This po-

tentially results in differences in final clinical metrics. It has even been noted

that until now, there has been inconsistency and poor repeatability in strain

calculations with few validated values for circumferential strain especially, and

no universal absolute values for healthy or different pathological strains [74, 89,

114], which have limited translation into clinical decision making and standard

practice guidelines [136].

This study aimed to investigate the variability introduced to clinical metrics by
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different readers and different pieces of software when using CMRI. The clinical

metrics under investigation were EDV, end-systolic volume (ESV), LVEF, GCS,

and three regional circumferential strains; apical, mid-ventricular, and basal.

4.3 Methods

4.3.1 Data Acquisition

Cine CMRI from one female porcine specimen (age = 7 months) suffering from

induced heart failure with dilated cardiomyopathy were selected. Although data

from ‘healthy’ porcine specimen were available, as the scope of the project was

to assess cardiovascular disease, a specimen with cardiovascular disease was con-

sidered to be more appropriate. This data collection, and analysis presented here,

was part of a study demonstrating a closed-chest porcine model of myocardial in-

farction and reperfusion, assessed by serial imaging and biomarker measurements,

and proteomics tissue analysis [137]. Those animal procedures were undertaken

at the University of Bristol Translational Biomedical Research Centre in accord-

ance with the United Kingdom Animal (Scientific Procedures) Act, 1986 (under

PPL 7008975) granted by the Home Office after formal review and approval by

the University of Bristol Animal Welfare and Ethics Review Body (AWERB).

The specimen was induced to general anaesthesia by a professional veterinary

anaesthetist, using an IV infusion of Propofol at 1.0 mg/kg boluses, with anaes-

thesia maintained with Isoflurane in oxygen with the vaporiser set at 2%. Finally,

while still under anaesthesia and full monitoring, the animal underwent median

sternotomy to expose the heart with euthanasia involving intracoronary injection

of cold (0-4degC) cardioplegic solution.

CMRI were acquired in both short- and long-axes slices, using a CMRI scanner

(Siemen Healthcare Limited, Magnetom 3 T PRISMA, Erlangen Germany) with

a spatial resolution of pixels of 1.6 mm x 1.6 mm. Temporal resolution was

30 frames per cycle. Fast imaging with steady-state precession (FISP) functional

cinematic images were acquired in the three long-axis planes (2-,3- and 4- chamber

orientation) of the left ventricle and in a contiguous stack of short-axis slices from

base (at the level of the mitral valve) to the apex. The acquisition parameters are

as follows: slice thickness 8mm, base resolution 208, phase resolution 80%, TE

1.39 ms, TR 46.5 ms, flip angle 45◦, bandwidth 1335 Hz/Pixel, calculated phases
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(temporal resolution) 30, data segments per R-R 15. For short-axis images the

slice thickness was 8 mm with a 2 mm gap, giving a total inter-slice thickness of

10 mm, which is similar to that used in other studies [137–139]. The short-axis

view series covered the left ventricle from the apex to the base using 11 slices,

nine of which were chosen for contouring in this study. Data were taken from one

specimen, at one time point from a larger study [140], and the data were from

the 30-day experimental time point, as the image quality was considered to be

superior with no image artefacts.

4.3.2 Image Analysis

Seven readers from one institution (University of Bath, Bath, UK) independently

analysed the data set on four separate occasions, twice on each of two software

packages (OsiriX and ScanIP) with at least a one week interval passing between

each occasion. The whole workflow is shown as a schematic in Figure 4-1. In-

depth explanation of the strain model can be found in Chapter 5.
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Figure 4-1: Schematic representation of workflow from imaging through to strain
analysis. 16 short-axis CMRI stacks were used from one specimen. Endocardial
contours were traced in three software packages ScanIP, OsiriX, and Circle CVI42.
Short-axis slices were grouped into three vertical regions apex, mid-ventricle, and
base, and regional circumferential strains were calculated as the average over
slices in the region. Global circumferential strain, end-diastolic and end-systolic
volumes, and left ventricular ejection fraction were also calculated.

OsiriX (Pixmeo, Geneva, Switzerland) is a digital imaging and communications

in medicine (DICOM) image viewer commonly used in clinical settings. The user
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places a number of markers along the border of interest with the software then

interpolating a spline curve between these points to generate the contour (Figure

4-2 b). The length and internal area of this contour are given automatically in cm

and cm2 respectively. In OsiriX, typically one cine CMRI slice is viewed through

all frames, showing the user the same location at different points in the cardiac

cycle as references to guide their contouring.

Figure 4-2: Visual comparison of contouring approaches in ScanIP and Osirix.
A. Contour representation in ScanIP. Pixels within the endocardium are selected
(based on thresholding or manual selection), to be exported in a binary image
format. B. Contour representation in OsiriX. Contours markers are placed at
points around the endocardium, and a spline curve is interpolated between these
points.

Simpleware ScanIP (Synopsys, Inc., Mountain View California, USA, Version 7)

is a 3D image segmentation and processing software commonly used in biomedical

engineering, and which has a comprehensive environment capable of handling

and complying with DICOM standards. Segmentation/contouring is based on

thresholding the greyscale values of the DICOM images, and individual pixels can

be inserted or removed using a ‘paint’ tool (Figure 4-2 a). There is no in-built tool

to measure curved lengths and perimeters, so images were binarised and exported

for analysis in (Release 2017b, The MathWorks, Inc., Natick, Massachusetts,

United States). The convex hull of this segmented region of interest was found and

the total perimeter length of the convex hull calculated. In ScanIP all slices at one

point in the cardiac cycle can be viewed in order to provide a 3D representation,
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but neighbouring slices are presented as references to guide the user’s contouring.

Most readers had prior knowledge of at least one of the pieces of software or were

otherwise trained on the software prior to the study taking place. Two users had

prior knowledge of delineating LV contours and a training session on this pro-

cess was provided to the other users prior to testing. However, four of the users

did have prior knowledge of the ScanIP software (one for LV contouring) and

one user prior knowledge with OsiriX again for LV contouring. The experienced

reader (the author) was equally experienced in both software packages. All con-

tours were placed manually in both OsiriX and ScanIP, following the Society for

Cardiovascular Magnetic Resonance (SCMR) guidelines of standardised image

interpretations and post-processing of DICOM CMRI [124], with both papillary

muscles and trabeculae included in the blood pool. Two readers had extensive

experience on contouring the endocardium. One was a surgical registrar with a

background in cardiology and clinical experience, and the other was the author
1 . The other readers had no previous experience in contouring the endocar-

dium. This was not seen as a limiting factor as the software was designed with

non-specialists in mind, and so investigating repeatability on non-specialists was

considered to be useful. In addition, as the trabeculations of the endocardium

were not being traced, and the contours were expected to be roughly circular,

identification and tracing of the endocardium by non-specialists was considered

to be feasible without training by a clinical specialist or without holding CMR

certifications. All readers received training in the software new to them and in

the SCMR contouring guidelines from the experienced reader (the author) before

undertaking the study; however, all readers performed their analyses in isolation,

with no further influence.

Due to the time consuming nature of manual contouring, lack of familiarity with

contouring software packages for most participants, and for easier continuity and

recognition between images for the participants, data from only one specimen at

multiple points throughout the cardiac cycle were used for initial analysis and

repetitions. Sixteen consecutive short-axis CMRI frames from the original 30

were chosen for endocardial contouring, with the first frame occurring just before

ED and the last frame just after ES. Readers contoured all 9 slices from the 16

timeframes provided to them, covering the majority of the LV, from base to apex.

1It should be noted that when learning how to contour cardiovascular images at the beginning
of the PhD project, advice and training was received from the surgical registrar.
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All contours were assessed by an experienced reader to ensure they followed the

SCMR guidelines of the experiment and were otherwise clinically acceptable.

Once all contours were drawn, the data were extracted from OsiriX and ScanIP

and processed using an automated MATLAB script. Volumes for each frame

were calculated for both OsiriX and ScanIP. OsiriX automatically calculates the

area enclosed by a contour for each slice and frame. These areas were multiplied

by the sum of the image slice thickness (8 mm) and gap (2 mm), i.e. 10 mm,

and summed across the LV to give the total LV volume. This is the composite

midpoint integration method described by O’Dell et al. [141] and was found in

that study to be sufficiently accurate for clinical use when used with between six

to twelve image slices.

For ScanIP the MATLAB function convhull returned the area within the convex

hull derived for each contour [142]. These areas were similarly summed for each

slice and frame, and then multiplied by 10 mm to find the volumes at each time-

point. For the calculation of clinical metrics, ED was defined as the time with

maximum LV volume, and ES was defined as the time with minimum LV volume.

From these volumes, LVEF was calculated. Endocardial circumferential strain

was also calculated using the perimeter length data for every slice and frame for

both OsiriX and ScanIP. Strain, εn, was defined using the clinical standard, in

Equation 4.1:

εn =
Ln − L0

L0

(4.1)

where L0 is the endocardial perimeter reference length at ED, and Ln is the endo-

cardial perimeter length at time n for a given cine slice. These short-axis image

slices were then grouped into three vertical regions in the LV, apex, mid-ventricle,

and base, with each region containing three slices. The means of the circumfer-

ential strains in each region were then calculated to give: apical circumferential

strain (ACS), mid-ventricular circumferential strain (MCS), basal circumferential

strain (BCS) [66]. GCS was also calculated as the mean of the circumferential

strains from all nine slices.

CVI42 (Release 5.11.2, Circle Cardiovascular Imaging Inc., Calgary, Canada),

which has an in-built automatic contouring function, was also tested on the

same CMRI. Contouring was performed once using the software’s automated
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algorithm and these contours were then used to calculate endocardial strain as

before. CVI42 has the functionality to calculate clinical indices such as LVEF

from these contours, and although it can also calculate myocardial strain, the

strain definition it uses is different to that defined here and thus would not form

a suitable comparison. Using CVI42’s automatic contouring of the endocardium

in this way does however still provide an ‘automated method’ for computing the

strain metrics of ACS, MCS, BCS, and GCS for comparison with that derived

from OsiriX and ScanIP. Perimeter lengths, areas, volumes, and strains were de-

termined as before, with all measurements and post-processing undertaken by

one experienced reader. The results from this CVI42-based method were then

directly compared to those from OsiriX and ScanIP. Further details can be found

in Section 4.3.2.

ScanIP Contour Length and Area Measurement

As previously mentioned, for ScanIP the data were outputted as pixelated binary

images. Initially, the perimeter of the outermost pixels were counted to find the

length. This method was considered to potentially not be as accurate as the

OsiriX perimeter, which was the length of a curved spline, and so associated

errors with this method were calculated.

Endocardial contours are approximately circular, and so error analysis was per-

formed on circles consisting of ‘synthetic’ data. This data consisted of a matrix

of nodes spaced equi-distantly in both the x and y axes, with a distance of 1 unit

between each node in both the x and y axes. Each node was considered to be the

centre of a square box, in this case, representing a pixel. Starting at a node at the

centre of the matrix, circles were drawn, each subsequent one increasing in radius

by 1 unit, as can be seen in Figure 4-3. The maximum radius was 100 units.

The number of nodes captured inside these circles were counted. The outermost

pixels were counted to find the length of the perimeter at a given radius, and this

was compared to the actual circumference of the equivalent circle.

Alongside this, the convex hull of the perimeter nodes was also calculated. The

convex hull of an object describes the smallest convex set of the entire data;

for data existing on a plane, the convex hull is shape created by the outermost

data points. The shape produced can be visualised as the shape that would

occur if a rubber band were placed around the points and allowed to contract
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to the shape of the outermost points. In the case of this data, it was postulated

that the convex hull would create a shape approximately circular, and that the

length of this shape would be more accurate than that of the pixel perimeter

method. Thus, the length of the convex hulls for each radius was found using the

MATLAB function convhull and compared to the pixelated perimeter length

and the circumference of the equivalent circle [142].

The areas of the contours were also investigated for both the pixel perimeter

method and for the convex hulls. For the pixel perimeter method, the number

of nodes inside the circle was calculated, and this was multiplied by the area of

a pixel. As the distance between nodes was 1 unit, the area of an individual

pixel was one square unit. For the convex hull method, the in-built ‘convhull’

function also outputs the area enclosed by the convex hull boundary, and so this

was used for comparison. Both of these areas were compared to the area of circles

of equivalent radii.
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Figure 4-3: Depiction of change in convex hull representation as circle radius
increases. The red line shows the convex hull of the data, and the blue points
show the nodes within the convex hull.
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Figure 4-4: Error of the pixel perimeter and convex hull perimeter length estim-
ation techniques in comparison to the circumference of a circle with the same
radius.

Figure 4-5: Error of the pixel perimeter and convex hull area estimation tech-
niques in comparison to the area of a circle with the same radius.

As can be seen in Figure 4-4 for larger radii, the errors in perimeter are much

lower in magnitude for the convex hull technique. As the radius increased, the
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error decreased for the convex hull, tending towards zero. For the pixel perimeter

length technique, the error tended towards 30%. For the areas, initially the pixel

perimeter technique resulted in lower errors than the convex hull method, however

at approximately radius = 40 pixels, the errors were similar in magnitude (see

Figure 4-4).

The error, especially in perimeter length, was deemed to be unacceptable for the

pixel perimeter method, and so the convex hull technique was adopted as the

method for contour length and contour area estimations.

As the apex, mid-ventricle, and base of the LV are different in circumferences, the

‘radii’ for these images in different locations were also different. Near the base,

the radius was estimated to be 17, and near the apex, the radius was estimated

to be 8. Using these radii to quantify errors by comparing them to Figures 4-4

and 4-5, the error in length and area at the base were found to be approximately

0.7% and 2.2%, and the error in length and area at the apex were found to be

approximately 2.8% and 10.4%, which were deemed to be acceptable for this

study.

Automatic Segmentation

CVI42 was also tested using the same CMRI. Contouring was performed using the

automated method in-built to the package. In general, the software performed

well for the porcine data, despite the fact that it is not currently validated for

use in animal models. Alteration of endocardial contours was performed manu-

ally when required, with alterations occurring mainly in the porcine apex. It

was found that the software could not accurately distinguish the time points cor-

responding to ES and ED, however, so this was then determined manually by

looking at the movement of the LV, and mitral and aortic valves using both long

and short-axis images. This automatic contouring was performed once.

These contours were then used to calculate endocardial strain. CVI42 has the

functionality to calculate standard clinical indices from these contours, such as

LVEF, and can also calculate myocardial strain. The strain definition in this

module is different to the definition given in this thesis, however. In CVI42, both

endocardial and epicardial contours are required, as well as reader defined RV wall

insertion points to the LV, in order for the module to calculate a strain averaged

across the myocardial wall. As epicardial strain has been shown to be lower than
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endocardial [96], including this in the metric to produce a ‘myocardial’ strain as

opposed to layer-specific strains would strongly affect the final circumferential

strain result, and as such this ‘myocardial’ strain metric was not used. CVI42’s

automatic contouring of the endocardium was used to allow for testing of an

‘automated method’ for computing the strain metric.

The endocardial contour data from CVI42 was used to calculate endocardial

strain in the same manner as for OsiriX and ScanIP, so as to have directly

comparable data. Neither endocardial nor epicardial contours can directly be

extracted from CVI42, as this infringes on the intellectual property of the com-

pany. CVI42 includes a feature which allows for visualisation of LV as a surface

segmented from the drawn contours; this surface mesh can be extracted directly

in stereolithography file (.STL) format. STL file format is native to computer-

aided design (CAD) programmes commonly used in 3D printing, and 3D object

surfaces are represented by tessellated triangles. Representation of a curved sur-

face by straight line segments will lead to an underestimation of the perimeter of

a circle (see Figure 4-6), or indeed any convex shape. As endocardial contours

are approximately circular, and can be approximated by an actual circle, a brief

theoretical error analysis was performed to assess the percentage error in a circle

represented by equi-length connected chords. It was found that the percentage

error dropped below 1%, when 12 equi-length chords were used to represent the

circle (see Figure 4-7). The STLs produced by CVI42 had a resolution of approx-

imately 50 vertices per slice, and as such this error was considered negligible.

CAD model
STL model

Figure 4-6: Depiction of error in shape representation which can occur when
using a file format such as STL, which stores triangulated surfaces.

These STLs were then analysed using Netfabb, a CAD software designed to ‘slice’
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Figure 4-7: The unit difference and percentage error in a unit circle as represented
by an increasing number of equi-length connected chords.

through 3D objects to find cross-sectional area and area enclosed within the cross-

sectional area (Netfabb, Autodesk Netfabb, Autodesk Inc., 2020). The surface

was sampled at an interval corresponding to the image slice locations (every 10

mm). Endocardial perimeter lengths and enclosed areas were then calculated in

Netfabb and exported in .csv file format for each geometry (see Figure 4-8).

64



Figure 4-8: Netfabb workflow from A. moving STL into positive XY space ready
for slicing B. Slicing starts from the XY plane (where the base of the LV has been
located) C. Slicing progresses in the z-axis parallel to the XY plane (towards the
apex of the LV) in pre-set increments D. Data including contour length is collected
and output into a Excel sheet.
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For volumes, each of the areas were multiplied by the slice thickness (as described

in Chapter 5 Section 5.3.2), and summed across the LV to give total LV volume

at every time point. Endocardial circumferential strain was also calculated using

the perimeter length data for every slice and frame. Short-axis image slices were

then divided into three ‘vertical’ regions in the LV, apex, mid-ventricle, and base,

with each region having three slices. The mean of the circumferential strains in

each region were then found. All work was undertaken by the author. The

results from this CVI42-based method were then compared to those from OsiriX

and ScanIP.

4.3.3 Statistical Analysis

Data are presented as means, standard deviations, and 95% confidence inter-

vals for each software package and repetition. Mean differences and standard

deviations between the four groups are also presented.

Statistical analyses were run on all variables of interest: ACS, MCS, BCS, GCS,

EDV, ESV, and LVEF. Paired t-tests were used to compare means, either between

ScanIP and OsiriX or between reader contouring repetitions. T-tests pairing

OsiriX repetition one with OsiriX repetition two, and pairing ScanIP repetition

one with ScanIP repetition two were performed to assess within-software vari-

ability. T-tests pairing OsiriX repetition one with ScanIP repetition one, and

OsiriX repetition two with ScanIP repetition two were performed to assess inter-

software package differences. A p-value of 0.05 was the desired level of statistical

significance, however, as several parameters were being assessed, Bonferroni cor-

rections were performed to decrease the likelihood of type I errors [137], yielding

a significant p-value of p ≤ 0.007. As CVI42 gave only one data point for each

clinical index it could not be included in these statistical analyses, and therefore

only the contour length data was compared using Bland-Altman analysis.

Bland-Altman analysis was performed to evaluate the variation and bias in the

endocardial perimeter length measurements across all the readers, with limits of

agreement defined at 95%. The Bland-Altman analysis data points were split

into test repetitions when comparing ScanIP to OsiriX (test 1 and test 2). As

CVI42 had only one test repetition, the assumption was made that CVI42 could

be considered 100% repeatable in the delineation of the endocardial contours,

as they were generated automatically. This assumption was considered to be
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reasonable for three reasons:

1. In order to generate contours the same software configuration was main-

tained throughout the course of the study, e.g. the degree of endocardial

trabeculation that should be registered by the automatic segmention tool

was kept constant.

2. For endocardial contouring no other human input was required for accurate

contouring. This distinction is important, as for accurate epicardial and

right ventricular contours, inputs include insertion points are required to

be located by a human user.

3. This assumption was tested (on a small number of cases) with no visible

differences discernible to the experienced user.

As such, the CVI42 data was treated as both the first and second test repetitions

for comparison with the first and second test repetitions in ScanIP and OsiriX.

All statistical analyses were performed using Stata (StataCorp. 2019. Stata

Statistical Software: Release 16. College Station, TX: StataCorp LLC.) and

MATLAB.

4.4 Results

4.4.1 Visual assessment of contouring

After visual assessment of all contours from all readers by one expert reader,

no unacceptable contours were found in ScanIP or OsiriX. It was also noted

qualitatively that the locations of large disagreement between readers were most

noticeable at the apex. CVI42 performed well for the porcine data, although

it is not currently validated for use in animal models. Manual alteration of

these automatically derived contours was performed when required, mainly in

the apex. It was also found that CVI42 had not accurately identified the time

points corresponding to ES and ED from the images, so these were judged by

one expert reader.

4.4.2 Mean and standard deviation of attempts

Means of each variable, for each group, (OsiriX test 1 and 2, and ScanIP test 1

and 2) and their standard deviations are presented in Table 4.1). Comparison of
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the means for a particular variable across the four groups provides a comparison

between each software and each attempt. Similar means a were found for across

the four groups for MCS, BCS, GCS and LVEF, however slightly larger variations

a were observed for ACS, and much larger variation for EDV and ESV. This

analysis is made more precise in the next section and Table 4.2.

The magnitude of the standard deviation of a variable relative to the corres-

ponding mean for a particular software and attempt gives an indication of the

reproducibility of that variable between users. For instance, the reproducibility

between users for the strain variables MCS, BCS, and GCS was good, with the

standard deviations (SD) for these three variables being less than 10.4% of the

mean value for all groups (Table 4.1). The reproducibility for the volume metrics

was also good, with all SDs being less than 10.6% of the mean value for the

groups. However, for the strain variable ACS the reproducibility was lower, with

the SD being a maximum of 34% of the mean value across the groups.

4.4.3 Paired group statistics

Paired means, and mean differences between the four groups and their stand-

ard deviations, are presented in Table 4.2. Standard deviations of the paired

differences were on average higher for the differences between the two software

packages, rather than between reader test repetitions on the same software. The

repeatability between OsiriX tests 1 and 2, and ScanIP tests 1 and 2 were good

for all variables with all mean difference SDs being less than 10% of the mean

values, apart from ACS, where the mean differences SDs were 46% for OsiriX,

and 22% for ScanIP. The repeatability between a given attempt between software

packages (inter-software) was lower than the intra-software repeatability, with all

mean difference SDs being less than 16% of the mean values, apart from ACS,

where the mean differences SDs were less than 32% of the mean values.

The results for all variables from the CVI42-based method lay within the same

ranges for the equivalent variables when calculated using OsiriX (Figures 4-9 a-d

& 4-10 a-c). For the relative metrics (strains and LVEF), the CVI42 data were

generally within the ranges for both ScanIP and OsiriX (Figuress 4-9 a-d & 4-10

c). For the absolute volume metrics, EDV and ESV, the CVI42 data were only

in the ranges for the OsiriX tests (Figures 4-10 a-b).

Investigation of the paired t-tests showed that EDV had highly statistically sig-
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Table 4.1: Means, standard deviations, standard deviation as a percentage of the
mean, and 95% confidence intervals for all variables in each software package for
both repetitions. OsT1 = OsiriX test 1, OsT2 = OsiriX test 2, ScT1 = ScanIP
test 1, ScT2 = ScanIP test 2, ACS = apical circumferential strain, MCS = mid-
ventricular circumferential strian, BCS = basal circumferential strain, GCS =
global circumferential strain, EDV = end-diastolic volume, ESV = end-systolic
volume, LVEF = left ventricular ejection fraction.

Variable Test Mean SD
SD as a %
of mean

Lower
95% CI

Upper
95% CI

ACS (%)

OsT1 -11.9 4.1 34.5 -15.7 -8.2
OsT2 -10.5 2.2 21.0 -12.6 -8.5
ScT1 -15.9 3.1 19.5 -18.8 -13.1
ScT2 -13.5 2.2 16.3 -15.4 -11.4

MCS (%)

OsT1 -19.7 1.1 5.6 -20.8 -18.7
OsT2 -18.8 1.3 6.9 -20.0 -17.6
ScT1 -21.1 1.7 8.1 -22.6 -19.5
ScT2 -20.6 1.0 4.9 -21.6 -19.7

BCS (%)

OsT1 -30.1 0.9 3.0 -30.9 -29.3
OsT2 -29.5 1.52 5.1 -30.9 -28.1
ScT1 -30.5 2.6 8.5 -32.9 -28.0
ScT2 -29.8 3.1 10.4 -32.7 -27.0

GCS (%)

OsT1 -20.0 1.4 7 -21.3 -18.8
OsT2 -19.7 1.0 5.1 -20.6 -18.7
ScT1 -20.9 1.8 8.6 -22.6 -19.2
ScT2 -20.3 1.8 8.9 -22.0 -18.7

EDV (mL)

OsT1 160.1 8.0 5.0 152.7 167.4
OsT2 158.7 9.9 6.2 149.5 167.8
ScT1 123.8 7.8 6.3 116.6 131.0
ScT2 122.8 7.5 6.1 115.9 129.8

ESV (mL)

OsT1 98.1 8.1 8.3 90.6 105.6
OsT2 97.6 9.5 9.7 88.9 106.4
ScT1 74.8 7.9 10.6 67.5 82.1
ScT2 76.0 6.9 9.1 69.6 82.4

LVEF (%)

OsT1 38.9 2.3 5.9 36.8 41.0
OsT2 38.6 2.6 6.7 36.2 41.0
ScT1 39.6 3.3 8.3 36.5 42.6
ScT2 38.1 2.5 6.6 35.9 40.4
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nificant differences between the two software packages for both sets of repetitions

(both p ≤ 0.0004, Table 4.2). The ESV measurement also showed statistically

significant differences between OsiriX and ScanIP for both repetitions (both p ≤
0.006, Table 4.2). For ACS, the paired t-tests indicated that there was evidence

of a mean difference between software packages for repetition 2 only (Table 4.2).
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Table 4.2: The paired mean data across the users of the paired repetitions and software. Mean paired differences between
groups, and the standard devations of the the mean paired differences, and the standard deviation as a percentage of the mean
are also shown. P -values are from the two sets of paired t-tests are also presented, and are highlighted in red where there are
changes significant to the Bonferroni corrected value of p < 0.007.

