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Abstract 

Heart failure (HF) occurs when cardiac output does not meet the requirements of the body.  HF 

is the result of maladaptive cardiac remodelling that alters myocardial structure and ventricular 

function.  Current HF treatments were developed targeting patients with systolic dysfunction, 

but these treatments are ineffective in treating HF patients with diastolic dysfunction.  In order 

to improve treatment of HF, new insights must be gained regarding the multi-scale 

relationships between myocardial microstructure and ventricular function. 

This study investigates the structure-function relationship during cardiac remodelling using the 

spontaneously hypertensive rat (SHR) as a model of HF.  The SHR exhibits progressive 

maladaptive cardiac remodelling, which is similar to that seen in human HF.  Groups of SHRs 

were compared with SHRs treated with angiotensin-converting enzyme inhibitors (TSHRs), as 

well as Wistar-Kyoto (WKY) controls.  These animals were studied at three time-points, 3 

months (mo), 14 mo and 21 mo.   

Each animal underwent cardiac magnetic resonance imaging (MRI) and in vivo pressure 

measurements, which allowed for assessment of ejection fraction, cardiac output and cardiac 

minute work.  SHRs had similar cardiac output to WKY and TSHR groups, but had greater 

cardiac minute work than these groups.  This high level of cardiac work likely contributes to 

the progressive decline in ventricular function.  At 21 mo, SHRs had significantly lower 

ejection fraction (EF) than WKYs, indicating systolic dysfunction.  However, at 21 mo TSHRs 

had similar values of EF to WKYs.  Measurements of torsion were obtained with the use of 

tagged MRI.  Previous studies have indicated a positive relationship between concentric 

hypertrophy and ventricular torsion, however this correlation was not observed in this study.  

To investigate the myocardial microstructure in these animals, a collagen-specific stain was 

applied to samples of myocardial tissue blocks, which were then imaged using extended-

volume confocal microscopy.  Previous studies have shown that SHRs have greater deposition 

of perimysial collagen between sheetlets, and thickening of endomysial collagen compared 

with control hearts.  The samples of TSHR myocardium imaged in this study displayed 

thickened endomysial collagen, but without deposition of collagen between sheetlets.  The 

microstructural differences between SHRs and TSHRs observed in this study likely contribute 

to the functional differences.  The measurements of myocardial microstructural and ventricular 
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function formed the basis for a conceptual model of the relationship between microstructure 

and function.  In particular, the lack of collagen deposition between sheetlets was proposed to 

underlie the difference in systolic function between SHRs and TSHRs.  Treatments that alter 

the deposition of collagen between sheetlets may therefore be able to alter the progression of 

cardiac remodelling in HF. 
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1. Introduction 

1.1. Motivation 

Heart failure (HF) is a clinical syndrome in which the heart is unable to pump sufficient blood 

to meet the body’s requirements.  HF is typically divided into left-sided and right-sided failure; 

the focus of this research is left ventricular (LV) HF.  Primary symptoms of HF include fatigue, 

shortness of breath and pulmonary congestion.  Patients with HF experience difficulty sleeping, 

higher rates of depression and a significant decrease in quality of life (Blinderman et al. 2008).  

The worldwide prevalence of HF is more than 23 million people (Roger 2013), and despite 

continued research and improved treatment, it continues to be a significant societal burden.  

Without effective treatment, these patients progress to end-stage HF, which has an estimated 

1-year survival rate of 6% (Lietz et al. 2008). 

The standard of care for patients with end-stage HF is heart transplantation, but while the 

prevalence of HF continues to increase, the number of donor hearts available remains low.  It 

is therefore imperative that non-transplant treatment of HF improves.  Improvement in 

treatment requires better understanding of the pathophysiological processes underpinning the 

development and progression of HF. 

HF encompasses a spectrum of disease, but patients are typically classed as having HF with 

reduced ejection fraction (HFrEF), or HF with preserved ejection fraction (HFpEF).  The 

development of HF is due to cardiac remodelling, which alters cardiac geometry, 

microstructure and function.  Geometric changes can range from thickening of the ventricular 

wall (typical of HFpEF) to significant dilatation of the ventricular cavity (typical of HFrEF).  

Impaired ejection of blood and reduced ventricular torsion indicates systolic dysfunction 

(HFrEF), while impaired ventricular filling is evidence of diastolic dysfunction (HFpEF).  

Changes also occur at the microstructural level, with significant reorganisation of the 

myocardial collagen scaffold, and the loss of myocardial sheetlet organisation (LeGrice et al. 

2012).  Drug treatments such as angiotensin converting enzyme (ACE) inhibitors are known to 

alter myocardial collagen content (Pahor et al. 1991), but it is not known how these 

microstructural changes influence ventricular function in HF.  Although microstructural 

changes in HF have been identified (Pope 2011, LeGrice et al. 2012), limited functional 

measurements have been obtained from the same hearts. 
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1.2. Overview of Thesis 

The primary goal of this thesis is to better understand the link between cardiac structure and 

function and the effects of remodelling during heart failure. 

The spontaneously hypertensive rat (SHR) was selected for this study as it is a well-studied 

animal model with progressive cardiac remodelling similar to human HF development 

(Trippodo and Frolich, 1981).  SHRs were compared with Wistar Kyoto (WKY) rats, as 

controls, and SHRs treated with ACE inhibitors (TSHRs).  Measurements of ventricular 

structure and function were obtained from the disease, treatment and control groups at several 

time-points, which allowed measurement of hearts with a range of different structural and 

functional characteristics. 

1.2.1. Objectives 

The objectives of the proposed research are to: 

(i) measure ventricular function through the lifetime of the SHR, and to obtain age-

matched measurements from WKYs and TSHRs. 

(ii) investigate the role of LV torsion in cardiac function and measure it over a spectrum 

of remodelling states. 

(iii) characterise remodelling of myocardial microstructure during progression of HF 

with the use of extended volume confocal microscopy. 

(iv) develop a conceptual framework that can aid understanding of remodelling of the 

myocardial structure-function relationship during HF. 

1.2.2. Outline of Chapters 

Chapter 2 covers basic cardiovascular physiology and reviews the relevant experimental 

literature.  This chapter describes cardiac anatomy and physiology, including the cardiac cycle, 

myocardial microstructure, and measurements of cardiac performance including stroke 

volume, ejection fraction (EF), and the pressure-volume loop.  The pathophysiological 
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properties of heart failure are presented, followed by a summary of cardiac imaging, and finally 

an introduction to computational modelling of the heart. 

Chapter 3 outlines the experimental methodology used in this study and the process of 

analysing the data. The areas covered include the experimental design, magnetic resonance 

imaging (MRI), collection of in vivo pressure data and extended volume confocal microscopy. 

Chapter 4 presents MRI measurements of ventricular geometry and function in the SHR, 

TSHR and control groups.  Cardiac MR was used to make longitudinal measurements of 

geometric and functional remodelling in the SHR heart with comparisons to age-matched 

control and TSHR hearts. 

Chapter 5 presents measurements of strain and torsion in the SHR, treatment and control 

groups.  Torsion measurements were obtained using tagged MRI, and these measurements were 

compared with geometric and structural data in order to better understand the role of torsion in 

the cardiac structure-function relationship. 

Chapter 6 presents the myocardial microstructure of TSHRs.  Myocardial tissue was imaged 

in high resolution to examine the collagen structure of TSHRs and compared with WKYs and 

SHRs.  Of particular interest are the differences in myocardial structure that give rise to the 

functional differences presented in Chapters 4 and 5. 

Chapter 7 presents a conceptual model of the myocardium that links the structural findings of 

Chapter 6 with expected functional changes.  The current understanding of the contribution of 

sheetlet sliding wall thickening is presented, as well as a summary of the range of different 

modes of myocardial deformation.  The conceptual model describes the various types of 

microstructural remodelling and how each of the myocardial deformation modes are affected 

by the different types of myocardial remodelling. 
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Chapter 8 provides a final discussion of the experimental results and how they link with the 

proposed conceptual model of the cardiac structure-function relationship.  This chapter also 

presents the limitations encountered during the experimental work as well as proposed future 

work. 

1.3. List of Publications 

1.3.1. Articles and Chapters 

Wilson, A. J., Wang, V. Y., Sands, G. B., Young, A. A., Nash, M. P., & LeGrice, I. J. (2017). 

Increased cardiac work provides a link between systemic hypertension and heart failure. 

Physiological Reports, 5(1), e13104. 

Wang, V. Y., Wilson, A. J., Sands, G. B., Young, A. A., LeGrice, I. J., & Nash, M. P. (2015, 

June). Microstructural remodelling and mechanics of hypertensive heart disease. In 

International Conference on Functional Imaging and Modeling of the Heart (pp. 382-389). 

Springer International Publishing. 

Hasaballa, A. I., Sands, G. B., Wilson, A. J., Young, A. A., Wang, V. Y., LeGrice, I. J., & 

Nash, M. P. (2017, June). Three-dimensional quantification of myocardial collagen 

morphology from confocal images. In International Conference on Functional Imaging and 

Modeling of the Heart (pp. 3-12). Springer International Publishing. 

Wang, V. Y., Niestrawska, J. A., Wilson, A. J., Sands, G. B., Young, A. A., LeGrice, I. J., & 

Nash, M. P. (2016). Image-driven constitutive modeling of myocardial fibrosis. International 

Journal for Computational Methods in Engineering Science and Mechanics, 17(3), 211-221. 
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1.3.2. Published Abstracts 

Wilson, A. J., Wang, V. Y., Sands, G., Nash, M. P. & LeGrice, I. J. (2013). Structure-function 

relationship in heart failure. 2013 New Zealand Medical Science Congress, Queenstown, New 

Zealand. 

Wilson, A. J., Wang, V. Y., Sands, G., Nisbet, L., Young, A. A., Nash, M. P. & LeGrice , I. J. 

(2014). Structural and functional relationships in cardiac remodelling in the spontaneously 

hypertensive rat. 7th World Congress for Biomechanics, Boston, United States. 

Wilson, A. J., Wang, V. Y., Sands, G., Young, A. A., Nash, M. & LeGrice, I. J. (2015). 

Structural and functional relationships in cardiac remodelling 2015 Cardiac Physiome 

Workshop, Auckland, New Zealand. 
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2. Background  

The aim of this chapter is to cover basic cardiovascular physiology and to review relevant 

experimental literature.  This chapter includes sections on cardiac anatomy (Section 2.1) and 

cardiac physiology including the cardiac cycle (Section 2.2).  Section 2.3 introduces 

myocardial microstructure, Section 2.4 presents an introduction to physical principles 

underlying cardiac performance including stroke volume, EF, pressure-volume loops as a tool 

for assessing cardiac performance (Section 2.4.1), concluding with wall thickening and the 

implications of Laplace’s law (Section 2.4.2).  In Section 2.5 the physiological properties of 

heart failure are presented, followed by a summary of cardiac imaging (Section 2.6) and finally 

an introduction to cardiac mechanics and in silico modelling of the heart (Section 2.7). 

2.1. Cardiac Anatomy  

In order to understand the function of the heart it is useful to first consider its structure. The 

purpose of the cardiovascular system is to move blood through the body to deliver nutrients 

and remove waste.  The heart is a muscular four-chamber pump with a shape similar to a half 

of a rugby ball (Figure 2.1).  It maintains blood pressure in the pulmonary circulation, which 

oxygenates the blood in the lungs, and the systemic circulation, which supplies oxygen and 

nutrients to the body.  The left ventricle (LV) is thick-walled and pumps blood to the systemic 

circulation, while the right ventricle pumps blood through the pulmonary circulation.  Two 

atria are located above the ventricles.  The left atrium holds blood that flows into the LV during 

LV relaxation, additionally the left atrium contracts to fill the LV to capacity.  The right atrium 

helps fill the right ventricle. 

Blood moves through the chambers of the heart via contraction termed systole, and relaxation 

termed diastole.  The mitral valve is located between the left atrium and the LV preventing 

blood from flowing back into the left atrium during systole.  The equivalent atrioventricular 

valve on the right-side of the heart is the tricuspid valve.  The aortic valve separates the LV 

and the aorta, and prevents blood from flowing back into the LV from the systemic circulation.  

The equivalent right-side valve is the pulmonary valve and prevents blood flow from the 

pulmonary artery back into the right ventricle. 
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Figure 2.1: The anatomy of the human heart.  Reprinted with permission, Elsevier © 2018. All Rights Reserved. 

2.2. Cardiac Cycle  

A single unit of the heart’s repetitive activity is called the cardiac cycle.  The cardiac cycle 

encompasses the events of one heartbeat, which can be split into multiple phases (Table 2.1).  

The ejection of blood from the heart occurs during ventricular systole, which is split into two 

parts.  During isovolumic contraction, the ventricular wall contracts causing a rapid increase in 

pressure of the blood within the ventricular cavity.  Ventricular ejection begins when the LV 

cavity pressure exceeds that of the aorta, resulting in blood flow from the LV into the aorta. 

The end of ejection is end-systole, and corresponds with the minimum ventricular volume 

through the cardiac cycle.  Relaxation of the ventricles happens during ventricular diastole, 

which is split into three parts.  As the ventricular wall relaxes, LV cavity pressure drops rapidly 

while the valves remain closed and this is called isovolumic relaxation.  Ventricular filling 

begins once the LV pressure drops below left atrial pressure, causing blood to move into the 

LV.  The time-point at the end of passive filling is called diastasis.  Finally, during atrial systole 
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the left atrium contracts, further increasing the blood volume of the LV.  The time-point at the 

end of atrial systole is called end-diastole and corresponds with the maximum LV volume. 

Ventricular 

systole 

Isovolumic 

contraction  

With both mitral and aortic valves closed, the ventricular wall 

contracts, increasing the pressure of the blood within the 

chamber without loss of blood volume. 

Ventricular 

ejection  

Once ventricular pressure exceeds aortic pressure, the aortic 

valve opens and blood is ejected.  The end of this phase is 

called end-systole. 

Ventricular 

diastole 

Isovolumic 

relaxation  

The pressure of the ventricle drops rapidly as the myocardium 

relaxes and the aortic valve closes. 

Ventricular 

filling  

Ventricular pressure drops below arterial pressure, which 

causes the mitral valve to open, allowing the LV to fill with 

blood. 

Atrial 

systole  

Atrial contraction fills the LV further.  The end-diastolic 

volume is reached, and the mitral valve closes. 

Table 2.1: The cardiac cycle.  A summary of the different phases of the cardiac cycle with a focus on the left 

ventricle. 

The pacemaker cells of the heart initiate an electrical wave that spreads throughout the heart, 

resulting in muscle contraction.  Cardiac electrical activity, mechanical contraction, blood 

movement and valve position are therefore closely related.  The coordination of these activities 

through the cardiac cycle can be illustrated with a Wiggers diagram (Figure 2.2), which shows 

the relationship between electrical activity, pressure and volume changes throughout the 

cardiac cycle.  The electrocardiogram (ECG) consists of the P-wave, QRS complex and the T-

wave (Figure 2.2, top trace).  The P-wave corresponds with atrial depolarisation, the QRS 

complex with left and right ventricular depolarisation and the T-wave with the repolarisation 

of the left and right ventricles.  The pressure traces demonstrate the relationship between LV 

pressure and the atrial and aortic pressures.  LV pressure rises steeply during isovolumic 

contraction.  The aortic valve opens and LV pressure briefly exceeds aortic pressure during the 

peak ventricular outflow.  Once ventricular outflow reaches zero, the aortic valve closes and 

ventricular diastole begins. 
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Figure 2.2: A Wiggers diagram.  The pressure section includes the ventricular, aortic and atrial pressure traces 

through the cardiac cycle.  Features of the atrial pressure trace include atrial contraction (a), bulging of the 

mitral valve (c), and passive atrial filling (v). The volume section visualises the ventricular volume, the 

electrocardiogram shows the electrical activity of the heart, and the phonocardiogram shows the heart sounds 

for a normal heart (Wiggers Diagram, Wikimedia Commons). 

2.3. Ventricular Structure 

The LV geometry is commonly approximated as a truncated prolate spheroid.  With reference 

to this shape, the cardiac coordinate system is defined by the circumferential, radial and 

longitudinal directions (Figure 2.3).  This outer surface of the LV is termed the epicardium, 

and the inner surface the endocardium.  In addition to the anatomy of the chambers and valves 

influencing cardiac function, the myocardial microstructure of the heart also has a specialised 

structure that contributes to function. 

2.3.1. Structural Organisation of the Myocardium  

The heart wall consists of specialised muscle cells termed cardiac myocytes.  Unlike skeletal 

muscle that has myocytes distributed uniformly along a single axis, cardiac myocytes have a 
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unique structural arrangement, which is required to achieve the large degree of deformation 

exhibited through the cardiac cycle.  The predominant orientation of the myocyte long axis is 

termed the fibre direction that varies across the LV free wall.  At the epicardium the fibre axis 

is -60° relative to the circumferential direction.  This direction changes as a function of wall 

depth, parallel to the circumferential direction at the midwall (0°) to approximately +80° at the 

endocardium (Hunter et al. 1988, Nielsen et al. 1991).  Fibre orientation is an important 

consideration when developing models of the LV because although the 3D wall strain varies 

transmurally, myofibre strain has been shown to be uniform (Wang et al. 2016).  

 

Figure 2.3: Myocardial organisation.  A left ventricle (LV) approximated as a prolate spheroid (top middle), and 

its corresponding cardiac coordinate system with the longitudinal (L), radial (R) and circumferential (C) direction 

(top right).  A block of myocardial tissue showing transmural variation in fibre and sheetlet direction (top right).  

The structure of two sheetlets (bottom left), and the microstructural coordinate system with sheetlet (s), fibre (f) 

and normal (n) directions (bottom right).  Modified from LeGrice et al. (1995b).  

Investigation into the microstructural architecture of the myocardium has revealed that 

myocytes are arranged into muscle layers three to five cells in thickness termed sheetlets 

(Figure 2.3) (LeGrice et al. 1995a, LeGrice et al. 1995b).  The sheetlet structure of the heart 

wall gives rise to three distinct material directions.  The previously defined fibre direction 

aligns with myocyte orientation. The sheetlet direction is the direction orthogonal to the fibre 

direction, but within the fibre-sheetlet plane. The normal direction is the axis normal to both 

the fibre and sheetlet directions.  These three directions are important as they form the material 

coordinate system intrinsic to the tissue, with respect to which physical quantities such as strain 

and stress can be referred. 
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2.3.2. Cardiac Collagen  

The extracellular matrix provides a scaffold for cardiac myocytes and helps to transmit 

mechanical force through the myocardial tissue.  The key structural component of the 

extracellular matrix is collagen, which has a hierarchical organisation.  The collagen 

encompassing the entire muscle is termed the epimysium, the endomysium surrounds individual 

myocytes, and the perimysium spans the inter-sheetlet cleavage planes.  Disruption of this 

collagen organisation has been widely implicated in ventricular dysfunction during HF. 

Perimysial collagen has previously been grouped into three different classes (Pope et al. 2008), 

which in this thesis are referred to as perimysial fibre cords, perimysial meshwork and 

perimysial cleavage cords (Figure 7.6).  The perimysial meshwork is located on the surface of 

the myocardial sheetlets, with crossing collagen fibres forming a planar mesh in the fibre-

sheetlet plane.  The perimysial cleavage cords intertwine with the perimysial meshwork, but 

cross the cleavage space and create connections between adjacent sheetlets.  The perimysial 

fibre cords are long cords that are aligned with the fibre direction and run alongside myocytes 

within the sheetlets. 

Collagen types I and III are the most common in the heart, but other collagen types are present 

including types IV, V, and VI (Manabe et al. 2002).  Type I collagen accounts for ~85% of 

cardiac collagen and forms the thick cords present in perimysial collagen, which have high 

stiffness (Leonard et al. 2012).  The fibres of type III collagen are thinner and less stiff 

compared with type I collagen, and type III collagen accounts for ~15% of cardiac collagen.  

The ratio of type III to type I collagen is higher in the endomysium than in the perimysium 

(Bashey et al. 1992).  Myocytes contain genes for collagen type IV (Eghbali et al. 1988), which 

contributes to the endomysial collagen surrounding the cells, but not the perimysial meshwork 

(Shimizu et al. 1993). 

Cardiac fibroblasts exist along with myocytes within the cardiac extracellular matrix and are 

important contributors to myocardial structure.  Fibroblasts account for ~20% of myocardial 

volume and help regulate the collagen of the extracellular matrix (Camelliti et al. 2005).  These 

cells produce collagen in a precursor form, which is subsequently matured and cross-linked in 

order to form thicker fibres.  These thick fibres have high tensile strength and are more resistant 

to degradation. 
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The myocardium has mechanisms for remodelling the extracellular matrix.  Cardiac fibroblasts 

secrete matrix metalloproteinases that break down previously assembled fibrillar collagen 

(Spinale 2007).  In this way, the balance between production and breakdown can ensure that 

the myocardium can respond to physiological signals promoting remodelling.  The activity of 

matrix metalloproteinases can be blocked by tissue inhibitors of metalloproteinases.  Thus the 

ratio of metalloproteinases to their inhibitors can be measured in order to give an indication of 

whether the myocardium is favouring collagen production, collagen breakdown, or if the 

collagen amount is stable (Spinale 2007). 