OsiriX: Test 1 vs Test 2 ScanIP: Test 1 vs Test 2
Variable Mean of

attempts
Mean

difference
SD of mean
difference

SD as a %
of mean

P
Mean of
attempts

Mean
difference

SD of mean
difference

SD as a %
of mean

P

ACS (%) -11.2 -1.4 5.2 46.4 0.51 -14.7 -2.5 3.2 21.8 0.08
MCS (%) -19.25 -0.9 1.9 9.8 0.23 -20.85 -0.5 1.0 4.8 0.24
BCS (%) -29.8 -0.6 1.6 5.4 0.38 -30.15 -0.7 2.6 8.6 0.51
GCS (%) -19.85 -0.3 1.4 7.1 0.57 -20.6 -0.6 1.1 5.3 0.22

EDV (mL) 159.4 1.4 5.8 3.6 0.54 123.3 0.9 3.4 2.8 0.50
ESV (mL) 97.85 0.5 5.8 5.9 0.83 75.4 -1.2 4.2 5.6 0.47
LVEF (%) 38.75 0.3 1.9 4.9 0.70 38.85 1.4 2.1 5.4 0.13

Test 1: OsiriX vs ScanIP Test 2: OsiriX vs ScanIP
ACS (%) -13.9 4 4.5 32.4 0.06 -12 2.9 1.3 10.8 1e-3
MCS (%) -20.4 1.3 2.2 10.8 0.15 -19.7 1.8 1.7 8.6 0.03
BCS (%) -30.3 0.4 3.2 10.6 0.75 -29.65 0.3 2.5 8.4 0.78
GCS (%) -20.45 0.9 2.0 9.7 0.30 -20 0.6 2.0 10.0 0.44

EDV (mL) 141.95 36.3 8.2 5.8 1e-5 140.75 35.8 13.3 9.4 4e-4
ESV (mL) 86.45 23.3 10.7 12.4 1.2e-3 86.8 21.6 13.8 15.9 6e-3
LVEF (%) 39.25 -0.7 4.6 11.7 0.69 38.35 0.4 4.4 11.5 0.80
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Figure 4-9: PDF Boxplots of peak data for the four circumferential strain vari-
ables investigated. Figure 3a) apical circumferential strain, b) mid-ventricular
circumferential strain, c) basal circumferential strain, d) global circumferential
strain. The circles represent data from individual readers, however individual
readers are not identified. T1 and T2 are the first and second repetition of con-
touring in a given software. Equivalent data from CVI42 is shown in the fifth
column.
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Figure 4-10: PDF Boxplots of peak data for the three clinical volume variables
investigated. Figure 4a) end diastolic volume, b) end systolic volume, c) left
ventricular ejection fraction. The circles represent data from individual readers,
however individual readers are not identified. Equivalent data from CVI42 is
shown in the fifth column.

4.4.4 Bland-Altman analysis of systematic differences

Bland-Altman analysis of the contour length measurements showed that there

was a systematic difference in the lengths between all three pieces of software
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(Figure 4-11). For ScanIP vs OsiriX and ScanIP vs CVI42, trends were seen; as

the mean increased, the magnitude of the difference increased. There was a mean

bias of -1.9 cm towards ScanIP when compared to OsiriX. There was a mean bias

of +0.6 cm towards OsiriX when compared to CVI42. There was a mean bias of

-1.3 cm towards ScanIP when compared to CVI42. This indicates that perimeter

lengths were estimated to be longer than OsiriX, when using ScanIP, and slightly

shorter than OsiriX when using CVI42.
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Figure 4-11: Bland-Altman analyses of differences in endocardial contour lengths
measured in ScanIP, OsiriX, and CVI42. Results from test 1 and test 2 from
ScanIP and OsiriX are shown. The CVI42 data was assumed to be 100% re-
peatable, and thus the same data was used for both tests 1 and 2, as previously
described.
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4.5 Discussion

This study aimed to investigate variability in MRI-derived LV metrics measured

using different software packages and by different readers. The main findings

are firstly that all metrics apart from ACS were reproducible, and all repeatable

within a given software. ESV and EDV were more affected by choice of soft-

ware package rather than by intra-software variability, indicating they can be

influenced by choice of software package. Statistically significant differences in

absolute metrics EDV and ESV did not result in significant differences for relat-

ive metrics (strains and LVEF). Systematic errors present in the absolute metrics

were ‘cancelled out’ in the relative metrics making them repeatable across soft-

ware packages. This occurred as, on average, if a user had higher EDV values

they also had larger ESV values, and the same was true for smaller ESV and EDV

values for a given user. When calculating LVEF ((EDV-ESV)/EDV), the stroke

volume (EDV-ESV) remained approximately consistent, whether ‘over’ or ‘un-

derestimating’ the volumes. In this manner, the relative metrics LVEF (and also

the strains) were more repeatable as the systematic ‘over’ or ‘underestimation’

was cancelled out.

This effect was particularly strong for the global metrics GCS and LVEF, in

which differences for individual contours cancelled out over the whole ventricle.

For MCS and BCS no statistically significant differences were found at either

the software or attempt level, suggesting there was no bias in the mean values.

For ACS, a difference between OsiriX test two and ScanIP test two was found

(p = 0.001, Table 4.2). Standard deviations for group means, and for group

mean differences, were higher for ACS than for other strain metrics. However, no

statistical differences were found in the other paired t-tests for ACS, suggesting

a lack of bias.

As mentioned earlier, variability in contour placement was most pronounced at

the apex in all three software packages; this variability at the apex has also been

shown in another study [125]. The endocardial border at the apex may have

been particularly difficult for CVI42 to capture, as the shape of the porcine LV is

slightly different to that of humans [40, 143], the trabeculations are rougher [40],

and the software was trained only for use on human data. Apical contouring in

general could be improved with additional training of the readers, however, as

shown in Suinesiaputra et al. contour placement is to a certain extent subjective
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in nature, even between expert readers [125]. It was noted by one user (User

7) who had not used either ScanIP or OsiriX before this study, that the ScanIP

GUI was harder to use for contouring than the OsiriX GUI. However, the paired

differences in clinical metrics did not show that this user performed any worse

than other users on either software package.

Small mean differences between most groups for most variables (apart from ACS),

together with the relatively small standard deviation of the mean differences in

comparison to the paired groups means showed that intra-software repeatability

was higher than inter-software repeatability (Table 4.2) which is consistent with

other studies of this nature [134, 138]. The CVI42 method found all metrics

to be in the same ranges as those found by OsiriX tests 1 and 2. The main

data used to calculate these metrics were contour lengths, which were shown, by

the Bland-Altman analysis, to be repeatable across these two software packages,

with a small mean difference of 0.6 cm (Figure 4-11 b). Both packages use a

spline curve to represent the contour, and the OsiriX reader-averaged contour

length was 0.6 cm longer than those found by the automated CVI42. Thus, the

strain and volume calculation techniques yielded consistent results between the

modified CVI42 and OsiriX software packages.

Clearly certain results were affected by the software package, most noticeably

with Bland-Altman analysis showing there were systematic differences between

contour lengths measured in ScanIP and OsiriX, with a mean bias of -1.9 cm

to ScanIP (Figure 4-11 a), and contour length differences between ScanIP and

CVI42, with a mean bias of -1.3 cm to ScanIP (Figure 4-11 c). The bias in

decreased contour length could be due to how the images from ScanIP were gen-

erated and analysed. The binarised images outputted from ScanIP were pixelated

and calculating the convex hull of the points likely led to an underestimation in

length. The trends seen in both the ScanIP vs OsiriX plot (Figure 4-11 a) and

ScanIP vs CVI42 plot (Figure 4-11 c), indicated that the bias between methods

changed over the range of values, i.e. the variability of differences was larger when

the value being measured was larger. This issue did not arise between OsiriX and

CVI42, suggesting that ScanIP may have greater variability associated with its

measurements. Although this could indicate the mean difference between meas-

urements from the two software packages varies with the underlying value being

measured, such a trend can also be caused simply by the measurement error vari-

ances for the two packages differing [144]. These results also suggest that contour
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length was not as repeatable between ScanIP and OsiriX, and ScanIP and CVI42,

as between OsiriX and CVI42, due to the larger mean biases seen when making

comparisons to ScanIP.

EDV and ESV are used as absolute measures, as well as measures of temporal

change, to guide pharmacotherapy, device implantation, and surgical interven-

tion [145]. Large differences in volumes could therefore have important clinical

implications. Typically, errors in volume of up to 8% are expected clinically [141].

It has been shown by Miller et al. (2012), that using the same EDV and ESV

contouring and slice volume summing technique as presented here, both EDV

and ESV were overestimated, leading to an underestimation in LVEF. This led

to 25% of their cohort being assigned to different LVEF severity categories, when

compared to data resulting from contouring defined in a more detailed manner

(precise delineation of trabeculae, and non-inclusion of papillary muscles in LV

cavity volume). In this study, the percentage errors (based on standard devi-

ations) in EDV were found to be a maximum of 6.3%, and for ESV a maximum

of 10.6%. Larger errors are expected in ESV due to the technical challenge of

tracing the compacted myocardium [145]. These results suggest that the LVEFs

may be overestimated, leading to clinical decisions based purely on volumetric

measures being incorrect or misclassified. In this study, relative metrics such

as strains and LVEF showed better overall reproducibility and repeatability and

were ultimately more robust as metrics. However, similarly to volume estima-

tion techniques, repeatability is reduced when using different software packages

to calculate strains, as inconsistencies arise due to differing algorithms [134, 145].

It is also possible that the context in which the images were viewed, contributed

to differences in manual contour placement. In OsiriX, the same cine-slice was

seen through 16 points in the cardiac cycle, whereas in ScanIP all slices from

one time-point were seen in sequence. It has been noted elsewhere that the

context of an image, either viewing one slice through time (2D), or considering

3D methods segmenting multiple slices a volume, changes the resultant perception

of the contour whether contouring is done manually or automatically [146].

There are limitations to this study. Only one porcine left ventricle was investig-

ated, however the total number of image stacks (16) and individual images (144)

that were analysed is comparable to other studies [125, 133]. As these image

stacks were taken throughout the cardiac cycle the variation between individual
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images is high, thereby providing a robust test case for the users. Finally, this

particular specimen was suffering from heart failure and reproducibility in strain

has been shown to be greater for human patients with heart failure rather than

healthy volunteers [138, 147]. Investigation of the repeatability of this metric on

other specimens and for other pathologies would therefore be valuable.

The sample of readers (n = 7) was small, however, this is comparable to the num-

ber of readers in similar studies [125, 133] and all p-values have had Bonferroni

corrections applied, reducing the likelihood of false positives. Finally, CVI42 is

not currently validated for use in animals; however, the automatically generated

contours were all visually checked and in practice found to be clinically accept-

able and only required correction at the apex, which is known to be a difficult

region to contour in humans [125].

4.6 Conclusion

This study investigated the repeatability of ventricular circumferential contours,

and their derived volume and strain metrics, for a porcine heart failure model.

Two software packages were used by seven readers and on two separate occasions,

and a further automated software was also tested on one occasion. No statistic-

ally significant difference in circumferential strain measurements (BSC, MCS and

GCS), or relative volume (LVEF), were found (all p > 0.007), despite system-

atic biases in contour length between the software packages OsiriX and ScanIP.

However, these biases did result in differences in EDV and ESV values between

software packages. Differences between software packages were also found for

ACS due to the difficulties in capturing the shape of the apex. Intra-software

differences for variables were found to be lower than inter-software differences.

These results will benefit future studies that use contouring methods and volume

and strain metrics derived from these contours, by providing associated error es-

timates, guidance to improve repeatability, and aiding comparison of results with

other studies.
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Chapter 5

Porcine Myocardial Strain

Quantification and Analysis

5.1 Summary

This chapter focuses on testing and using the regional strain metric on a porcine

dataset, as the metric was found to be robust and repeatable during the inter-

and intra-user study presented in the previous chapter. A novel closed-chest sur-

gical model of myocardial infarction was used in ten pigs, using percutaneous

balloon inflation in either the proximal left anterior descending artery or the cir-

cumflex artery. Multimodal data, including MRI and blood biomarkers, were

taken at baseline, 4 hours post myocardial infarction (acute), and at 4 weeks

post myocardial infarction (chronic). Global longitudinal strain and global cir-

cumferential strain, and regional circumferential strains and strain rates, were in-

vestigated in the endocardium and epicardium, alongside left ventricular ejection

fraction and end systolic volume indexed to body surface area. Post-processing

analysis was conducted using OsiriX and MATLAB.

Decreases in endocardial apical circumferential strain were found to identify the

region of the infarction at both acute and chronic time points, whereas only some

global measures, such as left ventricular ejection fraction and global circumferen-

tial strain, suggested that there had been a change in function. Left ventricular

ejection fraction and global circumferential strain identified a negative change

in left ventricular function at the acute stage (both p = 0.002), however they
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did not show significant changes at 4 weeks (both p ≥ 0.006), whereas endocar-

dial apical circumferential strain indicated that some changes were still occurring

at both acute and chronic stages (both p ≤ 0.004.). No statistically significant

correlations between strains and biomarkers were seen.

The results of this study show that regional circumferential strain can potentially

identify regions of myocardium undergoing left ventricular remodelling. Global

strain parameters and left ventricular ejection fraction were found to identify early

changes to left ventricular function in the specimens, however regional metrics

were found to identify long term changes to function. When regional endocar-

dial strains, end systolic volume index and left ventricular ejection fraction were

used together, characterisation of different pathologies, such as heart failure with

preserved ejection fraction, was potentially possible.

5.2 Introduction and Background

MI leads to LV remodelling, fibrosis [148], HF, and death [123]. Identifying early

predictors of late LV remodelling may improve risk stratification and outcomes

in patients [118, 123]. MI is associated with fibrosis and reduced LVEF [148,

149]. Changes in LVEF are not reliable in predicting LV remodelling as they are

affected by confounding factors and do not represent regional changes [150]. It

has been suggested that changes in LV myocardial strain can be sensitive mark-

ers for myocardial dysfunction [90, 132], and may predict LV remodelling [90],

tracking contractility both globally and regionally. Hence, quantifying changes in

strain early post-MI may predict late LV remodelling. The most effective imaging

method to measure changes in strain is still debated [89]. STE is cheaper and

more common than CMRI [151], with 2D STE featuring comparable spatial res-

olution to CMRI. However, 3D STE has a lower spatial and temporal resolution

[66, 132]. Taken together, CMRI is considered the reference method for analysis

of LV function and mass; it provides superior image quality with less interfer-

ence from anatomical structures [66], and higher reproducibility, especially for

circumferential strain parameters [66, 132].

The efficacy of strain has been investigated in HF with normal or recovered LVEF

[21, 132], cardiac amyloidosis [107], and hypertrophic cardiomyopathy [152]. A

meta-analysis, pooling 16 studies on HF, acute MI and valvular heart disease,

has shown GLS to be a better predictor of mortality than LVEF [116], with its
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prognostic ability surpassing that of radial strain or circumferential strain [116,

118, 151]. These are clinically useful, as these studies are based on information

clinically obtainable on patient admission, but may not necessarily reveal the

underlying pathophysiology and progression of the disease. For this, accurate

evaluation of the deterioration and comparison to healthy function is required.

There have been few relevant pre-clinical studies or models (human or animal)

which investigate both healthy cardiac function, as well as the long-term decline

into heart failure, in terms of changes in strains as the disease progresses [59,

96]. Consequently, the use of GLS as a predictor of late LV remodelling post-MI

remains controversial [89], and largely a research tool.

There has also been much discussion as to the clinical usefulness of myocardial

strain [74]. Are changes in strain symptomatic of deterioration of function or

do they give insight into another process that requires further investigation and

clinical treatment? GLS has been shown to predict long-term patient outcomes

such as hospitalisation or mortality, with its prognostic ability surpassing that

of radial or circumferential strain [114, 123, 151]. The information provided by

GLS has not surpassed that found by more traditional markers such as LVEF,

rather it has been found to be supplementary: for example, in cases of normal or

preserved LVEF, abnormal or reduced strains can be used to aid identification

of systolic dysfunction such as heart failure with preserved ejection fraction [74,

123]. It has been postulated that GLS is not inherently better at characterising

deformations and changes seen post-MI, but due to both poor repeatability of

measurements in the short-axis, and inter-vendor variability in strain estimation

techniques, there is a growing consensus that GLS outperforms other types of

strain parameters [89].

Global strain measures, calculated as averaged values, may result in loss of sens-

itivity due to missing key information on regional LV areas [96, 98], a factor also

applicable to measurements of LVEF. However, they can reduce the errors that

can be associated with regional measures, with the associated improved reprodu-

cibility and ease explaining their popularity [66]. A more regional approach to

strain, dividing the myocardium into sections (e.g. base, mid-ventricle, apex) and

layers (endocardium vs. epicardium), is of greater utility for gauging the detailed

distribution of the MI, with potential to be a superior predictor of LV remod-

elling [65, 90, 120, 151, 153, 154]. However, there are no established values for

healthy or cardiac disease-specific myocardial strains [74, 89, 116]. These issues
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have caused hesitancy in incorporating strains into decision-making processes and

standard practice guidelines [136].

This study used a closed-chest porcine MI model to investigate the effects of acute

and chronic MI on global and regional LV function using a layer-specific approach,

and compared results to healthy baseline characteristics. The closed-chest porcine

MI model using novel methods conceived by the Bristol team was used as studies

have shown that closed-chest arterial occlusion models are repeatable and do not

cause extra trauma or inflammation unlike open-chest models (see Chapter 2).

The aim of this study was to identify early predictors of late LV remodelling

post-MI in a highly relevant preclinical model. It was expected that regional

strain and strain rate would characterise changes in function in the left ventricle

after MI, especially the endocardium, allowing for accurate quantification and

localisation of the infarcted area, with the potential for aiding prognosis of future

decline in heart function. The hypothesis was that regional strain and strain rate

would increase or decrease in magnitude after MI at the acute or chronic time

points. Circumferential and longitudinal, endocardial and epicardial, strains and

strain rates were examined. This data was then compared to standard clinical

metrics such as LVEF, end systolic volume indexed (ESVi) to body surface area

(BSA), and four biomarkers to ascertain any correlations.

5.3 Methods

5.3.1 In-vivo Experimental Procedure and Data Collec-

tion

A total of ten porcine specimens of similar weight (60kg ± 20kg) and age (6

months ± 1 month) were used for experimentation at the Translational Biomed-

ical Research Centre (TBRC), Bristol. Female Yorkshire pigs were used for the

similarity in heart size and similarity in weight to humans. Surgical procedures

were undertaken by collaborators at the University of Bristol TBRC in accord-

ance with the United Kingdom Animal (Scientific Procedures) Act, 1986 (under

PPL 7008975). The experimental protocol used novel techniques conceived and

implemented by the Bristol team.

Two animal cohorts were used. Cohort A was composed of five animals recruited

directly for this study. Cohort B was also composed of five animals, which were
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part of another preclinical trial that was run by collaborators for different project.

Cohort B underwent the same surgical procedure, however the protocol did not

include gathering baseline data of any kind, or histological or blood biomarker

data collection.

Each animal was put under anaesthesia twice: the first for baseline and acute

measurements and surgery; the second time for measurements of the chronic con-

dition. Under the initial anaesthesia, baseline measurements of blood biomarkers

were taken, including: cTnI, IL-6 and 8, BNP, GM-CSF, and TNFα. Biomarkers

were measured using assays routinely used for humans in clinical practice, which

had been adapted for use on porcine blood. Breath-hold cine CMRI in short

and long axes were taken, alongside rest and stress contrast enhanced perfusion

images. Images were taken using a 3 T Siemens MRI scanner, and image files

were produced in DICOM format (the same machine described in Chapter 4 Sec-

tion 4.3.1). Multi-slice cine CMRI stacks were acquired in short-axis and in two-,

three-, and four-chamber long-axis views. Short-axis image slices were 8 mm

in thickness, with a 2 mm space between each slice. Each cine stack contained

30 images throughout the cardiac cycle. Measurements of blood pressure and

anaesthetic levels were also taken.

Still under the initial anaesthetic, the animals were transferred to the cathet-

erisation laboratory, ready for MI induction. MI was induced by percutaneous

balloon occlusion (60 min) of either the proximal left anterior descending (LAD)

artery (n = 8) or the circumflex (Cx) artery (n = 2), guided by X-ray fluoroscopy

(Siemens Healthcare Limited, Artis Zee, Erlangen, Germany). For cohort A, pigs

1 to 3, and all of cohort B, the balloon catheter was inflated so as to obstruct the

LAD artery. For cohort A, pigs 4 and 5, the Cx artery was occluded. These loca-

tions were chosen so as to produce infarctions in predetermined locations, namely

the apex for the LAD occlusion, and the posterior-lateral wall region for the Cx

occlusion. The infarct size and locations were verified by visual assessment of

late gadolinium enhancement (LGE) CMRI.

Blood samples were taken at the start of occlusion (0 minutes), 10 minutes, 20

minutes, 30 minutes, and 1 hour during the procedure, and 4 and 24 hours after

the start of the occlusion, for blood biomarker monitoring and analysis. CTnI was

measured at all time points, but for all other biomarkers the 10, 20, and 30 minute

time points were not measured, as they were not expected to change within this
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time frame. After 60 minutes, the balloon catheter was deflated to allow for

reperfusion of the myocardium, to mimic clinical revascularisation. Two episodes

of ventricular fibrillation and one episode of ventricular tachycardia occurred

and were successfully cardioverted using external defibrillation, cardiopulmonary

resuscitation and infusion of bolus doses of amiodarone (300 mg). All animals

recovered from the MI induction procedures. Still under anaesthetic, a second set

of breath-hold CMRI and perfusion images were taken, marking the acute phase

of cardiac remodelling.

Four to six weeks post-surgery, specimens were anaesthetised again to obtain

more breath-hold CMRI and perfusion images, marking the chronic stage. Blood

samples were also taken. All specimens were then terminated, and excised regions

of non-infarcted and infarcted myocardium were taken for proteomics analysis and

evaluation followed by western blot validation. Myocardial extracts were also

taken for histopathological analysis. Histopathology, proteomics, and western

blotting were performed by the collaborators; this work is not presented in this

thesis, but will be presented in any future publications.

Whilst there are several common techniques used to surgically induce MI in an-

imals, for this experiment a novel procedure was conducted. Artery ligation is

commonplace, especially in rodent models, however such practice requires open-

chest surgery. Open-chest surgery causes additional trauma to the region of

interest, inducing inflammatory responses which would not otherwise occur. Lig-

ation, in particular, has the added disadvantage that, once in place, the ligature

is not usually removed, leading to a lack of reperfusion of the myocardium. This

is generally not representative of the clinical problem, where humans would un-

dergo surgery to remove the occlusion. The novel surgical model presented here

is therefore more physiologically representative of MI under ‘normal’ conditions.

Missing Data

Due to factors beyond the control of the surgeons and radiographer, no CMRI

data could be obtained for cohort A, pigs 4 and 5 at the chronic stage. Thus,

no long-term differences in physiology or morphology could be assessed between

the hearts with different regions of infarcted tissue. Of the short-axis CMRI

stacks obtained, pig 3 at the acute stage was of poor quality and contained image

artifacts, so no endocardial or epicardial borders could accurately be traced; as
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such these data were not included. This was also the case for pig 7 at the acute

stage. For pig 9 at the acute stage, only endocardial borders could be traced,

due to severe image artefacts. Of the long-axis CMRI obtained, pig 3 three at

all stages was deemed of too poor quality to include in the study, as was pig 7

at both the acute and chronic stages. For pig 9 at the acute stage, again only

endocardial borders could be traced. For a comprehensive overview of the missing

CMRI data please see Table 5.1.

For similar reasons, not all blood tests were conducted; see Table 5.2 for an

overview of cTnI samples taken. For all other biomarkers, no samples were taken

at 10, 20, or 30 minutes, as previously mentioned. However, for all other time

points shown in Table 5.2, this also represents the present and missing data for

the other biomarkers.
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Table 5.1: Overview of short-axis and long-axis porcine MRI data what was used in this study. Green ticks indicate data that
was included in the study. Red crosses indicate data that was either not available or was too poor quality to include.

SHORT-AXIS LONG-AXIS
BASELINE ACUTE CHRONIC BASELINE ACUTE CHRONICPig (occlusion type)
Endo Epi Endo Epi Endo Epi Endo Epi Endo Epi Endo Epi

1 (LAD) 3 3 3 3 3 3 3 3 3 3 3 3

2 (LAD) 3 3 3 3 3 3 3 3 3 3 3 3

3 (LAD) 3 3 7 7 3 3 7 7 7 7 7 7

4 (Cx) 3 3 3 3 7 7 3 3 3 3 7 7

5 (Cx) 3 3 3 3 7 7 3 3 3 3 7 7

6 (LAD) 7 7 3 3 3 3 7 7 3 3 3 3

7 (LAD) 7 7 7 7 3 3 7 7 7 7 7 7

8 (LAD) 7 7 3 3 3 3 7 7 3 3 3 3

9 (LAD) 7 7 3 7 3 3 7 7 3 7 3 3

10 (LAD) 7 7 3 3 3 3 7 7 3 3 3 3
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Table 5.2: Troponin I samples. Green ticks indicate data that was included in
the study. Red crosses indicate data that was either not available or was too poor
quality to include.

Pig Baseline 0m 10m 20m 30m 1h 4h 24-48h 4-6w

1 3 3 3 3 3 3 7 3 3

2 3 7 7 7 3 3 3 7 3

3 3 3 3 3 3 3 3 7 3

4 3 3 3 3 3 3 3 7 3

5 3 3 3 3 3 3 7 7 3

5.3.2 Deformation Analysis

For strain calculations endocardial and epicardial contours of CMRI images were

manually traced on all short- and long-axis images in the commercially avail-

able software package OsiriX (Pixmeo, Geneva, Switzerland), by one experienced

blinded user. The initial reproducibility study compared only ScanIP and OsiriX,

leading to the use of OsiriX for post-processing in this chapter [129]. CVI42 be-

came available after the analysis in this chapter. Papillary muscles and trabeculae

were included in the LV blood pool when contouring following guidelines from

the American Heart Association and SCMR [123, 124].

Myocardial scar weight in grams and scar weight as a percentage of the total LV

weight were measured by LGE using the full width half maximum method. Scar

transmurality scores were also found visually [155]. Both of these measurements

were performed by the Bristol collaborators.

The deformation analysis was undertaken following the definitions and method-

ology shown on the LV schematic in Figure 5-1. Slice-by-slice circumferential

strains, εi, for the endocardium, were calculated throughout the cardiac cycle for

each specimen at each time point, according to Equation 5.1.

88



Figure 5-1: Short-axis CMRIs with endocardial (green) and epicardial (blue) borders were traced, stacked and grouped into
three vertical regions: base, mid-ventricle, and apex. Strain was calculated for all slices, and the mean was then found by
averaging strains in these regions. Finally, the resultant regional and global circumferential strains were found for each time
point.
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εi =
L− L0

L0

(5.1)

The reference length, L0, was the endocardial perimeter length at end-diastole,

and this was then compared to the endocardial perimeter length, L, throughout

the cardiac cycle for a given cardiac CMRI slice. Between seven and nine short-

axis slices were contoured depending on the specimen and time point; for example,

the degree of eccentric hypertrophy could increase the number of slices for a given

specimen over time. Strain rate, ε̇, as defined by Equation 5.2, was also calculated

for the circumferential direction, where L(x, tn) and L(x, tn+1) are endocardial

lengths on one cine CMRI stack (x) at consecutive points in time (tn), ∆t is the

time between successive images, and L0(x) is the end diastolic length for that

cine slice.

ε̇ =
L(x, tn+1)− L(x, tn)

L0(x)∆t
(5.2)

The same short-axis slices were also divided into three ‘vertical regions’: apex,

equator/mid, and base (defined in Figure 5-1), with two or three slices per region,

and regional circumferential strains and strain rates were calculated as the average

of the strains (or strain rates) in that region. GCS was calculated as the mean

all slices. Similar analyses were conducted for the epicardium. Two-, three-, and

four-chamber long-axis data were used to investigate LV longitudinal strains and

strain rates in both the endocardium and epicardium.

Volumes were calculated throughout the entire cardiac cycle. The post-processing

software used for contouring, OsiriX, outputted both contour length and internal

area. The area found within the endocardial contour for each CMRI slice was

multiplied by the total inter-slice thickness, 10 mm (comprising of a 8 mm slice

thickness and 2 mm slice spacing). All slice volumes for a given time were then

summed to give the final LV volume at that time (composite midpoint integration

method [141]). EDV and ESV were defined to be the largest and smallest volumes

found in the cardiac cycle respectively.

These volumes were then used to calculate two other volume metrics, LVEF and
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ESVi to BSA. LVEF was calculated as:

LV EF =
EDV − ESV

EDV
(5.3)

and effectively can be seen as a measure of efficiency. ESVi was calculated by

dividing the ESV by the BSA of the animal. BSA was found through the relation

suggested by Kelley et al. shown in Equation 5.4 [156].

BSA = 0.0734 ∗Mass0.656 (5.4)

The units of BSA are m2, and mass is in kilograms. The benefit of calculating

this measure, is that it ‘normalises’ the ESV to the size of the patient, so com-

parisons between patients can easily be made. In the case of this study, the pigs

were expected to gain weight over the four to six week period post-MI as they

were growing adolescents. As such, measures such as EDV and ESV would be

influenced by the growth of the animals over this period, but LVEF and ESVi

should both be comparable across the study.

Inter- and intra-observer variability data for this study are presented in the pre-

vious chapter (Chapter 4).

5.3.3 Mechanical Data Statistical Analysis

For certain data analyses, the pigs were split into two sub-groups: those with LAD

infarcts (n = 8), and those with Cx infarcts (n = 2). This was due to the fact

that the damage from the infarct was anticipated to be in the apical regions for

the LAD infarcts and in the lateral wall region for the Cx infarcts. For variables

of global function, such as volume metrics or GCS, these metrics are methods of

characterisation of severity of MI and the subsequent remodelling, and as such

data for these variables were not split into the two subgroups, i.e. all 10 pigs were

included in the analyses. However, for the regional strain metrics, where changes

in function and remodelling were predicted to be localised due to the different

locations of the infarcts, these data were split into the two subgroups for analysis.

For baseline results, all data was analysed as one group, as no medical procedure

or intervention had been conducted to exclude any subjects. It was considered

that for the Cx cases, n=2 was insufficient to perform statistical analyses and

draw accurate conclusions, so data was analysed qualitatively.
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Due to the small group sizes, non-parametric analyses were performed. All the

variables are presented as medians and ranges, because it could not be ascertained

whether the data was normally distributed. The range was calculated to show

the variability. 95% confidence intervals were considered as a measure to show

the variability, however for small data sets, the ranked variables for the upper and

lower intervals would be the first and last ranked variables, i.e. the range. Means

for the full set of strain and haemodynamic variables were calculated to help

indicate the skew of the data, however they were not used as the main method

of reporting due to their tendency to be strongly influenced by outliers.

LVEF, peak GLS, peak global and regional circumferential strain, and strain

rates measured at acute and chronic time-points post-MI were compared with

the baseline data using the non-parametric Kruskall-Wallis test. Significant dif-

ferences between time-points were observed and analysed further by using the

post hoc Mann-Whitney U test. Peak strain and strain rates, as opposed to end-

systolic, were chosen for analysis, as initial results indicated a lack of statistically

significant results for end-systolic values, but were promising for peak values.

A statistical approach that acknowledged the paired nature of the data was also

considered in order to analyse the data. However, as can be seen in Table 5.1,

only Pigs 1 and 2 had data that was pairable across all three points (baseline,

acute, chronic). Due to the lack of consistent pairable data across the entire

dataset, it was decided that a test that was able to account for different numbers

of participants in each group was required; as such, the Mann-Whitney U was

used. While the Mann-Whitney U model does not perfectly fit the data, as it

does not acknowledge the paired nature of the data, it was considered to be a

best alternative as it allowed for all data to be included whether or not the data

was paired at other time points.

Although a p-value of < 0.05 was considered statistically significant, due to the

high number of hypotheses tested (21), Bonferroni corrections were performed to

decrease the likelihood of a type I error (incorrectly rejecting the null hypothesis)

[137]. The new p-value was calculated as:

pbonferroni =
pdesired
m

(5.5)

where pdesired = 0.05 and m = 21, the number of hypotheses being tested. Thus
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pbonferroni ≤ 0.0024 was used to indicate statistical significance. The 21 hypo-

theses/variables being tested are listed in Appendix B Table B.1.

Strains, strain rates, and LVEF were also subjected to parametric statistical

tests to support the results from the non-parametric statistics. Although not all

criteria for parametric tests were strictly met, parametric analyses were employed

due to their increased statistical power. One-way analysis of variance (ANOVA)

was used for initial assessment, and Gabriel’s test was used to find differences

between pairs of means. Gabriel’s test was chosen as it is able to account for

groups with differing numbers of subjects.

For a subset of these statistical tests, the data from pigs 4 and 5 at the acute

time were not included. As the infarction location for these pigs was predicted to

be in the lateral wall, whereas for the other pigs the infarctions was predicted to

be in the apical region, it was decided that these subjects should not be grouped

together for certain tests. For global metrics such as LVEF and global strains, the

Cx cases were included, as these metrics should be able to detect LV remodelling

in any location on the global scale. For the regional metrics, where the hypothesis

was that they should detect differences in localised strain post-MI, the LAD and

Cx cases were separated, and tests were only performed on the LAD cases. As

there were only two Cx cases at acute, no statistical tests were performed due to

the low statistical power.

Linear regression analyses were also performed in order to look at correlations

between mechanical properties of the left ventricle and clinical metrics. The sets

of correlations analysed were:

• strains and scar weights

• biomarkers and strains

• volumes and strains

• biomarkers and volumes

• strains and other strains

The first three correlations proposed in the above list were considered to be of of

clinical interest, whereas the final two sets of correlations were considered to be

more exploratory in nature. Scar weights are routinely used metrics in prognosis

post-MI as infarct size is strongly linked to poorer outcomes clinically [157].Thus,
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assessing potential links between strain and scar weights could provide useful

information. Similarly, volumes and biomarkers are routinely used clinically and

assessing links between volumes or biomarkers and strains could also provide new

insights. To reduce the number of analyses needing to be performed, only strain

variables which had shown some significance in the Kruskall-Wallis/ANOVA and

post hoc tests were considered. The volumes tested were LVEF and ESVi. The

biomarkers investigated included: cTnI, BNP, GM-CSF, and IL-6. The criteria

for significance was set as p = 0.05. The Pearson correlation coefficient, r, was

also reported. These two values together were considered when deciding whether

a correlation was of strong significance.

All statistical analyses were performed in IBM SPSS (IBM Corp. Released 2015.

IBM SPSS Statistics for Windows, Version 23.0, IBM Corp. Armonk, NY).

Addendum

In the previous section it was noted that m = 21 variables were tested, and for

this reason the ‘critical p-value’ used was divided by this number. This list of

variables was determined at the beginning of the study (those listed Appendix

B Table B.1). These were used for the data analysis reported in the upcoming

journal article resulting subsequently from this study.

ESVi was added later on as a variable of interest. Including this would have in-

creased the m to 22. This would have decreased the pbonferroni to 0.0023, however

it was decided to keep pbonferroni = 0.0024. Primarily this was to ensure continu-

ity between the results presented here, and those presented in the corresponding

journal article.

Importantly, it did not change the order of magnitude of the pbonferroni. As a

p-value can be considered “a measure of the of strength of evidence against H0

(the null hypothesis)” [158], decreasing the p-value by 0.0001 was not considered

to be a substantial change. Indeed, the reduction of the pbonferroni from 0.0024

to 0.0023 did not result in any reclassifications of the statistical outcomes from

significant to not significant.

For these reasons, for the remainder of this study, the pbonferroni will continue to

be stated as 0.0024.
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5.4 Results

5.4.1 Infarction Induction

All animals were successfully subjected to MI via inflation of a percutaneous bal-

loon catheter. Two animals suffered from ventricular fibrillation and one animal

suffered from ventricular tachycardia. All episodes were successfully cardioverted

using defibrillation, cardiopulmonary resuscitation and doses of amiodarone (an

antiarrhythmic medication). All animals recovered and reached the end point of

the study successfully.

LGE by CMRI was used to confirm that there was a damaged region of myocar-

dium in every case. All pigs, apart from pig 2, were found to have regions in the

LV with infarction at both the acute and chronic time points. Pig 2 was found

to have no visible tissue damage. The infarctions were successfully located in the

predetermined locations: namely, the pigs subjected to an LAD artery occlusion

had apical infarctions, and the pigs subjected to occlusions in the Cx artery had

infarctions in the lateral wall, as shown in Figure 5-2.

Figure 5-2: LGE 4 chamber long-axis CMRI. Image A shows the location of the
infarction for pig 1 at the chronic time point. The infarction is across much of
the apex of the left ventricle. Image B shows the location of the infarction for pig
4 at the acute acute time point. The infarction is in the posterior-lateral wall.
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5.4.2 Biomarkers

Biomarkers were only recorded for pigs 1 to 5. The six biomarkers IL-6, IL-8,

TNFα, BNP, GM-CSF, and cTnI were measured at the intervals described in

Section 5.3.1. At the time of experimentation, however, there were complications

causing every specimen to miss at least one blood sample, giving incomplete data

sets.

There was a sharp peak in cTnI in pigs 1 to 4 at 4 hours post-MI, with pig

4 experiencing the largest increase (Figure 5-3a). Pig 5 appears to have the

same trend, but data at this particular point is missing. These elevated levels

of cTnI confirmed that damage or injury had been done to the myocardium.

There were no changes in levels of IL-6 for any pigs (Figure 5-3b). BNP levels

increased during the first hour for pigs 3 and 4, and then proceeded to decrease

in the following 30 days. BNP levels for pig 1 remained constant, whilst pig 5

experienced a slight increase over the 30 days. Pig 2 showed a decrease over the

30 days (Figure 5-3c). Levels of GM-CSF showed increases during the first hour

for pig 1, 3, 4, and 5, with no data during this time available for pig 2. Between

one hour and 30 days, all pigs exhibited a decrease in GM-CSF levels, apart from

pig 5 which experienced a increase over this period (Figure 5-3d).

There were technical difficulties with the calibration of some of the biomarker

assays. The assays used in this project were intended for use on human blood

samples and had been adjusted for use on the porcine specimens. Due to the

novelty of the assays being performed on pigs, and porcine biomaker levels not

being well understood, not all assays were correctly adjusted. The results from

the TNFα and IL-8 assays were removed from consideration, as it was deemed

that these assays had not been correctly adjusted.
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(a) Troponin I levels over 28 days starting from time of infarct. (b) IL-6 levels over 28 days starting from time of infarct.

(c) BNP levels over 28 days starting from time of infarct. (d) GM-CSF levels over 28 days starting from time of infarct.

Figure 5-3: Plots of four biomarkers measured in the five specimens. Due to the large period of time over which this study
was conducted, the biomarker results are presented logarithmically in hours. 10−3 hours is at occlusion onset (0 minutes), 100

hours is 1 hour after onset of arterial occlusion, and 103 hours is the 4 week time point.
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5.4.3 Clinical Metrics

Data for this section includes data from all 10 pigs, with both LAD and Cx

cases included. The median weight of the pigs increased over the course of the

experiment by 21.5 kg to 84 kg (p = 0.0002), from baseline measurements of 62.5

kg.

Overall median LVEF dropped from 57.4% at baseline, to 44.9% at the acute

stage, and then rose slightly to 50.0% at the chronic stage. Statistical changes

were seen between the baseline and acute points (p = 0.002), with all other p ≥
0.019. Both EDV and ESV presented continual increases over the course of the

study. This was to be expected due to the growth of the animals over the four

week period. Despite the increase in median ESV and EDV across the course of

the experiment, statistically there was no significant change between any time

points, with all p ≥ 0.019. ESVi was found to increase from 44.8 mL/m2 at

baseline, to 64.8 mL/m2 at the acute stage (p = 0.019). It was then seen to

decrease at to 53.5 mL/m2 at the chronic point (p = 0.464, when compared to

baseline; p = 0.036, when compared to acute).

Median scar mass at the acute point was 17.5 g, and this decreased to 9.0 g (p =

0.023) at the chronic point. Of interest was pig 2, which had no discernible scar

at either the acute or chronic time points.
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Table 5.3: Longitudinal CMRI data for pigs 1 to 10. Values given are means, medians and ranges.

Parameter Baseline Acute Chronic
Mean Median Range Mean Median Range Mean Median Range

Mass (kg) 62.3 62.2 [5 70] 62.3 62.2 [5 70] 82.9 84.0 [72 92]
EDV (mL) 121.5 117.9 [144.5 110.0] 129.9 129.1 [152.9 104.7] 159.7 160.3 [208.3 94.8]
ESV (mL) 52.7 50.2 [70.7 43.1] 73.3 73.5 [92.7 55.4] 81.3 80.3 [112.5 43.1]

ESVi (mL/m2) 47.5 44.8 [65.7 36.2] 61.2 64.8 [82.3 39.0] 54.0 53.5 [90.1 25.7]
LVEF (%) 56.9 57.4 [60.8 51.0] 43.8 44.9 [48.7 36.7] 49.7 50.0 [55.89 40.5]

Scar Mass (g) N/A N/A N/A 16.9 17.5 [33.0 0.0] 7.5 9.0 [15.0 0.00]
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5.4.4 Strain

Long-Axis Function

Assessment of peak endocardial and epicardial GLS and GLS rate (GLSR) at the

healthy, acute, and chronic time points was done. Mann-Whitney U test showed

that neither epicardial nor endocardial GLS differed significantly at the acute or

chronic time points when compared to baseline results, or when acute and chronic

time points were compared (Tables 5.4 & 5.5). However, when Gabriel’s test was

performed on results comparing the acute and chronic stages, a statistically sig-

nificant difference in epicardial GLS was found (p = 0.00202). However, as a

statistically significant difference was not also found using the non-parametric

equivalent test, this result was not pursued further. Similarly to GLS, endocar-

dial and epicardial GLSR showed no statistically significant differences between

baseline and acute, baseline and chronic measurements, and acute and chronic

measurements, with all p ≥ 0.008 (see Appendix B Tables B.1 - B.3).
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Table 5.4: Longitudinal CMRI data for pigs with LAD occlusion from BASELINE to the ACUTE stage for the endocardium.
P -values are based on results from the Mann-Whitney U tests and Gabriel’s tests. * denotes changes significant to p ≤ 0.0024.

Parameter Baseline Acute
Mean Median 95% CIs Mean Median 95% CIs M-W U Gabriel’s

ACS (%) -40.3 -37.5 [-49.4 -31.2] -20.2 -17.7 [-24.0 -16.4] 0.004 0.001*
GCS (%) -34.4 -34.9 [-38.4 -30.5] -23.6 -23.8 [-26.1 -21.1] 0.002* 0.009
GLS (%) -24.4 -24.7 [-28.9 -20.0] -18.8 -18.0 [-22.7 -14.8] 0.008 0.007

GCSR (s−1) 2.0 1.8 [1.4 2.6] 1.1 1.2 [1.0 1.3] 0.002* 0.0192

Table 5.5: Longitudinal CMRI data for pigs with LAD occlusion from BASELINE to the CHRONIC stage for the endocardium.
P -values are based on results from the Mann-Whitney U tests and Gabriel’s tests. * denotes changes significant to p ≤ 0.0024.

Parameter Baseline Chronic
Mean Median 95% CIs Mean Median 95% CIs M-W U Gabriel’s

ACS (%) -40.3 -37.5 [-49.4 -31.2] -19.3 -19.1 [-26.3 -12.3] 0.002* 0.0003*
GCS (%) -34.4 -34.9 [-38.4 -30.5] -24.7 -27.7 [-31.6 -17.8] 0.006 0.020
GLS (%) -24.4 -24.7 [-28.9 -20.0] -20.2 -21.7 [-27.6 -12.8] 0.171 0.181

GCSR (s−1) 2.0 1.8 [1.4 2.6] 1.6 1.2 [1.0 2.1] 0.171 0.345
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Short-Axis Function: LAD Occlusions

Endocardial ACS decreased at the acute stage (-17.7%, p = 0.004) and signi-

ficantly at the chronic stage (-19.1%, p = 0.002) when compared to baseline

measurements (-37.5%) (Tables 5.4 and 5.5, Figure 5-4). There was no signific-

ant change between acute and chronic time points (p = 0.645, see Appendix B

Table B.2). Neither endocardial nor epicardial ACS rate (ACSR) underwent any

significant changes, with all p ≥ 0.03 (see Appendix B Table B.2, and Figure

5-5).

Mann-Whitney U tests for GCS showed a statistically significant change at the

acute stage (-23.8%, p = 0.002) when compared to baseline measurements (-

34.9%) (Table 5.4, Figure 5-4), however there were no significant changes in GCS

between the chronic and baseline (-27.7%, p = 0.006), and acute and chronic

time points (see Appendix B Table B.2). Endocardial GCS rate (GCSR) showed

a significant change between the baseline (1.8s−1) and acute (1.2s−1, p = 0.002)

stages, with no other changes between time points seen for strain rates, using the

Mann-Whitney U test (all p ≥ 0.171, Table 5.4). When using Gabriel’s test on the

same data set, endocardial GCSR did not reach significance, with all p ≥ 0.0192.

Epicardial GCSR did not achieve significance with all p>0.010 (see Appendix B

Table B.2).

Endocardial and epicardial MCS and BCS showed no statistical changes across

any of the time points, with all p ≥ 0.006 (see Appendix B Table B.2). Similarly

for both endocardial and epicardial MCS rate (MCSR) and BCS rate (BCSR),

there were no statistically significant changes seen with all p ≥ 0.003 (see Ap-

pendix B Table B.2).

Short-Axis Function: Cx Occlusions

Due to there being only two pigs in this category, no statistical tests were per-

formed, and only values are reported.

All regional metrics are presented, and due to the nature of the occlusion, the

infarction was predicted to be in the posterior-lateral wall region, not in the apex.

For all metrics, both pigs showed a decrease in function from baseline to acute

time points for endocardial data (Figure 5-6). Pig 4 showed modest decreases

in function for ACS, MCS, GCS, and GLS, and larger decrease for BCS (Figure
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Figure 5-4: Changes through time in apical and global circumferential strains.
The asterisk denotes changes considered significant with p ≤ 0.0024, using the
Kruskall-Wallis test. The data points with a red cross represent outliers greater
than the third quartile plus 1.5 times the interquartile range.
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Figure 5-5: Changes through time in LVEF, endocardial and epicardial ACS
rates. The asterisk denotes changes considered significant with p ≤ 0.0024, using
the Kruskall-Wallis test. The data points with a red cross represent outliers
greater than the third quartile plus 1.5 times the interquartile range.
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5-6 A). Similarly for the endocardial strain rate metrics, ACSR, MCSR, GCSR,

and GLSR were seen to have modest decreases, whilst BCSR decreased by at

least half (Figure 5-6 C). The epicardial strains either showed modest decreases

(MCS, BCS, GCS, GLS), or remained constant (ACS). All epicardial strain rates

showed small decreases.

For all five endocardial strain metrics, pig 5 exhibited large decreases from baseline

to acute, with ACS experiencing a drop of almost 50% of its initial value (Figure

5-6 B). All endocardial strain rate metrics also decreased at the acute time point.

All epicardial strains showed a decrease from baseline to acute, as did the strain

rates.
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Figure 5-6: Endocardial and epicardial strain and strain rate data for pigs 4 and 5.
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Table 5.6: Scar weight and scar weight as a percentage of the total LV weight at
acute and chronic time points for all 10 pigs. These measurements were performed
by the Bristol collaborators.

Pig
Acute Chronic

Scar % of LV Scar weight (g) Scar % of LV Scar weight (g)

1 27.08 26.00 6.54 10.00
2 0.00 0.00 0.00 0.00
3 8.70 8.00 6.90 8.00
4 14.29 15.00 N/A N/A
5 14.61 13.00 N/A N/A
6 23.00 16.00 18.00 15.00
7 44.00 33.00 13.00 12.00
8 22.00 19.00 10.00 12.00
9 22.00 20.00 10.00 11.00
10 22.00 19.00 8.00 7.00

5.4.5 Correlation Analyses

Strains vs Scars Weights

Scar weights and scar weight as a percentage of the total LV weight as measured

by the full width half maximum method for both the acute and chronic time

points are presented in Table 5.6. Correlations between endocardial strain para-

meters at the acute stage with infarction scar weight at the acute and chronic

stages revealed no statistically significant results (see Table 5.7). Similarly, cor-

relations between endocardial strain parameters at the chronic stages did not

show any statistical significance when compared to the scar weight at the acute

and chronic stages (see Table 5.8).

Biomarkers vs Strains or Volumes

Correlations between biomarkers and strains, and between biomarkers and volumes,

were performed. Correlations included all strains/volumes and biomarkers at

all times, meaning all strains at baseline were paired with their corresponding

baseline biomarker (e.g. BNP) values, for example, and similarly at the acute

and chronic stages, and all data were then used in the correlation calculation. As

only pig cohort A had biomarker data taken across time points, the minimum n

used in the correlations analyses was n = 10 and the maximum n = 12.

Only one correlation showed moderate statistical significance (r = -0.603, p =
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Table 5.7: Correlations between acute endocardial strain metrics and both acute
and chronic infarct scar weights.

Acute Strain
Acute Weight Chronic Weight
r p r p

GCS -0.076 0.429 -0.109 0.419
ACS -0.269 0.260 -0.381 0.228
ECS 0.019 0.483 -0.061 0.455
BCS -0.068 0.437 -0.107 0.420
GLS 0.272 0.258 0.469 0.174

Table 5.8: Correlations between chronic endocardial strain metrics and both
acute and chronic infarct scar weights.

Chronic Strain
Acute Weight Chronic Weight
r p r p

GCS 0.37 0.18 0.023 0.48
ACS 0.50 0.10 0.19 0.33
ECS 0.54 0.084 0.21 0.31
BCS -0.024 0.48 -0.35 0.22
GLS 0.94 0.003 0.69 0.066

0.03), between cTnI and ESVi, see Table 5.9. Otherwise, no other combinations

of biomarker and strains/volumes showed any statistical significance.

Volumes vs Strains

Linear regression analyses were performed to establish potential links between

volume metrics and strain properties of the LV. For volume metrics, correlations

included all strains and volumes at all times, meaning that all strains at baseline

Table 5.9: Correlations results and statistical significance of clinical and endo-
cardial mechanical metrics with biomarker data. * denotes a significance of p ≤
0.05.

Metric
cTnT BNP GM-CSF IL-6

r p r p r p r p

LVEF -0.515 0.087 -0.102 0.753 0.224 0.484 -0.238 0.457
ESVi -0.603 0.03* -0.282 0.374 0.088 0.786 -0.253 0.42
GCS 0.455 0.137 0.058 0.857 -0.256 0.421 0.166 0.607
ACS 0.206 0.520 -0.077 0.81 -0.304 0.336 0.144 0.656
GLS 0.556 0.095 0.352 0.32 -0.217 0.55 -0.087 0.81
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Figure 5-7: Correlations between LVEF and GCS, and LVEF and GLS. The data
point in the orange circle is a data point of potential interest.

Table 5.10: Correlations between endocardial mechanical strain data and volu-
metric clinical indices. * denotes significance to p ≤0.05.

Strain
LVEF ESVi

r p r p

GCS -0.73 0.0002* -0.35 0.12
ACS -0.60 0.004* -0.14 0.55
GLS -0.73 0.001* -0.32 0.12

were paired with their corresponding baseline LVEF values, for example, and

similarly at the acute and chronic stages, and all data were then used in the

correlation calculation. Statistically significant correlations were found between

LVEF and three strain metrics: GCS, ACS, and GLS (Figure 5-7, Table 5.10).

An outlier was noted in the LVEF/GCS correlation (Figure 5-7). Otherwise no

other significant correlations were found between strains and LVEF, or strain and

ESVi.

Strains vs Strains

Correlations included certain strains at all times, meaning all strains for one

metric at baseline were paired with their corresponding baseline values for another
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Table 5.11: Correlations between endocardial strain metrics. * denotes a signi-
ficance of p ≤ 0.05.

Strain
ACS GCS GLS

r p r p r p

ACS - - 0.86 0.000* 0.57 0.013*
GCS 0.86 0.000* - - 0.59 0.01*
GLS 0.57 0.013* 0.59 0.01* - -

strain metric, and similarly at the acute and chronic stages, and then all data

(baseline, acute, and chronic) were then used in the correlation calculation.

All correlations performed returned as statistically significant (Table 5.11). The

correlations for GCS to GLS, and ACS to GLS were moderately significant. The

correlation between ACS and GCS was strongly significant with r = 0.86 and

p = 0.000.
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5.5 Discussion

This study looked at the change in strains and strain rates for both the endocar-

dium and epicardium after MI was induced in 10 porcine specimens. Follow-up at

4 weeks allowed for the investigation of these parameters in the acutely evolving

and late stages of MI, and potentially early stages of heart failure. These metrics

were then compared to LVEF and ESVi. The results of this study show that

regional circumferential strain can be used to locate the region of myocardium

undergoing acute remodelling. Endocardial ACS identified both the change and

the region of the infarction, whereas only some global measures suggested that

there had been a change in function. LVEF identified a negative change in LV

function at the acute stage, however it did not show significant changes at 4

weeks, while endocardial ACS indicated that some changes were still occurring.

5.5.1 Strains and Strain Rates

A relevant preclinical model of closed-chest MI with reperfusion was used, and

showed extensive early changes in regional ACS and GCS strains reflecting accur-

ately the affected myocardial territories. This was associated with early changes

in strain that predicted late LV remodelling: ACS: baseline: -37.5%, acute: -

17.7%, p = 0.004, chronic: -19.1%, p = 0.002; GCS: baseline: -34.9%, acute:

-23.8%, p = 0.002, chronic: -27.7%, p = 0.006.