2.3.3. Myocyte Structure and Function 

Cardiac myocytes perform the mechanical work that drives the pump action of the heart.  The 

cells have an elongated structure approximately 100 μm long and 18 μm in diameter (Olivetti 

et al. 1996).  Myocytes branch and interconnect, with tight mechanoelectrical coupling in the 

form of the intercalated disc.  The intercalated disc consists of three structures, the fascia 

adherens, desmosomes and gap junctions (Sheikh et al. 2009).  The mechanical coupling is 

provided by the fascia adherens, which anchors actin filaments to the end of the myocyte, and 

the desmosomes couple the ends of the myocytes to each other which ensures mechanical work 

performed by individual myocytes is concerted.  The electrical coupling is provided in the form 

of the gap junctions, which allow neighbouring cells to exchange ions, and hence allow the 

propagation of the cardiac action potential. 

Actin-Myosin  

The main function of myocytes is to shorten in order to produce mechanical work.  In order to 

achieve this, myocytes contain myosin thick filaments and actin thin filaments, which are 

bundled together into a sarcomere (Figure 2.4, inset box).  Sarcomeres are linked to form 

myofibrils, and simultaneous shortening of sarcomeres results in myocyte contraction.  During 

sarcomere shortening, the overlapping thick and thin filaments slide past each other through a 

process called crossbridge cycling.  During this cycle, (i) cellular energy in the form of 

adenosine triphosphate is used to reorient free myosin heads to an active position, (ii) myosin 

binds to actin, forming a cross-bridge, (iii) the myosin head changes orientation, pulling the 

actin filament, with the byproducts adenosine diphosphate and inorganic phosphate being 

released, and (iv) the myosin head reaches its inactive position, is released, and is ready to be 

re-activated.  This process is dependent on calcium, as without calcium being bound to 
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tropomyosin, the tropomyosin blocks the myosin heads from attaching to actin, preventing 

contraction. 

Calcium Handling  

A significant aspect of both systolic and diastolic function is the active process of calcium 

handling in the myocardium.  The importance of calcium handling in cardiac myocytes is 

reflected in their cellular architecture.  The cell walls of cardiac myocytes have clefts called 

transverse-tubules, which increase the cell membrane surface area and allow efficient transfer 

of ions between the cell cytosol and the extracellular space.  The sarcoplasmic reticulum is the 

calcium storage unit within a cardiomyocyte and is located very closely to the cell membrane, 

further reducing ion transport distances.  

The mechanism by which myocytes contract and relax is through changes in intracellular 

calcium concentration. Cytosolic concentration of calcium in myocytes is tightly controlled by 

receptors and channels (Figure 2.4), including the L-type calcium channel located at the 

transverse-tubule, and the ryanodine receptor positioned on the surface of the sarcoplasmic 

reticulum. 
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Figure 2.4:  Illustration of a dyad.  The dyad consists of a transverse-tubule, the cytosol and the sarcoplasmic 

reticulum.  In addition to the potassium (K+), calcium (Ca2+) and sodium (Na+) channels and ATPases, a dyad 

also includes the sodium-calcium exchanger (NCX), sodium-potassium ATPase (NKA), ryanodine receptor (RyR), 

sarcoplasmic reticulum calcium ATPase (SERCA) and phospholamban (PLB).  The contractile apparatus of the 

myocyte, the sarcomere, has alternating thick and thin filaments (inset box).  From Louch et al. (2012). 

Systolic function is largely concerned with increasing cytosolic calcium levels (Louch et al. 

2012).  Increases in intracellular calcium concentration occur due to a process termed calcium 

induced calcium release.  During depolarisation, calcium fluxes into the cytosol through the L-

type calcium channels.  This calcium binds to ryanodine receptor, which releases calcium from 

the sarcoplasmic reticulum into the cytosol, increasing intracellular calcium concentration.  

This increase causes further ryanodine receptors to open via positive feedback, allowing more 

calcium to enter the cytosol from the sarcoplasmic reticulum, further increasing intracellular 

calcium concentration. 

Muscle relaxation during diastole relies upon the decrease of intracellular calcium, which is 

achieved by active removal of calcium from the cell and by reuptake of calcium from the 

cytosol into the sarcoplasmic reticulum (Louch et al. 2012).  HF patients have been observed 

to have (i) a reduced rate of calcium removal from the cytosol, lengthening relaxation times 

and (ii) a reduced extent of calcium removal, increasing the amount of myocyte contraction at 
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rest (Selby et al. 2011).  Calcium handling characteristics in HF are an important component 

of active relaxation that inter-link with the structural remodelling that occurs.  

2.3.4. Tissue Level Mechanical Function  

In order to pump blood to the body, myocyte contraction needs to be coordinated in such a way 

that it produces myocardial wall thickening and a resultant reduction in cavity volume.  At the 

endocardium, the ventricular wall undergoes a 40% increase in thickness (Waldman et al. 1988, 

Villarreal et al. 1991), while the increase in myocyte diameter associated with fibre shortening 

only contributes an estimated wall thickening of 8% (LeGrice et al. 1995c).  The sheetlet 

structure of the myocardium allows for shear deformation, which is an important component 

of wall thickening (LeGrice et al. 1995c).  The orientation of sheetlets in the myocardium 

coincides with planes of maximum systolic shear (Arts et al. 2001), which is ideal for systolic 

wall thickening.  It has also been shown that shearing of sheetlets plays an important role in 

early filling (Ashikaga et al. 2005).  This concept is discussed in further detail in Section 7.1. 

2.4. Indices of Ventricular Performance  

Assessment of ventricular mechanical function is an important aspect of clinical diagnosis of 

cardiovascular disease.  One measurement of ventricular function is the ejection fraction (EF), 

which is the proportion of the blood ejected by the LV during systole.  EF is a commonly used 

clinical measure of ventricular function, and can be estimated using a variety of methods, 

including echocardiography and cardiac MRI.  The stroke volume (SV) is the amount of blood 

ejected during a single cardiac cycle, and is the difference between the volume before 

contraction, the end-diastolic volume (EDV), and the volume after contraction, the end-systolic 

volume (ESV).  The EF is the stroke volume as a proportion of the end-diastolic volume (Eq 1), 

and is expressed as a percentage. 

 

𝐸𝐹 =  (
𝑆𝑉

𝐸𝐷𝑉
) × 100 =  (

𝐸𝐷𝑉 − 𝐸𝑆𝑉

𝐸𝐷𝑉
) × 100 Eq 1 

 

Cardiac output is the volume of blood pumped by the LV per unit time and is calculated by 

multiplying the stroke volume by the heart rate.  Cardiac output is a good measure of cardiac 

pump function, and clinicians use a range of different techniques to measure it.  In this thesis, 
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cardiac output was derived from a stroke volume estimated from MRI and heart rate measured 

by ECG.  Cardiac output changes depending on the demands of the body, and so changes 

depending on activity level and body position.  In the clinical literature, EF is more commonly 

reported than cardiac output, despite EF being an incomplete measure of ventricular function.  

For example, a patient may have a low cardiac output despite exhibiting normal EF, if both 

stroke volume and end-diastolic volume have decreased.  Such a pathophysiological situation 

is discussed in further detail in Section 2.5.1.  Although cardiac output is a measure of cardiac 

pump function, two hearts with the same cardiac output under different haemodynamic 

conditions may perform different levels of work, and this is discussed in Section 2.4.1. 

2.4.1. Pressure-Volume Loop Analysis  

Plotting LV pressure against LV volume through the cardiac cycle provides an effective visual 

representation of cardiac pump activity (Figure 2.5).  The resulting pressure-volume loop 

shows the change in pressure and volume associated with the 4 different phases of the cardiac 

cycle (Figure 2.5A).  During phase 1, there is an increase in volume with a small increase in 

pressure, which corresponds to the ventricular filling and atrial contraction phases of 

ventricular diastole.  During phase 2, an increase in pressure without a change in volume is 

observed, corresponding to the first phase of ventricular systole, which is isovolumic 

contraction.  During phase 3, there is a plateau of ventricular pressure and a decrease in volume, 

which corresponds to the ejection of blood from the ventricle into the aorta (ventricular 

ejection).  During phase 4, there is a drop in pressure without a change in volume, representing 

isovolumic relaxation. 
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Figure 2.5: Ventricular pressure-volume loops under differing conditions.  (A) A normal pressure-volume loop 

bounded by the end-systolic pressure-volume relationship (ESPVR) and the end-diastolic pressure-volume 

relationship (EDPVR).  The numbers 1-4 correspond with the phases of the cardiac cycle, and the size of the 

shaded area indicates the amount of stroke work performed.  (B)  The dark line indicates the different pressure-

volume loop under conditions of greater preload, compared to normal (lighter line).  The shaded area indicates 

the additional stroke work associated with greater preload.  (C)  The dark line indicates the different pressure-

volume loop under conditions of greater afterload, compared to normal.  The shaded area indicates the additional 

stroke work associated with greater afterload.  Modified from Pope (2011). 

The pressure-volume loop is bounded by the end-systolic pressure-volume relationship above, 

and the diastolic pressure-volume relationship below.  The end-systolic pressure-volume curve 

indicates the maximum pressure able to be generated for a given ventricular volume.  An 

increase in steepness of this curve represents an increase in inotropy (contractility) of the LV.  

The slope of the diastolic curve indicates the passive filling properties of the LV.  An increase 

in this slope indicates an increase in passive stiffness, while a decrease in the slope of the 

diastolic curve demonstrates an increase in ventricular compliance.  

The area contained within the pressure-volume loop is the stroke work, and is the work that the 

ventricle performs to eject the stroke volume.  The pressure-volume loop is a useful tool in 

analysing cardiac function.  Figure 2.5B shows an increase in preload, in which myocyte 

stretch is increased at end-diastole.  Increased preload corresponds to increased end-diastolic 

pressure, which can occur during exercise or as a result of increased blood volume.  End-

diastolic pressure and end-diastolic volume are increased relative to normal, resulting in an 

overall increase in stroke work.  The pressure-volume loop representing an increased afterload 

is shown in Figure 2.5C.  Afterload is the tension required in the myocytes to achieve ejection, 

and is a function of aortic pressure and ventricular geometry.  Compared to normal, the 
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increased afterload loop exhibits reduced efficiency illustrated by a greater stroke work despite 

pumping the same stroke volume. 

2.4.2. Laplace’s Law Applied to the Heart 

Ventricular geometry is an important contributor to ventricular function, which is illustrated 

through Laplace’s law (Eq. 2) (Nadruz 2015).  In order to generate pressure within the ventricle, 

the tension of the myocardium must increase.  Important LV geometric variables include 

chamber radius, wall thickness, chamber volume and sphericity.  Changes in these variables 

influence the wall tension required to generate pressure as presented in Laplace’s law (Eq 2). 

 

𝑇 =  
𝑃 × 𝑅

2𝑊
 Eq 2 

 

Laplace’s law states that the wall tension (T) required to maintain an internal pressure (P) is 

proportional to the radius of the chamber (R) and inversely proportional to the wall thickness 

(W).  For example, a chamber with a large radius requires a high wall tension to achieve the 

same internal pressure as a chamber with a small radius.  Laplace’s law, as presented in Eq 2, 

assumes a spherical chamber with a constant radius and wall thickness, neither of which are 

true in the LV.  However, examination of Laplace’s law reveals some general properties of the 

relationship between the ventricular geometry, cavity pressure, and wall tension. 

Considering the LV in this context, an increase in chamber radius requires the heart wall to 

increase tension in order to maintain ventricular pressure.  A ventricle with a large radius may 

therefore be less efficient than one with a smaller radius.  Wall thickness is also an important 

contributor to wall tension, which can be relieved through an increase in wall thickness.  

Conversely if wall thickness is reduced, a corresponding increase in wall tension will occur. 

2.5. Heart Failure  

This section presents the current understanding of HF including the signs and symptoms of HF 

(Section 2.5.1), the current strategies for treatment of HF (Section 2.5.3), and the animal 

models of HF used experimentally (Section 2.5.5). 
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2.5.1. Signs and Symptoms of Heart Failure  

Heart failure occurs when the heart is unable to pump enough blood to satisfy the demands of 

the body.  HF is diagnosed based on symptoms and signs that include shortness of breath, 

pulmonary edema and exercise intolerance.  Pulmonary edema in HF is the accumulation of 

fluid in the alveolar sacs and parenchyma of the lungs as a result of increased pulmonary venous 

pressures caused by the reduced ability of the LV to fill.  Shortness of breath is due to increased 

pulmonary pressures and increased lung stiffness caused by the pulmonary edema (Bozkurt et 

al. 2003).  Factors contributing to exercise intolerance include pulmonary edema and reduced 

cardiac output, which reduces blood supply to exercising muscles. 

The heart changes its ventricular geometry, myocardial structure and ventricular function in 

response to varying demands.  These structural and functional changes are termed cardiac 

remodelling.  Cardiac remodelling can be physiological, for instance adapting to meet exercise 

demands in athletes, or pathological, for example in response to a myocardial infarction, 

hypertensive heart disease, inflammatory problems or volume overload.  One type of 

remodelling, termed eccentric hypertrophy, results in an increase in ventricular chamber size 

(Figure 2.6C).  In eccentric hypertrophy, sarcomeres are added in series (myocytes lengthen), 

which increases myocardial mass and ventricular radius but retains the ratio of wall thickness 

to chamber radius.  Another remodelling type, concentric hypertrophy, adds myocytes in 

parallel and increases wall thickness without changing ventricular radius, resulting in a 

decreased chamber size (Figure 2.6B). 
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Figure 2.6: Ventricular remodelling in heart failure.  Cross-sectional view of the left and right ventricles in a 

normal heart (A); and hearts with concentric hypertrophy (B) and eccentric hypertrophy (C). Short axis cross 

sectional schematics. Reprinted with permission, Cleveland Clinic Center for Medical Art & Photography © 2018. 

All Rights Reserved. 

Previously, HF was diagnosed on the basis of an increase in chamber size and a reduction in 

measured EF (Lam et al. 2011).  These signs indicate heart failure with reduced ejection 

fraction (HFrEF), which has also been described as systolic HF.  However, it is also possible 

for a patient to have HF but still to have a normal EF.  These patients have heart failure with 

preserved ejection fraction (HFpEF), also known as diastolic HF, and is conventionally linked 

with concentric hypertrophy.  While EF is normal in HFpEF patients, cardiac output may be 

decreased due to reduced filling, as reflected by a decreased end-diastolic volume.  Such hearts 

may exhibit an increase in chamber stiffness indicative of diastolic dysfunction.  Although EF 

is within normal limits, ejecting a normal proportion of a smaller end-diastolic volume will 

result in reduced stroke volume and cardiac output. 

Considering Laplace’s law (Eq 2), concentric remodelling is initially adaptive as the increased 

wall thickness corresponds to a decrease in wall tension for a given pressure.  The result is a 

stiffer ventricle that is harder to fill, leading to an increase in preload.  Geometric remodelling 

seen in HFrEF is maladaptive as the LV wall needs to have continually increasing wall tension 

to maintain pressure as the ventricular radius increases due to the increased preload.  During 

progression to HF, the heart wall becomes thinner, contributing to the loss of tension 

development required to maintain pressure.  It has been suggested that the geometric changes 

in the LV are significant enough to account for changes in passive mechanics observed in a rat 

model of hypertrophy (Omens et al. 1995). 



21 

 

 

Figure 2.7: Pressure-volume loops representing altered ventricular function.  (A) Diastolic dysfunction.  (B) 

Systolic dysfunction.  (C) Heart failure.  From Pope (2011). 

Diastolic dysfunction indicates impaired relaxation or reduced filling illustrated by an increase 

in gradient of the diastolic curve (Figure 2.7A).  Increased chamber stiffness requires a higher 

pressure to reach the same end-diastolic volume, however systolic behaviour is unchanged.  

The systolic dysfunction case exhibits poor contractility (Figure 2.7B), and the pressure 

generated for a given end-diastolic volume has decreased with respect to normal.  The low end-

systolic pressure for a given end-diastolic volume is reflected in the reduced slope of the end-

systolic pressure-volume relationship.  HF (Figure 2.7C) presents increased chamber 

compliance leading to increased end-diastolic volume and a decrease in end-systolic pressure.  

Compared with a healthy heart, in HF the end-systolic pressure-volume relationship drops, as 

observed in systolic dysfunction, but the diastolic curve is right-shifted indicating that the 

ventricle is more compliant. 

2.5.2. The Spectrum of Heart Failure 

There is ongoing debate as to whether HFpEF and HFrEF are disparate entities or merely 

different parts of a spectrum of disease (Borlaug et al. 2011, De Keulenaer et al. 2011).  The 

terms systolic HF and diastolic HF imply that two distinct types of HF exist.  Approaching HF 

from this viewpoint encourages placing importance in aspects that differ between types and 

downplay common characteristics.  Certainly it is possible to group instances of HF into these 

distinct subsets based on differences.  However, impaired diastolic functioning is not 

exclusively observed in HFpEF as it has also been observed in HFrEF (Brutsaert et al. 1989, 
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Nagueh et al. 1997, Ommen et al. 2000).  Similarly, systolic dysfunction is not limited to cases 

of HFrEF (Yip et al. 2002, Vinereanu et al. 2005, Sanderson et al. 2006, Fukuta et al. 2007).  

Dysfunction throughout the entire cardiac cycle suggests that all cases of HF can be 

characterised by differing degrees of systolic and diastolic dysfunction.  Such an analysis 

supports the idea of a spectrum of disease.  

The spectrum paradigm (Figure 2.8) suggests that HF proceeds along different trajectories 

depending upon disease modifiers, leading to patients being spread along the HF spectrum.  

However, it is clear that treating HFpEF patients with traditional interventions developed 

mainly for HFrEF is ineffective and requires improvement (Borlaug et al. 2011).  The reason 

for variable responses to treatment between types of HF is yet to be determined, and additional 

insight into disease progression is needed. 

 

Figure 2.8: The spectrum paradigm of heart failure suggests that a common heart failure trigger is modified 

differently within individuals leading to an eventual spectrum of heart failure outcomes (De Keulenaer et al. 

2011).  The New York Heart Association (NYHA) Class indicates disease progression and ranges from the ability 

to perform normal physical activity (I), through to the inability to conduct physical activity without discomfort 

and symptoms of HF at rest (IV). 

2.5.3. Pharmaceutical Treatment of Heart Failure 

Typical aims of HF treatment include improving symptoms, treating precursor conditions, and 

limiting adverse disease progression with the aims of improving quality of life and duration.  

One treatment strategy is to reduce the load on the heart by decreasing blood pressure.  

Considering the PV loop representation, decreased blood pressure is associated with a lower 

afterload, which corresponds to higher stroke volume per unit work.  Blood pressure is 

regulated through the renin-angiotensin-aldosterone system (Hall 2016).  In brief, the kidneys 
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release renin into the circulation in response to low arterial pressure.  Renin cleaves the 

angiotensinogen protein, producing angiotensin I, which is subsequently converted to 

angiotensin II by ACE.  Angiotensin II is a vasoconstrictor, with high levels of circulating  

angiotensin II resulting in increased blood pressure.  High circulating levels of angiotensin II 

also promote aldosterone secretion, which promotes sodium reabsorption, water retention and 

consequently increased blood volume and pressure (Hall 2016). 

Several of the drugs used in HF treatment target the renin-angiotensin-aldosterone system.  

ACE inhibitors block the conversion of angiotensin I to angiotensin II by ACE, resulting in 

decreased blood pressure through both the relaxation of blood vessels and decreased blood 

volume.  Angiotensin receptor blockers also act through the renin-angiotensin-aldosterone 

system to reduce blood pressure, by blocking the action of angiotensin II on their receptors, 

leading to vasodilation and decreased secretion of aldosterone.  Aldosterone antagonists are 

diuretics, blocking the mineralocorticoid receptor prevents resorption of sodium, leading to 

increased excretion of water through the urine.  This decreases blood volume and pressure, 

reducing afterload.  Aldosterone antagonists also inhibit adverse cardiac remodelling, as they 

block aldosterone-mediated collagen production by fibroblasts. 

The sympathetic nervous system is also a target for HF treatment.  Epinephrine and 

norepinephrine stimulate the alpha and beta adrenoceptors, with the vascular effects being 

vasoconstriction, and cardiac effects being increased heart rate and cardiac contractility (Hall 

2016).  Beta-blockers are beta-adrenergic receptor antagonists and block the action of 

epinephrine and norepinephrine on beta-adrenergic receptors (Hall 2016).  Beta-blockers were 

previously contraindicated in HF due to their effect of decreasing cardiac contractility.  

However, it is now known that in stable HF, beta-blockers inhibit the inflammatory effects of 

catecholamines on the heart, and prevent adverse tissue remodelling (Rehsia et al. 2010).  They 

also reduce energy demand through their reduction of heart rate and cardiac contractility, which 

is also useful in stable HF. 

Cardiac glycosides, such as digoxin, can be used in HF to increase cardiac contractility while 

decreasing heart rate.  Cardiac glycosides block the action of sodium-potassium pump, leading 

to the accumulation of intracellular sodium, inhibiting the sodium-calcium exchanger and 

leading to an increase in intracellular calcium.  These high levels of calcium lead to increased 

calcium concentrations in the sarcoplasmic reticulum, which when released result in increased 
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force of myocyte contraction.  However, digoxin use has fallen out of favour with clinicians 

due to the increased risk of mortality associated with its use (Vamos et al. 2015). 