GLS has been suggested as a good predictor of late LV remodelling in ST eleva-

tion MI patients [118] and in an open-chest coronary ligation porcine MI model by

Howard-Quijano et al. [96]. In that model, open-chest speckle tracking echocar-

diography was employed and circumferential strains were measured along only

three planes in the short-axis, causing less accuracy in derived circumferential

parameters. It has been argued that GLS may predict LV remodelling as the

apical region affected by ischemia contains more longitudinal fibres, which con-

tribute to the contractile performance in the longitudinal axis being negatively

impacted [89]. This leads to the question of whether GLS provides more accurate

information about the disease, or is simply more easily reproducible. Contrac-

tion of the ventricle is not synonymous with fibre contraction, and circumferential

fibres are evenly distributed at the endocardium, causing there to be changes to

both longitudinal and circumferential deformations [89]. This suggests that cir-

cumferential strains might add significantly to gauge information on myocardial
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deformation [102]. Results from this study found that GLS did not alter statist-

ically significantly over time in either the endocardium or epicardium (see Tables

5.4 and 5.5). This suggests that GLS was not as accurate as other strain metrics

for localisation and characterisation of scar tissue.

GCS saw a significant decrease at the acute stage, with ACS undergoing signific-

ant changes over the course of the study, suggesting that significant remodelling

occurred in the apical region, thus locating the infarcts correctly, as determined

by the intent of the experiment and confirmed by LGE scar imaging. ACS was

found to be correlated with GCS (r = 0.86, p = 0.0000007), so the changes in the

GCS were due in part to the changes in ACS. The changes were not solely caused

by this one parameter, however. Both the endocardial mid-ventricular and basal

regions underwent changes in strains throughout the experiment, decreasing at

the acute stage and recovering at the chronic stage (see Appendix B Table B.1),

although these changes were not statistically significant. These small changes

affected the GCS, so the statistical change seen at the acute stage was not solely

due to the ACS.

Thus regional strain was the only parameter sensitive to the functional changes,

and was computationally simple to extract from the data, whereas the global

parameters and LVEF showed lesser sensitivity, especially at the 4-week stage.

These findings suggest that regional strains offer a simple, alternative parameter

to quantify LV function.

Circumferential strain has also been shown to be a useful gauge for infarct trans-

murality [59, 102]. Previous work by Altiok et al. [90] and Koos et al. [120],

found that in MI where the infarct had not been transmural, epicardial strains

were either affected by a minor decrease, or not affected at all, and that these

were best differentiated by circumferential strain. The results from the epicardial

strain analysis in this study, where no statistical changes in any strains at the

acute or chronic times were seen, would suggest that the infarcts produced in

these animals were non-transmural. At termination, a mean scar transmurality

score of 2.7 (out of 4) across all subjects was found, also confirming that, in

general, the infarcts were not fully transmural.

Few significant changes were seen overall in strains, strain rates, or LVEF from

baseline to 4 weeks. In some cases there were changes, however, the spread of the

data was large at the 4 week point. This large spread in data can be explained
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by the recovery or deterioration of the animals at this later time point. At

baseline, all animals were healthy with normal cardiac function, and at 4 hours

all animals were undergoing acute myocardial remodelling. At the chronic point,

the animals were either beginning to recover cardiac function, suffer a further

decline, or experience little change. This divergence in function lead to the large

spread in results seen, causing there to be no net significant changes. In individual

animals, however, changes were seen. Based on the clinical measures LVEF and

ESVi before termination, pigs 1 and 9 had suffered a deterioration in cardiac

performance (both had LAD occlusion). Pig 2 (LAD occlusion) experienced

decreases in LVEF and strains at the acute stage, however, all function was

regained by the chronic stage, and upon inspection the infarct transmurality

score was 0, implying little to no damage to the myocardium. Pig 10 (LAD

occlusion) saw no change in LVEF over the 4 weeks, however there was a large

decrease in global strain parameters over this period, suggesting this animal may

have experienced heart failure with preserved ejection fraction.

In this advanced preclinical study, GLS did not change over time. The results

seem to suggest that regional circumferential strains might be more sensitive than

GLS in predicting late LV remodelling and quantifying LV function. Averaging

strains over few slices within a specific LV region, as opposed to inspecting in-

dividual slices or global metrics, might ensure that small differences in image

location (from patient movement or from scans at different times or different

patients), become less critical when comparing data, boosting the reproducibil-

ity and robustness of the method. In addition, performing strain analysis over

smaller volume/regions is associated with less variation, hence with higher poten-

tial of identifying smaller changes. These findings, if confirmed, might affect the

type and timing of pharmacological and/or mechanical LV unloading approaches

post-MI to prevent heart failure [159, 160].

5.5.2 Biomarkers

The occurrence of MI and related ischemia/reperfusion injury trigger a storm of

molecular signalling, cellular remodelling, inflammatory reaction and fibrosis in

the myocardium leading to scar formation and LV remodelling [148, 161]. Yet,

little is known on the molecular events underpinning these processes in large mam-

mals post-MI. Binek et al. found that ischaemia triggers changes in the levels

of many myocardial proteins, some of which are linked to contractile function
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or systolic wall thickness [162]. Cardiac biomarkers are routinely used clinically,

providing information regarding the current condition and future disease progres-

sion. Four biomarkers were investigated in this study, cTnI, BNP, GM-CSF, and

IL-6. Changes in biomarkers were seen across the experiment, however due to

the low number of samples no significant changes were seen.

As expected cTnI (the biomarker for myocardial injury) was seen to increase in

all cases in the acute period post-MI, indicating that some form of muscle trauma

had occurred. BNP, which indicates myocardial stretching or overloaded due to

pressure changes, was seen to increase slightly in the short term, but decreased

by the study end-point (apart from pig 5). GM-CSF is generally associated with

end-stage and chronic HF. Over the experiment, the only specimen to exhibit a

large increase in GM-CSF levels was pig 5, with all others experiencing either a

minor increase or decrease. IL-6, a marker for HF, remained constant over the

experiment or decreased for pigs 1 to 4, but for pig 5 increased.

It is possible to see some trends. Pig 5, for example, saw increases in BNP, IL-6,

and GM-CSF by the study end-point, indicating that it may have been suffering

from HF. Unfortunately, this specimen, had no CMRIs, and as such the potential

diagnosis cannot be confirmed. Nothing conclusive can be drawn from this data:

as mentioned before, these assays were intended for humans and adapted for use

in pigs and the number of specimens in the study was too low to perform any

quantitative analysis. As such, the results from these assays must be considered

with caution.

5.5.3 Correlations

Correlations were found between GCS and LVEF as well as between GLS and

LVEF. Both GCS and LVEF were calculated using the same short-axis data, and

so a strong correlation was expected based on geometrical considerations. For the

correlation between LVEF and GCS, there was an outlying data point (Figure 5-7

circled in orange). This was of particular interest, as the LVEF was above 45% (a

common threshold for HF diagnosis), but the GCS was less than 10%, indicating

poor LV function. This specimen, pig 10, had relatively preserved LVEF over the

4 weeks, however there were the decreases in global strain parameters over this

period. This suggests that this animal may have had a different pathogenesis

post-MI, and was experiencing HFpEF. Long-axis data was used for GLS, so the
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correlation found between these parameters suggests that GLS might be able to

detect MI and changes to LV function in keeping with findings by others [163],

but further investigation is required as all other results in this study indicated

that GLS did not detect any changes. It is also important to remember that

GLS/GCS and LVEF are not interchangeable. They represent different aspects

of LV function and are complementary.

The correlations between biomarkers and strains/volumes yielded only one mod-

erately significant result, between cTnI and ESVi (r = -0.603, p = 0.03, Table

5.9). No other statistically significant results were found; this was to a certain

extent to be expected due to the very low n used in these calculations. This

analysis was exploratory in nature, and due to this and the low n, no substantial

conclusions can be drawn about the results, indicating further experiments with

larger n should be performed.

ACS was found to be correlated with GCS (r = 0.86, p = 0.0000007), so the

changes in GCS were due in part to the changes in ACS. The changes were

not solely caused by this one parameter, however. Both the endocardial mid-

ventricular and basal regions underwent changes in strains throughout the ex-

periment, decreasing at the acute stage and recovering at the chronic stage (Ap-

pendix B Table B.1), although these changes were not significant statistically.

These small changes affected the GCS, so the statistical change seen at the acute

stage was not solely due to the ACS.

ACS was also found to correlate with GLS, however, while the p-value indicated

a moderately strong significance to the correlation (p = 0.013, Table 5.11), the

Pearson correlation coefficient (r = 0.57, Table 5.11) indicated only a weak to

moderate association between the variables. This was similar for the correlation

bewteen GCS and GLS (r = 0.59, p = 0.01, Table 5.10). It might be expected that

changes to overall function (i.e. GLS and GCS) have some correlation between

them, as the global change in function is likely to be affected by changes in all

three principal axes of motion; longitudinal, circumferential, and radial.

Correlations of acute strains to both acute and chronic weights (Table 5.7), and

chronic strains to both acute and chronic weights (Table 5.8) were calculated

to see if there were any potential links. Neither set of analyses yielded any

statistically significant results. Again, this was likely due to the low n used for

the analyses.
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5.5.4 Limitations

There are limitations to this study. Several of the cine MRI stacks were untrace-

able due to poor image quality. The animals used in this study had no history of

coronary artery disease, and thus no atherosclerotic disease plaques. As such, a

rapid balloon inflation to occlude a coronary artery may not be fully represent-

ative of MI in humans. However, the MI size and other CMRI measures were in

keeping with what is observed in the average anterior MI size seen in humans.

Similarly, baseline pre-MI CMRI measures were in keeping with similar data from

humans.

In addition, the animals gained a substantial amount of weight over the study

period with a possible confounding effect on scar size and LV chamber volume.

However, it has been suggested that the use of LV volumes indexed to the body

surface area of the animal can minimise this effect [164], which is in keeping with

the approach used here.

Finally, a relatively small number of animals (n = 10) was used, with strain

analyses and biomarkers undertaken on sub-groups. However, non-parametric

statistical tests were used to compensate for this limitation. Also due to the low

n, the predictive power of the metrics could not be tested.

5.6 Conclusion

This study has shown a simple and accurate method for calculation of regional

circumferential strains, which locates and quantifies affected tissue following MI

in porcine specimens. Global strain parameters and LVEF were found to identify

early changes to LV function in the specimens (both p = 0.002), but did not

identify changes at 4 weeks (both p ≥ 0.006). Regional metrics were found to

identify longer term changes to function (ACS, all p ≤ 0.004, at both 24 hours

and 4 weeks). When regional endocardial strains, ESVi, and LVEF were used to-

gether, characterisation of different pathologies, such as HFpEF, was potentially

possible. Epicardial strains, and strain rates (both endocardial and epicardial)

were not sensitive to the changes in function that occurred over the course of the

experiment, and for effective assessment of this a more complex analysis tech-

nique would likely be required. No statistically significant changes in biomarkers

were seen, and thus no prognostic information or correlations could be extrac-
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ted from this data. These findings might have potential clinical implications: if

confirmed, the observation of early changes in regional strain may influence type

and timing of pharmacological and/or mechanical LV unloading to prevent LV

remodelling.
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Chapter 6

Human Myocardial Strain

Quantification and Analysis

6.1 Summary

This chapter presents a study which tested the regional strain metric, as well as

global strains and volume indices, on a large human cohort. Imaging and health

data from the UK Biobank were obtained, including healthy volunteers and those

with a history of cardiovascular illness, and were included; in total 740 individuals

were analysed. Volunteers were stratified by age, gender, and health, and strains

and volumes were assessed. Differences between age groups within and across

sexes were analysed within health status, as were differences between age groups

within and across gender across health statuses.

Significant differences in basal circumferential strain and global circumferential

strain were found between healthy males and females, with males having lar-

ger values for both (all p ≤ 1.00E-03). End diastolic volume and end systolic

volume were found to decrease significantly in healthy males (both p ≤3.00E-

03), but only end diastolic volume was found to decrease in healthy females

(p ≤ 3.00E-03). There were significant differences in the functional variables

left ventricular ejection fraction, end systolic volume, end systolic volume index,

and mid-ventricular circumferential strain between healthy and unhealthy male

cohorts (all p ≤ 1.03E-03), however no differences were found between healthy

and unhealthy female cohorts due to insufficient numbers of participants. Trends
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in data found in other studies, suggesting end systolic volume and end diastolic

volume decrease with age but increase with body surface area in healthy popu-

lations, were confirmed in this study.

These results suggested that the strain model can be applied to humans, albeit

with some improvements needed. The study highlighted differences in volume

indices and some strains between genders, and showed potential differences in

strain between healthy people and those with histories of cardiovascular illness.

6.2 Introduction and Background

LV strain has been repeatedly shown to be a useful tool for the prediction of

outcome following MI and other cardiovascular illness [89, 98, 118, 120]. The

early diagnosis of patients suffering from MI has been shown to be useful in

accurate prediction of outcomes [118]. Prognostication of outcome often relies on

other standard clinical indices, many of which are based on LV cavity volumes,

i.e. changes to EDV, ESV, stroke volume, and LVEF, but other factors are also

used including infarct size, age, gender, and body size. Over the last few decades,

strains have become increasingly popular, providing supplementary information

on (regional) changes to LV performance and function.

The gold standard for imaging of cardiovascular morphology and function is

CMRI. This is an expensive and time-consuming method when compared with

echocardiography, which is fast, inexpensive, and ubiquitous in healthcare clin-

ics. For these reasons, large-scale studies on cardiovascular function are often

performed using echocardiography. Due to difficulties associated with STE such

as poor spatial and temporal resolution, and operator induced errors in trans-

ducer positioning, it is preferable to use CMRI. Large scale studies on strain

have been conducted [75], but fewer have used CMRI, with studies often having

an upper limit of 150-200 participants [30, 76, 84, 112, 120]. Many studies also

focus primarily on longitudinal strain, as it has been shown to be a strong pro-

gnosticator [118]. Indeed, it has often been found to be a stronger prognosticator

than circumferential or radial strains, with many arguing it better represents the

remodelling undergone by longitudinally orientated cardiomyocytes, which are

thought to be more affected during MI; thus, overall longitudinal LV function is

believed to be more affected by MI [89]. It has however been suggested that this is

not actually representative of the underlying changes, but that poor imaging and
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contouring in the short-axis can have a larger impact on the reproducibility and

outcome than in the long-axis [89]. The particular strain calculation approach

used also affects this; imaging methods such as feature tracking, SENC, speckle

tracking are used, and then whether myocardial strain or layer-specific strains

are calculated is also of concern. Due to these differences in results caused by dif-

fering imaging modalities, imaging machines, and even research centre practices,

no overarching consensus values or reference ranges for strains has been reached.

It has been noted that relationships between strain and other factors such as

age or body size would more likely be universal across these imaging modalities

[75]. Furthermore, there are few large-scale studies which include both healthy

and unhealthy populations, with many studies opting for either only healthy

populations, or studying only a specific illness.

The UK Biobank is a national and international resource with a wide range of

health data including lifestyle questionnaires, physical measurements, genetics

data, and imaging data. The UK Biobank follows the health and well-being of

500,000 anonymous volunteer participants, aged between 40-69 between 2006-

2010. In addition to data collected at the baseline assessment, participants have

worn 24-hour activity monitors, many have undergone repeat measures, and a

major study to image 100,000 participants has been undertaken. The goal of the

project is to improve the prevention and treatment of a wide range of illnesses

through large scale data collection and analysis. While data collection is done

only in the UK, approved researchers from academia and industry globally can

access this data. Additionally, the population is not solely limited to healthy

participants, but those with health issues are also included. This has created a

diverse, world-class resource with the potential for large scale population studies

to be performed, but that is accessible to all researchers regardless of cost.

By comparing the trends and statistical correlations found using the new circum-

ferential strain measurement technique, with trends and correlations from other

studies, this work aimed to show the method is useful not only in animal/porcine

studies but also for human data, and so could assist with translation of the tech-

nique towards clinical use. This was performed by looking at different groups of

healthy and unhealthy middle-aged to elderly participants from the UK Biobank

resource stratified by age and gender. One-way ANOVA and planned comparis-

ons were used to quantify differences between groups.
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6.3 Methods

6.3.1 Data Source

The data used for this study was taken from the largest data bank available

at the time of research, the UK Biobank. The UK Biobank is a national and

international health resource holding various types of health and medical data

(https://www.ukbiobank.ac.uk). At the time of this study, the UK Biobank

data had a total of 502,505 volunteer participants. A successful application was

made (number 52530 [165]) to access data for use in this project. Further inform-

ation on selection of participants is recorded in the following subsections. Ethical

implications of the research were considered in line with university regulations

(EIRA1 number 2920). Further information about the ethics obtained by the UK

Biobank can be found online [166].

6.3.2 CMRI protocol

For cardiac function, the UK Biobank’s CMRI acquisitions included three long-

axis cines (2-, 3-, and 4-chamber orientations), and a complete short-axis stack

covering the left (and right) ventricle. Imaging was performed in Cheadle, United

Kingdom, using a 1.5 T scanner (MAGNETOM Aera, Syngo Platform VD13A,

Siemens Healthcare, Erlangen, Germany). The acquisition parameters of interest

to this study were as follows: slice thickness of 8 mm, slice gap of 2 mm, tem-

poral resolution of 31.56 ms. Full details of the CMRI protocol and acquisition

parameters have been previously published by Petersen et al. [167].

In three cases a non-standard slice thickness was used. These slice thicknesses

were extracted from the patient DICOMs and were 9.28 mm and 9.2 mm. These

slice thicknesses were used when calculating locations at which to extract contour

lengths and areas when using the LV geometry slicing software (see Section 6.3.3).

6.3.3 Image Analysis and Segmentation

To analyse the short-axis DICOM images CVI42 (Release 5.11.2, Circle Cardi-

ovascular Imaging Inc., Calgary, Canada) was used. This software package was

chosen as it had been previously tested in the earlier study (see Chapter 4), and

the in-built machine learning derived contour detection algorithm had yielded

accurate results for porcine specimens (excluding the apical area of the LV). As
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previously mentioned, CVI42 is not validated for use on animals, and as such the

poor results in the apical area were expected.

Images were imported into CVI42, and contouring was performed using the ma-

chine learning algorithm. The same method outlined and used in Chapter 4 was

used to access the contour information. Contours from CVI42 were exported

as STL files (as CVI42 did not allow endocardial contours to be exported dir-

ectly), and then cross-sectional slices at the locations of the original contours

were obtained to retrieve the contour length. CVI42 output the STLs in random

orientations and so all the STLs required alignment ready for slicing in Netfabb

(Autodesk Netfabb Premium 2020.0). Reorentation was performed using Mesh-

Lab (MeshLab 2016.12, ISTI-CNR). The basal end of the STL was aligned to

the x-y plane, with the third dimension of the STL lying in the positive z space

(Netfabb can only read data which lies in all positive x-y-z space). The STLs

were then imported into Netfabb and sliced at intervals of 0.01 mm. This interval

was used as the software would often miss the first slice if the intervals were any

larger. Netfabb exported the contour lengths into comma separated value (.csv)

files. A MATLAB script was created to extract the contour lengths and internal

areas at the locations corresponding to the slice positions.

Due to the time consuming nature of manually exporting the STL files from

CVI42, and reorientating them ready for slicing in Netfabb, a limited number

of STLs were exported from CVI42 for analysis. One STL at ED was exported.

The machine learning algorithm accurately determined the ED frame most of

the time. In the few instances where the algorithm did not accurately determine

the correct ED frame, this was determined by the author visually gauging the

movement of the endocardium in the DICOM images and using the CVI42 in-

built LV volume estimator. Peak strains, as opposed to end-systolic strains were

calculated, as these were found to be more relevant in Chapter 5. As such, a few

frames either side of ES were required to ensure that peak strain was captured.

At ES, five frames were exported as STLs: ES, and two frames either side of ES.

Similarly to ED, the machine learning algorithm accurately detected the frame at

ES. Where the algorithm failed to accurately detect the correct frame, this was

determined by an expert reader. In total, six STLs per subject were exported

for analysis. All contours were checked by an expert reader. In general, the

contours needed little to no alterations as the machine learning performed well

in all areas of the LV, with only 636 of all 29826 images (2.13%) needing any
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manual intervention.

Corresponding long-axis CMRI data was available through the UK Biobank, how-

ever, due to the time consuming nature of the contour extraction, and time pres-

sures induced by the COVID-19 pandemic, it was not possible to process both

long- and short-axis data. As such, GLS was not analysed as part of this work.

6.3.4 Deformation Analysis

The same novel method used to calculate strains in Chapters 3, 4 and 5 was

employed here. Endocardial circumferential strains were calculated using the

perimeter length data for every slice supplied from Netfabb. Strain, εn, was

defined using Equation 6.1:

εn =
Ln − L0

L0

(6.1)

where L0 is the endocardial perimeter reference length at ED, and Ln is the en-

docardial perimeter length at time n throughout the cardiac cycle for a given

cine slice. The short-axis slices were divided into three ‘vertical’ regions in the

LV: apex, mid-ventricle, and base. The number of slices in each region varied

depending on the total number of slices for a given patient. The mean of the

circumferential strains in each region were then calculated. GCS was also cal-

culated as the mean of the circumferential strains from all slices as explained in

Chapter 5.

The minimum total number of slices across a ventricle was five, and the maximum

was nine. As the regional averaging method employed in the studies in Chapters

4 and 5 required a minimum of two slices per region to allow for an average to be

calculated, subjects with five slices were excluded from the study. As discussed

in Chapter 5, using results from one individual slice could result in data that

was difficult to interpret and that was also ‘noisy’, and for this reason the slice

averaging technique was pursued. For this reason, in cases where there could

not be two or more slices allocated to a region, these cases were removed. In

total there were 23 cases removed: 6 male (1 unhealthy, 5 healthy), 17 female (3

unhealthy, 14 healthy).

Volumetric measures could have also been calculated using the areas internal
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to the contours, which were outputted by Netfabb, however, these values have

already been calculated and verified in other studies and supplied to the UK

Biobank. As such, the values from the UK Biobank were used.

A challenge in translating the method from the porcine to human data, was that

for the human UK Biobank data at end-diastole there was often one more slice

that contained the LV in the CMRI stack, than at end-systole. This did not occur

for the porcine data. Cardiac motion in CMRI is usually caused and affected by

three factors:

1. cardiac motion due to pumping (longitudinal shortening, radial contraction,

and rotation of the apex relative to the base),

2. motion due to respiration,

3. patient motion [126].

The motion leading to differing numbers of slices was likely caused by longitud-

inal shortening during systole and potentially some through plane motion. It is

unclear why this issue occurred in the human data but not in the porcine data.

The strain analysis techniques developed in previous chapters were not adapted

for this challenge, as this issue had not previously occurred. Two options were

considered:

1. No changes to the method or analysis technique, and use the maximum

number of slices that feature at both ED and ES.

2. Alter the method and analysis technique to account for through-plane move-

ment. Perhaps consider resampling ES into the same number of slice as ED.

It was decided that for continuity, no changes would be made to the method or

the analysis technique, and that the number of slices at ES would be the number

of slices used for the analysis for two reasons:

1. The aim of the work presented in this thesis was to create and assess a model

of left ventricular circumferential strain that could characterise changes in

LV function post-MI. The model proposed in Chapters 3 - 5 was developed

to be simple to use and interpret for non-specialists or researchers without

access to clinical software. For simplicity, it was decided that no alterations

to the model would be made, but could be considered in future develop-

ments from model improvement.
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Table 6.1: Porcine data from Chapter 5 for ACS, the variable which exhibited
the poorest repeatability.

ACS Healthy Acute Chronic

Mean (%) -40.3 -21.9 -19.3
SD 7.3 6.1 8.4

2. This method was also decided upon as an alteration to the already tested

method would require further analysis which was not possible due to time

constraints imposed by the COVID-19 pandemic.

6.3.5 Data Selection

Determining a minimum number of participants

In order to determine the minimum number of participants required in the study,

a power calculation was performed. The analysis assumed that the final statistical

test that would be run on the data was of the type ‘one-way pairwise ANOVA,

with two-sided equality’. This was an appropriate test type, as multiple compar-

isons between groups can be factored in, and using a two-sided equality accounts

for an increase or decrease in the relative group means.

In order to calculate the number of participants required, n, the following inform-

ation is needed: desired power, 1− β (where β is the type II error), desired type

I error, α, group A mean, µA, group B mean, µB, standard deviation, σ, and

number of pairwise comparisons, τ . Data from the porcine strain experiment in

Chapter 5 was used to inform some of these values. The least repeatable vari-

able from that study was chosen, as this could be considered the worst possible

outcome for the current study. This worst case scenario calculation should give

the smallest group n needed to have a study with the desired statistical power.

The data from the porcine experiments used were those from the apical circum-

ferential strain (ACS). The worst two groups from Table 6.1 for comparison were

acute and chronic, as their means were relatively close together, and the stand-

ard deviation of the chronic ACS measurement (8.4%) was large and ‘overlapped’

with the mean from the acute data. A scenario where all three groups (healthy,

acute, chronic) could all have similar means and standard deviations causing data

‘overlap’ was deemed to be a plausible worst outcome, and so the power calcula-

tion was conducted using the values found in Table 6.2. The precise mathematics
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Table 6.2: Values used to perform the power calculation to estimate the appro-
priate sample size, n.

Variable Value used

group A mean, µA 22
group B mean, µB 19

standard deviation, σ 8
desired power, 1− β 0.95

type I error, α 5
number of comparisons, τ 10

behind the power calculation are well-known, and can be found here [168].

The power calculation was based on the assumption that there would only be a

sufficient subject numbers to be able to perform statistical analyses on groups of

‘healthy’ males and females. From the six groups shown in Figure 6-1, 10 desired

comparisons (τ) between age categories and sex were decided on. While each

individual category would be used a maximum of four times when performing the

statistical analyses, overall there would be 10 comparisons. The power calculation

was run using both four and 10 as inputs for the number of comparisons. The

resultant n for an individual group for τ = 4 was 80 subjects, and for τ = 10 was

95 subjects. The number of comparisons (τ) was chosen to be 10, so as to ensure

a sufficient power.

A redundancy of 5 extra subjects was included into each group so that if any

participants withdrew their data from the UK Biobank, the images were of poor

quality, or image stacks did not meet the requirements of the study, that there

would still be a sufficient number of participants left to analyse. In total, each

category in each sex had 100 subjects to analyse. These 100 were chosen at

random from the relevant populations using the MATLAB function randperm

[169]. At the time of this study, none of the participants had requested that their

data be withdrawn.

126



Figure 6-1: Comparisons to be made between all six healthy groups. Each line
with an arrow represents a group or set of groups which will be compared to
another group or set of groups.

Study Population

To begin the selection of participants, certain requirements and comorbidities

were identified. These were as follows:

1. Participant has short-axis DICOMs available

2. Body mass index (BMI) between 18.5 and 30 kg/m2

3. Does not currently smoke and have never smoked

4. Does not have diabetes

5. Aged between 45 and 74 years

The comorbidities listed were similar to those from a study which investigated

reference ranges in baseline cardiovascular health of the population [170]. This

resulted in 14,138 potential participants being identified. Following this, the

ethnicities of the participants was investigated, with the aim of creating a multi-

ethnic study.

Based on power calculations for numbers of participants needed in the previ-

ous section, the only ethnic groups which could supply the requisite number of

participants for each group (n = 100) was Caucasian (British white and Irish).

Following this, all remaining participants were split into groups by age and by

health status. Both males and females were split into three age groups 45-54, 55-

64, 65-74, as well as those with known cardiovascular illnesses and those without;
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Table 6.3: Ethnic backgrounds of the volunteers grouped by sex. These are
participants which have short-axis DICOMS, 18.5 ≤ BMI ≤ 30 kg/m2, never
smoked, do not have diabetes, and are aged between 45 and 74 years old.

Ethnicity Total N N Males N Females

British white 12398 5420 6978
Irish 303 132 171

Any white background 321 131 190
White & black Caribbean 13 3 10

White & black African 7 1 6
White & Asian 23 8 15

Any mixed background 16 4 12
Indian 149 86 63

Pakistani 29 16 13
Bangladeshi 3 1 2
Other Asian 28 14 14
Caribbean 49 14 35

African 47 25 22
Chinese 65 20 45

Other ethnic group 59 23 36

12 groups in total. Cardiovascular illnesses were defined as: STEMI, NSTEMI,

and HF. These illnesses were documented in the UK Biobank data. Those without

cardiovascular illnesses gave a revised total of 12,866 participants to choose from,

and were distributed by age ranges as shown in Table 6.4. As there was a suffi-

ciently large pool of data, 100 participants were selected from each of the three

age groups for both males and females, resulting in groups large enough to yield

a high degree of power according to the results of Section 6.3.5.

The group of volunteers with known cardiovascular illnesses gave a total of 136

participants, and were distributed by age ranges as shown in Table 6.4. Of those

participants, 56 had suffered STEMI (50 males, 6 females), 64 has suffered from

NSTEMI (50 males, 14 females), and 12 had suffered heart failure (8 males, 4

females).

6.3.6 Statistical Analysis

Statistical analyses were run on all variables of interest, which included: ACS,

MCS, BCS, GCS, LVEF, EDV, ESV, ESVi, and BSA. All statistical analyses

were conducted using IBM SPSS (IBM SPSS Statistics for Windows, Version
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Table 6.4: Number of healthy and unhealthy (British white and Irish) potential
participants in each age range by sex.

Age Range Total N N Males N Females

Healthy Cohort
45-54 1988 828 1160
55-64 5133 2099 3034
65-74 5191 2324 2867

Unhealthy Cohort
45-54 7 5 2
55-64 31 25 6
65-74 98 82 16

25.0, Armonk, NY, IBM Corp.).

Treatment of Outlier Data

When data was formatted into boxplots, outliers were automatically excluded

and shown as being outisde of the ‘whiskers’ on the plot. These outliers were

defined as being outside approximately ±2.7 standard deviations from the mean.

In two cases, it was evident that values for the data were unphysical in nature

(LV volumes which were 8-10 times greater than expected), and had been input

incorrectly by the UK Biobank. These two participants were removed from the

study entirely.

In addition to this, the remaining outliers were also analysed. In cases where UK

Biobank-derived volumetric metrics were considered outliers (both excessively

high and low), other metrics from the same participant were also considered.

Where participants had multiple metrics which were outliers, they were then

considered for removal from the study. The decision for removal was made based

on these outlier data, and a consideration of whether they could be considered

to be ‘representative of the population’. For example, there was a participant

from the healthy female cohort whose LV volume metrics were all considered to

be outliers, and the LVEF in particular was low. Considering guidance from

current literature, LVEFs below 30% are considered to be severely abnormal for

both males and females [171], and would not be considered to be in the ‘healthy’

range. As such, when participants presented multiple metrics which were not

considered ‘healthy’, they were removed entirely from the study. In total, this

included two females and one male from the healthy cohorts.
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Having removed the five individuals, means, medians, standard deviations, and

95% confidence intervals were calculated for all groups and are presented in Ap-

pendix C. Mean time since initial cardiac event was also calculated for all un-

healthy groups.

Choice of Statistical Tests

To assess the hypothesis that there is a change in functional metrics (strain,

volumetric measures etc.) between healthy and unhealthy groups, as well as

a difference in the metrics between men and women, statistical analyses were

performed. A further hypothesis was that there would be changes in the metrics

between age groups within the sexes for both healthy and unhealthy populations.

An initial set of Student’s t-tests were performed for all variables (ESV, EDV,

LVEF, ESVi, BSA, ACS, MCS, BCS, GCS), and data was grouped simply: all

healthy vs. all unhealthy volunteers, and all male vs. all female volunteers. The

analysis of all healthy vs. all unhealthy volunteers was performed to understand

solely the impact of healthy on all volunteers (male and female). The analysis of

all male vs. all female volunteers was undertaken to discover if there were any dif-

ferences in the metrics between males and females (irrespective of health status).

A p-value of less than 0.05 was considered to be statistically significant for the

t-tests. T-tests were used in this initial analysis as they are robust to differences

in sample sizes, groups with non-equal variances can easily be accounted for, and

the simple comparison of differences in group means was the desired outcome.

For in-depth analyses of changes in metrics between age groups within the sexes

and between healthy and unhealthy populations, an initial one-way ANOVA was

conducted for each variable (ESV, EDV, LVEF, ESVi, BSA, ACS, MCS, BCS,

GCS). If the results of the ANOVA gave indication that there was some statistical

significance to p = 0.05, further tests were conducted to see where the differences

lay.

Two separate methods of tests were considered for this analysis: post hoc tests

and ‘planned comparisons’. Post hoc tests are typically used when there are no

specific hypotheses or comparisons that need to be made. These tests compare

every group mean to every other group mean, but they use a strict acceptance

criterion that keeps the familywise error rate at a desired level (e.g. p ≤ 0.05).

There are multiple sets of post hoc tests which exist, all with different acceptance
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criteria, and these tests are chosen based on the types of data input into them

(e.g. comparing groups with differing numbers of cases etc.). However, if only

a subset of comparisons are needed for the analysis, a post hoc test will run

redundant calculations which will have an effect on the acceptance criteria. These

tests generally only perform pairwise comparisons between individual groups, so if

‘lumping’ groups together for a comparison is required, other tests are potentially

more appropriate.

‘Planned contrasts’ or ‘planned comparisons’ are typically done to test specific

hypotheses after an ANOVA, where one already knows which groups need com-

paring to which other groups. There are rules which need to be followed in order

to conduct these tests:

1. The number of contrasts should be one less than the number of groups

being compared

2. Once a group has been singled out in a contrast, it cannot be used in another

contrast (unless it is a ‘lumped’ contrast comparing multiple groups)

These rules ensure the ‘orthogonality’ of the contrasts. This means that no

results should be a linear combination of any other results, and this controls

the familywise Type I error rate (false positive, this is done implicitly in post

hoc tests). Non-orthogonal contrasts are allowed, i.e. using the same group for

multiple difference comparisons, however Type I errors will not be controlled as

results will not be independently calculated. One method to control this is to

introduce a more conservative error level to accept a given comparison, and this

can be achieved by using a Bonferroni correction. Planned contrasts also allow

for comparisons of ‘lumped’ groups, i.e. all healthy males vs. all healthy females.

For post hoc tests, k(k− 1) of comparisons are performed, where k is the number

of groups to be compared. For this study, this would indicate that 132 pairwise

comparisons would be computed. Of the 12 groups (females healthy 45-54, 55-

64, 65-74, and males healthy 45-54, 55-64, 65-74, females unhealthy 45-54, 55-64,

65-74, and males unhealthy 45-54, 55-64, 65-74) it was decided that if planned

comparisons would be performed, there were 17 relevant comparisons to be made.

These can be seen in Table 6.5. Due to the very small number of participants

in three of the unhealthy groups (n < 10), these groups were not considered

for statistical comparisons. As the 17 comparisons per metric would be non-

orthogonal, a Bonferroni correction would be applied, altering the desired p-value
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from 0.05 to 0.003.

It was decided that due to the complicated nature of the data, the comparisons

which needed to be made, and the presupposed specific hypotheses (males and

females would have different values for different metrics, and also healthy and

unhealthy would yield different values), that post hoc tests were not specific

enough and would inherently run redundant extra calculations thus affecting the

Type I error. Planned comparison offered the specific statistics required for the

data and for the study, and so this strategy was pursued rather than typical post

hoc analysis.
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Table 6.5: 17 combinations of groups used for the 17 planned comparison statistical tests. Each column represents one planned
comparison, and indicates which groups will be used in this comparison using a +1 or a -1. Where there is neither a +1 or
a -1, this group is not used in that comparison. Each column/planned comparison will contain at least one +1 and one -1,
to highlight that the group with the +1 is being compared to the group with a -1. Where there is a column where multiple
groups have +1s and -1s, this indicates that all groups with +1s are being compared as a ‘lumped’ group against all groups
with -1s also as a ‘lumped’ group. This is how data is input into SPSS for planned comparison calculations. Where groups
have not been indicated for individual comparisons, this is due to the very low numbers of participants in these groups.

Planned Comparison
Group 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17

Female Healthy 45-54 +1 +1 +1 +1 +1
Female Healthy 55-64 -1 +1 +1 +1 +1
Female Healthy 65-74 -1 -1 +1 +1 +1 +1
Male Healthy 45-54 -1 +1 +1 -1 +1
Male Healthy 55-64 -1 -1 +1 +1 -1 +1
Male Healthy 65-74 -1 -1 -1 +1 -1 +1

Female Unhealthy 45-54 -1 +1
Female Unhealthy 55-64 -1 +1
Female Unhealthy 65-74 -1 -1 +1
Male Unhealthy 45-54 -1 -1
Male Unhealthy 55-64 -1 +1 -1 -1
Male Unhealthy 65-74 -1 -1 -1 -1
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Homogeneity of Variances

The disparity in group sizes between healthy and unhealthy cohorts was also

considered as part of the statistical analyses. Large differences in group sizes can

result in violations of criteria needed to run statistical tests and as such, calls

into question the validity of test results. In general, large differences in size of

the of groups being compared results in unequal group variances, violating the

requirement for homogeneity of group variances. This criterion was tested for

using the Levene’s test in SPSS, which returns a value similar to a p-value; if the

value is below or equal to 0.05, homogeneity of variance has been violated and

appropriate action should be taken. If the value returned is above 0.05, then there

is homogeneity of variances between the groups. All healthy groups passed this

test for all variables, however, once unhealthy groups were introduced, Levene’s

test returned results suggesting heteroscedasticity (unequal variances between

groups).

For a subselection of clinical metrics, each unhealthy group was included in

turn and compared to all healthy groups, and each unhealthy group resulted in

Levene’s test confirming heteroscedasticity. It was therefore decided to assume

that for all metrics, all unhealthy groups would need to be treated as heterosce-

dastic.

The planned comparison function in SPSS automatically outputs two sets of res-

ults from planned contrasts assuming that in first instance there is homogeneity

of variances, and in the second instance that there is not. For planned compar-

isons consisting solely of healthy data, statistical test results were taken from

outputs assuming homogeneity of variances. In all other cases, statistical test

results were taken from outputs assuming unequal variances.

The F Statistic

As described in Section 6.3.6, at least one criterion for running statistical tests was

violated. To add a further method of determining the reliability of the statistical

results, the F statistic was used. The F statistic is calculated alongside the initial

ANOVA, and is a ratio of systematic variation explained by the model versus the

variation attributable to unsystematic factors. If the value is less than 1 there is

more unsystematic variance thus calling into question the model that has been

used.
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As the homogeneity of variances was violated by including the unhealthy groups,

this was accounted for by using Welch’s F statistic. Welch’s F statistic is an

alternative adjustment to the standard F statistic for controlling the Type I error

rate, but has more power (better at detecting effects that actually exist), and is

often used for cases where homogeneity of variances has been violated. This can

be generated alongside the standard F statistic in SPSS.

The F statistic or Welch’s F statistic can also be compared to Fcritical. Fcritical is

the minimum F statistic value required to consider that the independent variable

in question has had a genuine effect and that the statistical model is a good ‘fit’

for the data. Fcritical is found using lookup tables which require inputs of the

total number of participants used in the model and the number of degrees of

freedom. The degrees of freedom did not alter between clinical metrics, but the

total number of participants in the ANOVA varied from 642 to 694. Fcritical is

not sensitive to changes in the total number of participants at such large numbers

and was calculated to be 2.55 for both cases.

Correlations

Correlations between all variables of interest (EDV, ESV, ESVi, LVEF, ACS,

MCS, BCS, GCS) and both age and BSA were calculated to ascertain whether

there were any links between them. Correlations between age or BSA and volu-

metric measures are common (see Petersen et al. [170] ). Correlations between

age or BSA and strains was considered to be a logical progression, but explorat-

ory in nature. For these correlations, participants were ‘lumped’ into their larger

groups, i.e. all healthy females, all healthy males, all unhealthy females, and all

unhealthy males. Correlations returning results with p ≤ 0.05 were considered to

be statistically significant.

Bootstrapping

Due to the small sample size in some groups, the bootstrapping process was

considered. Bootstrapping is a robust method of estimating properties of the

sample distribution from the sample data, by taking sub-samples of the data

and estimating their values (means, confidence intervals etc.). Thousands of

sub-samples (or steps) of the data set are taken, and the parameter of interest

(e.g. the mean) is then calculated. These sub-samples are then compared and,

depending on what parameter of interest has been chosen, a re-estimated p-
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value or standard errors and 95% confidence interval is output (amongst other

outputs). These sub-samples are randomly selected by SPSS, and so each time

this analysis is done, results can vary slightly. This is considered to be a robust

method of dealing with low sample sizes, and is often used as an alternative to

other parametric analyses when the standard assumptions about data (normally

distributed, homoscedascity etc.) are in doubt. Bootstrapping can be applied

to planned contrasts such that revised p-values are output. Bootstrapping with

1000 steps was performed and both non-bootstrapped and bootstrapped results

will be presented.

Bootstrapping was also used to analyse the results from the correlations in Section

6.3.6. This was performed by inspecting the 95% confidence intervals (CIs) cal-

culated during the bootstrapping procedure. For correlations, the bootstrapping

does not calculate separate p-values in the same way as for the planned contrasts,

but rather calculates standard errors and 95% CIs. In the case of there being a

statistically significant result of p ≤ 0.05 for a correlation, it would be expected

that the lower and upper bounds of the correlation (the 95% CIs) would both be

on the same side of 0 as the Pearson correlation coefficient. That is to say, for

the bootstrapping technique to corroborate the statistical significance of a result,

both the upper and lower bound need the same positive or negative sign as the

Pearson correlation coefficient. The bootstrapped 95% CIs will be included into

the results so that correlations can be correctly considered.

6.4 Results

6.4.1 Number of Participants

The number of participants included in the study once all exclusions were made

is shown in Table 6.6. Not all data from the UK Biobank came with all entries

included, and as such the values listed in this table is the maximum possible N

for any group for any variable.

6.4.2 Population Characteristics

Characteristics for all participants are provided in Tables 6.7 and 6.8. More

detailed baseline characteristics which are stratified by gender, age and health

status are presented in Appendix C Tables C.3 -C.18.
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Table 6.6: Numbers of participants by sex, age range, and health status.

Unhealthy Healthy

Males 45-54 5 100
Males 55-64 24 96
Males 65-74 82 97

Females 45-54 1 94
Females 55-64 4 94
Females 65-74 15 93

Table 6.7: Characteristics for all healthy participants stratified by age group. All
outliers as described in Section 6.3.6 have been removed.

Characteristic
Age Group (years)

45-54 55-64 65-74

Number of Participants 194 190 190
Age (years) 52 (±2) 60 (±3) 69 (±3)

Male Gender (N(%)) 100 (51.5%) 96 (50.5%) 97 (51.1%)
HR (bpm) 59.9 (±8.0) 61.1 (±9.4) 62.7 (±9.6)

BMI (kg/m2) 25.4 (±2.6) 24.8 (±2.7) 25.1 (±2.6)
Weight 74.9 (±12.1) 72.4 (±11.9) 72.1 (±10.7)

ESV (mL) 58.7 (±15.1) 54.6 (±14.9) 52.1 (±14.5)
EDV (mL) 151.6 (±31.1) 141.2 (±30.9) 136.3 (±30.9)
LVEF (%) 56.2 (±5.0) 56.8 (±5.3) 55.9 (±5.8)

ESVi (mL/m2) 35.4 (±7.5) 33.1 (±7.3) 33.0 (±8.1)
BSA (m2) 1.9 (±0.2) 1.8 (±0.2) 1.8 (±0.2)
ACS (%) -41.7 (±7.4) -41.9 (±8.0) -41.6 (±8.1)
MCS (%) -28.5 (±3.6) -29.6 (±4.3) -30.0 (±4.4)
BCS (%) -31.6 (±5.0) -31.5 (±3.9) -31.8 (±4.8)
GCS (%) -33.4 (±3.9) -33.7 (±4.4) -33.8 (±4.6)
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Table 6.8: Characteristics for all unhealthy participants stratified by age group.
All outliers as described in Section 6.3.6 have been removed.

Characteristic
Age Group (years)

45-54 55-64 65-74

Number of Participants 6 28 97
Age (years) 53 (±1) 61 (±3) 69 (±3)

Male Gender (N(%)) 5 (83.3%) 24 (71.4%) 82 (69.1%)
HR (bpm) 53.6 (±11.2) 57.0 (±10.4) 57.0 (±9.2)

BMI (kg/m2) 27.3 (±2.1) 25.0 (±2.5) 25.6 (±2.3)
Weight 76.7 (±6.2) 75.9 (±8.9) 75.9 (±10.5)

ESV (mL) 59.3 (±13.7) 67.1 (±24.3) 67.2 (±26.4)
EDV (mL) 170.6 (±22.8) 169.8 (±25.6) 158.8 (±41.6)
LVEF (%) 53.4 (±6.2) 52.0 (±7.4) 50.4 (±8.1)

ESVi (mL/m2) 43.7 (±10.9) 43.4 (±12.3) 42.3 (±15.4)
BSA (m2) 1.8 (±0.1) 1.9 (±0.1) 1.9 (±0.2)
ACS (%) -36.7 (±10.3) -40.2 (±14.6) -37.8 (±13.8)
MCS (%) -29.0 (±5.2) -28.3 (±8.4) -26.8 (±6.8)
BCS (%) -30.5 (±3.9) -29.2 (±5.8) -29.3 (±8.0)
GCS (%) -31.6 (±5.9) -31.6 (±8.2) -30.6 (±7.7)

For the unhealthy groups the mean time since first cardiac event (any damage

done to cardiac tissue) is shown in Table 6.9.

6.4.3 Statistical Analysis

T-tests

Results from the Student’s t-test were all statistically significant to p ≤0.05 (see

Table 6.10). For auxiliary data from the t-tests please see Appendix C Tables

Table 6.9: Mean time in years since initial cardiac event. * There was only one
participant in this group.

Unhealthy
Group

Mean time
(years)

Females 45-54 14.7*
Females 55-64 2.8
Females 65-74 4.3
Males 45-54 4.6
Males 55-64 5.9
Males 65-74 7.7
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Table 6.10: Results from Student’s t-test for all males vs. all females, as well as
all healthy vs. all unhealthy participants. All results were statistically significant.

Variable
All Males vs All Females

p-values
All Healthy vs All Unhealthy

p-values
ESV 2.9E-53 1.5E-09
EDV 3.8E-63 5.4E-08
LVEF 3.0E-12 3.9E-11
ESVi 1.2E-24 3.2E-09
BSA 1.1E-96 0.005
ACS 0.002 0.006
MCS 0.003 0.001
BCS 9.9E-11 6.7E-04
GCS 2.0E-6 0.0001

C.1 and C.2.

In-depth Analysis

The results from the one-way ANOVA suggested that all metrics required further

investigation with planned comparisons, as all p-values were less than the critical

value of 0.05. Welch’s F statistic highlighted only one case where the values were

less than Fcritical = 2.55, for ACS. All other metrics had a Welch’s F of above

Fcritical, see Table 6.11.

Table 6.11: Results from the initial oneway ANOVAs and corresponding Welch’s
F statistic. All p-values were less than the required 0.05. * Indicates a Welch’s
F statistic value lower than the Fcritical.

ANOVA p-value Welch’s F

ACS 1.85E-02 1.262*

MCS 3.90E-05 3.102

BCS 9.58E-08 4.771

GCS 2.62E-06 3.020

LVEF 8.22E-19 7.718

EDV 1.22E-57 41.477

ESV 2.39E-50 32.922

ESVi 3.89E-28 13.707

BSA 1.33E-93 65.602
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Table 6.12: List of all planned comparisons undertaken in the analysis. Each of
these 17 comparisons was performed for each strain, strain rate, and volumetric
clinical metric.

Test Number Planned Comparison

1 Female Healthy 45-54 vs. Female Healthy 55-64

2 Female Healthy 45-54 vs. Female Healthy 65-74

3 Female Healthy 55-64 vs. Female Healthy 65-74

4 Female Healthy 45-54 vs. Male Healthy 45-54

5 Female Healthy 55-64 vs. Male Healthy 55-64

6 Female Healthy 65-74 vs. Male Healthy 65-74

7 Male Healthy 45-54 vs. Male Healthy 55-64

8 Male Healthy 45-54 vs. Male Healthy 65-74

9 Male Healthy 55-64 vs. Male Healthy 65-74

10 Male Healthy 65-74 vs. Male Unhealthy 65-74

11 Female Healthy 65-74 vs. Female Unhealthy 65-74

12 Male Healthy 55-64 vs. Male Unhealthy 55-64

13 Male Unhealthy 55-64 vs. Male Unhealthy 65-74

14 All Males Healthy vs. All Females Healthy

15 All Females Healthy vs. All Females Unhealthy

16 All Males Healthy vs. All Males Unhealthy

17 All Females Unhealthy vs. All Males Unhealthy

A reference list of all of the 17 numbered planned comparisons and which groups

these refer to is available in Figure 6.12.

Results from the initial (non-bootstrapped) planned comparisons are shown in

Appendix C, Tables C.19 and C.20, Figures 6-2 to 6-6 in this section, and Ap-

pendix C C-1 to C-4. In the figures, the x-axis entries are abbreviated and should

be read as such: F=female, M=male, H=healthy, U=unhealthy. The following

four numbers XXYY, are the age brackets for each group, with XX being the

lower age limit, and YY being the upper age limit. On the plots, pink data

points represent females and blue data points represent males. Groups with stat-

istically significant differences found in planned comparisons are denoted by an

overhead bar and star (both here and in the Appendix C). Data points with a

red cross enclosed are outliers greater than the third quartile plus 1.5 times the
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interquartile range (both here and in the Appendix C).

Figure 6-2: BCS boxplots for all groups. One further planned comparison was
statistically significant that could not be represented on this plot: all healthy
females vs. all healthy males (comparison 14).
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Figure 6-3: EDV boxplots for all groups. Two further planned comparisons were
statistically significant that could not be represented: all healthy females vs. all
healthy males, and all unhealthy females vs. all unhealthy males (comparisons
14 and 17).

Figure 6-4: ESV boxplots for all groups. Two further planned comparisons were
statistically significant that could not be represented on this plot: all healthy
females vs. all healthy males, and all unhealthy females vs. all unhealthy males
(comparisons 14 and 17).
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Figure 6-5: ESVi as boxplots for all groups. One further planned comparison
was statistically significant that could not be represented on this plot: all healthy
females vs. all healthy males (comparison 14).

Figure 6-6: BSA as boxplots for all groups. Three further planned comparisons
were statistically significant that could not be represented on this plot: all healthy
females vs. all healthy males, all healthy males vs. all unhealthy males, and all
unhealthy females vs. all unhealthy males (comparisons 14, 16, and 17).
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From Appendix C, Table C.19, it can be seen that BCS had three statistically sig-

nificant planned comparisons, these are shown in Figure 6-2. Differences between

planned comparisons 4 (FH4554 vs MH4554), 6 (FH6574 vs MH6574), and 14

(all MH vs all FH) were statistically significant (all p ≤ 6.03E-04). MCS had a

statistically significant result for comparison 10 (MH6574 vs MU6574, p = 1.48E-

03, see Appendix C Figure C-2). GCS comparison 14 (all MH vs all FH) was

statistically significant (both p = 2.41E-03, see Appendix C Figure C-3). ACS

had no planned comparisons which returned statistically significant results.

The volume metrics EDV, ESV, and ESVi all had multiple instances of being

statistically significant (see Appendix C Table C.20). Planned comparisons 4-6

(corresponding the three age range comparisons between the healthy sexes, see

Table 6.12) were all statistically significant for EDV, ESV, and ESVi (all p ≤
2.07E-04), suggesting differences in volumes between the sexes (see Figures 6-3 -

6-5). Additionally, for EDV, comparisons 8 (MH4554 vs MH6574), 14 (all MH

vs all FH), and 17 (all MU vs all FU) were also statistically significant (all p ≤
2.18E-04). Comparisons 8 (MH4554 vs MH 6574), 10 (MH6574 vs MU6574),

14 (all MH vs all FH), and 17 (all MU vs all FU) were statistically significant

for ESV (all p ≤ 2.50E-03). For ESVi, comparisons 10 (MH6574 vs MU6574),

12 (MH5564 vs MU5464), and 14 (all MH vs all FH) were all also statistically

significant (all p ≤ 2.37E-03).

LVEF had only two comparisons result in statistically significant differences, num-

bers 10 (MH6574 vs MU6574) and 14 (all MH vs all FH, both p ≤ 2.49E-05, see

Appendix C, Figures C-4). BSA had multiple instances of comparisons being

statistically significant; 4-6 (three age range comparisons between the healthy

sexes), 8 (MH4554 vs MH 6574), 14 (all MH vs all FH), 16 (all MH vs all MU),

17 (all MU vs all FU, all p ≤6.32E-04, see Figure 6-6).

Only metrics with either several statistically significant planned comparisons, or

with notable statistically significant comparisons, are presented here in Figures

6-2 - 6-6. All other boxplots are presented in Appendix C, Figures C-1 - C-4. A

list of all statistically significant planned comparisons is shown in Table 6.13.