2.5.4. Surgical Treatment of Heart Failure 

Despite treatment with multiple drugs, some end-stage HF patients remain symptomatic.  The 

1-year survival rate for end-stage HF patients is very low, with some estimates as low as 6% 

(Lietz et al. 2008).  In terms of lifespan and quality of life, the best option for these patients is 

heart transplantation.  However, worldwide only 2200 hearts are available for transplantation 

each year, with an estimated 500,000 end-stage HF patients in the US alone (Lietz et al. 2008).  

These patients will need to rely on implantable devices to either provide a bridge to 

transplantation or in many cases, as a final solution (destination therapy). 

One approach of implantable devices is to correct the electrical activity of the heart.  Cardiac 

resynchronisation therapy uses an implantable device to send electrical impulses to the LV and 

RV in synchrony, ensuring coordinated contraction (Krum et al. 2009).  Conventional 

pacemakers only stimulate the right ventricle, but cardiac resynchronisation pacemakers pace 

both the left and right ventricles.  By restoring coordinated contraction, cardiac 

resynchronisation pacemakers can improve the efficiency of the heart, improving HF signs and 

symptoms (Krum et al. 2009).  Another implantable device, the implantable cardioverter 

defibrillator can monitor the electrical activity of the heart and provide corrective electrical 

impulses when required.  Modern devices also incorporate cardiac resychronisation, which 

provides biventricular pacing. 

A ventricular assist device is a pump that can be implanted to assist the function of either the 

left or right ventricles.  For LV assist devices, a pump is connected between the apex of the 

heart and the aorta, which pumps in parallel with the heart.  This parallel pumping assistance 

takes load off the ventricle and can lengthen the lifespan of patients who have end-stage HF 

(Frazier et al. 2001, Kamdar et al. 2013). 

The ideal outcome for patients with end-stage HF is to undergo heart transplant surgery.  

Eligible patients need to meet various requirements, and may be excluded if they have 

irreversible pulmonary hypertension, which can cause post-transplant right ventricular failure, 

or based on the presence of an active infection or cancer, which will be worsened by post-

transplant immunosuppressant medication.  The donor heart either replaces the recipient’s heart 

(orthotropic heart transplantation) or less commonly implanted in addition to the existing heart 
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(heterotrophic heart transplantation).  The survival rate of post-transplant patients is 90 % 

after 1 year, and for these patients the median post-transplant lifespan is 14 years (Lund et al. 

2015).  In order to prevent rejection of the donor heart, recipients are prescribed 

immunosuppressants for the rest of their lives.  This makes the patient more susceptible to 

infection, and increases the risk of cancer.  Despite these risks, heart transplantation is the 

standard of care for patients with end-stage HF (Kittleson 2016). 

2.5.5. Animal Models of Heart Failure  

An animal model of disease allows researchers to investigate disease pathways using invasive 

experimental techniques that cannot ethically be performed on humans.  Animal models are 

developed in order to mimic specific characteristics of the human disease of interest.  In 

particular, HF researchers are interested in models that mimic structural and functional 

remodelling exhibited in human HF progression. 

In the literature, many animal models of HF have been described. An acute model is often a 

normal animal that is subjected to an intervention, in order to induce the disease of interest.  

Acute models include rats that develop HF subsequent to being given myocardial infarctions, 

and also pressure-overload models that are produced by fitting a band to the ascending aorta, 

impeding aortic outflow.  A volume-overload model has also been induced in a rat by 

performing an aorto-caval fistula resulting in eccentric hypertrophy (Dolgilevich et al. 2001).  

Acute models have the advantage of achieving a disease state rapidly, but often this rapid 

transition to disease does not accurately represent chronic human diseases. 

Genetic models are animals that have been selectively bred or genetically modified to produce 

a certain trait, for instance high blood pressure.  Examples of genetic models include the Dahl 

salt-sensitive rat that becomes hypertensive on a high salt diet, and the spontaneously 

hypertensive rat (SHR), which develops hypertension with age (Trippodo et al. 1981).  These 

animal models produce different types of remodelling (compensated concentric hypertrophy 

and dilated cardiomyopathy, respectively).  Different animal models are used by different 

research groups depending on their specific characteristics. 

The SHR strain was developed by Okamoto and Aoki by inbreeding Wistar rats, and selecting 

for high blood pressure (Okamoto et al. 1963).  The blood pressure of SHRs begins to increase 

at 5-6 weeks of age, eventually reaching systolic blood pressures of 200 mmHg, which greatly 

exceeds the normal Wistar pressures of 130 mmHg (Trippodo et al. 1981).  The SHR develops 
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hypertrophy and progresses towards decompensated failure in a manner that is similar to human 

HF development (Trippodo et al. 1981).  For this reason, the SHR is a well-studied animal 

model of human hypertensive heart disease progressing into decompensated HF (Bing et al. 

1995).  The SHR has also been used to examine the changes in systolic and diastolic 

performance during compensated hypertrophy, with an increase in systolic function and a 

decrease in diastolic function being observed (Cingolani et al. 2003).  This finding suggests 

that the SHR initially falls on the HFpEF part of the spectrum of HF and later progresses to the 

HFrEF end of the spectrum. 

Because the SHR mimics the changes in myocardial collagen observed during HF progression, 

remodelling of the extracellular matrix has been investigated in this animal model (LeGrice et 

al. 2012).  Specifically, utilisation of extended volume confocal microscopy allowed detailed 

investigation of myocardial tissue structure including myocyte organisation and collagen 

networks.  In the SHRs, perimysial collagen was deposited between sheetlets, and the 

organisation of sheetlets became less ordered.  Both of these structural changes lead to 

increased stiffness in the direction perpendicular to the sheetlet plane (the normal direction), 

and also increased resistance to shearing.  This alteration to the architecture of the myocardium 

is thought to underpin the altered mechanical behaviour observed in failing SHRs (LeGrice et 

al. 2012). 

Because the extracellular matrix is clearly involved in HF pathophysiology, ACE inhibitors are 

of particular interest to HF researchers as they decrease interstitial collagen.  In one SHR study, 

ACE inhibitor treated rats were observed to have decreased interstitial collagen with some 

reversal of LV dysfunction (Brilla et al. 1991).  One mechanism of this reversal of LV structural 

changes is through matrix metalloproteinase activation, leading to increased collagen 

degradation (Brilla et al. 1996).  Early ACE inhibitor treatment has a greater effect on reversal 

of HF symptoms compared with treatment after HF onset (Brooks et al. 1997).  Changes in 

calcium handling have also been observed to be part of the initial adaptive response to the 

failing heart.  In the SHR, the systolic calcium transient is prolonged, enhancing contraction in 

an attempt to compensate for the greater workload (Chen-Izu et al. 2007).  The SHRs in this 

study exhibited hypertension prior to hypertrophic remodelling, suggesting that calcium 

handling adaptations precede structural remodelling. 
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2.6. Imaging of the Myocardium 

The heart can be imaged using a range of different techniques depending on the type of 

measurements desired.  Measurements of global ventricular pumping performance typically 

require imaging the whole ventricle through the cardiac cycle.  Measurements of regional strain 

require an imaging modality that can track myocardial material points.  Finally, high resolution 

imaging techniques can reveal the myocyte and collagen architecture, but are typically reserved 

for ex vivo tissue samples. 

2.6.1. In Vivo Cardiac Imaging 

Multiple modalities are available to image the heart in vivo.  This section will cover 

echocardiography, MRI and computed tomography, all of which are used in the clinical setting.  

These modalities can provide information on ventricular hypertrophy, geometry and 

performance. 

Magnetic Resonance Imaging 

MRI makes use of the phenomenon of nuclear magnetic resonance in order to map water and 

fat in the body.  Cardiac MRI is the gold standard of non-invasive cardiac function 

measurement, as it produces a high quality image, is able to yield 3D structure (Bellenger et al. 

2000).  Measurements of ventricular volume and EF obtained from cardiac MRIs are accurate 

and have been shown to be repeatable (Leong et al. 2010).  However, although MRI has good 

spatial contrast the temporal resolution can be poor.  Further limitations of cardiac MRI are 

that imaging is costly and requires maneuvering patients into the scanner, which can be difficult 

and cause patient discomfort.  The presence of a strong magnetic field may also preclude 

patients with implants such as pacemakers. 

The border definition between blood and myocardial tissue can be improved through use of a 

contrast agent. MRI contrast agents such as gadolinium shorten the relaxation time of adjacent 

water molecules, thereby enhancing the signal. This type of imaging is very useful for locating 

myocardial infarction.  

Echocardiography 

Echocardiography is another non-invasive technique for measuring cardiac function that is 

used commonly in the clinical setting.  Echocardiography uses the reflection of high frequency 

sound waves to image the heart, and can also be used to measure blood flow (Hall 2016).  
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Echocardiography is able to provide robust estimates of diastolic function, for instance the ratio 

of early to late filling (E/A ratio), which can indicate impaired early relaxation if the ratio is 

low, or restricted late filling if the ratio is too high (Galderisi 2005).  This method can provide 

measures of systolic function, and LVEF is commonly obtained in clinical settings using 2-

dimensional (2D) echocardiography, as it is relatively low cost and allows minimal movement 

and discomfort of the patient. 

In order to obtain measurement of EF, a clear border definition of the endocardial surface is 

required and this border definition is often difficult to identify (Bellenger et al. 2000).  

Definition can be improved with the use of a contrast agent.  Contrast agents for 

echocardiography consist of micro-bubbles that produce a large density gradient between gas 

bubbles and surrounding liquid, amplifying the signal.  EF obtained from echocardiography 

must be interpreted with caution, as a non-symmetric ventricle may result in an unreliable 

estimate of EF.  Also, it has been shown that there is poor agreement between estimates of EF 

from echocardiography and cardiac MRI (Bellenger et al. 2000).  Advancement in the 

miniaturisation of electronics has allowed the development of transducers that can perform 3D 

echocardiography.  Estimates of EF from 3D echocardiography match more closely with MRI 

estimates of EF than 2D echocardiography (Chuang et al. 1999). 

Speckle-tracking echocardiography is an enhancement that allows measurements of LV 

myocardial strain through frame-by-frame tracking of acoustic interference.  By tracking 

myocardial material points, speckle tracking allows measurement of the three axial strains 

(longitudinal, circumferential and radial) and the three shear strains (circumferential-radial, 

circumferential-longitudinal and longitudinal-radial), as well as ventricular torsion. 

Computed Tomography  

Computed tomography scans obtain multiple x-ray measurements allowing accurate imaging 

of the cardiac anatomy.  Due to the resolution of x-rays, cardiac computed tomography is 

typically used to image the coronary arteries.  Single-photon emission computed tomography 

(SPECT) can be used to obtain accurate measurements of EF and end-systolic volume, which 

were found to be prognostic indicators of cardiac death (Sharir et al. 1999).  One major 

disadvantage of computed tomography scans is that the patient is exposed to high levels of 

radiation.  However, this radiation exposure can be reduced with the use of newer imaging 

protocols. 
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2.6.2. Strain Analysis 

To better understand the mechanics of the ventricular wall, techniques have been developed to 

measure ventricular strain.  The techniques covered here include an invasive experimental 

method of tracking implanted radiopaque beads, and a noninvasive MRI method. 

Bead Studies  

One method for obtaining in vivo myocardial strains involved implanting gold beads into the 

canine myocardium (Omens et al. 1991).  These beads were inserted in three columns, which 

allowed for subsequent 3D analysis (Figure 2.9).  Cineradiographs were taken in order to 

measure the movement of the beads throughout the cardiac cycle.  End-diastolic and end-

systolic 3D coordinates of the beads were obtained from the images and transformed into a 

right-handed Cartesian cardiac coordinate system.  Using these coordinates a finite element 

was fitted to both the end-systolic and end-diastolic time points.  The differences between the 

coordinates at these time points were calculated and the myocardial strain was obtained.  Such 

studies have indicated that fibre strain is approximately uniform, but that the regional 

differences in radial strain are correlated with differences in sheetlet shear, suggesting that 

sheetlet shear may play an important role in wall thickening (LeGrice et al. 1995c). 

 

Figure 2.9: Tracking of myocardial strain using embedded beads.  A schematic of the beads relative to the 

ventricular coordinate system of longitudinal (L), radial (R) and circumferential (C) axes.  Three columns of 

beads were inserted in the radial direction, from endocardium to epicardium.  3D coordinates were obtained and 

a finite element was fit to these coordinates for strain analysis (Omens et al. 1991).  
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Radiofrequency Tagging During MRI  

Radiofrequency tagging MRI can be used to add ‘tag bands’ at the start of the cardiac cycle 

that track the movement of the myocardium through the cardiac cycle (Tee et al. 2013).  

Radiofrequency pulses are used to perturb magnetisation of selected tissue locations and 

thereby reduce signal intensity.  These pulses create low-signal tag bands that mark specific 

locations within the myocardium and follow these locations for the duration of the cardiac 

cycle.  Reconstruction of the displacement of the tag bands yields measures of local 

deformation including radial, longitudinal and circumferential strains, and LV torsion (Tee et 

al. 2013). 

Distributions of myocardial stress and strain have been obtained throughout the left and right 

ventricles using human tagged data (Hu et al. 2003). Normal hearts were compared with hearts 

suffering right ventricular hypertrophy, and significant differences in stress and strain 

distributions between groups were observed.  Additional methods have been developed in order 

to obtain maximum information and resolution.  For example, the elastic moduli of the 

myocardium can now be measured regionally using displacement-encoding with stimulated 

echoes (DENSE) and phase-contrast velocity mapping (Wen et al. 2005).  

2.6.3. Microstructural Imaging 

In order to relate the structure of myocardium with ventricular function, researchers require 

high resolution imaging techniques to image myocardial structure.  Conventionally, these were 

histological techniques, but more advanced techniques are now available. 

Diffusion Weighted Imaging 

Previous models of ventricular fibre distribution were based on histological measurements 

(Nielsen et al. 1991).  However, this has changed due to the advent of diffusion-weighted 

magnetic resonance imaging.  The method relies upon the random diffusion or Brownian 

motion that water molecules exhibit, and the technique allows quantification of water diffusion 

along a range of directions.  The presence of underlying tissue structure results in anisotropic 

diffusion, differing rates of diffusion depending on direction (Basser et al. 1994). 

The preferential direction of water diffusion was initially shown to occur along the direction 

corresponding with fibres in the brain, but has subsequently also been shown to closely 

represent the orientation of muscle fibres in the heart (Hsu et al. 1998).  There is also some 
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evidence to suggest that the direction of minimum diffusion is correlated with the sheet-normal 

direction (Helm et al. 2005). 

Micro Computed Tomography 

Much like computed tomography, micro computed tomography has been developed in order to 

obtain high resolution images of the microstructure.  In medicine, these can be used to assess 

the nature of tissue biopsies and other specimens.  Micro computed tomography has been 

successfully used for in vivo cardiac imaging of rodent hearts, with the image acquisition being 

gated by both cardiac and respiratory signals (Badea et al. 2004), allowing measurement of EF 

and cardiac output (Badea et al. 2005).  Micro computed tomography is also a useful technique 

for ex vivo imaging of the heart.  With the use of iodine staining, voxel resolutions of 13 μm 

can be achieved, allowing for resolution of the myocardial fibre orientation (Stephenson et al. 

2012). 

Extended Volume Confocal Microscopy  

Extended volume confocal microscopy (Sands et al. 2005) is a technique that allows high 

resolution (voxels = 0.4 µm3) 3D imaging of tissue microstructure, such as myocardial 

microstructure (Pope et al. 2008).  The advantages are the acquisition of high resolution 

structural information in three dimensions and the ability to selectively label tissue features of 

interest.  Disadvantages of this technique are that it requires dehydration and embedding in 

resin, which can alter the structure of the tissue sample.  It is also time-consuming and the 

processing destroys the tissue sample, which precludes re-scanning of a sample. 

Electron Microscopy  

Electron microscopy is an imaging technique that allows much higher resolution than imaging 

methods that rely on light.  For imaging of the myocardial extracellular matrix, the myocytes 

can be dissolved, with only the collagen left remaining (Macchiarelli et al. 2002).  Such 

imaging can resolve even the fine endomysial collagen fibres and reveal the complex 

meshwork that surrounds and interconnects myocytes.  However, although such an imaging 

technique can resolve structures in high resolution, it is not feasible for reconstructing image 

volumes encompassing, for example, a full transmural block of myocardial tissue. 
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2.7. Kinematics of the Myocardium  

This section introduces kinematic analyses of myocardial deformation and includes myocardial 

material tests, a brief introduction to constitutive modelling theory, myocardial constitutive 

equations and finite element models of the LV. 

At rest, healthy human EF is approximately 60%, which increases in response to increased 

metabolic demands.  In order to achieve this large reduction in chamber volume, the 

myocardium must undergo large deformations, particularly near the endocardium.  The 3D 

wall strain is larger than can be accounted for due to the 15-20% strain that occurs in the fibre 

direction during the cardiac cycle.  Multiple properties of the myocardium contribute to wall 

thickening: (i) muscle fibre shortening, (ii) LV geometry, (iii) ECM composition and structure, 

and (iv) the distribution of fibre and sheet orientations across the LV wall.  

There are several frames of reference that can be used to describe 3D strain in the myocardium.  

The cardiac coordinate system is based on the ventricular geometry and includes the radial, 

circumferential and longitudinal directions as its axes (Figure 2.3, top right).  Another 

convenient coordinate system is a material coordinate system, which is based on the cardiac 

microstructure and includes the fibre, sheetlet and normal directions (Figure 2.3, bottom).  

Various imaging methods can be used to obtain radial, circumferential and longitudinal strains.  

Measurements of strain in the material coordinate system requires either material testing of 

myocardial tissue prepared with knowledge of the microstructural axes, or a combination of 

tagged MRI and diffusion weighted imaging (Wang et al. 2016).  However, only ex vivo 

material testing can obtain measurements of myocardial deformation outside of the 

physiological values.  Such stress-strain data obtained through material testing can be used to 

parameterise constitutive properties of the myocardium.  

2.7.1. Material Testing  

As discussed in Section 2.3.1, the myocardium is known to consist of an orthotropic structure.  

However, this view of myocardial structure is relatively recent, and limited material studies 

have been conducted with an orthotropic paradigm in mind.  The most basic myocardial 

material tests were uniaxial force-displacement measurements, typically using papillary 

muscles (Little 1976).  Other material studies viewed the myocardium as a transversely 

isotropic structure and aimed to measure the material properties along the fibre and cross-fibre 

axes.  Such biaxial material tests can be performed by mounting sheet-like myocardial samples, 
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with connections aligned with the fibre or cross-fibre directions (Demer et al. 1983).  

Myocardial samples are submerged in near-physiological solution and subjected to cyclic 

loading along the fibre and cross-fibre directions (Figure 2.10).  These tests confirmed that the 

fibre and cross-fibre directions show different stress-strain relations and that the myocardium 

is both non-linear-elastic and viscoelastic. 

 

Figure 2.10: Biaxial material testing of a thin slice of myocardium. The tissue is submerged in a bath to maintain 

near-physiological conditions. Cameras are used to record deformation of markers on the tissue surface. From 

Demer et al. (1983).  

With the increasing acceptance of the orthotropic structure of the myocardium (LeGrice et al. 

1995a) and the role of myocardial shearing in systolic function (LeGrice et al. 1995c), a 

shearing device was developed in order to investigate the orthotropic material properties of the 

myocardium (Dokos et al. 2000).  Cubes of myocardial tissue from the LV free wall were 

mounted and subjected to simple shear (Dokos et al. 2002).  Samples were mounted in three 

orientations according to the myocardial material axes, and stress-strain measurements were 

obtained from the six modes of shear (Figure 7.3).  The results confirmed that the myocardium 

had orthotropic material behaviour, and that sheetlets readily slid past one another, while 

extension of the fibre direction was resisted strongly.  The shear stress-strain data from this 

study has been used to parameterise myocardial constitutive equations (Schmid et al. 2006, 

Holzapfel et al. 2009, Wang et al. 2016).  Shear stress-strain data has also been obtained from 



34 

 

human myocardial tissue (Sommer et al. 2015).  Although this study provides useful new data 

for validation of myocardial constitutive models, both studies performed simple shear, which 

is a limitation that will be discussed further in Chapter 7.  More recently, Avazmohammadi and 

colleagues have developed a novel triaxial mechanical testing device, and have obtained 

material measurements from sheep myocardium (Avazmohammadi 2017).  These results are 

likely to be important for future estimation of parameters in myocardial constitutive models. 

2.7.2. Large Deformation Mechanics 

The myocardium undergoes large deformation through the cardiac cycle (Table 2.1), 

transitioning between the end-diastolic, end-systolic and diastasis states.  The phases of the 

cardiac cycle can be defined by their initial undeformed state and final deformed state: systole 

(end-diastole to end-systole), early diastole (end-systole to diastasis), and late diastole 

(diastasis to end-diastole).  The relationship between an undeformed state and its deformed 

state can be described by the deformation gradient tensor (Eq 3). 

 

𝑭𝑀
𝑖 =

𝜕𝑥𝑖

𝜕𝑋𝑀
 Eq 3 

 

 

Figure 2.11: The deformation gradient tensor (F) transforms an undeformed line segment (dX) into a deformed 

line segment (dx). 