Bootstrapped

Overall, results from the bootstrapped statistical analyses were the same as for

the non-bootstrapped analyses, however there were six differences which are high-
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Table 6.13: List of all planned comparisons which had statistically significant
results to p ≤ 0.003 for bootstrapped analyses.

Comparison Variable p-value

BCS 6.03E-04
EDV 1.18E-23
ESV 1.62E-15
ESVi 1.79E-05

FH4554 - MH4554

BSA 1.68E-46

EDV 4.91E-20
ESV 5.56E-14
ESVi 1.09E-05

FH5564 - MH5564

BSA 3.17E-40

BCS 5.68E-04
EDV 9.71E-14
ESV 3.68E-10
ESVi 2.07E-04

FH6574 - MH6574

BSA 1.69E-29

EDV 1.43E-06
ESV 3.00E-03MH4554 - MH6574
BSA 7.48E-05

MCS 1.48E-03
LVEF 1.80E-05
ESV 1.48E-04

MH6574 - MU6574

ESVi 8.22E-05

MH5564 - MU5564 ESVi 2.37E-03

BCS 1.83E-07
GCS 2.41E-03
LVEF 2.49E-05
EDV 5.82E-48
ESV 1.40E-33
ESVi 1.72E-12

All MH - ALL FH

BSA 2.76E-91

ALL MH - ALL MU BSA 6.32E-04

EDV 2.18E-04
ESV 2.50E-03ALL FU - ALL MU
BSA 7.37E-10
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lighted in Appendix C Table C.21 and C.22.

MCS returned statistically significant result for comparison 2 (FH4554 vs FH6574)

in the bootstrapped analysis, whereas it was insignificant before (see Appendix

C Tables C.21). Similarly, comparisons 1 (FH4554 vs FH5564) and 2 (FH4554 vs

FH6574) for EDV were found to be statistically significant in the bootstrapped

calculations (see Appendix C Table C.22).

There were also three comparisons which were statistically significant in the non-

bootstrapped analyses, which were found to not be statistically significant in the

bootstrapped statistics, these were: ESV comparison 17 (all MU vs FU), ESVi

comparison 12 (MH5564 vs MU5564), and BSA comparison 16 (all MH vs all

MU).

6.4.4 Correlations

For healthy males and females, all correlations for both EDV and ESV with both

age and BSA were statistically significant, apart from the correlation of age and

ESV for healthy females (all p ≤ 0.05, Figure 6-7, Appendix C Tables C.25 and

C.23). Also for healthy males and females, correlations between MCS and age

were found, and for males a correlation of MCS with BSA was also found (all p ≤
0.05, Figure 6-8, Appendix C Tables C.25 and C.23). Furthermore, a statistically

significant correlation between age and ESVi for healthy males was found (all

p = 0.028, Appendix C Table C.25). No further significant correlations between

age or BSA were found for the healthy groups.

For the unhealthy cohorts, fewer statistically significant correlations were found.

For unhealthy females, the only significant correlation found was that between

age and EDV (p = 0.039, Appendix C Table C.24). For unhealthy men, two

significant correlations were found, one between age and LVEF, and the other

between BSA and EDV (both p ≤ 0.41, Appendix C Table C.26). No other

significant correlations between age or BSA were found for the unhealthy groups.

The only correlation where the bootstrapped 95% CIs suggested that statistical

significance found by the correlation was incorrect was for unhealthy females

between age and EDV (Appendix C Table C.24). All other 95% CIs corroborated

the statistical significant p-values for the correlations.
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Figure 6-7: Correlations of age and BSA to both EDV and ESV for healthy males
and females. All correlations were statistically significant to p ≤ 0.05, apart from
the correlation of age and ESV for healthy females.
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Figure 6-8: Correlations of age and BSA to MCS for healthy males and females.
All correlations were statistically significant to p ≤ 0.05, apart from the correla-
tion of BSA and ESV for healthy females.

6.5 Discussion

The present study aimed to investigate clinically relevant age- and sex-specific

LV values for healthy and unhealthy Caucasian adults, derived from CMRI. A

total cohort of 710 individuals from the UK Biobank population was used. The

main findings are:

• there are differences in LV basal function between healthy males and healthy

females of all ages;

• there are differences in many functional metrics between unhealthy and

healthy males (aged 65-74);

• trends found in this study regarding standard clinical measures mostly agree

with other studies.

The discussion of the results is divided into two parts, the first focusing on LV
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volume-based results, and the second focusing on strain results. Within each

part, results will be further divided into sections focusing on analysis of:

• comparisons of healthy males to healthy females,

• comparisons between different age groups, for both healthy males and healthy

females,

• comparisons including unhealthy populations,

• any special cases.

Results from non-bootstrapped analyses will be presented where they differ from

the bootstrapped analyses; where results agree, they will not be discussed further

and any p-value presented will be the bootstrapped value (as bootstrapping is

considered to be a robust resampling method for calculating statistics, including

CIs). Several tables referenced are listed in the Appendix C. To aid in readab-

ility, all tables with names Table B.N are from Appendix C, but will not have

‘Appendix C’ written before. Finally, limitations to the work will be presented.

6.5.1 Discussion of Volumes

Male to Female Comparisons

When comparing all males to all females (irrespective of health or age), all volu-

metric measures and BSA were found to be statistically significantly different (see

Table 6.10), indicating an overall difference in the mean values of these measures

between the sexes. This was expected as males tend to be larger than females,

and similar differences have been previously reported by [170].

Statistically significant differences for EDV, ESV, and ESVi were found between

all four healthy male to female comparisons1, with males having higher mean

values than females (see Figures 6-3, 6-4, and 6-5). These differences were again

unsurprising, as males tend to be larger than females, as previously discussed.

This was further supported by the same comparisons being statistically significant

for BSA, highlighting the differences in sizes between males and females (see

Figure 6-6).

For LVEF, the only comparison found to be statistically significant was that

1Comparisons 4-6, MH4554 vs FH4554, MH5564 vs FH5564, MH6574 vs FH6574; and com-
parison 14, all MH vs all FH
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between all healthy males to all healthy females2, with healthy males having a

slightly lower LVEF on average (p = 1.00E-03, Table C.22): none of the compar-

isons between age-range paired healthy groups had significant results. Petersen et

al. also found a difference in LVEF between healthy males and healthy females,

with males having a slightly lower average LVEF [170].

Healthy Male or Healthy Female: Age Group Comparisons

There were statistically significant differences between age groups of healthy

males. EDV and ESV for healthy males aged 45-54 versus 65-753 were signi-

ficantly different (both p ≤ 3.00E-03, see Table C.22). EDV, for healthy males

aged 45-54 versus 55-644, was just above the threshold for statistical signific-

ance for both non-bootstrapped and bootstrapped tests (p = 3.13E-03, see Table

C.20, p = 5.00E-03 Table C.22 respectively) confirming previously found results

by Petersen et al. [170]. For ESVi and LVEF, no differences between age groups

for healthy males were found.

No differences between any of the healthy female age categories5 were seen for

either EDV or ESV in the non-bootstrapped analyses. In the bootstrapped

analyses, however, differences in EDV were significant between healthy females

aged 45-54 and both the 55-646 and 65-747 groups (both p ≤ 3.00E-03, Table

C.22). This bootstrapped finding was in keeping with previous results reported

by Petersen et al. where differences for EDV between age groups was found.

For ESVi and LVEF, no differences between age groups for healthy females were

found.

There were statistically significant correlations between age and EDV for both

healthy males and females (Tables C.23 and C.25). There was also a statistically

significant correlation between ESV and age in healthy males (r = -0.192, p =

0.001, Table C.25), while for females the relationship was almost significant (r =

-0.120, p = 0.054, Table C.23).

Petersen et al. found that, for a healthy population, LV volumes at both ED and

ES decreased with age for both sexes [170]. As noted in this study, ranges and

2Comparison 14, all MH vs all FH
3Comparison 8, MH4554 vs MH6574
4Comparison 7, MH4554 vs MH5564
5Comparisons 1-3, FH4554 vs FH5564, FH4554 vs FH6574, FH5564 vs FH6574
6Comparison 1, FH4554 vs FH5564
7Comparison 2, FH4554 vs FH6574
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trends are dependent on a number of factors, including number of observations

and sample group [170]. Petersen et al. used a Student’s t-test, and set the

level of statistical significance at p ≤ 0.05. This study used different statistical

methods, potentially explaining the difference in results between studies. The

smallest group size for healthy females used by Petersen et al. was 129, and this

increased number of participants could also cause a difference in results.

While differences in planned comparisons did not yield the same significant dif-

ferences like those in Petersen et al. [170], overall trends of EDV, ESV and ESVi

decreasing with age were the same across the studies when considering the cor-

relation data. Pearson correlation values for healthy females between the two

studies are similar, with Petersen et al. reporting values of -0.19, -0.16, and -0.13

for correlations of EDV, ESV and ESVi with age respectively, with all correlations

having p ≤ 0.05 [170]. In this study, the Pearson correlation values for EDV, ESV

and ESVi were -0.193, -0.120, and -0.120, however, only the correlation of EDV

with age reached statistical significance (p = 0.002, C Tables C.23). Differences

in results between studies may also be caused by differing methods of volume

calculation technique; Petersen et al. manually traced contours in CVI42, and

then used the in-built volume calculation tool. It is unclear precisely the method

used for the UK Biobank EDV and ESV volume estimations.

The BSA correlation results also suggest that the data is following the same

trends reported by Petersen et al.:

• as BSA increases, EDV and ESV both increase, Tables C.23 and C.25,

• there was a difference between the sexes, with males having larger average

BSAs (Table C.20).

Finally, Petersen et al. used highly stringent exclusion criteria, of a large list of

health grounds and medications [170], which were not used in this study. This

study used a subset of the exclusion criteria (see Section 6.3.5) used in Petersen

et al.. As such, the populations in the two studies form slightly different ‘healthy’

populations, and this may have caused some difference in the results of the two

studies, however the lack of substantial differences between the two studies is

noteworthy, considering the differing definitions of ‘health’.
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Unhealthy Populations

In comparing all healthy participants to all unhealthy participants (irrespective

of sex or age), all volumetric measures and BSA were also found to be statistically

significant (see Table 6.10). This suggested that there was an overall difference

between the two populations. While large differences in the sizes of groups being

compared may have caused incorrect results, this is unlikely due to t-test being

robust, and non-equal group variances were also taken into account. It is likely

that there were genuine differences between the groups, as it has been reported

that MI is associated with reduced LVEF and other volumetric measures [148,

149].

For the comparison of all unhealthy males to all unhealthy females8, statistically

significant differences were found for EDV, ESV and BSA (see Table C.20), but

not for LVEF or ESVi. The bootstrapped results for the same comparison found

that ESV was not statistically significant however (Table C.22), but agreed for

all other metrics. The bootstrapped results were in agreement with the exception

of ESV which was not significantly different (Table C.22)

For all healthy versus all unhealthy females9, no differences of significance for

LVEF, EDV, ESV, ESVi or BSA were found. For all healthy versus all unhealthy

males10, only BSA was found to be statistically significant in non-bootstrapped

analyses with healthy males having higher average BSAs (p = 6.32E-4, Table

C.20), and was near significance in bootstrapped analyses (p = 4.00E-03, Table

C.22).

Regarding the comparison of healthy and unhealthy people, there was no sig-

nificant difference in either EDV or BSA, between healthy and unhealthy, age-

and sex-matched, groups11. However, differences in LVEF, ESV and ESVi, for

healthy versus unhealthy older male groups12, were statistically significant (all

p ≤ 1.03E-03, Table C.22). The difference in ESVi was also statistically signific-

ant for healthy versus unhealthy 55-64 year old males13 in the non-bootstrapped

analysis (p = 2.37E-03, Table C.20), but was just above the threshold for signi-

8Comparison 17, all MU vs all FU
9Comparison 15, all FH vs all FU

10Comparison 16 all MH vs all MU
11Comparisons 10 - 12, MH6574 vs MU6574, FH6574 vs FU6574, and MH5564 vs MU5564
12Comparison 10, MH6574 vs MU6574
13Comparison 12, MH5564 vs MU5564
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ficance in the bootstrapped analyses (p = 8.00E-03, Table C.22).

The only unhealthy, sex-matched, comparison of differences with age was for 55-

64 versus 65-74 year old males14 and found no statistically significant differences

in any volume metrics.

Differences for multiple metrics between healthy and unhealthy older males15,

and the statistically significant correlation between LVEF and age for unhealthy

males, suggests that potentially both age and health related measureable changes

have occurred. However, when comparing all healthy males to all unhealthy

males16, only BSA appears to differ.

Five factors contribute to the lack of differences found between healthy and un-

healthy cohorts (especially for comparison 16, all healthy males vs all unhealthy

males):

1. length of time since cardiac event,

2. possible therapies,

3. participation in the UK Biobank study,

4. exclusion criteria used in this study,

5. differences in group sizes.

Regarding the length of time since cardiac event, the male participants of this

study have a mean time of 6.7 years since the trauma (see Table 6.9). It has

been reported that there are differences in volumetric cardiac variable between

healthy individuals and those who have had some form of cardiac trauma [25].

It is known that, in the short term, LV cavity dilation and changes to systolic

function are products of the trauma [25]. During the time since MI, it is unknown

what therapies these participants have undergone as a response to their illnesses.

It can also be inferred that the participants in the UK Biobank study must be

somewhat healthy, as they must attend a health facility for assessment (imaging

data is not taken from hospital admissions). Compounding this, the exclusion

data used in the selection of participants for this study excluded many of the

unhealthier candidates. As such, the unhealthy participants presented here are

14Comparison 13, MU5564 vs MU6574
15Comparison 10, MH6574 vs MU6574
16Comparison 16, all MH vs all MU
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on the healthier end of the health spectrum, and are also not suffering from acute

myocardial trauma. Studies show that, in the long term, patients can undergo

deterioration of LV function (LV hypertrophy resulting in enlarged LV volumes,

and decreases in LVEF) post-MI, but that they can also exhibit recovery of

or improvements to function (recovered volumes and LVEF) [172]. As such, it

is perhaps not so surprising that there were not significant differences between

healthy and unhealthy groups, as these ‘healthier’ participants are likely those

who have exhibited a recovery of LV function after MI.

The results also suggest that there was a difference in BSA between all unhealthy

and all healthy males17, with healthy males having a higher average BSA, and

a difference also between the youngest and oldest healthy male groups18, with

younger males having a higher average BSA, suggesting both ageing and illness

affects BSA.

It should also be noted that the lack of differences between groups when consid-

ering healthy vs unhealthy females, or correlations using the unhealthy female

cohort, should be regarded with caution. The correlation analyses for unhealthy

females between age and EDV was found to be statistically significant in the

initial correlation analysis, but this was not supported by the 95% CIs found

by bootstrapping (Table C.24). This is most likely a reflection of the low n for

unhealthy females being insufficiently powerful to perform the statistics. The

comparisons between all healthy females and all unhealthy females had large dif-

ferences in group sizes. Comparing groups with large differences in group sizes is

known to cause issues with many statistical tests.

6.5.2 Discussion of Strains

Male to Female Comparisons

When comparing all males to all females (irrespective of health or age), all strain

measures were found to be statistically significantly different (see Table 6.10),

indicating an overall difference in the mean values of these measures between the

sexes.

For all healthy males versus all healthy females19, both BCS and GCS were stat-

17Comparison 16, all MH vs all MU
18Comparison 8, MH4554 vs MH6574
19Comparison 14, all MH vs FH
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istically significant (both p ≤ 1.00E-03, Table C.21), with males having lower

absolute values of both BCS and GCS, suggesting that there is a difference in

function between the sexes. For age-range paired comparisons20, significant dif-

ferences were only found for BCS in the youngest and eldest groups21 (both p =

1.00E-03, Table C.21).

These results confirm previous work where differences in GCS were found between

males and females, with some studies reporting statistically significant differences

[84, 112], and one reporting differences, but not of significance [76]. Another

study, however, found no difference in endocardial strains, but did find differences

in epicardial strains [75]. A possible reason for the large difference in outcomes

between studies could be due to imaging modality, with differences in echocardi-

ography and CMRI quality causing differing results. Mangion et al. found that

there were differences in strains, and subsequently the statistical analysis, when

comparing results from a 1.5 T and a 3 T MRI machine, with statistically sig-

nificant differences in circumferential strains in regions of the 17-segment AHA

heart model being identified only when using the 3T machine [84]. Statistically

significant correlations of strains with age were also only identified when using

data from the 3T machine, also suggesting that resolution might affect the out-

come of statistical analysis. Echocardiography used clinically generally has lower

spatial resolution than MRI; in the case of Stoylen et al. [75] this could be a

potential reason that differences in GCS between sexes were not found. As such,

imaging modality and its resolution may strongly affect strain results and their

subsequent statistical analysis and should be investigated further to determine

their effects.

Healthy Male or Healthy Female: Age Group Comparisons

For MCS, the comparison between the youngest and oldest healthy female groups22

was not found to be statistically significant in the non-bootstrapped analyses (p =

1.10E-02, Table C.19), but was found to be significant in the bootstrapped ana-

lyses (p = 2.00E-03, Table C.21). This was the only strain metric to have any

significant comparison when comparing within-sex age ranges for healthy popu-

lations23.

20Comparisons 4-6, FH4554 vs MH4554, FH5564 vs MH5564, FH6575 vs MH6574
21Comparisons 4 and 6, FH4554 vs MH4554 and FH6575 vs MH6574
22Comparison 2, FH4554 vs FH6574
23Comparisons 1-3 and 7-9
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MCS was the only strain which showed statistically significant correlations to

either age or BSA for healthy groups. A significant correlation was found for

MCS between healthy females and age (Table C.23). Further significant correla-

tions were found between MCS in healthy males and both age and BSA (Table

C.25). Studies have found endocardial circumferential strain has no correlation

with age [75, 112], however these only consider global strains, and the studies were

also performed in significantly younger individuals (mean age 49.1, standard de-

viation 13.7 years, range 19-89 years [75], mean age 45.8, standard deviation 14.0

years, range 21-71 years [112]). However, the circumferential strain measurement

technique used by Stoylen et al. was mid-wall only and not a global measure [75].

Mid-wall circumferential is thought to be most closely related to mean GCS and

often used in its place for reasons including speed and ease [31, 75]. The study

by Stoylen et al. also employed a non-standard method of circumferential strain

calculation; circumferential strain was not derived from perimeter lengths, rather

geometrical considerations leading to use of LV blood pool diameters instead

[75]. The study by Mangion et al., however, did find correlations relating global

strains to age in a slightly younger cohort in a study of 89 volunteers (mean age

44.8 years, standard deviation 18.0 years, range 18-87 years) [84]. Correlations

between strains and BSA have also been identified, with Stoylen et al. finding

significant correlations between all three principal strains and BSA [75]. Results

from these studies are mixed, and results from this study are inconclusive when

comparing to these previous works.

The significant MCS correlations with age for both females and males, and the

significant result for healthy females aged 45-54 versus aged 65-7424, potentially

indicate a change in function with age, as seen with the volumetric measures EDV,

ESV and ESVi. While specific regional differences in LV remodelling have not

been shown, sex- and age-specific patterns of LV remodelling have been shown,

with females exhibiting pronounced changes in LV torsion, and a tendency to-

wards greater LV concentricity (increased wall thickness) [111]. This perhaps

explains the MCS correlations (increasing absolute value with increasing age),

as concentricity would predominantly affect the mid-ventricle and basal regions

as these have larger circumferential lengths to begin with, resulting in a larger

percentage change in circumferential length if affected by concentric hypertrophy.

24Comparison 2, FH4554 vs FH6574
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Explanation about lack of ACS results

Any lack of results for the ACS variable is perhaps unsurprising, as it appears

that the statistical model used may not have been well-suited to analysing this

variable. The Welch’s F statistic for the ANOVA was 1.262 (Table 6.11), whereas

the Fcritical for this calculation was 2.55. This indicates that it cannot be deduced

whether there was a genuine effect made by the independent variable, ACS. The

Welch’s F statistic for every other variable was above the Fcritical, however, so the

model was likely a good fit for the majority of the data, and the effects recorded

can be seen to be genuine.

Unhealthy Populations

In comparing all healthy participants to all unhealthy participants (irrespective

of sex or age), all strain measures were found to be statistically significant (see

Table 6.10). This suggested that there was an overall difference between the two

populations for all strains. Strains have been shown to be useful in predicting

outcomes following MI and other cardiovascular illness [89, 98, 118, 120]. This

result gives further evidence that localised strains developed in this work are

different to ‘healthy’ strains following MI, and could potentially be of use in

future research.

MCS was the only strain metric to have a statistically significant difference when

considering unhealthy populations. The test between healthy versus unhealthy

males aged 65-7425 was the only comparison of significance (p = 1.00E-03, Table

C.21), further highlighting the difference in LV function between healthy and

unhealthy older males, as seen with the volume metrics in Section 6.5.1. No

strain metrics were found to have any significant correlation with either age or

BSA for any of the unhealthy groups.

The lack of statistically significant strains for the unhealthy population can been

seen in two ways. For females, the group size used (a maximum of n = 20) was

insufficient to gain a meaningful understanding of correlations or planned com-

parisons. For the unhealthy males, a maximum n = 111, it was still considerably

smaller than either of the healthy groups, and still smaller than ideal for the

correlations.

25Comparison 10, MH6574 vs MU6574
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Another perspective is that the lack of correlations in the unhealthy groups could

be due to the fact that there is a difference between healthy and unhealthy groups,

and effectively being unhealthy alters or reduces the effects of age or sex that

are expected in the correlations (especially for correlations of EDV and ESV

with both age and BSA). While several statistically significant correlations for

strains and volumes were found in correlations for healthy groups (Tables C.23

and C.25), considerably fewer were found in the correlations made on unhealthy

groups (Tables C.24 and C.26).

For strains and volumetric measures there were many metrics, as well as BSA,

which were statistically significant for the healthy versus unhealthy males aged

65-74 comparison26, suggesting that, despite the difference in size between the

groups, there were measurable differences in multiple functional variables between

the two groups. This suggests that even though these unhealthy males were

generally healthier, some measurable changes occurred. Further studies on larger

groups and also potentially studies on patients with more acute conditions are

required to investigate this.

Links Between MI and Strains

In Chapter 5, strain metrics were shown to be sensitive to MI location in the

acute and early-chronic phases post-MI. Unfortunately, while strain may indicate

a difference between healthy and unhealthy heart function, such detailed links

between MI and strains are hard to draw in this study for several reasons. Firstly,

the time since cardiac event in the previous study was in the order of days, as op-

posed to years, meaning both the physiological response will be different in nature

and there is a high likelihood of other confounding factors being introduced over

this time scale. Secondly, the precise location of the infarct was unknown in the

UK Biobank data, meaning any correlation between infarct location and regional

strain could not be determined. Finally, the disease status of the unhealthy UK

Biobank cohort was more complex than in the animal experiments, comprising

those having suffered STEMI, NSTEMI, and HF. This means there are likely dif-

ferences in infarct severity and the subsequent remodelling that are not solely due

to infarct location. In order to definitively test the ability of the strain metric to

localise myocardial infarcts in humans a targeted study with appropriate patient

requirement would be required.

26Comparison 10, MH6574 vs MU6574
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6.5.3 Limitations

There are several limitations to this study which need discussing in the context

of the results. Due to the ethnic background of those participating in the UK

Biobank study, there was only a sufficient number of British and Irish Caucasian

adults to run sufficiently powerful statistical analysis. It would be desirable to

run these analyses on a multi-ethnic cohort as it is well known that reference

ranges and trends vary between ethnicities. However, the UK Biobank is one of

the largest data repositories for this type of data currently in existence, and it

currently cannot provide a sufficient number of participants. As such, to accom-

plish such a study, a targeted recruitment of the relevant ethnicities would be

required.

For the unhealthy cohort, for both the males and females, numbers (especially

for the lower age ranges) are quite small. This affected both the power of the

statistics, and the actual statistical analyses as previously mentioned. However,

this raises the question as to whether it would be possible to get a larger number,

especially for the younger age groups. As mentioned, the unhealthy participants

are otherwise considered to be fairly healthy as judged by the exclusion criteria.

The number of otherwise healthy middle-aged people suffering from heart attacks

is likely to be low. With increasing age, risk of heart attack (especially for males)

is known to increase [173, 174], perhaps showing why the number of unhealthy

males in the 65-74 group is much larger than any other.

The unhealthy cohorts used were also all survivors of MI and HF, and this may

have introduced survivorship bias into the data by not including data from those

with potentially worse cases of MI and HF.

An issue in translating the porcine model to humans was that for humans, there

were often one or two slices more at ED when compared to ES. In the porcine

study, motion of this magnitude was not seen, and so it was an unexpected result

from the human data set. For this study, only the number of slices that could be

contoured at ES were used, which often meant that additional slices contoured at

ED were not used despite them being in the LV. This led to potential information

on regional function being missed from analysis. Ideally, this would be accounted

for in future methods.

The regional averaging technique was also found to be unusable on participants

with smaller LVs. Those with only five contourable slices were removed from the
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study, as the regional averaging technique required a minimum of two slices per

region. This was biased towards females (17 of the 23 cases removed). This could

be overcome by using a smaller distance between slices when imaging.

Finally, a BMI of up to 30 kg/m2 was used as one of the exclusion criteria. While

this is technically considered to be overweight, and obesity has been shown to af-

fect cardiac structure and function in an otherwise healthy population [175, 176],

other studies have also used these criteria based on the fact that this represents

a ‘new normal’ for the population, with 58% of females and 65% of males in the

UK having a BMI of more than 25 kg/m2 in 2014 [75, 170, 177]. Thus those

with a BMI of up to 30 kg/m2 should be included when statistics on the average

healthy population are desired.

6.6 Conclusion

This aim of this study was to characterise changes in LV standard clinical and

strain metrics in both sexes, and to identify changes between healthy and un-

healthy groups for both sexes. Imaging and other health data from the UK

Biobank were used to accomplish this.

The main findings of this study were:

1. There are differences in both BCS and GCS between healthy males and

females. Males were found to have greater absolute values of both BCS and

GCS, when compared to females.

2. There are differences in many functional variables between healthy and

unhealthy males; LVEF was found to be reduced in unhealthy males, ESV

and ESVi were found to be greater in unhealthy males, and MCS was found

to be greater in magnitude in unhealthy males.

3. MCS positively correlates with age in both genders.

4. Trends found in other studies have been confirmed, suggesting EDV and

ESV decrease with age, and both increase with BSA.

This study adds to the growing body of evidence that circumferential strains are

of importance clinically when considering both healthy and sick individuals. As

mentioned earlier, while reference ranges have their place in clinical practice, there

are differences in these values between imaging modalities, imaging machines, and
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even research centres. Larger sex-specific and ethnicity-specific groups, and larger

disease-specific groups are required to further investigate strain in different sexes

with age, as well as potential differences in strain between ethnicities, and differ-

ences in strain between different pathologies, for a comprehensive understanding

of the usefulness of circumferential strains in humans.
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Chapter 7

Conclusions and Further Work

7.1 Summary of key results

The key aim of the work presented in this thesis was to assess the viability

and usefulness of a LV circumferential strain metric for potential use in clinical

practice when assessing the LV after MI and the future progression of the disease.

This was assessed in three main studies, each focusing on a different area required

to achieve this:

1. evaluation of the robustness and reproducibility of a circumferential strain

metric,

2. assessment of potential clinical benefit using a relevant large mammal MI

model in a preclinical study,

3. translation of the metric to a human data set.

A novel method of calculating circumferential strains was proposed, where indi-

vidual CMRI slices were grouped into three regions in the LV, apex, mid-ventricle,

and base, and averages were taken of the quantities derived from the slices in each

of those three regions. Results from Chapter 4 showed that the regional strain

averaging technique was reproducible across users when using a given software

package, but between software packages the reproducibility was reduced. The

global relative metrics GCS and LVEF were both found to have good reprodu-

cibility between users and between software (all p > 0.007 in the paired ANOVAs,

and lower standard deviations as a percentage of group mean value < 10%). This
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was also true for the regional strains MCS and BCS. ACS was found to have dif-

ferences in one set of statistical analyses (repetition two of OsiriX vs. ScanIP

all p = 0.001), and high standard deviations as a percentage of group mean (up

to 46.4%), however the three other paired ANOVAs suggested that there were

no significant differences between users. In general, the relative metrics (strains

and LVEF) outperformed the absolute values (EDV and ESV) in terms of re-

producibility (significant differences of p < 0.007 were found between softwares

for both repetitions for EDV and ESV, but not between users). The systematic

over- or underestimation by a given user was cancelled out during the calculation

of relative metrics. This also highlighted known problems in calculating clinical

metrics (such as LV volumes) using different software packages, as systematic

differences in contour lengths were found between software packages, resulting in

volume metrics being less robust across software packages.

The regional strain metric, as well as regional strain rates and volume metrics,

were then tested on porcine data from a longitudinal study on MI, where mul-

timodal data (including blood biomakers) was taken before, 4 hours after, and

4-6 weeks after MI (Chapter 5). The regional strain metrics were found to cor-

rectly identify the regions of MI, as well as highlight that LV remodelling was

occurring at both the short and longer term experimental time points post-MI.

Despite ACS being found to be the least repeatable regional metric in Chapter 4,

it was still able to highlight differences over time between baseline and post-MI

LVs where other metrics could not. The standard clinical metrics LVEF and

GCS both returned to normal by the 4 week point, whereas the regional ACS

still showed differences to baseline. Additionally, GCS was found to characterise

changes over the 4-week period whereas GLS, which is currently preferred clinic-

ally, did not. Examination of correlations between strains and blood biomarkers

did not reveal any strong associations, similarly for the correlation of MI scar

weights with strain rates or strains. The information provided by the regional

strain metrics and GCS was found to give information in addition to that found

by traditional metrics such as LVEF. This suggests that they could be of use

clinically as a supplementary metric to gauge infarcted and remote regions of LV

remodelling to inform future treatment.

The regional strain metric, as well as GCS, was then applied to a large human

data set (the UK Biobank) containing both healthy participants, and those with

histories of cardiovascular illnesses (Chapter 6). Differences in volumetric meas-
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ures were also examined and compared with strains.

Differences in BCS and GCS between healthy males and females were found.

Differences in MCS, LVEF, ESV, ESVi were also found between healthy and

unhealthy males. There were more statistically significant differences between

genders and between health status found for the more commonly used clinical

metrics such as EDV and ESV than the global or regional strains. Only MCS,

EDV, ESV, BSA, however, were found to vary across age groups with sexes.

Direct comparison of strains in healthy and unhealthy populations were not able

to discern between the populations as seen in the porcine experiments, however,

there were multiple reasons for this. Two large factors were that the time since

MI was in the order of years for the human data, whereas it was days/weeks

for the porcine data. Secondly, the unhealthy human cohort was amongst the

healthier of those suffering from cardiovascular illnesses, whereas for the pigs a

large divergence in outcomes at the four-week point was seen. Finally, the severity

of the infarct in the pigs was essentially uniform in terms of duration, whereas

reperfusion data and infarct severity was not known in the human study.

Correlations between metrics and both age and BSA were found for both healthy

males and healthy females, including between MCS and age. The significant (but

weak) correlation between MCS and age for both healthy males and females sug-

gested that there were measureable regional changes to healthy strain function

with age, as correlations for other metrics of LV function also showed a decrease

in function with age (EDV and ESV). These correlations were not present for

either male or female unhealthy populations. For unhealthy females, the num-

ber of participants was too small to have a correlation of sufficient statistical

power. For males, it appeared that being unhealthy reduced or altered many

of the correlations which were found in their healthy counterparts. This showed

that, despite the unhealthy cohort being in fairly good health in spite of their

cardiovascular illness, there were still substantial, measurable differences between

the healthy and unhealthy populations.

In conclusion, the strain metric created in this thesis has been shown to be simple

to interpret, reproducible, and translatability between porcine and human mod-

els has been demonstrated, with further work on improving translation required.

It has also demonstrated the potential utility of circumferential strains in clinical

applications, and that further research should be pursued to continue its devel-
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opment along the pathway from porcine to human, and eventually to clinical

translation.

7.2 Further Work

The further research required to improve the work presented in this thesis can

be grouped into the following themes: detailed translation from porcine to hu-

man model, increased testing on larger groups of both animals and humans, and

general steps needed for progression of the metric to clinical practice.

7.2.1 Translation from porcine to human model

No changes to the strain calculation model were made when transitioning from

porcine to human data. This highlighted a few limitations in the translation,

which require further work in order to improve the model.

The dynamic cardiac motion in the longitudinal direction exhibited in the human

study was not seen in porcine study, and unaccounted for in the model. This led

to regional strain information at ED being missed from the analysis. Several

other types of strain calculation methods have already employed methods to

counteract motion between imaging planes. For example, feature tracking tracks

clusters of pixels through images and adjusts for the motion. Contours derived

automatically through a machine learning algorithm could be trained to take this

into consideration.

The movement could also be accounted for by altering the model. Another option

which was considered but not pursued was using the number of slices at ES, N ,

and the number of slices at ED, M , and interpolating between slices at ES to re-

sample the number of slices to be the same as M . This would require significant

amounts of further research into its efficacy and other considerations including

but not limited to:

• the accuracy of the interpolation depending on imaging modality and slice

thickness,

• whether re-sampling should be done at ES or at ED,

• the differences between the strain found using the updated model in com-

parison to original model,
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• investigation of which strain model identifies MI regions most accurately,

• an investigation of which strain model calculates the actual strain of the

LV.

However, it remains a potential route to investigate. No current method has the

perfect solution to through plane motion, as there will always be some degree of

information lost between slices when imaging as a plane cuts through an object.

Additionally, the model did not account for humans with small LVs: at least two

slices per region were required for an average to be calculated, and in some cases

humans (mainly females) had only five contourable slices. The model would be

compatible if slicing was performed at smaller spatial intervals. However, the

human imaging data was collected using a standard protocol using a machine

that is available in standard clinical practice. As the aim of this metric would

be to use it clinically, an investigation of if the MRI sequence or protocol can be

adapted to be more suitable to the algorithm would be worthwhile.

7.2.2 Increased Population Size and Targeted Studies

The porcine study formed part of an initiator grant to test whether the novel MI

model produced physiologically representative results, and also whether any other

clinically relevant information could be learned from this large animal study. As

such, only a small number of animals were used. The regional strain metrics, and

circumferential strains in general, were shown to be of use in this small preclinical

study; the next obvious step would be to rigorously test this in larger numbers

still using a large animal model.

Moving to human trials, it was fortunate that the UK Biobank was able to

provide large numbers of healthy human participant data on which to test the

strain metrics. Unfortunately, the unhealthy cohort was limited both in terms

of numbers of unhealthy participants and the conclusions that could be drawn

about them. While their unhealthy health status did allow for some conclusions

to be reached, direct comparisons to the porcine study could not be made. Strict

criteria were used to define health, and these were also used in the selection of

the unhealthy participants. These exclusion criteria could be difficult to include

in future studies, as often comorbidities are part of the reason for cardiovascular

illnesses, and could potentially decrease the number of recruitable individuals for
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future studies.

The data available at the time of the study only provided sufficient numbers of

healthy volunteers from the Caucasian British group. Similarly, only very small

numbers of females were recruited from this data set for the unhealthy category.

Both of these deficiencies occurred for separate reasons (the former being a lack

of recruitment of ethnic minorities by the UK Biobank, and the latter more likely

highlighting the difference in either MI occurring or being diagnosed in females).

It cannot be assumed that results for Caucasian males also apply to Caucasians

females, or individuals from other ethnic groups. For females, the current study

has shown that potentially further consideration of heart size is required. It has

also been long known that there are aetiological and physiological differences in

cardiovascular disease between different ethnicities, for example certain groups

having smaller coronary vessels [178], also suggesting that there may be ethnicity

differences in healthy and diseased cardiovascular function and therefore strains.

Both indicate that there is a need for targeted studies.

Targeted longitudinal studies on humans suffering with MI and cardiovascular

illness should be conducted to further research the strain metric and its clinical

applications. In this way, sufficient numbers can be recruited, and the strain

metric can be tested robustly and developed further. This could also be extended

to target recruitment from cohorts of multiple ethnicities, as little research has

been done in this area until now.

7.2.3 Adoption of Strain into Clinical Practice

Strains are slowly being adopted clinically, however their use is not routine, with

GLS remaining the preferred strain metric, if used at all. To facilitate or enable

clinical use and acceptance of strains there should be similarity in strain calcula-

tion methods used across medical device companies and the research community,

between imaging modalities, and even contouring methods so that basics such

as reference ranges can be reliably defined. For reasons of intellectual property,

often specific calculation methods are withheld from public knowledge, and for

practical reasons different imaging modalities and machines of different specific-

ations are available. Without detailed knowledge of all these differences, simple

concepts such as strain reference ranges cannot be adopted as they cannot be

reliably compared without some form of translation. The method presented in
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this thesis could potentially help inform standardisation to some degree.

Some studies have made steps towards this by defining consensus contours of

different imaging modalities, but this could be extended to understanding trans-

lation between imaging modalities and the resulting differences; differences in

basic measurements such as contour length and placement, and their resultant

effect on strain and volume indices would allow for relationships between ima-

ging modalities. Further research into strains for different conditions which affect

the LV, including MI and HF, and how strain measurement and calculation can

vary on imaging modalities for these illnesses would also be a step towards the

development of LV strains in clinical use. There will be hesitation in introdu-

cing this metric into standard clinical practice without further research into and

regulation between differences of strain definition/calculation across devices and

strain differences between imaging modalities, for both healthy humans and those

suffering from cardiovascular diseases.

Finally, while GLS has been shown to be of prognostic use, GCS has shown to

be useful for diagnosis and prognostication of other forms of LV dysfunction; as

such, the reliance solely on GLS should be diminished. Circumferential strains

have been shown to be robust and useful in ways different to GLS, and so further

research must be invested into refining all strain components; longitudinal, radial,

and circumferential.
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Publications

Results from Chapter 4 have been published as a journal publication as well as

presented as poster presentations. A further publications is planned for Chapter

6.

Journal Publications

• Comparison of the within-reader and inter-vendor agreement of left ventricu-

lar circumferential strains and volume indices derived from cardiovascular

magnetic resonance imaging, Mansell et al. PlosOne, 2020, doi: 10.1371/

journal.pone.0242908.

• Acute regional changes in myocardial strain may predict ventricular remod-

elling after myocardial infarction in a large animal model, Mansell et al.,

Scientific Reports, 2021, doi: 10.1038/s41598-021-97834-y.

Poster Presentations

• Regional endocardial strains in the left ventricle enable more accurate as-

sessment of acutely-evolving and chronic heart failure post-myocardial in-

farction, Mansell et al. World Congress of Biomehanics, July 2018, Dublin,

Ireland.

• A simple, robust method to assess changes in regional strain in a porcine

model of myocardial infarction, Mansell et al. European Society of Bio-

mechanics, July 2019, Vienna University of Technology, Austria.
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Appendix A

A.1 Intraclass Correlation Coefficients for the

Inter- and Intra-Reader Variability Study

The Intraclass Correlation Coefficient (ICC) is a quantitative measure of how

strongly measurements in the same group resemble each other, and it was calcu-

lated for each of the seven variables measured in in the study (see Table A.1).

While four of the seven variables returned results which were positive in value,

three results were negative. It is known that negative ICC values are not theor-

etically possibly, but are possibly observable. Negative results can indicate either

a poor agreement for two reasons:

1. There is genuinely poor agreement between the readers [179],

2. The sample size or number of subjects is small [180].

In this case, as not all variables returned negative values, it is difficult to conclude

the cause. The ICCs for EDV, ESV, and ACS lie within standard accepted broad

boundaries to be considered an excellent correlation, and the ICC for MCS is in

the range considered to be a good correlation:

ICC < 0.4 Poor

0.4 ≤ ICC < 0.75 Good

ICC ≥ 0.75 Excellent

Boundary values are taken from Dobrovie et al. [134], but are widely considered

to be standard boundaries. As there is a large range of outcomes for the ICCs

from excellent correlations to poor, and a small number of observations were
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Table A.1: ICCs for all variables analysed in Chapter 4.

ICC Lower 95% CI Upper 95% CI
LVEF -0.884 -15.451 0.884
EDV 0.97 0.883 0.998
ESV 0.916 0.696 0.994
ACS 0.764 0.174 0.983
MCS 0.683 -0.019 0.976
BCS -0.116 -1.174 0.882
GCS -0.088 -1.043 0.881

used to calculte the ICCs, that the results are unreliable and should not be used

for further analysis or taken into consideration. Hence they are reported in this

Appendix for transparency, as opposed to being in the main text.
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Table B.1: Longitudinal CMRI data for pigs with LAD occlusion for the baseline, acute, and chronic stages. endo = en-
docardial, epi = epicardial, ACS = apical circumferential strain, ACSR = apical circumferential strain rate, BCS = basal
circumferential strain, BCSR = basal circumferential strain rate, MCS = mid-ventricular circumferential strain, MCSR =
mid-ventricular circumferential strain rate, GCS = global circumferential strain, GCSR = global circumferential strain rate,
GLS = global longitudinal strain, GLSR = global longitudinal strain rate.

Parameter Baseline Acute Chronic
Mean Median 95% CIs Mean Median 95% CIs Mean Median 95% CIs

GCS endo (%) -34.4 -34.9 (-38.4, -30.5) -23.6 -23.8 (-26.1, -21.1) -24.7 -27.7 (-31.6, -17.8)
ACS endo (%) -40.3 -37.5 (-49.4, -31.2) -20.2 -17.7 (-24.0, -16.4) -19.3 -19.1 (-26.3, -12.3)
MCS endo (%) -32.5 -33.6 (-36.2, -28.8) -22.6 -22.0 (-26.3, -18.8) -24.7 -25.9 (-32.1, -17.3)
BCS endo (%) -32.6 -33.6 (-36.6, -28.7) -29.6 -30.6 (-32.7, -26.6) -29.7 -31.8 (-38.5, -20.8)

GCSR endo (s−1) 2.0 1.8 (1.4, 2.6) 1.1 1.2 (1.0, 1.3) 1.6 1.2 (1.0, 2.1)
ACSR endo (s−1) 2.6 2.4 (1.8, 3.4) 1.7 1.4 (1.0, 2.5) 2.1 2.1 (1.5, 2.7)
MCSR endo (s−1) 2.5 2.4 (1.9, 3.0) 1.4 1.4 (1.1, 1.8) 2.2 1.8 (1.2, 3.2)
BCSR endo (s−1) 2.5 2.2 (1.5, 3.5) 1.6 1.6 (1.3, 2.0) 2.1 2.1 (1.3, 2.9)

GCS epi (%) -10.3 -10.6 (-12.5, -8.1) -7.7 -8.0 (-9.3, -6.1) -7.9 -8.8 (-10.5, -5.3)
ACS epi (%) -10.2 -9.7 (-12.5, -7.9) -7.7 -7.4 (-8.6, -6.8) -6.5 -6.2 (-9.1, -3.9)
MCS epi (%) -9.7 -10.4 (-12.9, -6.5) -8.4 -8.0 (-9.9, -6.9) -8.1 -9.5 (-10.9, -5.2)
BCS epi (%) -11.6 -11.6 (-13.4, -9.8) -8.6 -9.7 (-11.9, -5.4) -9.7 -11.0 (-13.5, -6.0)

GCSR epi (s−1) 0.6 0.6 (0.4, 0.8) 0.3 0.3 (0.2, 0.4) 0.5 0.4 (0.3, 0.6)
ACSR epi (s−1) 0.7 0.7 (0.6, 0.8) 0.5 0.5 (0.4, 0.6) 0.7 0.7 (0.5, 0.9)
MCSR epi (s−1) 0.6 0.6 (0.3, 1.0) 0.4 0.4 (0.3, 0.5) 0.6 0.5 (0.4, 0.8)
BCSR epi (s−1) 1.0 0.9 (0.7, 1.2) 0.5 0.6 (0.3, 0.7) 0.7 0.7 (0.5, 0.9)
GLS endo (%) -24.4 -24.7 (-28.9, -20.0) -18.8 -18.0 (-22.7, -14.8) -20.2 -21.7 (-27.6, -12.8)

GLSR endo (s−1) 2.1 2.1 (1.4, 2.8) 1.2 1.1 (0.8, 1.6) 1.7 1.7 (1.2, 2.3)
GLS epi (%) -15.4 -15.6 (-17.3, -13.4) -11.1 -10.9 (-12.4, -9.8) -14.6 -14.6 (-18.1, -11.1)

GLSR epi (s−1) 1.2 1.0 (0.6, 1.8) 0.8 0.8 (0.7, 0.9) 1.3 1.2 (1.0, 1.5)
LVEF (%) 57.0 57.0 (52.1, 61.9) 43.9 45.0 (40.1, 47.7) 49.8 50.0 (45.7, 53.8)
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Table B.2: P -value results from non-parametric one-way ANOVA on ranks
(Kruskal-Wallis) and post-hoc tests (Mann Whitney U). Results highlighted with
bold text and * denotes changes considered significant with p ≤0.0024. This data
is for pigs with LAD occlusion only.

Variable
Kruskall-
Wallis

Mann-Whitney U
Baseline vs
Acute

Acute vs
Chronic

Baseline vs
Chronic

GCS endo 0.004 0.002* 0.234 0.006
ACS endo 0.005 0.004 1.000 0.002*
MCS endo 0.042 0.017 0.491 0.065
BCS endo 0.369 0.247 0.295 1.000

GCSR endo 0.018 0.002* 0.234 0.171
ACSR endo 0.168 0.126 0.345 0.222
MCSR endo 0.054 0.009 0.228 0.354
BCSR endo 0.082 0.052 0.181 0.268

GCS epi 0.074 0.030 0.463 0.127
ACS epi 0.057 0.032 0.354 0.065
MCS epi 0.523 0.548 0.833 0.284
BCS epi 0.238 0.095 0.530 0.432

GCSR epi 0.022 0.010 0.121 0.127
ACSR epi 0.108 0.056 0.127 0.622
MCSR epi 0.085 0.151 0.030 0.943
BCSR epi 0.021 0.008 0.268 0.073
GLS endo 0.026 0.008 0.181 0.171

GLSR endo 0.022 0.008 0.142 0.171
GLS epi 0.006 0.006 0.005 0.914

GLSR epi 0.013 0.012 0.014 0.762
LVEF 0.002* 0.002* 0.028 0.019
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Table B.3: P -value results from the one-way ANOVA and post-hoc tests (Gab-
riel’s). Results highlighted with bold text and * denotes changes considered
significant with p ≤0.0024. This data is for pigs with LAD occlusion only.

Variable
One-way
ANOVA

Gabriel’s Test
Baseline vs
Acute

Acute vs
Chronic

Baseline vs
Chronic

GCS endo 0.008 0.009 0.968 0.020
ACS endo 0.000* 0.001* 0.994 0.000*
MCS endo 0.059 0.068 0.909 0.144
BCS endo 0.699 0.836 1.000 0.826

GCSR endo 0.022 0.019 0.262 0.354
ACSR endo 0.235 0.246 0.799 0.607
MCSR endo 0.125 0.160 0.274 0.929
BCSR endo 0.197 0.210 0.571 0.793

GCS epi 0.163 0.213 0.996 0.260
ACS epi 0.051 0.301 0.774 0.046
MCS epi 0.588 0.838 0.996 0.666
BCS epi 0.405 0.458 0.931 0.722

GCSR epi 0.020 0.017 0.260 0.299
ACSR epi 0.207 0.318 0.289 0.999
MCSR epi 0.165 0.271 0.227 1.000
BCSR epi 0.018 0.015 0.318 0.191
GLS endo 0.010 0.154 0.932 0.453

GLSR endo 0.019 0.010 0.179 0.465
GLS epi 0.001* 0.006 0.025 0.885

GLSR epi 0.025 0.087 0.048 0.988
LVEF 0.000* 0.000* 0.054 0.033
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Appendix C

Table C.1: Further data for the Student’s t-test for all male vs. all female vo-
lunteers. Where the Variance p-value is less than 0.05, the data shown assumes
that the variances between the groups was not equal.

Variables
Variance

p-value

Mean

Difference

Std. Error

Difference

95% Confidence

Interval of the

Difference

Lower Upper

ESV 0 -22.5 1.3 -25.2 -19.9

EDV 0 -38.9 2.1 -43.0 -34.9

LVEF 0.002 3.3 0.5 2.4 4.2

ESVi 0 -7.3 0.7 -8.7 -6.0

BSA 0.06 -0.3 0.01 -0.3 -0.2

ACS 0.03 -2.1 0.7 -3.4 -0.8

MCS 0 -1.1 0.4 -1.8 -0.4

BCS 0.2 -2.6 0.4 -3.4 -1.8

GCS 0.001 -1.8 0.4 -2.6 -1.1
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Table C.2: Further data for the Student’s t-test for all healthy vs. all unhealthy
volunteers. Where the Variance p-value is less than 0.05, the data shown assumes
that the variances between the groups was not equal.

Variables
Variance

p-value

Mean

Difference

Std. Error

Difference

95% Confidence

Interval of the

Difference

Lower Upper

ESV 0 -17.9 2.8 -23.4 -12.4

EDV 0.07 -18.3 3.3 -24.9 -11.8

LVEF 0 5.4 0.8 3.9 6.9

ESVi 0 -8.7 1.4 -11.4 -6.0

BSA 0.003 -0.05 0.02 -0.08 -0.01

ACS 0 -3.5 1.2 -5.9 -1.0

MCS 0 -2.1 0.6 -3.4 -0.9

BCS 0 -2.3 0.7 -3.7 -1.0

GCS 0 -2.8 0.7 -4.2 -1.4

Table C.3: Baseline characteristics for healthy females of all ages.

Measure n Mean Median St. Dev. Lower 95% CI Upper 95% CI

BMI (kg/m2) 281 24.53 24.38 2.78 24.2 24.86

HR (bpm) 260 62.09 61 9.22 60.95 63.23

Weight (kg) 281 65.51 64.7 8.34 64.51 66.51

Age (years) 281 60.17 61 7.58 59.27 61.07

ESV (mL) 260 52.92 52 11.6 51.49 54.35

EDV (mL) 260 124.2 124 21.2 121.5 126.8

LVEF (%) 260 57.42 58 4.91 56.81 58.03

ESVi (mL/m2) 260 31.01 30.09 6.4 30.22 31.8

BSA (m2) 260 1.71 1.7 0.12 1.7 1.72

ACS (%) 281 -42.43 -42.17 7.68 -43.35 -41.51

MCS (%) 281 -29.68 -29.74 3.9 -30.15 -29.21

BCS (%) 281 -32.8 -32.42 5.01 -33.4 -32.2

GCS (%) 281 -34.29 -34.4 4.09 -34.78 -33.8
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Table C.4: Baseline characteristics for unhealthy females of all ages.

Measure n Mean Median St. Dev. Lower 95% CI Upper 95% CI

BMI (kg/m2) 20 24.85 24.73 2.84 23.58 26.12

HR (bpm) 18 61.56 58 10.9 56.43 66.69

Weight (kg) 20 63.6 64.25 7.28 60.34 66.86

Age (years) 20 66.85 68.5 5.03 64.6 69.1

ESV (mL) 18 58.11 57 17.7 49.75 66.47

EDV (mL) 18 126.6 129 24 115.3 137.9

LVEF (%) 18 54.56 56 8.18 50.7 58.42

ESVi (mL/m2) 18 34.66 34.13 10.5 29.73 39.59

BSA (m2) 18 1.67 1.69 0.1 1.62 1.72

ACS (%) 20 -39.97 -42.74 13.9 -46.18 -33.76

MCS (%) 20 -27.98 -29.15 5.44 -30.41 -25.55

BCS (%) 20 -30.94 -30.64 7.16 -34.14 -27.74

GCS (%) 20 -32.13 -33.26 7.65 -35.55 -28.71

Table C.5: Baseline characteristics for healthy males of all ages.

Measure n Mean Median St. Dev. Lower 95% CI Upper 95% CI

BMI (kg/m2) 293 25.65 25.9 2.42 25.37 25.93

HR (bpm) 274 60.32 60 8.86 59.25 61.39

Weight (kg) 293 80.45 80.4 9.5 79.34 81.56

Age (years) 293 60.35 60 7.87 59.43 61.27

ESV (mL) 274 72.4 70 16.8 70.37 74.43

EDV (mL) 274 161.4 159 29 157.9 165

LVEF (%) 274 55.3 56 5.59 54.62 55.98

ESVi (mL/m2) 274 36.56 35.98 7.85 35.61 37.51

BSA (m2) 274 1.98 1.97 0.14 1.96 2

ACS (%) 293 -41.08 -40.86 7.9 -42 -40.16

MCS (%) 293 -29.08 -28.67 4.35 -29.59 -28.57

BCS (%) 293 -30.53 -30.73 3.89 -30.98 -30.08

GCS (%) 293 -32.99 -32.99 4.44 -33.51 -32.47
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Table C.6: Baseline characteristics for unhealthy males of all ages.