Considering an infinitessimal line segment within an object (Figure 2.11), the deformation 

gradient tensor (F) describes the relationship between the undeformed line segment (dX) 
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consisting of three components (dX1, dX2, dX3) in the undeformed 3D coordinate system (M), 

and its deformed counterpart (dx) consisting of three components (dx1, dx2, dx3) in the 

deformed 3D coordinate system (i) (Nash et al. 2007).  A related tensor, the right Cauchy-

Green deformation tensor (C, Eq 4), has properties that are useful for modelling deformation 

of the myocardium. 

 

C = FTF Eq 4 

 

𝐼1 = 𝑡𝑟𝑪, 𝐼2 =
1

2
[(𝑡𝑟𝑪)2 − 𝑡𝑟𝑪2], 𝐼3 = 𝑑𝑒𝑡𝑪, 𝐼4𝑓 = 𝒇0 × (𝑪𝒇0), 

𝐼4𝑠 = 𝒔0 × (𝑪𝒔0), 𝐼8𝑓𝑠 = 𝒇0 × (𝑪𝒔0) 

Eq 5 

where f0 = [1 0 0]T and s0 = [0 1 0]T in local material coordinates. 

A constitutive equation can be written as strain energy density function (W), which is a function 

of C: W = W(C).  Some useful properties of C are the strain invariants and are used extensively 

in constitutive modelling (Eq 5).  This is because W can be more conveniently expressed as a 

function of the strain invariants, as seen by the constitutive equations in Section 2.7.3. 

2.7.3. Myocardial Constitutive Equations 

In order to expand understanding of diastolic ventricular function, constitutive equations have 

been formulated to describe the material properties of the passive myocardium.  The decision 

of which constitutive equation to use depends upon a number of factors including, how well 

the constitutive model matches to existing material testing results, mathematical simplicity, 

and whether it captures the intrinsic structural properties of the material.  Constitutive equations 

require parameters that quantify the characteristics of the material based on experimental 

measurements. 

Constitutive models of the myocardium can be classed as phenomenological or structural 

models.  Phenomenological models use functions that closely fit experimental data as well as 

being computationally efficient.  The drawbacks of phenomenological models are that the 

parameters in these models do not have physiological meanings.  Structure-based constitutive 

equations can be formulated using parameters that represent measurable features (e.g. using 
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histological images).  Disadvantages of this approach include the typically large numbers of 

parameters that need to be identified, and an increase in computational complexity leading to 

lengthened simulation times.  Both types of constitutive equation can have parameters which 

are correlated, so care must be taken when considering their identifiability and meaning. 

The mechanical properties of the myocardium may be modelled as being (i) isotropic: having 

the same properties in all directions (Mooney 1940, Rivlin 1948), (ii) transversely-isotropic, 

having one preferred direction (the "fibre" direction) with properties that are isotropic in the 

plane perpendicular to the preferred direction (Humphrey et al. 1987), or (iii) orthotropic, 

having different material properties in each of the three material directions (Holzapfel et al. 

2009).  Progression through these different modelling approaches has been as a result of new 

insights into the structure of the myocardium as well as the development of computational 

technology.  

Humphrey and Yin introduced one of the first transversely isotropic constitutive equations of 

the myocardium (Humphrey et al. 1987), which used the I1 and I4f invariants introduced in Eq 

5.  In Eq 6, the first term including the I1 invariant characterises the isotropic response, while 

the second term including I4f represents a family of aligned stiffer fibres. 

 

𝑊 = 𝑐{𝑒𝑏(𝐼1−3) − 1} + 𝐴 {𝑒𝑎[√𝐼4𝑓−1]
2

− 1} Eq 6 

 

Studies of myocardial anatomy (LeGrice et al. 1995a) as well as shear testing (Dokos et al. 

2002) have confirmed the orthotropic nature of myocardial tissue.  In order to incorporate the 

different responses along the three myocardial material axes, orthotropic constitutive models 

have been developed.  Nash and Hunter developed the orthotropic “pole zero” constitutive 

equation, however the large number of parameters made it difficult to use in mechanics 

simulations (Nash et al. 2000).  More recently, Holzapfel and colleagues developed an 

orthotropic constitutive equation with 8 parameters (Holzapfel et al. 2009), which is presented 

in (Eq 7).  It features four strain invariants from Eq 5: I1, I4f, I4s and I8fs.  These four invariants 

are the basis of the four terms of the equation, which respectively describe the isotropic, fibre, 

sheetlet and fibre-sheetlet shear behaviour.  Each of the four terms also has two parameters: a 

and b, af and bf, as and bs, afs and bfs, respectively for the I1, I4f, I4s and I8fs terms.  The parameter 
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values were estimated by simulating the shear modes and tuning the parameters to ensure a 

close fit to the material data obtained by Dokos and colleagues (Dokos et al. 2002). 

 

𝑊 =  
𝑎

2𝑏
𝑒[𝑏(𝐼1−3)] + ∑ {𝑒[𝑏𝑖(𝐼4𝑖−2)2] − 1}

𝑖=𝑓,𝑠

+
𝑎𝑓𝑠

2𝑏𝑓𝑠
[𝑒(𝑏𝑓𝑠𝐼8𝑓𝑠

2 ) − 1] 
Eq 7 

 

This orthotropic constitutive relation is a step towards improved representation of myocardial 

constitutive behaviour when modelling cardiac mechanics, and is being used and improved 

upon (Wang et al. 2013).  Parameters representing the collagen structure have been 

incorporated by Wang and colleagues (Wang et al. 2016) so that the constitutive model can be 

applied to study the constitutive properties of diseased myocardium. 

2.7.4. Finite Element Modelling  

To perform simulations of cardiac deformation, a representation of ventricular geometry is 

needed in addition to a constitutive equation.  Early simplified models rendered the surfaces of 

the epicardium and endocardium as two truncated prolate spheroids.  The properties of prolate 

spheroid geometry meant that these models were required to be axisymmetric, consisting of an 

estimated longitudinal-radial geometry rotated about a long axis (Gould et al. 1972, Janz et al. 

1972).  Although accurate estimates of LV longitudinal-radial geometry were obtained from 

cineangiocardiographic imaging, the axisymmetric modelling requirement meant that 

asymmetric ventricles could not be accurately represented. 

Subsequently, development of a model that was non-axisymmetric was carried out by Hunter 

and colleagues (Hunter 1975).  LV geometry was determined from mounted silicon-filled 

hearts by measuring the geometries of the endocardium and epicardium.  Improvements to this 

model were made by altering the measurement rig to include measurement of the fibre direction 

(Nielsen et al. 1991).  Anatomical models were fitted to these data (Nielsen et al. 1991), as well 

as data from rabbit (Vetter et al. 2000) and the porcine hearts (Stevens et al. 2003).  The 

anatomical accuracy of these models increased confidence in the simulation results, in 

comparison to the simpler axisymmetric models.  However, the models were the result of 

averaged measurements over multiple hearts and as such could not be used to capture the 

variability between individual hearts.  Although according to (LeGrice 1992), the variability in 

fibre structure was limited. 
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Creation of cardiac geometric models of human hearts is now possible using cardiac MRI.  The 

advantages of MRI are that it is non-invasive, which allows for in vivo measurements and has 

drastically reduced the acquisition time compared with histological measurements.  As per the 

finite element method, a complex LV geometry is broken down into a number of elements 

through a process called mesh generation.  This mesh needs to represent the cardiac anatomy 

with good accuracy but also have stable computational properties.  One philosophy of mesh 

generation is to use a large number of simple elements, such as linearly interpolated meshes, 

which are commonly used is the cardiac mechanics literature (Sermesant et al. 2006).  

However, although linearly interpolated meshes are commonly used, significant errors can 

arise in simulations of incompressible soft tissue (Pathmanathan et al. 2009).  An alternative 

approach is to use a smaller number of more complex elements with a higher order interpolation 

scheme, such as a cubic Hermite mesh (Wang et al. 2009). 

Ultimately all of these modelling approaches aim to either better understand general 

pathophysiology, or are aimed as translational tools that can be used in a clinical setting.  

Measurements from ECG, echocardiography and MRI do not directly yield information 

regarding myocardial material properties, which are of particular importance in understanding 

the mechanisms of HF.  Sophisticated personalised models have the potential to provide 

clinicians with valuable information that can better inform treatment decisions.  As these 

systems become increasingly automated, they will become easier to use and will be a useful 

addition to the diagnostic tool set available to clinicians. 

2.8. Summary 

This chapter has presented a range of background information regarding cardiac physiology 

and pathophysiology, which provides important context for the experimental work undertaken 

in this thesis.  Chapter 3 details the experimental design and measurement techniques used to 

investigate cardiac remodelling in the SHR, with the aim of better understanding the 

development of HF. 
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3. Experimental Methodology 

3.1. Experimental Design 

This study was approved by the Animal Ethics Committee of the University of Auckland and 

conforms to the National Institutes of Health Guide for the Care and Use of Laboratory 

Animals (NIH Publication No. 85-23). 

The SHR animal model was selected for this study as it is a well-studied animal model with 

progressive remodelling similar to human HF development (Trippodo et al. 1981).  The 

genetically similar, but normotensive WKY strain was used as a control group.  16 WKYs and 

48 SHRs were obtained from Harlan Laboratories, (Indianapolis, IN, USA) and 6 SHRs were 

added from a colony at the School of Biological Sciences (University of Auckland, NZ), 

bringing the total to 16 WKYs and 54 SHRs.  All rats were male.  20 of the 54 SHRs underwent 

treatment with the ACE inhibitor, quinapril, from 3 months of age, and this group will forthwith 

be referred to as the TSHR group (treated SHR). 

Animals were housed in cages in the animal facility at the School of Biological Sciences 

(University of Auckland, NZ).  Each cage was allocated two animals, with unrestricted access 

to food and water.  Regular monitoring of the animals was performed, including measurement 

of body mass, checking of drug dose (Section 3.1.1), and measurement of awake blood pressure 

using tail cuff plethysmography (Section 3.3.1.2).  In addition to routine measurements, 

experimental measurements were obtained from animals at 3 mo, 14 mo and 21 mo.  These 

time-points were selected as, in the SHR, these ages corresponded with normal health, 

compensated hypertrophy and HF, respectively (Section 2.5.3). 

The longitudinal study used two different experimental protocols, corresponding to recovery 

and terminal studies (Figure 3.1).  For a recovery experiment, rats underwent cine magnetic 

resonance imaging (Section 3.2.1), tagged MRI (Section 3.2.3) and measurement of blood 

pressure using tail cuff plethysmography in anaesthetised rats (Section 3.3.1.2).  Rats were 

subsequently revived and returned to the animal housing facility to be studied at a later time-

point.  For terminal experiments, rats underwent intravascular blood pressure measurement 

requiring surgery (Section 3.3.1), cine MRI (Section 3.2.1) and tagging MRI (Section 3.2.3).  

Rats were killed by cervical dislocation, their hearts were excised, perfusion stained with 
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picrosirius red (Section 3.4.1), and the tissue was imaged using extended volume confocal 

microscopy (Section 3.4.2). 

 

Figure 3.1: Summary of experimental protocols.  Animals underwent regular measurements, recovery 

experiments and terminal experiments at different time-points. 

Figure 3.2 presents a time-course graphic of the experimental studies.  There were initially two 

animal groups, WKYs and SHRs.  At 3 mo of age, a sample of WKYs and SHRs underwent 

recovery experiments, forming the baseline measurements.  After these 3 mo experiments, 

treatment with an ACE inhibitor was initiated for 20 SHRs (this is the TSHR group).  At 14 mo, 

a sample from each group underwent recovery studies and a sample from the SHR and TSHR 

groups underwent terminal studies.  At 21 mo, all remaining animals underwent terminal 

studies. 
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Figure 3.2: Time course of experimental work.  Progression through time of the WKY (green), SHR (red) and 

TSHR (blue) animal groups.  The WKY group consisted of 16 animals.  At 3 mo, 6 WKYs underwent recovery 

experiments, at 14 mo 5 WKYs underwent recovery experiments, 10 WKYs underwent terminal experiments 

3.1.1. TSHR Group  

From 3 months of age, a group of 20 SHRs were treated with the ACE inhibitor quinapril 

(Pfizer), delivered using their water source.  The initial dosage was 10 mg/kg/day, which was 

eventually reduced to 7.5 mg/kg/day, as the blood pressure of the TSHR group was lower than 

that of our WKY control group.  The water bottles of the treatment group were weighed twice 

weekly to measure water consumption and hence quinapril consumption.  Based on those 

measurements, the concentration of quinapril in the water was adjusted to ensure that the rats 

were consuming the correct dose.  A necessary assumption in this case was that both rats in a 

cage were consuming the same amount of water, and hence quinapril. 

3.2. Magnetic Resonance Imaging 

Animals were anesthetised using a face mask with 2-4% isoflurane in air, and the delivery was 

adjusted in response to respiratory rate.  Under anaesthetic, cine and tagged MRI studies were 

performed. 
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3.2.1. Cine MRI  

MR imaging was performed using a Varian 4.7 T magnet with a UnityInova spectrometer.  A 

birdcage volume coil (72 mm inner diameter) was used for both transmitting and receiving 

radiofrequency signals.  An animal monitoring system (Small Animal Instruments Inc., Stony 

Brook, NY, USA) enabled image acquisition to be gated to ECG and respiration (Figure 3.3).  

Throughout imaging, the core body temperature of the animal was maintained at 35-38 °C by 

directing a regulated stream of warm air over the animal, and both heart rate and body 

temperature were recorded. 

Cine MRIs at 3 long-axis (angular spacing = 60°) and 6 short-axis slices 

(spacing = 0.6 mm – 1.0 mm) were acquired to ensure full coverage of the LV.  Each slice was 

imaged at 18 evenly-spaced time-points through the cardiac cycle.  T1-weighted gradient-echo 

cine acquisitions used the following parameters: repetition time, TR = 2 × R-R interval, 

~ 280 ms – 360 ms; echo time, TE = 2.2 ms; cardiac phases = 20; flip angle = 20°; slice 

thickness = 2 mm; averages = 2, field of view = 60 mm × 60 mm; matrix = 128 pixels × 128 

pixels; gap between slices = 0.6 mm - 1.0 mm according to the size of the heart. 

 

Figure 3.3: Display panel from the animal monitoring system.  Trends include the ECG (top) left ventricular 

blood pressure (centre), and respiratory motion (bottom). 
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3.2.2. CIM Model Generation 

The images were analysed using the Cardiac Image Modelling software (CIM version 6.1, 

University of Auckland, Young et al. 2011).  A 3D finite element model of the LV was 

interactively customised to each image frame throughout the cardiac cycle for each animal.  

Prior to model customisation, key landmark points (the centroid of the LV base, the centroid 

of the LV apex, insertion points of the right ventricular free wall with the interventricular 

septum, and the position of the mitral valve plane) were identified to register an initial model 

to the images.  For each image frame, the endocardial and epicardial surfaces of the initial LV 

model were customised to all slices using interactive guide-point modelling (Figure 3.4).  

Fourier-series filtering in the time domain was also incorporated to ensure a smooth transition 

of the time-varying 3D models throughout the whole cardiac cycle.  The resulting 3D models 

provided LV geometric and functional measures such as LV mass and EF. 

 

Figure 3.4: Cardiac Image Modeller interface.  (Left) LV models are created by using guide-points (green or blue 

dots) to adjust the endocardial surface (green line) or epicardial surface (blue line).  (Right) LV mass (mustard) 

and LV cavity volume (green) are plotted through the cardiac cycle. 

3.2.3. MRI Tagging  

As described in (Section 2.6.2), radiofrequency tagging is an MR imaging technique that allows 

tracking of myocardial material points through the cardiac cycle.  Radiofrequency pulses are 
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used to perturb magnetisation of selected tissue locations and thereby reduce signal intensity. 

The result of these pulses is a set of low-signal ‘tag bands’, which mark specific locations 

within the myocardium and remain for the duration of the cardiac cycle. 

While the animal remained under anaesthetic and in the same position as for the cine MRI, 

radiofrequency tagged MRIs were also obtained.  The tagging sequence used was based on the 

spatial modulation of magnetization tagging method developed by Axel and Dougherty (Axel 

et al. 1989).  The protocol used a train of radiofrequency pulses to produce tags according to 

the binomial tagging technique described in Axel and Dougherty (Axel et al. 1989).  The tagged 

MR image set used the same 6 short-axis and 3 long-axis planes as the cine MRI, and were also 

collected at 18 evenly spread time points through the cardiac cycle.  Two sets of short-axis 

tagged images were collected with orthogonal tag bands.  These two short-axis image sets were 

later combined using a custom Matlab script.  For the short-axis image set, tag thickness was 

0.4 mm at a spacing of 0.8 mm.  A single set of long-axis tagged images were obtained, with 

tags running along radial directions.  For the long-axis image set, tags were 0.7 mm in thickness 

with a spacing of 0.8 mm. 

Tagged MR images were analysed using CIM (v8.1.5 WARP, University of Auckland).  

Material points corresponding to the intersection of orthogonal tag bands were tracked by the 

software with the aid of operator input.  Two short-axis slices were analysed, one apical and 

one basal slice.  A 2D deformation field, calculated by CIM in cardiac coordinates, provided 

circumferential and radial strains, circumferential-radial shear, and ventricular rotation in the 

short-axis plane.  Tagged MR images are not ideal for capturing radial strain (Young et al. 

2012), and so the radial strain measures presented in Chapter 5 were computed using the cine 

models (Section 3.2.2). 

3.3. Measurements of Blood Pressure 

In order to investigate the loading conditions on the hearts, in vivo blood pressure 

measurements were obtained.  Recovery studies included only tail-cuff pressures, but during 

terminal studies, LV pressure measurements were obtained, requiring a surgical procedure.  LV 

pressure data collection was performed in the MRI preparation room immediately before 

imaging. 
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3.3.1. Surgical Procedure 

An incision was made on the right side of the neck and the right internal carotid artery was 

exposed and cannulated.  A solid-state Millar pressure transducer (Model SPR-320, Millar 

Instruments, Houston, TX) was inserted into the artery, advanced down the vessel and through 

the aortic valve into the LV, and LV pressure was recorded for one minute.  The Millar pressure 

transducer was removed and a custom catheter was inserted into the right internal carotid artery.  

This catheter was connected through fluid-filled tubing to a Gould pressure sensor (Model 

P23XL, Gould Electronics Incorporated, Chandler, AZ, USA), which allowed measurement of 

arterial pressure.  This arterial pressure measurement provided additional comparative data for 

checking sensor offset. 

The custom catheter featured an introducer, which allowed insertion of a pressure transducer 

and sealed around the transducer to prevent blood loss.  An MR-compatible fibre optic pressure 

sensor (Small Animal Instruments Inc., Stony Brook, NY, USA) was used to measure LV 

pressure during MR imaging. 

Measurement of LV pressure was not always possible as the fibre optic pressure sensor 

sometimes became caught in one of the aortic valve leaflets.  Various methods of advancing 

the sensor into the LV were attempted, but no single method worked every time.  Once the 

sensor was positioned in the LV and secured, the animal was transferred from the preparation 

area into the MRI scanner.  After the cine and tagged MRI scans, the animal was removed from 

the scanner and the fluid-filled aortic pressure and Millar LV pressure recordings were 

repeated. 

When the fibre optic pressure sensor was successfully secured, LV pressure was measured 

during MRI scan.  High temporal resolution snapshots (1 kHz, duration 30 seconds) were taken 

at 10 minute intervals.  The centre trace of Figure 3.3 shows the LV pressure displayed by the 

animal monitoring software during the MR imaging.  The high frequency snapshot data were 

exported to obtain estimates of end-diastolic pressure and end-systolic pressure. 

Before and after the MRI scans, LV pressure was measured with the Millar pressure sensor 

using the Chart software (v5.5.1, ADInstruments, Colorado Springs, CO, USA) at a sampling rate 

of 1 kHz.  An example of an LV pressure trace obtained from the Millar pressure sensor is 

shown in Figure 3.5.  The Gould pressure transducer was connected through fluid-filled tubes 
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to the custom catheter and was limited to measuring arterial pressure (Figure 3.6).  The pressure 

data from Chart were exported for further analysis. 

 

Figure 3.5: Example left ventricular pressure trace measured with the Millar pressure sensor, and displayed in 

Chart. 

 

 

Figure 3.6: Example arterial pressure trace recorded with the Gould fluid-filled pressure sensor, and displayed 

using Chart. 

3.3.2. Tail Cuff Plethysmography  

Tail cuff plethysmography was used to obtain systolic blood pressure and mean arterial 

pressure in both awake and anaethetised animals.  A sample of awake animals from each group 

were subjected to this non-invasive technique each month to allow for longitudinal tracking of 

blood pressure.  Animals undergoing recovery studies had their blood pressure measured using 

this technique while they were still under anaesthesia. 

Animals are placed into an appropriately-sized holder to limit animal movement and provide 

access to the animal’s tail.  The rat, within the holder was placed under a heating lamp for 

5 - 10 minutes, in order to raise body temperature and blood flow through the tail.  The 

occlusion cuff was positioned near the base of the tail, inflated to 240 mmHg and deflated at a 
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constant rate.  A light sensor detected flow of blood into the tail.  The pressure at which the 

signal begins corresponds to the systolic blood pressure and the pressure at maximum signal 

amplitude indicates the mean arterial pressure (Buñag et al. 1982). 

3.4. Extended Volume Confocal Microscopy  

Extended volume confocal microscopy is a technique that allows high resolution 3D imaging 

(0.4 μm3 voxels) of myocardial structure.  The whole-ventricle measurements such as the 

imaging and pressure measurements provide functional metrics, and detailed structural 

information is therefore needed to investigate the link between structure and function.  

Confocal image volumes are therefore an important component of this dataset, satisfying the 

requirements of Objective 3 (Characterise microstructural remodelling) and Objective 4 

(Investigate the structure-function relationship). 

3.4.1. Sample Preparation 

Once the MRI scan and in vivo pressure measurements were complete, the rat was killed by 

cervical dislocation, the heart excised, cooled in chilled saline and attached to a Langendorff 

apparatus.  The Langendorff rig consisted of raised reservoirs of Krebs-Henseleit, St Thomas 

and picrosirius red solutions, which allowed gravity-driven perfusion of the heart.  Firstly, the 

heart was perfused with Krebs-Henseleit isotonic solution (118 mM NaCl, 4.75 mM KCl, 1.18 

mM MgSO4.7H2O, 1.18 mM K2PO4, 24.8 mM NaHCO3, 2.54 mM CaCl2, 11 D-Glucose, 

bubbled with 95% O2, 5% CO2), which re-activated cardiac contraction by providing oxygen 

and nutrients to the myocardial tissue.  Perfusion with St Thomas cardioplegic solution (110 

mM NaCl, 10 mM NaHCO3, 16 mM KCl, 16 mM MgCl2, 1.2 mM CaCl2, bubbled with 95% 

O2, 5% CO2), ceased cardiac activity and relaxed myocyte contraction in order to maintain the 

heart in a relaxed state.  Finally the heart was slowly perfused with picrosirius red (0.15 g Sirius 

Red F3-BA in 100 mL Saturated Picric Acid) for 1 hour.  This process stained the collagen 

with sirius red dye, and began the fixation process.  The heart was then removed and submerged 

in Bouin’s solution for 5 - 7 days to complete the fixation. 

After fixation, hearts were sliced into short-axis rings of 2 mm in thickness.  Equatorial rings 

were dehydrated by submersion in a graded series of ethanol: 30%, 50%, 70%, 85%, 95%, 

100% followed by propylene oxide, 50:50 propylene oxide to PROCURE 812 resin 

(ProSciTech, Queensland, Australia), then 100% resin (x2).  Resin-embedded samples were 

then heated to 60° C for 24 hours to set the resin (Young et al. 1998, Pope 2011). 
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3.4.2. Confocal Imaging 

The extended volume confocal microscopy method has previously been described in detail by 

Sands et al. (2005).  The resin blocks were mounted on a precision three-axis stage, and 

sequentially imaged with a confocal laser scanning microscope (TCS4D, Leica), using a 

Krypton-Argon Laser (Omnichrome, CA, US) and lens (HC PL APO 20 x NA 0.70, Leica).  

Images were obtained at serial focal planes starting at the block surface up to a depth of 35 μm.  

The block was then milled to remove the upper 30 μm and imaged again.  This cycle of imaging 

and milling was repeated to build up a stack of 2D confocal images, to yield an image volume.  

High resolution images of the myocardial midwall were obtained with a size of 

500 μm×500 μm×330 μm with a voxel edge dimension of 0.4 μm. 

3.5. Summary 

A longitudinal study of WKY, SHR and TSHR animals was undertaken using a range of 

experimental techniques.  Ventricular function and geometry were measured using cine MRI 

and MRI tagging.  Blood pressure measurements were obtained through both non-invasive and 

surgical means.  Finally, the tissue microstructure was imaged using the extended volume 

confocal microscopy technique.  The results of these experiments are presented in subsequent 

chapters.  Chapter 4 presents the results from the cine MRI dataset as well as the in vivo 

pressure measurements.  Chapter 5 presents measurements based on the tagged MRI dataset, 

and Chapter 6 presents the results of the microstructural imaging. 
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4. Functional and Geometric 

Remodelling in the Treated and 

Untreated SHR 

Aspects of this chapter have been published in: Wilson et al, Physiological Reports, 5(1), 

e13104, 2017. 

4.1. Introduction 

The SHR is used as an animal model of heart failure because its progression of cardiac 

remodelling towards heart failure is reportedly similar to that seen in humans (Trippodo et al. 

1981, Doggrell et al. 1998).  Previous findings show that SHRs initially have normal LV 

geometry, but develop concentric hypertrophy and eventually progress towards eccentric 

hypertrophy and systolic dysfunction (LeGrice et al. 2012).  Although alterations of geometry 

and function in the SHR have been described previously, these descriptions of age-tracked 

changes have been obtained using echocardiography (Bing et al. 1995, Slama et al. 2004, 

LeGrice et al. 2012), which has known limitations when used to quantify LV mass and volume 

(Bottini et al. 1995).  MRI has been used previously to study cardiac function in SHR (Wise et 

al. 1998, Wise et al. 1999, Dodd et al. 2012), however these studies were limited to early ages 

(up to 7 mo) and thus did not characterise the development of significant cardiac remodelling. 

In this chapter, MRI was used to quantify the changes in ventricular geometry and mechanical 

function that occur through the lifetime of the SHR, and the effects of ACE inhibitors on 

modifying the progression of cardiac remodelling.  Both of these animal groups were compared 

to a group of age-matched control (WKY) rats.  In addition to the finding that aged SHRs show 

a reduced myocyte to capillary ratio (LeGrice et al. 2012), it has also been shown that cardiac 

efficiency correlates inversely with heart mass (Han et al. 2015).  In this study, it was 

hypothesised that the SHR initially compensates for increased stroke work resulting from 

increased blood pressure by increasing cardiac mass, but that this hypertrophic response is 

maladaptive.  It was also hypothesised that ACE inhibitor treatment prevents the development 

of hypertrophy and that the hearts of TSHRs suffer less myocardial damage as they perform 

less work with greater efficiency. 
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The lack of accurate measurements of EF and stroke volume contribute to the lack of clarity 

regarding whether SHRs progress exclusively to HFrEF or diverge over the spectrum of HF 

states.  In the present study, cardiac geometry was assessed by estimating LV mass, volume 

and indices of hypertrophy using model-based analyses of cardiac MRI.  Ventricular function 

was assessed through measurement of mean arterial pressure and MRI-derived EF, cardiac 

output and cardiac minute work.  Additionally, in vivo estimates of cardiac work were made 

possible by combining MRI-derived estimates of LV volume with measurements of mean 

arterial pressure. 

4.2. Methods 

4.2.1. Animals and Procedures 

Experiments were either ‘terminal’ or ‘recovery’.  For terminal studies, animals underwent 

MRI scans under anaesthesia, and were then killed by cervical dislocation.  Recovery animals 

underwent MRI scans under anaesthesia and were subsequently revived. These animals 

underwent terminal studies at a later time-point.  The number of animals studied at each time-

point is presented in Table 4.1.  As ACE inhibitor treatment was started after 3 mo, no 

measurements from TSHRs were obtained at this time-point (Table 4.1), and these positions 

are therefore left blank in subsequent tables and figures. 

 

Table 4.1: Sample sizes for measurements of (A) heart rate, body mass, left ventricular mass, left ventricular mass 

to body mass, end-diastolic volume, left ventricular mass to end-diastolic volume, ejection fraction, stroke volume, 

cardiac output, wall thickening and (B) mean arterial pressure, stroke work, cardiac minute work, stroke work 

per left ventricular mass and cardiac minute work per left ventricular mass. 

4.2.2. In Vivo Pressure Measurements 

Under anaesthesia, animals undergoing recovery experiments were subjected to tail-cuff 

plethysmography to determine mean arterial pressure (Section 3.3.2), and for terminal studies 

animals under intravascular blood pressure measurement requiring surgery (Section 3.3.1).  

Recovery studies included all 3 mo WKY (n = 6) and SHR (n = 8),  4 of the 14 mo SHR, and 
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4 of the 14 mo TSHR.  Terminal studies included all 14 mo WKY (n = 5), 5 of the 14 mo SHR, 

6 of the 14 mo TSHR, and all 21 mo SHR (n = 9), WKY (n = 10) and TSHR (n = 8). 

4.2.3. Magnetic Resonance Imaging 

MRI was performed using a Varian 4.7 T magnet with a UnityInova spectrometer and an 

animal monitoring system (Small Animal Instruments Inc., Stony Brook, NY, USA), which 

enabled image acquisition to be gated to ECG and respiration.  Throughout imaging, the core 

body temperature of the animal was maintained at 35 - 38 °C by directing a regulated stream 

of warm air over the animal, and both heart rate and body temperature were recorded. 

Cine MRIs at 3 long-axis (angular spacing = 60°) and 6 short-axis slices (spacing = 0.6 mm – 

1.0 mm) were acquired to ensure full coverage of the LV.  Each slice was imaged at 18 

uniformly distributed time-points through the cardiac cycle.  T1-weighted gradient-echo cine 

acquisitions used the following parameters: repetition time, TR = 2 × R-R interval, 

~ 280 ms - 360 ms; echo time, TE = 2.2 ms; cardiac phases = 20; flip angle = 20°; slice 

thickness = 2 mm; averages = 2, field of view = 60 mm × 60 mm; matrix = 128 pixels × 128 

pixels; gap between slices = 0.6 mm - 1.0 mm according to the size of the heart. 

4.2.4. Magnetic Resonance Image Analysis 

The images were analysed using the Cardiac Image Modelling software (CIM version 6.1, 

University of Auckland, Young et al. 2011).  A 3D computational model of the LV was 

interactively customised to each image frame throughout the cardiac cycle for each animal. 

Prior to model customisation, key landmark points (the centroid of the LV base, the centroid 

of the LV apex, insertion points of the right ventricular free wall with the interventricular 

septum, and the position of the mitral valve plane) were identified to register an initial model 

to the images. For each image frame, the endocardial and epicardial surfaces of the initial LV 

model were customised to all slices using interactive guide-point modelling (Young et al. 

2000).  Fourier-series filtering in the time domain was also incorporated to ensure a smooth 

transition of the time-varying 3D models throughout the whole cardiac cycle.  The resulting 

3D models provided LV geometric and functional measures such as LV mass, EF, end-diastolic 

volume, and end-systolic volume.  Stroke volume was calculated as the difference between 

end-diastolic volume and end-systolic volume.  Stroke work was calculated as the product of 

stroke volume and mean arterial pressure.  Cardiac minute work, defined as the energy 

expended per minute, was calculated as the product of stroke work and heart rate. 
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4.2.5. Statistics 

Data were analysed using the statistical package, R (Version 3.0.2, R Foundation for Statistical 

Computing, Vienna, Austria).  For each measure, an analysis of variance was performed using 

a two-way model with age (A) as a repeated measure with three factors (3 mo, 14 mo, 21 mo), 

and animal type (T) with three factors (SHR , WKY and TSHR), as well as the age-animal type 

interaction term (A-T).  Post-hoc comparisons were performed using the Tukey Honest 

Significant Difference procedure. These comparisons between age/type subgroups are 

presented in Table 4.2 where significant.  A significance level of P < 0.05 was used for 

statistical comparisons.  All values are reported as mean ± standard error. 

4.3. Results 

4.3.1. Overall Observations 

Table 4.2 and Table 4.3 summarise the cardiac and whole-rat measurements.  For all animal 

types, body mass peaked at 14 mo of age.  At the 21 mo time-point, TSHRs had significantly 

lower body mass than the WKY and SHR groups.  All animal groups showed an increase in 

LV mass with age, but the SHR group had the most rapid increase with age.  This difference 

remained when the animal data were normalised by body mass, with the SHR group having 

significantly greater LV mass to body mass ratio at both the 14 mo and 21 mo time-points 

compared to the age-matched controls.  The SHR hearts showed age-dependent dilation, as 

evidenced by an increase in end-diastolic volume, while the WKY group showed no change 

with age, and the TSHRs decreased with age.  The LV mass to end-diastolic volume ratio 

showed a general increase with age for all groups.  

In terms of functional measurements, the WKYs showed little change in EF with age, the SHR 

group had a lower EF compared to control but also no change with age.  TSHRs had a low EF 

initially, but by 21 mo their mean EFs were more similar to those of the WKYs than the SHR 

group.  Wall thickening followed EF fairly closely, with 21 mo SHRs exhibiting the lowest 

wall thickening, while 21 mo TSHRs were similar to 21 mo WKYs. 

Table 4.3 shows haemodynamic and cardiac work measurements.  The SHR group had a larger 

mean arterial pressure than age-matched WKYs, while the pressure for the TSHR group was 

similar to that of WKYs at the 14 mo and 21 mo time-points.  Heart rate decreased with age 

for all animal types, but there were differences in the magnitudes of this effect between animal 
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types, as the heart rate of the TSHR group was ~50 beats per minute lower at 21 mo than at 

3 mo, while the WKY group heart rate was ~100 beats per minute lower at 21 mo than at 3 mo.  

Stroke volume was lowest in the TSHR group, particularly at the 21 mo time-point.  For all 

animals, cardiac output at 14 mo was lower than at 21 mo, due to both heart rate and stroke 

volume being lower at 21 mo for all animal groups. 

Stroke work was high in the 21 mo SHR group, but low in the 21 mo WKY and 21 mo TSHR 

groups.  This difference was due to the high mean arterial pressure in the 21 mo SHR group 

and the low pressure in the 21 mo WKY and 21 mo TSHR groups.  Cardiac minute work did 

not change with age in the SHR group, as the low heart rate balanced out the high mean arterial 

pressure at 21 mo.  The WKY and TSHR groups showed a significantly lower cardiac minute 

work at 21 mo compared with 3 mo.  All animal types had a significantly lower stroke work to 

LV mass ratio at 21 mo compared with 3 mo, and in the WKY and TSHR groups cardiac 

minute work per LV mass was significantly lower at 21 mo than at 3 mo.  As all of these 

animals were under anaesthetic, the stroke work to LV mass ratio and cardiac minute work per 

LV mass values correspond with resting cardiac activity.  Measures of peak stroke work and 

cardiac minute work are more robust estimates of cardiac efficiency (Pfeffer et al. 1976), but 

were not obtained in this study. 
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Table 4.2: Morphological and functional measurements.  All values are reported as mean ± standard error.  

Sample sizes for 3 mo, 14 mo and 21 mo, respectively, were SHR n = 8, 9, 9, WKY n = 6, 5, 10 and TSHR n = -, 

10, 8 for all measures. Main analysis of variance effects are listed if significant at P < 0.05. A, age; T, animal 

type; A-T, age-type interaction.  Group effects are listed if significant: †, versus age-matched WKY; ‡, versus 

age-matched SHR; *, versus 3 mo; §, versus 14 mo. 
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Table 4.3: Haemodynamic and work measurements.  All values are reported as mean ± standard error.  Sample 

sizes for 3 mo, 14 mo and 21 mo, respectively, were WKY n = 6, 4, 6; SHR n = 8, 9, 8; and TSHR n = -, 10, 6 for 

mean arterial pressure, stroke work, cardiac minute work, stroke work per left ventricular mass and cardiac 

minute work per left ventricular mass.  Sample sizes for 3 mo, 14 mo and 21 mo, respectively, were SHR n = 8, 9, 

9, WKY n = 6, 5, 10 and TSHR n = -, 10, 8 for heart rate, stroke volume and cardiac output.  Analysis of variance 

main effects are presented where significant at P < 0.05.  A, age; T, animal type; A-T, age-type interaction.  Group 

effects are listed if significant: †, versus age-matched WKY; ‡, versus age-matched SHR; *, versus 3 mo; §, versus 

14 mo. 
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4.3.2. Measures of Hypertrophy 

With measurements of LV wall and cavity volumes derived from MRI, the differences between 

growth and remodelling, and between eccentric and concentric hypertrophy can be 

investigated.  Body mass was largest at 14 mo for all three animal groups, with the TSHR 

smaller than SHR at 14 mo (P < 0.05) and smaller than both 21 mo WKY and 21 mo SHR 

groups (P < 0.01 and P < 0.05, respectively).  SHR LV mass was normal at 3 mo, but 

significantly greater than control and treatment animals at both 14 mo and 21 mo (Figure 4.1, 

all P < 0.01).  These differences were present both without and with correction for body mass 

(Figure 4.1).  SHRs exhibited LV dilatation at 21 mo as demonstrated by the significantly 

greater end-diastolic volume compared with the WKY and TSHR groups (Figure 4.2, P < 0.05 

and P < 0.01 respectively).  The ratio of LV mass to end-diastolic volume has previously been 

used as an index of concentric hypertrophy (Fonseca et al. 2003, Oxenham et al. 2003, Lumens 

et al. 2006).  21 mo SHRs and TSHRs had a significantly higher level of concentric 

hypertrophy than 3 mo SHRs.  The only significant between-group result was that 14 mo SHR 

hearts had a greater level of concentric hypertrophy than WKY and TSHR groups (Figure 4.2, 

both P < 0.05). 

 

Figure 4.1: Left ventricular mass (left) and left ventricular mass as a fraction of body mass (right) for WKY (■), 

SHR (■), and TSHR (■) groups.  Statistical significance indicated by **, P < 0.01.  The SHR group LV mass was 

significantly larger than that of the WKY and TSHR groups at 14 mo and 21 mo (all P < 0.01).   The SHR group 

LV mass as a fraction of body mass was also significantly larger than that of the WKY and TSHR groups at 14 

mo and 21 mo (all P < 0.01).  Sample sizes for 3 mo, 14 mo and 21 mo, respectively, were SHR n = 8, 9, 9, WKY 

n = 6, 5, 10 and TSHR n = -, 10, 8 for both measures. 
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Figure 4.2: End-diastolic volume (left) and LV mass as a fraction of end-diastolic volume (right) for WKY (■), 

SHR (■), and TSHR (■) groups.  Statistical significance indicated by *, P < 0.05 and **, P < 0.01.  The SHR 

group mean end-diastolic volume was larger than that of the WKY group (P < 0.05) and also the TSHR group (P 

< 0.01) at the 21 mo time-point.  LV mass as a fraction of end-diastolic volume of the SHR group was significantly 

larger than those of the WKY and TSHR groups at 14 mo (both P < 0.05).  Sample sizes for 3 mo, 14 mo and 21 

mo, respectively, were SHR n = 8, 9, 9, WKY n = 6, 5, 10 and TSHR n = -, 10, 8 for both measures. 

4.3.3. Measures of Mechanical Function 

Based on the MRI-derived EF, the SHRs had EF values that were significantly lower than 

controls at 3 mo and 21 mo (both P < 0.01).  The EF values of the TSHR group were similar 

to those of the SHR group at 14 mo, but at the 21 mo time-point TSHR group EF was 

significantly larger than those of the SHR group (P < 0.05). 

Despite the remarkable differences between animal types and age-groups over the time span of 

this study, the stroke volume of these hearts was remarkably unchanged (Figure 4.3).  Within 

each time-point there were no differences between animal types, however considering the data 

as a whole, the WKY group had a significantly larger stroke volume than the TSHR group 

(P < 0.01).  Similarly, the cardiac output data revealed no differences between animal types 

within time-points (Figure 4.3).  However, when considering all animal types together, 21 mo 

animals had a significantly lower cardiac output than both 3 mo and 14 mo animals (P < 0.01 

for both). 

To investigate relationships between geometric and functional measurements, a linear model 

was constructed and evaluated (Eq 8).  A t-statistic was calculated for each predictor variable, 

and a Bonferroni correction applied.  The predictor variable that correlated best with mean 
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arterial pressure was LV mass to body mass ratio (P < 0.001), with heart rate (P < 0.05) and 

EF (P < 0.05) also correlating significantly with mean arterial pressure. 

𝑀𝑒𝑎𝑛 𝑎𝑟𝑡𝑒𝑟𝑖𝑎𝑙 𝑝𝑟𝑒𝑠𝑠𝑢𝑟𝑒 ≈ 𝐻𝑒𝑎𝑟𝑡 𝑟𝑎𝑡𝑒 +
𝐿𝑉 𝑚𝑎𝑠𝑠

𝐵𝑜𝑑𝑦 𝑚𝑎𝑠𝑠
+ 𝐸𝑛𝑑-𝑑𝑖𝑎𝑠𝑡𝑜𝑙𝑖𝑐 𝑣𝑜𝑙𝑢𝑚𝑒 + 𝐸𝐹 Eq 8 

 

 

Figure 4.3: Stroke volume (left) and cardiac output (right) for WKY (■), SHR (■), and TSHR (■) groups at 3 mo, 

14 mo and 21 mo.  No significant differences between animal types were observed.  Considering all animals, 

cardiac output was significantly reduced at 21 mo.  Sample sizes for 3 mo, 14 mo and 21 mo, respectively, were 

SHR n = 8, 9, 9, WKY n = 6, 5, 10 and TSHR n = -, 10, 8 for all measures. 