Measure n Mean Median St. Dev. Lower 95% CI Upper 95% CI

BMI (kg/m2) 111 25.68 25.78 2.28 25.25 26.11

HR (bpm) 101 56.02 54 9.04 54.22 57.82

Weight (kg) 111 78.19 78.3 8.65 76.55 79.83

Age (years) 111 66.8 68 5.36 65.78 67.82

ESV (mL) 101 84.88 78 28.8 79.14 90.62

EDV (mL) 101 167.9 161 37 160.5 175.2

LVEF (%) 101 50.25 51 7.68 48.72 51.78

ESVi (mL/m2) 101 44 40.51 14.8 41.06 46.94

BSA (m2) 101 1.93 1.93 0.13 1.9 1.96

ACS (%) 111 -37.97 -41.54 13.8 -40.6 -35.34

MCS (%) 111 -27.1 -27.81 7.4 -28.5 -25.7

BCS (%) 111 -29 -28.28 7.45 -30.41 -27.59

GCS (%) 111 -30.61 -32.14 7.75 -32.08 -29.14

Table C.7: Baseline characteristics for healthy females aged 45-54.

Measure n Mean Median St. Dev. Lower 95% CI Upper 95% CI

BMI (kg/m2) 94 24.83 24.59 2.75 24.26 25.4

HR (bpm) 90 60.92 60 7.69 59.3 62.54

Weight (kg) 94 66.85 66.5 8.99 65 68.7

Age (years) 94 51.7 52 2.02 51.28 52.12

ESV (mL) 90 55.74 54.5 10.8 53.46 58.02

EDV (mL) 90 130.2 129.5 19.8 126.1 134.4

LVEF (%) 90 57.17 58 4.87 56.14 58.2

ESVi (mL/m2) 90 32.46 31.64 6.22 31.15 33.77

BSA (m2) 90 1.72 1.71 0.13 1.69 1.75

ACS (%) 94 -42.28 -42.08 7.43 -43.81 -40.75

MCS (%) 94 -28.69 -28.47 3.58 -29.43 -27.95

BCS (%) 94 -32.9 -32.32 6.14 -34.17 -31.63

GCS (%) 94 -33.89 -34.04 3.96 -34.71 -33.07
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Table C.8: Baseline characteristics for healthy females aged 55-64.

Measure n Mean Median St. Dev. Lower 95% CI Upper 95% CI

BMI (kg/m2) 94 23.97 23.66 2.8 23.39 24.55

HR (bpm) 87 62.16 62 9.72 60.08 64.24

Weight (kg) 94 64.31 63.5 7.82 62.7 65.92

Age (years) 94 59.83 61 3.05 59.2 60.46

ESV (mL) 87 51.11 51 10.9 48.77 53.45

EDV (mL) 87 121.6 122 19.7 117.3 125.8

LVEF (%) 87 58.05 59 5.14 56.95 59.15

ESVi (mL/m2) 87 30.09 29.68 6.01 28.8 31.38

BSA (m2) 87 1.7 1.7 0.11 1.68 1.72

ACS (%) 94 -42.96 -42.15 8.3 -44.67 -41.25

MCS (%) 94 -29.88 -29.87 4.15 -30.74 -29.02

BCS (%) 94 -32.38 -32.07 3.66 -33.14 -31.62

GCS (%) 94 -34.36 -34.47 4.24 -35.23 -33.49

Table C.9: Baseline characteristics for healthy females aged 65-74.

Measure n Mean Median St. Dev. Lower 95% CI Upper 95% CI

BMI (kg/m2) 93 24.81 24.73 2.71 24.25 25.37

HR (bpm) 83 63.29 61 10.1 61.07 65.51

Weight (kg) 93 65.36 64.5 8.06 63.69 67.03

Age (years) 93 69.09 69 2.74 68.52 69.66

ESV (mL) 83 51.75 50 12.5 49.01 54.49

EDV (mL) 83 120.3 117 22.9 115.2 125.3

LVEF (%) 83 57.04 57 4.68 56.01 58.07

ESVi (mL/m2) 83 30.4 29.31 6.77 28.91 31.89

BSA (m2) 83 1.7 1.7 0.12 1.67 1.73

ACS (%) 93 -42.03 -42.5 7.31 -43.55 -40.51

MCS (%) 93 -30.48 -30.31 3.79 -31.27 -29.69

BCS (%) 93 -33.13 -32.78 4.93 -34.15 -32.11

GCS (%) 93 -34.63 -34.6 4.06 -35.47 -33.79
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Table C.10: Baseline characteristics for healthy males aged 45-54.

Measure n Mean Median St. Dev. Lower 95% CI Upper 95% CI

BMI (kg/m2) 100 25.95 26.25 2.44 25.46 26.44

HR (bpm) 97 59.02 58 8.22 57.35 60.69

Weight (kg) 100 82.5 81.85 9.48 80.6 84.4

Age (years) 100 51.75 52 1.88 51.37 52.13

ESV (mL) 97 76.62 76 15.4 73.5 79.74

EDV (mL) 97 171.4 172 26.3 166.1 176.7

LVEF (%) 97 55.39 55 4.99 54.38 56.4

ESVi (mL/m2) 97 38.06 37.08 7.53 36.53 39.59

BSA (m2) 97 2.01 2.01 0.13 1.98 2.04

ACS (%) 100 -41.18 -41.54 7.36 -42.65 -39.71

MCS (%) 100 -28.39 -27.9 3.54 -29.1 -27.68

BCS (%) 100 -30.34 -30.33 3.28 -31 -29.68

GCS (%) 100 -32.86 -32.91 3.84 -33.63 -32.09

Table C.11: Baseline characteristics for healthy males aged 55-64.

Measure n Mean Median St. Dev. Lower 95% CI Upper 95% CI

BMI (kg/m2) 96 25.62 25.79 2.4 25.13 26.11

HR (bpm) 92 60.1 59.5 9.1 58.2 62

Weight (kg) 96 80.34 80.8 9.8 78.34 82.34

Age (years) 96 59.76 60 2.92 59.16 60.36

ESV (mL) 92 71.18 68.5 16.7 67.71 74.65

EDV (mL) 92 159.8 153 28.1 153.9 165.6

LVEF (%) 92 55.63 57 5.15 54.56 56.7

ESVi (mL/m2) 92 35.96 34.92 7.27 34.44 37.48

BSA (m2) 92 1.97 1.95 0.15 1.94 2

ACS (%) 96 -40.93 -40.19 7.57 -42.48 -39.38

MCS (%) 96 -29.35 -28.96 4.49 -30.27 -28.43

BCS (%) 96 -30.71 -30.87 4.06 -31.54 -29.88

GCS (%) 96 -33.12 -33.2 4.49 -34.04 -32.2
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Table C.12: Baseline characteristics for healthy males aged 65-74.

Measure n Mean Median St. Dev. Lower 95% CI Upper 95% CI

BMI (kg/m2) 97 25.37 25.68 2.4 24.88 25.86

HR (bpm) 85 62.04 61 9.12 60.06 64.02

Weight (kg) 97 78.46 78.2 8.86 76.66 80.26

Age (years) 97 69.81 70 2.93 69.22 70.4

ESV (mL) 85 68.89 67 17.8 65.04 72.74

EDV (mL) 85 151.9 152 29.7 145.5 158.4

LVEF (%) 85 54.82 56 6.64 53.38 56.26

ESVi (mL/m2) 85 35.49 35.41 8.62 33.62 37.36

BSA (m2) 85 1.94 1.93 0.13 1.91 1.97

ACS (%) 97 -41.13 -41.06 8.79 -42.91 -39.35

MCS (%) 97 -29.54 -29.31 4.89 -30.53 -28.55

BCS (%) 97 -30.54 -31.39 4.31 -31.42 -29.66

GCS (%) 97 -33 -32.89 4.99 -34.01 -31.99

Table C.13: Baseline characteristics for unhealthy females aged 45-54.

Measure n Mean Median St. Dev. Lower 95% CI Upper 95% CI

BMI (kg/m2) 1 29.98 29.98 0 29.98 29.98

HR (bpm) 1 67 67 0 67 67

Weight (kg) 1 68.8 68.8 0 68.8 68.8

Age (years) 1 53 53 0 53 53

ESV (mL) 1 90 90 0 90 90

EDV (mL) 1 169 169 0 169 169

LVEF (%) 1 46 46 0 46 46

ESVi (mL/m2) 1 53.89 53.89 0 53.89 53.89

BSA (m2) 1 1.67 1.67 0 1.67 1.67

ACS (%) 1 -22.79 -22.79 0 -22.79 -22.79

MCS (%) 1 -22.39 -22.39 0 -22.39 -22.39

BCS (%) 1 -31.88 -31.88 0 -31.88 -31.88

GCS (%) 1 -24.69 -24.69 0 -24.69 -24.69
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Table C.14: Baseline characteristics for unhealthy females aged 55-64.

Measure n Mean Median St. Dev. Lower 95% CI Upper 95% CI

BMI (kg/m2) 4 26.64 26.24 1.63 25.01 28.27

HR (bpm) 4 61 55 13.4 47.61 74.39

Weight (kg) 4 70.73 69.7 3 67.73 73.73

Age (years) 4 61.25 61.5 1.71 59.54 62.96

ESV (mL) 4 58.75 54 13.2 45.6 71.9

EDV (mL) 4 135.8 132.5 18.6 117.2 154.3

LVEF (%) 4 57 57 4.4 52.6 61.4

ESVi (mL/m2) 4 33.25 30.9 7.4 25.85 40.65

BSA (m2) 4 1.77 1.79 0.04 1.73 1.81

ACS (%) 4 -41.23 -42.94 14.5 -55.69 -26.77

MCS (%) 4 -28.48 -29.24 5.26 -33.74 -23.22

BCS (%) 4 -31.79 -30.71 4.96 -36.75 -26.83

GCS (%) 4 -33.13 -34.65 7.16 -40.29 -25.97

Table C.15: Baseline characteristics for unhealthy females aged 65-74.

Measure n Mean Median St. Dev. Lower 95% CI Upper 95% CI

BMI (kg/m2) 15 24.03 24.36 2.61 22.68 25.38

HR (bpm) 13 61.31 59 11 55.22 67.4

Weight (kg) 15 61.35 61.5 6.94 57.77 64.93

Age (years) 15 69.27 70 2.19 68.14 70.4

ESV (mL) 13 55.46 58 17.6 45.69 65.23

EDV (mL) 13 120.5 119 22.7 108 133.1

LVEF (%) 13 54.46 57 9.05 49.44 59.48

ESVi (mL/m2) 13 33.62 34.15 10.4 27.85 39.39

BSA (m2) 13 1.64 1.68 0.09 1.59 1.69

ACS (%) 15 -40.79 -44.22 13.9 -47.99 -33.59

MCS (%) 15 -28.22 -30.1 5.64 -31.13 -25.31

BCS (%) 15 -30.66 -30.13 8 -34.79 -26.53

GCS (%) 15 -32.35 -35.15 8.01 -36.49 -28.21
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Table C.16: Baseline characteristics for unhealthy males aged 45-54.

Measure n Mean Median St. Dev. Lower 95% CI Upper 95% CI

BMI (kg/m2) 5 26.76 27.77 1.89 25.07 28.45

HR (bpm) 4 50.25 47.5 9.6 40.65 59.85

Weight (kg) 5 78.28 77.7 5.38 73.47 83.09

Age (years) 5 52.4 53 1.34 51.2 53.6

ESV (mL) 4 77.25 79.5 19.4 57.9 96.6

EDV (mL) 4 171 170.5 26.3 144.7 197.3

LVEF (%) 4 55.25 55.5 5.32 49.93 60.57

ESVi (mL/m2) 4 41.16 43.21 10.7 30.47 51.85

BSA (m2) 4 1.88 1.87 0.05 1.83 1.93

ACS (%) 5 -39.48 -42.59 8.6 -47.17 -31.79

MCS (%) 5 -30.27 -31.81 4.62 -34.4 -26.14

BCS (%) 5 -30.19 -31.11 4.3 -34.04 -26.34

GCS (%) 5 -32.94 -35.19 5.37 -37.74 -28.14

Table C.17: Baseline characteristics for unhealthy males aged 55-64.

Measure n Mean Median St. Dev. Lower 95% CI Upper 95% CI

BMI (kg/m2) 24 24.74 24.42 2.58 23.69 25.79

HR (bpm) 21 56.29 54 9.95 51.95 60.63

Weight (kg) 24 76.74 78.05 9.34 72.93 80.55

Age (years) 24 60.96 61 2.65 59.88 62.04

ESV (mL) 21 86.81 77 22 77.19 96.43

EDV (mL) 21 176.3 168 21.4 167 185.6

LVEF (%) 21 51.1 53 7.58 47.79 54.41

ESVi (mL/m2) 21 45.36 40.44 12.1 40.06 50.66

BSA (m2) 21 1.92 1.94 0.12 1.87 1.97

ACS (%) 24 -39.98 -44.5 14.9 -46.07 -33.89

MCS (%) 24 -28.29 -28.64 8.94 -31.94 -24.64

BCS (%) 24 -28.72 -28.46 5.89 -31.12 -26.32

GCS (%) 24 -31.33 -33.66 8.42 -34.77 -27.89
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Table C.18: Baseline characteristics for unhealthy males aged 65-74.

Measure n Mean Median St. Dev. Lower 95% CI Upper 95% CI

BMI (kg/m2) 82 25.89 26.06 2.15 25.42 26.36

HR (bpm) 76 56.25 55 8.78 54.24 58.26

Weight (kg) 82 78.61 78.9 8.64 76.7 80.52

Age (years) 82 69.39 69.5 2.68 68.8 69.98

ESV (mL) 76 84.75 79.5 31 77.64 91.86

EDV (mL) 76 165.4 153 40.6 156.1 174.7

LVEF (%) 76 49.75 50.5 7.78 47.97 51.53

ESVi (mL/m2) 76 43.77 40.53 15.7 40.18 47.36

BSA (m2) 76 1.94 1.93 0.13 1.91 1.97

ACS (%) 82 -37.28 -39.71 13.8 -40.33 -34.23

MCS (%) 82 -26.56 -26.75 7.01 -28.11 -25.01

BCS (%) 82 -29 -28.23 8.03 -30.77 -27.23

GCS (%) 82 -30.26 -31.55 7.7 -31.96 -28.56
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Table C.19: P -values for all strain and strain rate metrics. Results highlighted
with bold text and *, indicates results which are statistically significant to
p ≤0.003.

Planned

Comparison

Number

ACS MCS BCS GCS

1 6.15E-01 9.18E-02 4.90E-01 5.30E-01

2 8.51E-01 1.10E-02 7.53E-01 3.23E-01

3 4.91E-01 3.87E-01 3.16E-01 7.17E-01

4 4.04E-01 6.60E-01 6.03E-04* 1.62E-01

5 1.31E-01 4.48E-01 2.66E-02 9.38E-02

6 5.03E-01 1.77E-01 5.68E-04* 2.86E-02

7 8.55E-01 1.64E-01 6.15E-01 7.30E-01

8 9.72E-01 9.26E-02 7.87E-01 8.47E-01

9 8.83E-01 7.77E-01 8.17E-01 8.79E-01

10 3.14E-02 1.48E-03* 1.23E-01 6.31E-03

11 7.40E-01 1.53E-01 2.61E-01 2.98E-01

12 7.64E-01 5.80E-01 1.29E-01 3.25E-01

13 4.33E-01 3.89E-01 8.52E-01 5.79E-01

14 8.18E-02 1.41E-01 1.83E-07* 2.41E-03*

15 4.24E-01 2.07E-01 2.94E-01 2.53E-01

16 2.43E-01 4.77E-01 1.73E-01 1.86E-01

17 9.54E-01 7.14E-01 2.50E-01 8.62E-01
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Table C.20: P -values for volumetric and standard clinical metrics metrics. Res-
ults highlighted with bold text and *, indicates results which are statistically
significant to p ≤0.003.

Planned

Comparison

Number

LVEF EDV ESV ESVi BSA

1 3.14E-01 3.27E-02 7.82E-02 7.57E-02 2.40E-01

2 8.82E-01 1.52E-02 1.33E-01 1.26E-01 3.32E-01

3 2.57E-01 7.51E-01 8.13E-01 8.24E-01 8.50E-01

4 3.69E-02 1.18E-23* 1.62E-15* 1.79E-05* 1.68E-46*

5 5.51E-03 4.91E-20* 5.56E-14* 1.09E-05* 3.17E-40*

6 1.37E-02 9.71E-14* 3.68E-10* 2.07E-04* 1.69E-29*

7 7.77E-01 3.13E-03 3.28E-02 1.04E-01 2.75E-02

8 5.10E-01 1.43E-06* 3.00E-03* 5.13E-02 7.48E-05*

9 3.55E-01 5.31E-02 3.83E-01 7.25E-01 7.24E-02

10 1.80E-05* 1.87E-02 1.48E-04* 8.22E-05* 8.86E-01

11 3.33E-01 9.67E-01 4.76E-01 2.99E-01 6.06E-02

12 1.53E-02 4.79E-03 5.22E-03 2.37E-03* 1.21E-01

13 4.79E-01 1.03E-01 7.32E-01 6.23E-01 7.11E-01

14 2.49E-05* 5.82E-48* 1.40E-33* 1.72E-12* 2.76E-91*

15 1.69E-01 2.45E-01 1.64E-01 1.66E-01 5.74E-01

16 2.13E-02 1.07E-01 3.16E-02 1.71E-02 6.32E-04*

17 2.47E-01 2.18E-04* 2.50E-03* 4.64E-02 7.37E-10*
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Figure C-1: ACS boxplots for all groups. No groups were found to have statist-
ically siginificant differences when analysed by the planned comparisons.

Figure C-2: MCS boxplots for all groups.
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Figure C-3: GCS boxplots for all groups. One further planned comparison was
statistically significant that cannot be represented on this plot: all healthy females
vs. all healthy males (comparison 14).

Figure C-4: LVEF boxplots for all groups. One further planned comparison
was statistically significant that cannot be represented on this plot: all healthy
females vs. all healthy males (comparison 14).
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Table C.21: P -values for all strain and strain rate metrics for bootstrapped stat-
istics. Results highlighted with bold text and *, indicates results which are stat-
istically significant to p ≤0.003. Green highlights indicate that the equivalent
test in the non-bootstrapped statistics is also statistically significant. Yellow
highlights indicate that this value is statistically significant in the bootstrapped
statistics, but not statistically significant in the non-bootstrapped statistics.

Planned

Comparison

Number

ACS MCS BCS GCS

1 5.56E-01 4.10E-02 4.62E-01 4.39E-01

2 8.16E-01 2.00E-03* 7.85E-01 2.26E-01

3 4.12E-01 2.72E-01 2.45E-01 6.69E-01

4 3.21E-01 5.69E-01 1.00E-03* 6.60E-02

5 7.80E-02 3.76E-01 4.00E-03 5.10E-02

6 4.49E-01 1.53E-01 1.00E-03* 1.50E-02

7 8.39E-01 9.80E-02 5.05E-01 6.82E-01

8 9.69E-01 6.90E-02 7.09E-01 8.24E-01

9 8.60E-01 7.63E-01 7.62E-01 8.65E-01

10 3.30E-02 1.00E-03* 1.18E-01 1.00E-02

11 7.25E-01 1.45E-01 2.66E-01 3.11E-01

12 7.90E-01 5.63E-01 1.47E-01 3.03E-01

13 4.36E-01 3.69E-01 8.57E-01 5.69E-01

14 6.00E-02 6.10E-02 1.00E-03* 1.00E-03*

15 4.37E-01 2.48E-01 3.05E-01 2.83E-01

16 2.99E-01 5.13E-01 2.07E-01 2.28E-01

17 9.48E-01 7.19E-01 2.88E-01 8.77E-01
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Table C.22: P -values for all strain and strain rate metrics for bootstrapped stat-
istics. Results highlighted with bold text and *, indicates results which are statist-
ically significant to p ≤0.003. Green highlights indicate that the equivalent test in
the non-bootstrapped statistics is also statistically significant. Yellow highlights
indicate that this value is statistically significant in the bootstrapped statistics,
but not statistically significant in the non-bootstrapped statistics. Blue highlights
indicate that this value was statistically significant in the non-bootstrapped stat-
istics, but was not statistically significant in the bootstrapped analysis.

Planned

Comparison

Number

LVEF EDV ESV ESVi BSA

1 2.52E-01 3.00E-03* 4.00E-03 1.00E-02 1.96E-01

2 8.72E-01 2.00E-03* 2.40E-02 4.00E-02 3.15E-01

3 2.09E-01 6.93E-01 7.11E-01 7.81E-01 8.43E-01

4 2.00E-02 1.00E-03* 1.00E-03* 1.00E-03* 1.00E-03*

5 5.00E-03 1.00E-03* 1.00E-03* 1.00E-03* 1.00E-03*

6 1.70E-02 1.00E-03* 1.00E-03* 1.00E-03* 1.00E-03*

7 7.55E-01 5.00E-03 1.50E-02 5.30E-02 4.80E-02

8 5.16E-01 1.00E-03* 3.00E-03* 3.90E-02 1.00E-03*

9 3.57E-01 7.00E-02 3.92E-01 7.01E-01 7.10E-02

10 1.00E-03* 1.80E-02 1.00E-03* 1.03E-03* 8.86E-01

11 3.51E-01 9.62E-01 4.99E-01 3.46E-01 7.40E-02

12 3.10E-02 8.00E-03 1.30E-02 8.00E-03 1.11E-01

13 4.85E-01 9.40E-02 7.34E-01 6.32E-01 7.01E-01

14 1.00E-03* 1.00E-03* 1.00E-03* 1.00E-03* 1.00E-03*

15 2.02E-01 2.48E-01 2.09E-01 2.06E-01 5.74E-01

16 4.40E-02 1.51E-01 7.40E-02 5.20E-02 4.00E-03

17 2.63E-01 3.00E-03* 1.20E-02 9.00E-02 1.00E-03*

192



Table C.23: Age and BSA correlations with other variables of interest for all
healthy females. Statistically significant p-values are highlighted in green. The
95% CIs are taken from the bootstrapping analysis.

Age Correlations

95% CIsVariable
n Pearson p-value

Lower Upper

EDV 260 -0.193 0.002 -0.303 -0.069

ESV 260 -0.120 0.054 -0.243 -0.003

LVEF 260 -0.059 0.344 -0.189 0.068

ESVi 260 -0.120 0.054 -0.242 0.008

ACS 281 0.046 0.442 -0.089 0.175

MCS 281 -0.163 0.006 -0.272 -0.029

BCS 281 -0.006 0.918 -0.114 0.134

GCS 281 -0.041 0.490 -0.156 0.090

Variable BSA Correlations

EDV 260 0.443 0.000 0.341 0.542

ESV 260 0.318 0.000 0.202 0.425

LVEF 260 0.065 0.300 -0.070 0.190

ESVi 260 -0.017 0.786 -0.137 0.109

ACS 260 -0.046 0.459 -0.165 0.074

MCS 260 -0.063 0.308 -0.208 0.071

BCS 260 0.054 0.384 -0.065 0.153

GCS 260 -0.007 0.917 -0.136 0.117
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Table C.24: Age and BSA correlations with other variables of interest for all
unhealthy females. Statistically significant p-values are highlighted in green. The
95% CIs are taken from the bootstrapping analysis.

Age Correlations

95% CIsVariable
n Pearson p-value

Lower Upper

EDV 18 -0.49 0.039 -0.790 0.012

ESV 18 -0.319 0.196 -0.243 -0.003

LVEF 18 0.005 0.984 -0.517 0.672

ESVi 18 -0.269 0.281 -0.781 0.351

ACS 20 -0.187 0.431 -0.682 0.390

MCS 20 -0.165 0.487 -0.613 0.365

BCS 20 0.093 0.697 -0.149 0.506

GCS 20 -0.123 0.606 -0.567 0.370

Variable BSA Correlations

EDV 18 0.428 0.076 -0.148 0.721

ESV 18 0.307 0.216 0.202 0.425

LVEF 18 -0.155 0.538 -0.594 0.526

ESVi 18 0.157 0.534 -0.525 0.642

ACS 18 0.113 0.656 -0.358 0.470

MCS 18 0.131 0.605 -0.403 0.552

BCS 18 0.053 0.834 -0.477 0.471

GCS 18 0.131 0.605 -0.390 0.506
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Table C.25: Age and BSA correlations with other variables of interest for all
healthy males. Statistically significant p-values are highlighted in green. The
95% CIs are taken from the bootstrapping analysis.

Age Correlations

95% CIsVariable
n Pearson p-value

Lower Upper

EDV 274 -0.280 0.000 -0.399 -0.152

ESV 274 -0.192 0.001 -0.316 -0.063

LVEF 274 -0.047 0.439 -0.171 0.082

ESVi 274 -0.133 0.028 -0.249 -0.003

ACS 293 -0.026 0.657 -0.186 0.062

MCS 293 -0.160 0.006 -0.308 -0.072

BCS 293 -0.033 0.569 -0.139 0.088

GCS 293 -0.048 0.411 -0.201 0.050

Variable BSA Correlations

EDV 274 0.482 0.000 0.390 0.567

ESV 274 0.395 0.000 0.293 0.484

LVEF 274 -0.049 0.420 -0.168 0.070

ESVi 274 0.100 0.097 -0.012 0.207

ACS 274 0.075 0.217 -0.029 0.183

MCS 274 0.170 0.005 0.049 0.283

BCS 274 0.092 0.130 -0.044 0.210

GCS 274 0.108 0.074 -0.008 0.226
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Table C.26: Age and BSA correlations with other variables of interest for all
unhealthy males. Statistically significant p-values are highlighted in green. The
95% CIs are taken from the bootstrapping analysis.

Age Correlations

95% CIsVariable
n Pearson p-value

Lower Upper

EDV 101 -0.114 0.256 -0.315 0.065

ESV 101 0.049 0.626 -0.159 0.200

LVEF 101 -0.204 0.041 -0.374 -0.026

ESVi 101 0.048 0.632 -0.151 0.215

ACS 111 0.089 0.351 -0.049 0.339

MCS 111 0.148 0.120 -0.064 0.342

BCS 111 0.020 0.835 -0.131 0.192

GCS 111 0.101 0.293 -0.056 0.320

Variable BSA Correlations

EDV 101 0.312 0.001 0.138 0.471

ESV 101 0.165 0.100 -0.001 0.339

LVEF 101 0.074 0.465 -0.107 0.266

ESVi 101 -0.039 0.697 -0.197 0.150

ACS 101 -0.169 0.092 -0.342 0.013

MCS 101 -0.112 0.263 -0.315 0.098

BCS 101 -0.128 0.201 -0.329 0.091

GCS 101 -0.160 0.109 -0.343 0.024
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