4.3.4. Stroke Work and Cardiac Minute Work 

As blood pressure was different between animal groups, even similar output volumes could 

result in vastly different values of mechanical work.  Although there was no significant 

difference in stroke work between WKY and SHR groups at 3 mo, at 21 mo the SHR group 

stroke work was significantly greater than both WKY and TSHR groups (both P < 0.01).  For 

cardiac minute work, both WKY and TSHR group means were significantly lower at 21 mo 

than at 3 mo, while cardiac minute work of the SHRs showed no significant difference between 

the 3 mo and 21 mo time-points.  In the SHR group, the lack of change in cardiac minute work 

with age was due to the 21 mo SHR group having high mean arterial pressure but low heart 

rate.  At 14 mo, the SHR group performed significantly more stroke work and cardiac minute 

work than the TSHR group (P < 0.01).  By 21 mo, both measures of work were significantly 

greater in the SHR group than both the WKY and TSHR groups (all P < 0.01), which reflected 

the greater amount of mechanical energy required to maintain cardiac output in the presence of 

pressure overload. 
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Figure 4.4: Stroke work (left) and cardiac minute work (right) for WKY (■), SHR (■), and TSHR (■) groups at 

3 mo, 14 mo and 21 mo.    Statistical significance indicated by *, P < 0.05 and **, P < 0.01.  At 14 mo, SHR had 

significantly greater stroke work and cardiac minute work than TSHR (P < 0.01 for both).  At 21 mo, SHR had 

significantly greater stroke work and cardiac minute work than both WKY and TSHR (P < 0.01 for all).  Sample 

sizes for 3 mo, 14 mo and 21 mo, respectively, were WKY n = 6, 4, 6; SHR n = 8, 9, 8; and TSHR n = -, 10, 6 for 

both measures 

4.4. Discussion 

This study characterised cardiac global structural and functional remodelling throughout the 

lifetime of the SHR, as well as for a group of SHRs treated with ACE inhibitors.  MRI was 

used to evaluate cardiac structure and function, since it is a robust imaging technique and 

provides the best available measurements of in vivo 3D cardiac geometry and function. 

4.4.1. Hypertension and Hypertrophy 

Measurements of mean arterial pressure confirmed that the SHRs were hypertensive from 

14 mo onwards, and this was accompanied by hypertrophy as indicated by the elevated LV 

mass to body mass ratio.  Over all animals, mean arterial pressure showed reasonable 

correlation with LV mass to body mass ratio (R2 = 0.3595, P < 0.001), confirming the 

relationship between hypertension and hypertrophy.  Concentric hypertrophy is known to result 

from increased end-systolic strain, as occurs with high blood pressure (Grossman et al. 1975).  

Although some studies use the relative wall thickness as an estimate of concentric hypertrophy 

(Cameli et al. 2013), LV mass to end-diastolic volume ratio is reported here, which is the 3D 

equivalent of relative wall thickness and has been used previously as a measure of concentric 

hypertrophy (Fonseca et al. 2003, Oxenham et al. 2003, Lumens et al. 2006).  Eccentric 

hypertrophy was expected in 21 mo SHRs as they progressed to end-stage failure, but the large 
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LV mass to end-diastolic volume ratio showed that these animals still had concentric 

hypertrophy.  The larger mean arterial pressure in the 21 mo SHRs partially explains the 

concentric hypertrophy at this age. 

ACE inhibitor treatment successfully delayed the progression of hypertrophy, with TSHRs 

displaying significantly lower LV mass to body mass ratio than SHRs at 14 mo and 21 mo.  In 

this dataset, the lack of hypertrophy in TSHRs is sufficiently explained by the reduction in 

blood pressure resulting from ACE inhibitor treatment.  However, ACE inhibitor treatment is 

also known to reduce myocardial fibrosis, which will impact cardiac function, particularly 

diastolic filling.  The extent of microstructural remodelling in these TSHRs is presented in 

Chapter 6. 

4.4.2. Ventricular Function and Work 

Although EF was lower in the SHRs compared to WKYs, stroke volume was similar.  The 

lower EF was primarily due to the larger end-diastolic volume.  TSHRs on the other hand 

showed progressive improvement in EF, as TSHR had a significantly lower EF than WKY at 

14 mo (P < 0.05), while at 21 mo their EF had improved and was significantly greater than 

SHR (P < 0.01).  Since there were no observed differences in heart rate between animal types, 

these similarities in stroke volume corresponded with similar values of cardiac output.  TSHRs 

also maintained similar stroke volume and cardiac output at the 14 mo and 21 mo time-points. 

Although SHRs had similar stroke volume and cardiac output values compared with 

age−matched WKYs and TSHRs, SHRs had significantly larger mean arterial pressure values 

than WKY and TSHR groups.  Therefore, at the later time-points, when the pressure difference 

was more pronounced, SHR performed more cardiac minute work to achieve normal cardiac 

output.  It has been previously shown that SHRs have a lower ratio of capillaries to myocytes 

compared with controls (LeGrice et al. 2012).  This difference is likely to be associated with 

less efficient oxygen delivery, which, when combined with the greater energetic demand, may 

result in ischaemic myocytes and cell death.  Myocyte death would give rise to fibrosis, which 

would exacerbate the downward spiral into heart failure.  However, the TSHR group did not 

show hypertrophy or high work requirements, which likely protect the myocardial tissue from 

ischaemia and subsequent cell death. 
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4.4.3. Limitations 

SHRs have previously been shown to progress to failure at 21 mo, so low levels of cardiac 

output were expected in the SHRs at this time-point.  This dataset showed low values of cardiac 

output at 21 mo for all animals, but no differences between animal groups.  One part of the 

reason is that 13 of 34 animals died before they could be studied.  The animals that died were 

more likely to have developed HF compared with the surviving animals that were measured.  

Therefore, the true failure state may not have been captured in this dataset.  The reduced 

efficiency (Han et al. 2015) coupled with the myocardial fibrosis (LeGrice et al. 2012) observed 

in the aged SHR, are likely to be important factors that could lead to compromised ventricular 

function.  Metabolic effects have previously been shown to precede mechanical dysfunction in 

the SHR (Hernandez et al. 2013), suggesting that SHR ventricular function may decline soon 

after maximal cardiac work at 21 mo.  The results of this study also point towards high levels 

of cardiac work being a tipping point for the progression to overt failure. 

Concentric hypertrophy observed in the SHR could be considered as compensatory 

remodelling in response to chronic hypertension, as it is believed to be the case in the human 

condition (Gaasch et al. 2004).  However, the utility of the SHR for investigating human 

hypertensive heart disease has been brought into question by the demonstration that a genetic 

locus in the SHR influences LV mass independent of blood pressure (Innes et al. 1998).  In 

contrast, morphological characteristics of human hypertensive heart disease are comparable to 

structural observations made in end-stage SHR (Rossi 1998, LeGrice et al. 2012), thus the issue 

remains unresolved.  In this study, it was demonstrated that SHR treated with ACE inhibitors 

have a significantly lower level of hypertrophy than untreated SHR at the 14 mo and 21 mo 

time-points (P < 0.01 for all).  This suggests that pressure overload contributes significantly to 

the development of hypertrophy in the SHR. 

4.5. Summary 

In summary, cardiac MR was used to make longitudinal measurements of geometric and 

functional remodelling in the SHR heart, and comparisons of geometric and functional metrics 

to age-matched control and treatment animals were made.  SHRs were found to have impaired 

systolic function, but were able to successfully compensate and maintain cardiac output.  

However, this was associated with an increase in both cardiac work and LV mass, which may 

be indicative of adverse feedback in cardiac structural and functional remodelling that 
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ultimately leads to heart failure.  These findings provide important insight into the progression 

from compensated hypertrophy to decompensated heart failure.  In addition to these cine MRI 

measurements, tagged MRI was used to measure ventricular torsion and strain.  These are 

presented in Chapter 5. 
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5. Ventricular Torsion in Treated 

and Untreated SHR 

5.1. Introduction 

Cardiac torsion quantifies the rotation in the short-axis plane of the ventricular apex relative to 

the base.  Torsion is important for normal ejection of blood and is thought to contribute up to 

40% of stroke volume (Arts et al. 1989).  Torsion has been shown to correlate closely with 

functional measures such as EF (Wang et al. 2008), and also ventricular geometry (van Dalen 

et al. 2010).  Therefore investigation of this measure will lead to better understanding of the 

relationship between structure and function during progressive cardiac remodelling. 

LV torsion is influenced by both myocardial microstructure and ventricular geometry.  It is 

thought to arise due to the rotation of fibre angle between the subendocardium and the 

subepicardium (Ingels et al. 1989).  The contraction of myocytes along these different 

directions results in the endocardial and epicardial surfaces moving circumferentially relative 

to one another. 

Torsion has been shown clinically to increase with increasing relative LV wall thickness 

(Cameli et al. 2013).  A thicker ventricular wall is thought to increase the difference between 

endocardial and epicardial fibre strains, which is balanced by an increase in torsion.  This 

concept is further explained in Section 5.1.2.  In addition to wall thickness, torsion has also 

been shown to correlate strongly with ventricular sphericity in both healthy and dilated 

cardiomyopathy patients (van Dalen et al. 2010). 

Although rat and human hearts are vastly different in size, torsion has previously been shown 

to be similar between rats, mice and humans (Henson et al. 2000, Liu et al. 2006).  Investigation 

of torsion in the SHR may therefore provide insights into torsion in human HF, provided that 

measures of torsion are used that are independent of LV size.  This chapter presents 

measurements of torsion in a range of different rat hearts.  A spectrum of ventricular size, 

shape, and state of remodelling are included, to allow further exploration of the structure-

function relationship of ventricular torsion.  To my knowledge, this is the first longitudinal 

study of the SHR that has utilised tagged MRI to measure ventricular torsion. 
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5.1.1. Introduction to Torsion 

 

Figure 5.1: Calculation of left ventricular torsion.  (Left) A schematic of ventricular torsion, considering one 

apical and one basal short axis slice.  (Right) Equations for various approximations of torsion.  Radii near the 

apex (rapex) and base (rbase).  Rotation angles of the apex (Фapex) and base (Фapex).  Distance between short axis 

slices (D).  Torsional shear angle (θCL).  Adapted from Young et al. (2012). 

As discussed in Section 2.3.1, LV myofibre orientation varies transmurally.  Shortening of 

myofibres of different orientations in the subepicardium compared with the subendocardium, 

results in rotation of the LV within the short axis plane.  The myofibre distribution also changes 

along the longitudinal direction, with the basal region having a greater proportion of 

circumferentially oriented fibres compared with the apex (Streeter et al. 1969), resulting in the 

apex twisting differently from the base, producing ventricular torsion (Doucende et al. 2010). 

This wringing motion aids reduction of cavity volume during systole.  Correspondingly, torsion 

has been found to correlate strongly with ejection fraction (Wang et al. 2008).  Investigation of 

torsion in HF has revealed HFrEF patients exhibit torsion lower than that of healthy people, 

while HFpEF patients demonstrate normal levels of torsion (Phillips et al. 2012). 
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5.1.2. Structural Basis of Torsion 

 

Figure 5.2: Torsion, wall thickening and fibre strain.  Undeformed state (top left), theoretical state of isolated 

torsion (top right), theoretical state of isolated wall thickening (bottom left) in vivo case of combined torsion and 

wall thickening (bottom right).  Adapted from Lumens et al. (2006). 

Figure 5.2 illustrates the structural basis of torsion and the role of torsion on transmural 

homogenisation of fibre strain.  If we consider the hypothetical case, where a section of LV 

thickens in the absence of torsion (Figure 5.2, bottom left) then endocardial fibre strain would 

be greater than epicardial fibre strain.  On the other hand, if the LV section undergoes torsion 

without wall thickening (Figure 5.2, top right), then the epicardial fibres would undergo 

shortening, while endocardial fibres would lengthen.  The actual in vivo case (Figure 5.2, 

bottom right) combines both wall thickening and torsion, which results in the endocardial and 

epicardial fibres shortening by a similar amount, allowing all myocytes to contribute equally 

to ejection.  The transmural change in fibre orientation observed in normal hearts has even been 

found to be the optimal configuration for minimising transmural differences in fibre strain 

(Rijcken et al. 1999).  Deviation from this ideal fibre distribution may occur during cardiac 

remodelling and result in reduced ventricular torsion. 
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For the in vivo case (Figure 5.2, bottom right), shortening of epicardial fibres twists the bottom 

plane clockwise (when viewed from above), while endocardial fibre shortening counters this 

by pulling the bottom plane anticlockwise.  As the epicardial fibres act at a greater distance 

from the axis of rotation, they impart a moment that is larger than that of the endocardial fibres, 

and the net result is therefore clockwise rotation.  For a thicker ventricular wall, this effect is 

more pronounced, as the difference in radii between epicardial and endocardial fibres is larger.  

This effect has been confirmed in a modelling study, where an increase in wall thickness of 

40% corresponded with a ~10% increase in torsion for the same amount of circumferential 

strain (Arts et al. 1984).  In clinical studies, torsion has been shown to be decreased in patients 

with HFrEF and normal in patients with HFpEF (Phillips et al. 2012).  This finding fits with 

the relationship between torsion and wall thickness, as HFrEF patients often have relatively 

thin ventricular walls. 

5.1.3. Reported Approximations of Torsion 

A variety of approximations of ventricular torsion have been reported in the literature (Figure 

5.1, right).  Some studies simply report ventricular twist, which is the difference between apical 

and basal short-axis rotation angles (Ingels et al. 1989, Hanssen et al. 2011).  This measure 

does not account for the distance between apical and basal locations, which needs to be 

accounted for in order to make sensible comparisons between hearts.  To this end, a more 

appropriate measure is the LV twist corrected by the distance between slices (Stuber et al. 

1999).  However, the use of absolute distance means that this measurement does not scale 

between hearts of different sizes, for instance between rats and humans.  The preferred 

approximation is the torsional shear angle θCL (Aelen et al. 1997), which scales correctly and 

can handle hearts of different sizes.  In this chapter, θCL is used to characterise torsion.  

However, even this approximation of torsion assumes that the ventricle is axisymmetric, 

homogeneous and that deformation is linear. 



67 

 

5.1.4. Experimental Hypotheses 

Torsion is important for ventricular function and is influenced by cardiac remodelling.  As it 

has previously been shown that torsion increases with wall thickness (Young et al. 1994, 

Cameli et al. 2013), it was hypothesised that torsion would be larger in SHR compared to age-

matched WKY controls.  Also, as shown in Chapter 4, ACE inhibitor treatment curtailed 

hypertrophy in the TSHR group, therefore it was hypothesised that torsion would be similar in 

the WKY and TSHR age-matched groups. 

5.2. Methods 

The methods used to obtain the data presented in this chapter have been presented in 

Section 3.2.3.  Briefly, under anaesthetic, animals underwent both cardiac cine and tagged 

MRI.  Full LV coverage was achieved by acquiring images at 3 long-axis and 6 short-axis 

slices.  Each slice was imaged at 18 evenly spaced time-points through the cardiac cycle. 

 

Figure 5.3: Tagged magnetic resonance images of the left ventricle.  Short axis images of a heart at end-diastole 

(top left) and at end-systole (top right).  Overlaid deformation tracking by Cardiac Image Modeller at end-

diastole (bottom left) and at end-systole (bottom right). 

Tagged MRIs were analysed using CIM (v8.1.5 WARP, University of Auckland).  Orthogonal 

tag bands were tracked by the software with the aid of operator input (Figure 5.3).  Two short-
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axis slices were analysed, one apical and one basal slice.  A 2D deformation field calculated 

by CIM in cardiac coordinates provides circumferential strain (EC), radial strain (ER) and 

circumferential-radial shear strain (ECR), and ventricular rotation in the short-axis plane.  The 

values of ER presented in this chapter were obtained from the models derived from the cine 

images, as tagged MRIs are not ideal for capturing ER, since there are often too few material 

tags across the heart wall (Young et al. 2012).  EC is typically negative due to the ventricular 

circumference being smaller at end-systole than at end-diastole, but here the absolute values of 

EC are presented.  Torsion is provided at each temporal frame using the torsional shear angle 

(θCL) presented in Figure 5.1.  From these temporal functions of torsion, the maximum rates of 

change of torsion during both systole and diastole were derived.  Sphericity was calculated as 

the LV short axis dimension divided by the long axis dimension. 

5.3. Results 

Table 5.1 summarises the measures derived from the tagged MRI dataset.  Significant 

differences between animal types were observed for all measures except basal rotation and 

maximum diastolic torsion rate. 
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Table 5.1: Summary of tagged MRI measurements.  Main analysis of variance effects are listed if significant at 

P < 0.05.  A, age; T, animal type; A-T, age-type interaction.  Group effects are listed if significant: †, vs age-

matched WKY.  For radial strain, sample sizes at 3 mo, 14 mo and 21 mo were WKY: 5, 5, 7; SHR: 8, 9, 8; and 

TSHR: -, 4, 6.  For all other measurements sample sizes were WKY: 5, 6, 8; SHR: 8, 9, 9; and TSHR: -, 6, 6. 
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To achieve the required fraction of ejected blood, the ventricular wall must undergo large EC 

and ER, particularly in the inner third of the wall.  EC was significantly different between animal 

types (P = 0.0014), lowest in the SHR group and highest in the WKY group.  EC also showed 

a significant age effect (P = 0.0004), with older animals exhibiting a lower EC compared with 

3 mo animals.  ER showed significant differences between animal types (P = 0.0220), with low 

mean ER in SHRs and high mean ER in WKYs.  A significant age effect was also present (P = 

0.0012), with high ER at 3 mo and low ER at 21 mo.  At 14 mo, both SHRs and TSHRs had 

significantly lower ER than WKYs (P = 0.0001 and P = 0.0256, respectively).  At 21 mo, the 

SHR group ER was significantly lower than WKYs (P = 0.0093), while the TSHR group ER 

was not significantly different from WKYs, suggesting that the ACE inhibitor treatment may 

have been protective at this time-point.  ECR was significantly lower in 14 mo SHRs compared 

with WKYs (P = 0.0361). 

Torsion was significantly different between animal types, but there were no significant 

differences with age.  Despite concentric hypertrophy in SHRs (Chapter 4, Table 4-2), torsion 

was low compared with control.  At the 14 mo time-point, TSHRs had mean torsion between 

those of the SHR and WKY groups, but at 21 mo mean torsion in the TSHR group was above 

that of WKYs.  Apical rotation showed significant differences between animal types; WKYs 

had the highest mean apical rotation, followed by TSHRs and then SHRs.  Basal rotation 

showed no significant analysis of variance effects and lacked age or group trends.  Ventricular 

twist showed significant differences between animal groups, and also a significant age effect.  

Twist was lower in the SHR group than the WKY group, and 21 mo animals had lower twist 

than 3 mo animals. 

The diastolic torsion rate was expected to be reduced in hypertrophic animals, indicating 

diastolic dysfunction, but neither age nor animal type was a significant factor in the analysis of 

variance.  Maximum systolic torsion rate had a significant overall animal type effect (P = 

0.0117) with SHRs displaying low values compared with WKYs.  Maximum systolic torsion 

showed a significant animal type effect (P = 0.0117), with SHRs having significantly lower 

values than WKYs (P < 0.05).  Maximum systolic torsion also showed a significant age-animal 

type interaction effect (P = 0.0435), with TSHRs showing higher values at 21 mo compared 

with 3 mo, while WKYs showed low values at 21 mo compared with 3 mo. 
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5.3.1. Torsion and Hypertrophy 

SHRs showed hypertrophy as indicated by a greater LV mass to body mass ratio than WKYs 

and TSHRs, and this was concentric type hypertrophy as indicated by the greater LV mass to 

end-diastolic volume ratio (Figure 5.4).  TSHR showed a smaller degree of hypertrophy 

(greater LV mass to body mass ratio) of the concentric type (greater LV mass to end-diastolic 

volume ratio), which was expected to correspond to normal or increased torsion. 

 
Figure 5.4: Left ventricular mass corrected by body mass (LV mass/body mass, left) and left ventricular mass to 

end-diastolic volume ratio (LV mass/end-diastolic volume, right) in WKY (■), SHR (■) and TSHR (■) groups.  

Bar heights correspond with the group mean, and the error bars indicate the standard error values.  Statistical 

significance for group comparisons: * (P < 0.05) and ** (P < 0.01).  Sample sizes for 3 mo, 14 mo and 21 mo, 

respectively, were SHR n = 8, 9, 9, WKY n = 6, 5, 10 and TSHR n = -, 10, 8 for both measures. 

The previously established positive relationship between LV relative wall thickness and torsion 

suggested that there would be a positive correlation between torsion and concentric 

hypertrophy (Young et al. 1994, Phan et al. 2009, Cameli et al. 2013).  However, although 

21 mo SHRs displayed the highest level of concentric hypertrophy (Figure 5.4), this group had 

the lowest level of torsion (Figure 5.5).  Furthermore, WKYs and TSHRs exhibited similar 

measures of torsion despite mild hypertrophy in the latter group.  ACE inhibitor treatment 

impacted torsion, as 21 mo TSHRs displayed torsion values that were more similar to 21 mo 

WKYs than to 21 mo SHRs. 
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Figure 5.5: Individual torsion measurements at different time-points (left) and mean torsion ± standard error 

(right) in WKY (■), SHR (■) and TSHR (■) groups.  Sample sizes were WKY: 5, 6, 8; SHR: 8, 9, 9; and 

TSHR: ─, 6, 6. 

The unexpected finding of decreased torsion in SHRs warranted further investigation of the 

relationship between torsion and concentric hypertrophy.  Figure 5.6 shows the relationship 

between torsion and concentric hypertrophy for all hearts, which exhibited no clear 

relationship.  Even when hearts were divided into high, mid, and low EF subgroups, no 

correlation between torsion and concentric hypertrophy was found.  Although the relationship 

between torsion and hypertrophy has been previously established in the literature, no evidence 

of this correlation was found in this dataset.  These findings will be discussed in further detail 

in Section 5.4.1. 
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Figure 5.6: The relationship between torsion and concentric hypertrophy as measured by the ratio of left 

ventricular mass to end-diastolic volume (LV mass/end-diastolic volume, left), and the relationship between 

torsion and sphericity as measured by the ratio of ventricular cavity length to short-axis cavity diameter (right). 

● WKY 3 mo, ▲WKY 14 mo, ■ WKY 21 mo; ● SHR 3 mo, ▲ SHR 14 mo, ■ SHR 21 mo; ▲TSHR 14 mo, ■ TSHR 

21 mo. 

Another relationship between torsion and ventricular geometry that has been noted in the 

literature is between torsion and sphericity.  Although a tight correlation between these two 

measurements has been found previously, no evidence of this was found in this dataset (Figure 

5.6).  In fact, with an R2 of 0.0056, this dataset provides evidence against a correlation between 

torsion and sphericity. 

5.3.2. Torsion and Ejection Fraction 

In order to investigate the geometric and functional components of torsion, a stepwise 

regression was performed with torsion as the dependent variable and the following initial 

predictor variables: LV mass to end-diastolic volume ratio, sphericity, mean arterial pressure, 

EF, EC, ER, and ECR.  The stepwise regression removed predictor variables that did not improve 

the linear model.  The selected model is presented in Eq 9.  A t-statistic was calculated for each 

predictor variable, and a Bonferroni correction applied.  Torsion correlated significantly with 

EF (P < 0.01) and EC (P < 0.01), but not ECR. 

Torsion ≈ EF + EC  + ECR Eq 9 

Figure 5.7 shows the relationship between torsion and EF, which appears to be somewhat linear 

in nature and has a fairly strong correlation (R2 = 0.4888, P < 0.01).  The SHR animals had 

lower EF overall, which corresponded with low mean torsion in this group, despite their 
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concentric hypertrophy.  This relatively tight relationship between torsion and EF further 

reinforces the role of torsion in systolic function but casts some doubt on the role of ventricular 

geometry in torsion generation. 

 
Figure 5.7: The relationship between torsion and ejection fraction. ● WKY 3 mo, ▲WKY 14 mo, ■ WKY 21 mo; 

● SHR 3 mo, ▲ SHR 14 mo, ■ SHR 21 mo; ▲TSHR 14 mo, ■ TSHR 21 mo. 

5.3.3. Torsion, Radial Strain, and Circumferential Strain 

The correlation between torsion and ER (Figure 5.2) is consistent with the idea that torsion 

helps maintain transmural homogeneity of fibre strain.  The correlation between torsion and ER 

is shown in Figure 5.8, with these variables showing moderate correlation (R2 = 0.3037).  

Analysis of variance confirmed that both age and animal type significantly affected ER (P = 

0.0190 and P < 0.0001, respectively).  Even at 3 mo, SHRs exhibited low ER, which matched 

the low EF observed in this group.  The correlation between torsion and ER further reinforces 

the importance of torsion on systolic function. 
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Figure 5.8: The relationships of torsion and circumferential strain (left), and torsion and radial strain (right). 

● WKY 3 mo, ▲WKY 14 mo, ■ WKY 21 mo; ● SHR 3 mo, ▲ SHR 14 mo, ■ SHR 21 mo; ▲TSHR 14 mo, ■ TSHR 

21 mo. 

Another measurement of effective chamber contraction is EC.  Figure 5.8 shows the positive 

correlation between torsion and EC.  EC showed the second largest correlation with torsion 

(R2 = 0.4858) after EF.  As with ER, the EC values showed significant differences between 

animal groups (P = 0.0014), with higher EC in WKYs, lower EC in SHRs and moderate values 

of EC in TSHRs.  As with ER, age significantly affected EC (P = 0.0003).  This progressive 

impairment of EC generation is further evidence of the impact of progressive structural and 

functional remodelling. 

5.3.4. Ejection Fraction, Radial Strain, and Circumferential Strain 

Figure 5.9 shows the group means of EF and EC over the life-span of these animals.  At 3 mo, 

SHRs show significantly lower EF than age-matched WKYs, but the EC values of the 3 mo 

SHR group are comparable to the 3 mo WKY group.  Although EC and EF both correlate well 

with torsion, only EC showed a significant age effect (P = 0.0004).  Additionally, there was no 

correlation found between either heart rate or respiration rate and any of the functional variables 

ER, EC, ECR, maximum diastolic torsion rate, maximum systolic torsion rate, twist , EF, or 

torsion.  Therefore the effects of heart rate and respiration rate on these measurements were 

considered to be negligible. 
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Figure 5.9: Ejection fraction (left) and circumferential strain (right) in the WKY (■), SHR (■), and TSHR (■) 

groups at 3 mo, 14 mo and 21 mo.  Columns correspond with group means and error bars with standard errors.  

Statistical significance indicated by *, P < 0.05 and **, P < 0.01.  Sample sizes for 3 mo, 14 mo and 21 mo, 

respectively, were SHR n = 8, 9, 9, WKY n = 6, 5, 10 and TSHR n = -, 10, 8 for ejection fraction.  For 

circumferential strain sample sizes were WKY: 5, 6, 8; SHR: 8, 9, 9; and TSHR: ─, 6, 6. 

5.3.5. Torsion to Shortening Ratio 

Based on theoretical studies, where the LV was modelled using a cylinder, the ratio between 

torsion and endocardial circumferential strain has been found to be relatively constant (Arts et 

al. 2012).  However, in disease this ratio can change due to impairment of myocyte function at 

the endocardium relative to the epicardium (Delhaas et al. 2004, Lumens et al. 2006).  The 

tagged MRI measurements in this study allowed measurement of endocardial circumferential 

strain as well as torsion (Figure 5.10).  At the 21 mo time-point the SHR group had significantly 

lower endocardial circumferential strain than the WKY group (P = 0.018), indicating systolic 

dysfunction.  However, no significant differences in torsion to shortening ratio were found. 
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Figure 5.10: Endocardial circumferential strain (left) and torsion to shortening ratio (right) in the WKY (■), SHR 

(■), and TSHR (■) groups at 3 mo, 14 mo and 21 mo.  Columns correspond with group means and error bars with 

standard errors.  Sample sizes for 3 mo, 14 mo and 21 mo, respectively, were SHR n = 8, 9, 9, WKY n = 6, 5, 10 

and TSHR n = -, 10, 8 for both measurements. 

5.4. Discussion 

In this chapter, I have described how tagged MR images were analysed to provide measures of 

ventricular strain and torsion.  Torsion has previously been reported to correlate with concentric 

hypertrophy and sphericity, but in this dataset torsion was correlated with neither variable.  

However, torsion correlated well with other measures of systolic function, and these 

relationships may have masked the less significant structure-torsion relationships. 

5.4.1. Torsion, Structure and Function 

Ventricular torsion varied significantly between animal groups.  Prior to conducting this study, 

the expectation was that torsion would be high in hearts with thick ventricular walls and low 

in thin-walled hearts (Young et al. 1994, Phan et al. 2009, Cameli et al. 2013).  Although the 

21 mo SHRs had the highest recorded concentric hypertrophy, they had low values of torsion.  

A regression analysis between torsion and LV mass to end-diastolic volume ratio, including all 

hearts in this dataset, revealed no correlation between these metrics.  A strong correlation 

between LV torsion and sphericity has been reported previously (Popescu et al. 2009).  

However, sphericity was not significantly different between animal groups, and no correlation 

between sphericity and torsion was found.  Therefore, two measures of ventricular geometry 

that have been previously shown to correlate well with torsion did not correlate with torsion in 

this dataset. 
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In order to investigate the lack of correlation between torsion and geometry, the relationship 

between torsion and other functional variables was examined.  Aged SHRs are known to have 

systolic dysfunction, which has been attributed to myocyte death (Li et al. 1997, LeGrice et al. 

2012) and myocyte disarray (Giannakidis et al. 2012).  Tagged MRIs allowed calculation of 

EC and ER, which provided additional insight into the systolic function of the hearts in this 

dataset.  Results of the statistical analysis of ER and EC revealed that both showed significant 

differences between animal groups, with SHRs showing lower values than WKYs for both 

metrics.  Regression analyses showed that torsion correlated strongly with the available 

measures of systolic function: EF, EC and ER. 

In this dataset, any relationship between torsion and geometric indices appears to be of 

secondary importance compared with the relationship between torsion and systolic function.  

Although the SHR group displayed hypertrophy, evidenced by increased LV mass to end-

diastolic volume ratio, their ventricular torsion levels were lower than WKYs.  SHRs also 

showed systolic dysfunction as evidenced by low EF, ER and EC compared with WKY over all 

time-points.  These measures of whole-ventricle function could be lower due to microstructural 

differences that inhibit torsion, and/or due to impaired contraction at the myocyte level.  The 

perceived importance of torsion in systolic function is increasing, with some researchers 

suggesting that the key way cardiac remodelling diminishes ventricular function is through 

structural changes that inhibit torsion (van Dalen et al. 2010). 

Based on a theoretical study, which modelled the LV using a cylinder, a thicker ventricular 

wall will result in a greater torsion to shortening ratio (Arts et al. 1984).  Despite the SHRs in 

this dataset having concentric hypertrophy, their endocardial circumferential strain was 

significantly lower than the WKYs at 21 mo.  There were no significant differences in the 

torsion to shortening ratio between 21 mo SHRs and 21 mo WKYs.  Therefore the low 

endocardial circumferential strain and normal torsion to shortening ratio in the 21 mo SHR 

group results in no difference in torsion between 21 mo SHRs compared with WKYs.  As the 

21 mo SHR group exhibits the greatest degree of concentric hypertrophy, these factors will 

likely have contributed to the poor correlation between torsion and concentric hypertrophy. 

SHRs have previously been reported to have normal fractional shortening at 3 mo and 12 mo 

of age (LeGrice et al. 2012).  However in this dataset, neither SHR nor WKY animals displayed 

significant changes in EF with age, and SHRs had significantly lower EF than WKYs at all 

time-points (Table 4-2).  3 mo and 14 mo SHRs had stroke volume and end-diastolic volume 
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values that were not significantly lower than WKYs, however SHRs had significantly lower 

EF at both of these time-points.  At 3 mo, both EC and ER in SHRs were not significantly lower 

than WKYs, but the lower EF in SHRs at this time-point may have been due to systolic 

dysfunction. 

SHRs undergo a period of compensated hypertrophy at ~12 mo, followed by a progressive 

decline of systolic function due to chronic pressure overload leading to hypertrophy and 

fibrosis of the myocardium, which performs poorly compared with healthy myocardium 

(LeGrice et al. 2012).  WKY rats also exhibit a decline in systolic function with age, although 

this is not as rapid as the decline for SHRs (Pope 2011).  While EF measurements did not 

change with age, the EC measurements confirmed a progressive decline with age for all animals 

in this study.  This may be evidence that EC is a more sensitive measure of systolic function, 

as a proportional change in volume can be misleading without information pertaining to 

ventricular geometry. 

5.4.2. Torsion and ACE Inhibitor Treatment 

Torsion displayed a significant age effect (P = 0.0006), and taking into consideration all 

animals, SHRs had significantly lower values of torsion than WKYs (P < 0.05), while torsion 

in the TSHRs was not significantly different to the WKYs.  The different values of torsion in 

TSHRs compared with SHRs may have been due to differences in microstructure or overall 

cardiac function.  TSHRs displayed functional differences, such as lower blood pressure, 

compared with SHRs (Chapter 4, Table 4-3).  This may have been associated with greater 

myocyte contraction through reduced pressure overload, reduced hypertrophy and better 

myocyte oxygenation.  ACE inhibitors are known to alter the progression of myocardial 

remodelling, particularly fibrosis (Pahor et al. 1991).  Differences in myocardial 

microstructure, such as the lower amount of collagen in the TSHR myocardium compared with 

SHRs, may have contributed to the higher torsion by allowing normal shearing of myocardial 

sheetlets.  Further investigation of microstructural remodelling in the TSHRs is presented in 

Chapter 6. 

Between 14 mo and 21 mo, TSHRs showed improved values of torsion, EF, ER and EC.  In 

contrast, untreated SHRs showed a decrease in torsion, EF and EC over the same time-period.  

In the SHR, the period between 14 mo and 21 mo corresponds with a decline from compensated 

hypertrophy to decompensated failure, and this period also corresponds with geometric and 

microstructural remodelling in the untreated SHR (LeGrice et al. 2012).  The benefits of ACE 
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inhibitor treatment in the SHR may therefore include prevention of the adverse remodelling 

that occurs during this time-period.  As the SHR mimics some characteristics of human cardiac 

remodelling, this experimental result in the SHR may indicate that ACE inhibitor treatment 

may infer some protection against late-stage remodelling in human HF patients. 

The torsion-hypertrophy relationship predicts greater torsion in thick-walled HFpEF patients.  

However, torsion has been found to be normal in HFpEF and lower in HFrEF compared to 

control (Phillips et al. 2012), which is more consistent with a torsion-EF correlation as opposed 

to a torsion-hypertrophy correlation.  A meta-analysis of torsion studies showed no significant 

increase in torsion in hypertrophic cardiomyopathy and HFpEF patients compared to controls 

(Phillips et al. 2012), and some studies have reported lower values of torsion with higher LV 

mass (Wang et al. 2008).  As torsion has previously been shown to be similar between rats and 

humans, legitimate comparisons of torsion can be made between HF patients and SHRs 

(Henson et al. 2000, Liu et al. 2006).  In my dataset, there was a strong positive correlation 

between torsion and EF, and a negative correlation between torsion and LV mass, which is 

comparable with the aforementioned human studies.  As my measurements are consistent with 

human data, the finding of increased torsion in ACE inihibitor treated animals suggests that 

ACE inhibitor treatment may improve torsion in humans. 

5.4.3. Limitations 

The limitations encountered while obtaining torsion and strain measurements from these rat 

hearts are mainly related to the imaging technique.  Although our imaging sequence added tag 

bands across the myocardium, these tag bands faded near the end of the imaging sequence.  As 

a result, by late diastole, tags had faded to an extent that the tag tracking software (CIM) had 

trouble tracking the myocardial deformation.  Consequently, temporal torsion values did not 

return to zero at end-diastole.  The average of all the end-diastolic torsion values was 0.90 

degrees, with a maximum value of 3.8 degrees.  The torsion measurements near the end of the 

cardiac cycle are therefore questionable.  No statistically significant differences were found in 

the maximum diastolic torsion rate, and this may be due to the loss of information incurred 

through this method.  The small thickness of the rat ventricular wall compared with the 

thickness and spacing of tag bands meant that only two tag bands could be marked across the 

ventricular wall.  This severely limited the ability to capture ER, which prompted the use of ER 

estimates based on the ventricular models presented in Chapter 4. 
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This dataset did not replicate correlations between torsion and ventricular geometry that have 

been reported previously in the literature.  One possible reason for this lack of replication could 

be due to the different torsion measures used between this and other studies.  However, LV 

twist is negatively correlated with both LV mass to end-diastolic volume ratio (R2 = 0.2218) 

and LV mass to body mass ratio (R2 = 0.2216).  Thus the examination of the LV twist 

approximation of torsion has provided further evidence against a significant relationship 

between torsion and concentric hypertrophy. 

5.4.4. Future Work 

Further interesting work could involve investigating the relationship between in vivo fibre 

shortening and ventricular torsion.  Although in vivo fibre strains have been estimated 

previously (Wang et al. 2016), the estimates of fibre orientation and tissue strain were not 

obtained in the same animals.  Analysis of fibre strain requires matching a deformation field 

obtained from the tagged MRI with a fibre/sheetlet orientation field obtained from diffusion 

weighted images, which were collected for many of the animals in this dataset. 

5.5. Summary 

SHR torsion values were found to be below-normal, despite hypertrophy in the SHR hearts.  

Torsion, geometry and function were analysed for all hearts, and revealed a close relationship 

between torsion and systolic functional variables rather than between torsion and geometry.  

Torsion in the SHRs was lower than the WKYs, while torsion in TSHRs was similar to the 

WKYs.  These functional differences may arise from microstructural remodelling that is 

examined further in Chapter 6. 



82 

 

6. Ventricular Tissue 

Microstructure of the Treated 

SHR 

6.1. Introduction 

This chapter investigates the microstructural remodelling associated with ACE inhibitor 

treatment in the SHR.  Myocardial tissue from TSHRs was imaged in high resolution to 

examine the organisation of collagen and compared with existing images of WKY and SHR 

myocardial tissue.  Of particular interest are the differences in myocardial structure that give 

rise to the functional differences presented in Chapters 4 and 5.  

Contributing factors to diastolic dysfunction include myocardial collagen amount and 

organisation (Doering et al. 1988, Jalil et al. 1989), calcium handling (Louch et al. 2012) and 

titin isoform (Krüger et al. 2009).  A greater density of collagen is also present in the SHR and 

is thought to contribute to the impaired cardiac function observed in this animal strain 

compared to control (Conrad et al. 1990).  In the SHR, the amounts of both endomysial and 

perimysial collagen increase with age, and there is a greater density of collagen compared to 

age-matched WKY controls (LeGrice et al. 2012).  Studies have identified distinct forms of 

perimysial collagen that define the laminar structure of the myocardium (Pope et al. 2008).  

Importantly, the nature of this perimysial collagen changes with chronic hypertension (LeGrice 

et al. 2012); the laminar meshwork and cleavage cords fuse to form thick sheets of collagen 

between sheetlets.  Shearing of myocardial sheetlets is important for normal systolic function 

(Takayama et al. 2002), and thickened perimysial collagen between sheetlets is thought to 

inhibit sheetlet shearing and impair normal thickening of the ventricular wall (LeGrice et al. 

2012). 

ACE inhibitor treatment has been shown to decrease fibrosis and myocyte hypertrophy in the 

SHR (Pahor et al. 1991).  Interestingly, ACE inhibitor treatment regresses LV hypertrophy at 

doses that do not change blood pressure (Sen 1983, Linz et al. 1989), suggesting that the effects 

of ACE inhibitor on myocardial structure are not mediated through decreased arterial pressure.  

ACE inhibitor treatment blocks the conversion of angiotensin I to angiotensin II, reducing 
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circulating angiotensin II.  Through the renin-angiotensin-aldosterone system, this drop leads 

to relaxed blood vessels and reduced blood volume, both of which reduce blood pressure.  The 

reduced angiotensin II also leads to reduced stimulation of fibroblasts, reducing collagen 

production in the myocardium.  Although the reduction in fibrosis resulting from ACE inhibitor 

treatment has been established (Pahor et al. 1991), the collagen structure associated with this 

decrease has not been investigated in detail.   

In this study the extended volume confocal microscopy method described previously (Sands et 

al. 2005, Pope et al. 2008, LeGrice et al. 2012) was used to investigate the organisation of 

collagen in SHRs treated with ACE inhibitors.  As described in Section 3.1.3, a group of SHRs 

began ACE inhibitor treatment at 3 mo, which was continued through the lifetime of the 

animals.  Myocardial tissue samples were obtained at 14 mo and 21 mo.  Based on previous 

studies (Pahor et al. 1991, Brooks et al. 1997), TSHRs were expected to have less myocardial 

collagen when compared with untreated SHRs.  As previous studies have shown that structural 

differences in the collagen architecture are more important than total collagen amount (LeGrice 

et al. 2012), it was hypothesised that the structural organisation of the collagen in TSHRs 

differs from untreated SHRs.  Aged TSHRs were shown to have better ventricular function 

compared to their untreated counterparts in this dataset (Chapters 4 and 5), and the differences 

in myocardial microstructure were investigated to better understand this difference in function. 

6.2. Methods 

6.2.1. Animals 

The care and monitoring of the treated SHR group of animals is described in detail in 

Section 3.1.3.  Briefly, 20 out of the 54 SHRs were randomly assigned to receive treatment 

with the ACE inhibitor, quinapril (Pfizer).  Treatment was started at 3 mo, and the dosage of 

quinapril was 7.5 mg/kg/day, a dosage that maintained the mean arterial pressure of the TSHR 

at similar levels to the age-matched WKYs.  At 14 mo, 6 of these TSHRs were killed, and the 

other 14 were killed at 21 mo.  Tissue samples were obtained from all animals as described 

below. 

6.2.2. Tissue Sampling 

Male rats were anesthetised using 2-4% isoflurane in air and killed using cervical dislocation.  

For each animal, the heart was exposed by thoracotomy and heparin (100 IU/kg) was injected 
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through the apex of the heart and allowed to circulate for 30 seconds.  The heart was then 

excised and immersed in chilled saline.  The aorta of the removed heart was quickly attached 

to a Langendorff rig, and the myocardium was perfused by gravity feed.  The heart was relaxed 

by perfusion with St Thomas' Hospital cardioplegic solution, fixed with Bouin’s solution and 

then stained with picrosirius red dye as previously described (Young et al. 1998, Pope et al. 

2008). 

Hearts were cut into 2 mm thick short-axis slices that were dehydrated in ethanol.  Samples 

were submerged in a series of solutions for 24 hour increments.  This included an ethanol series 

(30%, 50%, 70%, 85%, 95%, 100%), and then 100% propylene oxide, 50:50 propylene oxide 

to resin, and then 100% resin.  Samples were then submerged in new 100% resin, which was 

polymerised for 24 hours at 60 °C (Young et al. 1998, Pope et al. 2008). 

6.2.3. Imaging 

The extended volume confocal microscopy method has previously been described in detail by 

Sands et al. (2005), therefore a brief summary is provided here.  The resin blocks were mounted 

on a precision three-axis stage, and sequentially imaged with a confocal laser scanning 

microscope (TCS4D, Leica), using a Krypton-Argon Laser (Omnichrome, CA, US) and lens 

(HC PL APO 20 x NA 0.70, Leica).  Images were obtained at serial focal planes starting at the 

block surface up to a depth of 35 μm.  The block was then milled to remove the upper 30μm 

and imaged again.  This cycle of imaging and milling was repeated to build up a stack of 2D 

confocal images, to yield an image volume.  High resolution images of the myocardial midwall 

were obtained with a size of 500 μm × 500 μm × 330 μm with a voxel edge dimension of 

0.4 μm.  In this chapter, samples from a 12 mo WKY and a 12 mo SHR are presented as 

comparison for the 14 mo and 21 mo TSHR image volumes.  The WKY and SHR images have 

been presented previously (LeGrice et al. 2012), but the 14 mo and 21 mo TSHR image 

volumes are novel.  Image volumes containing only collagen were obtained through the use of 

a collagen segmentation method that has been described previously (Hasaballa et al. 2017). 

6.2.4. Quantification 

In order to quantify the fractional volume of the different structural components of the 

myocardium, a representative 2D section was identified that captured all of the different 

collagen structures present in the sample (Figure 6.1).  Using a custom LabVIEW (National 

Instruments, www.ni.com) software program, 2000 pixels were selected at random from the 

http://www.ni.com/
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representative section, and a trained operator identified whether each pixel was collagen and if 

so, the classification of that collagen. 

 
Figure 6.1: Zone selected for quantification of collagen type (left).  Classification options that the operator is 

able to label each pixel (right). 

6.3. Results 

An interesting new finding from this work is that TSHRs have a distinct collagen structure 

compared with the WKYs and SHRs.  Figure 6.2 displays image volumes from WKY, SHR 

and TSHR samples, displayed with bright regions corresponding with collagen and darker 

regions with myocyte.  Regions where there is no tissue are coloured in black. These tend to 

be expanded by the dehydration and embedding processes.  The most striking feature of the 

SHR sample is the thick fibrosis between sheetlets.  Although multiple sheetlets were visible 

in the TSHR samples, no fibrosis was present between sheetlets.  However, in the TSHR 

samples there was more endomysial collagen surrounding myocytes when compared with 

WKYs.  The greater density of endomysial collagen in the 14 mo TSHR sample is similar to 

that of the 14 mo SHR sample, while the amount perimysial collagen in the 14 mo TSHR 

sample is more similar to that of the 14 mo WKY sample (Figure 6.3). 
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Figure 6.2: Extended volume confocal microscope images of myocardial midwall blocks from the left ventricle 

(200 μm × 200 μm × 40 μm at 0.4 μm resolution).  Blocks are viewed transverse to the myocyte axis.  (Top left) 

WKY 12 mo sample, (top right) SHR 12 mo sample, (bottom left) TSHR 14 mo sample, (bottom right) TSHR 21 

mo sample.  Arrows indicate the inter-sheetlet regions. 
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Figure 6.3: Original confocal image volumes (left column) and volumes of segmented collagen (right column).  

Image volumes are from 14 mo WKY (A), 14 mo SHR (B), 14 mo TSHR (C) and 21-mo TSHR sample (B).  Block 

sizes are 600 μm × 600 μm × 100 μm and 0.4 μm resolution. 
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Based on quantification from representative sections, the SHR sample had the largest amount 

of total collagen (Table 6.1).  In the TSHR samples, the total collagen amount was greater than 

that of the WKY sample, but less than the SHR sample.  The TSHR samples exhibited similar 

amounts of endomysial collagen to the SHR sample.  Surprisingly, the amount of perimysial 

collagen in the TSHR samples was below that of both the WKY and SHR samples, likely due 

to the increased endomysial collagen masking the perimysial cords that lie within the sheetlets. 

The TSHR samples displayed a small amount of vascular collagen, but no obvious signs of 

replacement fibrosis, while the SHR sample showed clear signs of scarring due to myocyte 

death and replacement fibrosis.  Between 14 mo and 21 mo, the perimysial, endomysial, scar, 

and total collagen amount remained remarkably consistent.  The number of capillaries per 

myocyte cross-sectional area was lower in SHRs compared with WKYs, but higher in TSHRs 

(Table 6.2). 

 

Table 6.1: Quantification of the different collagen classes. 

 

 

Table 6.2: Capillaries per myocyte cross-sectional area (CSA) from 12 mo WKY, 12 mo SHR and 14 mo TSHR 

samples.  From representative 2D images, the number of capillaries associated with each myocyte was counted, 

and then corrected by the myocyte cross-sectional area.  This produced a value for each myocyte in the cross-

section, and from this set of data the 25th, 50th, and 75th percentiles were calculated.  The TSHR values are novel, 

while the WKY and SHR values are reproduced from LeGrice et al. (2012). 
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6.4. Discussion 

In this chapter, I investigated the structure of the TSHR myocardium with knowledge that 

ventricular function was improved in the TSHRs compared to SHRs.  From the image volumes, 

the TSHR samples have a greater degree of endomysial collagen surrounding its myocytes 

compared to control, but no fibrosis between sheetlets.  Quantification of the collagen classes 

confirmed that TSHRs displayed a distribution of collagen that is different to both the WKY 

and SHR groups.  

ACE inhibitor treatment led to a lower total collagen percentage in the TSHR samples 

compared with the SHR sample.  However, the TSHR samples had a larger amount of collagen 

compared with the WKY control sample.  The increased total collagen in the TSHR samples 

may have been due to fibrosis accumulated in the first 3 mo of life, prior to ACE inhibitor 

treatment, although previous evidence suggests that this is not the case (LeGrice et al. 2012).  

Alternatively, this collagen may be attributable to the genetic programming of the SHR.  LV 

hypertrophy in the SHR has been linked to gene loci Lvm-1 and Lvm-2 (Innes et al. 1998), 

leading to the development of a normotensive, hypertrophic strain of rats (Harrap et al. 2002).  

However, no evidence has been found of a genetic cause of fibrosis in the SHR. 

The increased total collagen in the TSHR was not split evenly between perimysial and 

endomysial collagen.  The TSHR samples had a larger proportion of endomysial collagen than 

the WKY sample, and this endomysial collagen fraction was similar to that of the SHR sample.  

In this study, the endomysial collagen fraction in the TSHR group did not change significantly 

between 14 mo and 21 mo.  A previous study reported a qualitative increase in endomysial 

collagen between 12 mo and 24 mo in a group of untreated SHRs (Pope 2011).  The difference 

in late-life endomysial collagen remodelling between SHR and TSHR animals may be due to 

the significant differences in mean arterial pressure between these groups.  

Unlike endomysial collagen, perimysial collagen fraction in the TSHR samples was lower than 

that of both the SHR and WKY samples.  A previous imaging study of SHR myocardium 

revealed high levels of perimysial collagen in 18 mo and 24 mo SHRs compared with controls 

(LeGrice et al. 2012).  At these ages the SHRs also had significantly higher blood pressure than 

controls.  TSHRs at 14 mo and 21 mo had significantly lower mean arterial pressure than age-

matched SHRs (Table 4-3).  Correspondingly, low levels of perimysial collagen were found in 

the 14 mo and 21 mo TSHR samples, suggesting that mean arterial pressure may be a 

significant contributor to perimysial collagen deposition. 
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In the aged SHR, high levels of perimysial collagen corresponded with thick collagen deposits 

between sheetlets, while no such structures were present in the aged TSHR.  As I will discuss 

further in Chapter 7, these thick sheets of perimysial collagen would impair shearing of 

myocardial sheetlets, which has been hypothesised as an important component of ventricular 

wall thickening (LeGrice et al. 1995c).  These thick deposits of perimysial collagen are not 

present in the TSHR samples, and this may be the key structural difference between TSHRs 

and SHRs that allows for improved systolic performance in the TSHR. 

The TSHR samples also exhibited much lower levels of scar fibrosis than the SHR sample 

(Table 6.1).  As discussed in Chapter 4, the TSHR hearts performed significantly less work 

than the SHRs.  At a microstructural level, the SHR had a high metabolic demand with a 

reduced number of capillaries per myocyte cross-sectional area (Table 6.2), with inefficient 

oxygen delivery likely contributing to the observed myocyte death and replacement scar 

fibrosis.  In the TSHR myocardium, the number of capillaries per myocyte cross-sectional area 

was greater than in untreated SHRs, and in addition to the lower ventricular work in TSHRs, 

likely eased metabolic demand and reduced myocyte death and scar fibrosis.  However, ACE 

inhibitor treatment has been shown to alter collagen deposition at levels that do not affect mean 

arterial pressure and therefore myocardial work (Linz et al. 1992).  The primary mechanism 

for the TSHRs displaying reduced collagen may therefore be the reduction of angiotensin II-

induced upregulation of collagen type I expression in cardiac fibroblasts (Cohn et al. 2000).  

More detailed discussion of the potential mechanisms behind the high level of endomysial 

collagen and low level of perimysial collagen is provided in Section 8.1.3. 

6.5. Summary 

Detailed confocal imaging revealed that TSHRs had not only different amounts of collagen, 

but also distinct differences in collagen organisation.  In particular, SHRs displaying thick 

perimysial collagen between sheetlets, while both TSHR and WKY groups showed low levels 

of collagen between sheetlets.  The structural differences observed in TSHRs compared with 

SHRs provide some insight regarding the key structural properties in the myocardium that give 

rise to improved cardiac function.  However, structural differences alone cannot explain the 

resultant function without use of a conceptual model to mechanistically link the tissue structure 

and mechanical function. Chapter 7 explores the potential mechanisms linking these structural 

changes with improved function. 
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7. Linking Myocardial 

Microstructure and Tissue 

Mechanics 

This chapter considers the mechanical implications of the myocardial microstructural 

organisation observed in the WKY, SHR and TSHR groups.  These mechanical hypotheses 

were used to develop a conceptual model of the relationship between myocardial 

microstructure and ventricular function, which can be tested in future experimental and 

computational work. 

7.1. Sliding of Myocardial Sheetlets 

LeGrice and colleagues (LeGrice et al. 1995c) have demonstrated that sliding of myocardial 

sheetlets is an important mechanism underpinning physiological systolic function.  As 

presented in Figure 7.1, the orientation of sheetlets in the subendocardial region allows for 

sheetlet sliding to contribute significantly to thickening of the inner wall.  Comparisons of in 

vivo shear measurements with microstructural reconstructions of histological data indicated 

that maximum shear deformation was consistent with sliding of myocardial sheetlets (LeGrice 

et al. 1995c).  The importance of sheetlet sliding for radial wall thickening was further 

confirmed by both Costa and colleagues (Costa et al. 1999) and Takayama and colleagues 

(Takayama et al. 2002). 
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Figure 7.1: Sheetlet sliding resulting in wall thickening.  The graphic contains the subendocardial region.  The 

top solid line is the endocardial surface and the bottom dashed line is the limit of the visualised subendocardial 

region.  The shaded parallelograms represent the sheetlets, and the ovals represent the myocyte cross-sections.  

From end-diastole (left) to end-systole (right) the sheetlets slide past each other, changing angle relative to the 

circumferential direction, resulting in a 40% wall thickening of the inner wall region.  Adapted from LeGrice et 

al. (1995c). 

Aged SHRs have been found to have greater perimysial collagen deposition than controls, and 

that this remodelling fuses sheetlets together (Figure 6.2).  It has been proposed that the 

proliferated perimysial collagen in SHR would add resistance to the sliding between sheetlets 

(LeGrice et al. 2012), rendering the mechanism shown in Figure 7.1 ineffective.  Through 

passive pressure-volume experiments, LeGrice and colleagues (2012) found that aged SHRs 

had a lower LV chamber compliance compared with normal rats.  Passive stiffness has 

previously been suggested to be influenced by total myocardial collagen content (Jalil et al. 

1989), but the study by LeGrice and colleagues (2012) suggested that deposition of collagen 

between sheetlets may be a key microstructural change that contributes to the observed increase 

in LV chamber stiffness. 

Previous modelling studies have attempted to model the orthotropic nature of the myocardium 

(Holzapfel et al. 2009, Wang et al. 2015), relying heavily on data from mechanical shearing 

tests on passive myocardial tissue from pig hearts (Dokos et al. 2002).  Myocardial shear data 

have recently also been obtained from human (Sommer et al. 2015) and sheep 

(Avazmohammadi 2017) specimens.  These experimental data confirmed that microstructural 

orthotropy, as found by LeGrice and colleagues (LeGrice et al. 1995a), corresponded with 

orthotropic passive mechanical properties, and prompted development of orthotropic 

constitutive models of the myocardium, such as that proposed by Holzapfel and colleagues 

(2009).  Wang and colleagues (2015) subsequently modified the Holzapfel-Ogden constitutive 

equation to incorporate effects of both endomysial and perimysial collagen.  However, these 

changes were based on approximate estimates of the degree of thickening in endomysial and 
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perimysial collagen without significant consideration of the complex contribution such changes 

make to multiple deformation modes, nor of the differences in organisation of the perimysial 

collagen.  This is mainly due to the fact that the role that the organisation of individual 

microstructural components play in contributing to overall ventricular function is not well 

understood. 

To this end, in order to better understand this link, a conceptual model of myocardial 

microstructure is proposed here.  A useful conceptual model should capture the microstructural 

hierarchy of the myocardium, account for changes in microstructure observed during HF 

progression, and also be consistent with functional observations of normal and diseased hearts. 

7.2. Myocardial Deformation 

The orthotropic structure of the myocardium can be defined by three orthogonal material axes: 

the fibre, sheetlet and normal directions (Figure 7.2).  Deformation of myocardial tissue along 

one of its material axes is termed axial extension or compression.  In addition to the three modes 

of axial deformation, there are six modes of shear within the myocardial coordinate system 

(Figure 7.3).  The shear modes are referred to with two indices, the first represents the axis 

normal to the plane being displaced, and the second being the direction of the displacement.  

For instance the FS shear mode shifts the NS plane in the S direction.  The type of deformation 

presented in Figure 7.3 is simple shear, which is a combination of the pure shear deformation 

and axial extension (Figure 7.4). 

 

 

Figure 7.2: Three axial extensions of the myocardium.  (Left) Extension along the fibre axis.  (Middle) Extension 

along the sheetlet axis.  (Right) Extension along the normal axis. 
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Figure 7.3: Six simple shear deformation modes of a myocardial cube.  From the initial undeformed cube (dashed 

lines), the six possible simple shear modes are applied in the myocardial tissue coordinate system (F, S, N).  

Parallelepipeds (solid lines) represent the cubes after simple shear deformation.  From Sommer et al. (2015). 

 

 

Figure 7.4: An undeformed square (red) is shown to undergo deformation (black) in the form of simple shear 

(left), pure shear without rotation (middle) or a combination of pure shear and rotation (right). 

7.3. Experimental Measurement of Myocardial Shear 

The importance of sheetlet sliding in myocardial function was recognised, and the shear 

behaviour of myocardial tissue was investigated in detail by Dokos et al. (2002).  Blocks of 
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porcine myocardial tissue were excised and subjected to the six modes of simple shear 

deformation (Figure 7.3).  These tests aimed to examine whether the microstructural orthotropy 

gave rise to passive mechanical orthotropy, and if so, to quantify the degree of orthotropy. 

The work by Dokos and colleagues (2002, Figure 7.5 left) confirmed passive mechanical 

orthotropy.  More than just differences along the three material axes, differences were found 

for the different myocardial shear modes.  The passive simple shear modes grouped into three 

pairs: FS̅̅ ̅ / FN̅̅ ̅̅ , SF̅̅ ̅ / SN̅̅̅̅ , and NF̅̅̅̅  / NS̅̅̅̅  (Figure 7.5).  Simple shear is denoted using an overbar, 

with the absence of the overbar indicating pure shear.  The FS̅̅ ̅ / FN̅̅ ̅̅  shear modes were found to 

be most resistant to shear, with the SF̅̅ ̅ / SN̅̅̅̅  and NF̅̅̅̅  / NS̅̅̅̅  shear modes proving to be relatively 

compliant, but significantly different.  Similar experiments were performed using human 

myocardial tissue by Sommer and colleagues (2015, Figure 7.5 right), who found the same 

pairings of shear modes as well as the same order of shear stiffnesses.  However, a limitation 

of these studies was that simple shear was performed without independent measurement of 

axial deformation.  This meant that the pure shear contribution to simple shear stiffness could 

not be decoupled from the significant axial stiffness components. 

 

Figure 7.5: Results of myocardial simple shear testing experiments.  (Left) Peak to peak shear stress as a function 

of simple shear displacement for pig myocardial tissue (n = 6), from Dokos et al. (2002).  (Right) Shear stress at 

50% shear displacement for the six myocardial shear modes for human myocardial tissue from, Sommer et al. 

(2015). 

7.3.1. Structural Explanation of Myocardial Shear 

The myocardial collagen structures have been described in Section 2.3.2, and are here briefly 

described relative to the myocardial material axes.  The endomysial collagen surrounds 

myocytes, and has a structure similar to long thin-walled tubes, with the longitudinal direction 

aligned with the fibre axis.  Taken together, the endomysial collagen forms a honeycomb-like 

structure, with the alignment of the tubular cavities along the myocyte direction.  Perimysial 
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collagen has previously been classed into three different structures, which are here referred to 

as perimysial fibre cords, perimysial meshwork and perimysial cleavage cords (Pope et al. 

2008).  The perimysial meshwork sits on the surface of the myocardial sheetlets and forms a 

mesh of collagen lying in the fibre-sheetlet plane.  The perimysial cleavage cords join adjacent 

sheetlets by spanning the between-sheetlet space, but these cords generally align with the fibre-

sheetlet plane.  The perimysial fibre cords run alongside myocytes within the sheetlet and are 

aligned with the fibre axis. 

The FS̅̅ ̅ / FN̅̅ ̅̅  simple shear modes were reported to have the highest shear stiffness.  These 

modes are both associated with lengthening of the fibre axis (Figure 7.3).  The fibre direction 

is the stiffest axial direction, with cords of perimysial collagen running alongside the myocytes, 

protecting against over-extension of myocyte contractile components (Figure 7.6, left).  The 

myocytes, endomysial collagen and the perimysial meshwork also contribute to fibre stiffness.  

The SF ̅̅ ̅̅ / SN̅̅̅̅  pair are associated with deformation along the sheetlet axis and are less stiff than 

the FS̅̅ ̅ / FN̅̅ ̅̅  pair.  Myocytes, endomysial collagen and perimysial meshwork each contribute to 

the overall stiffness in the sheetlet direction (Figure 7.6, middle).  The NF̅̅̅̅ /NS̅̅̅̅  pair are 

associated with stretch along the normal axis and are the least stiff shear modes, as the low 

density of perimysial cleavage cords provides only relatively loose coupling between sheetlets, 

and hence little resistance to sheetlet separation along the normal axis (Figure 7.6, right).  

Within the sheetlet, the myocytes and endomysial collagen also contribute to stiffness along 

the normal axis. 

 

Figure 7.6: Structural contributors to axial deformation.  Illustrations of deformation along the fibre axis (left), 

sheetlet axis (middle) and normal axis (right).  Depicted structures include endomysial collagen (■), perimysial 

fibre cords (■), perimysial meshwork (■), perimysial cleavage cords (■), and myocytes (■). 

Independent of axial extension, the various collagen components also contribute resistance 

against the different modes of pure shear.  The FS and SF pure shear modes deform the sheetlet 

within the plane of the sheetlet (Figure 7.7).  Endomysial collagen binds myocytes to one 
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another within the sheetlet and likely contributes to FS/SF shear stiffness.  The perimysial 

meshwork covers the sheetlet surfaces, helping maintain sheetlet shape, and this collagen 

structure is also likely to contribute to FS/SF shear stiffness. 

The NF and NS pure shear modes are associated with sheetlets sliding relative to one another 

(Figure 7.7).  The collagen components that likely contribute to the NF and NS shear stiffnesses 

are (i) the perimysial cleavage cords, which couple sheetlets to one another, and (ii) the 

endomysial collagen, which resists shearing of the sheetlet itself. 

The FN and SN pure shear modes also involve sliding of sheetlets with respect to one another 

(Figure 7.7).  The collagen components that likely contribute to the FN and SN shear stiffnesses 

are (i) the perimysial cleavage cords, and (ii) the endomysial collagen.  Although the FN/SN 

pure shear modes involve sliding of sheetlets, similar to the NF/NS pure shear modes, there is 

a subtle difference between the two pairs as illustrated by the Voigt and Reuss models of 

laminate deformation (Figure 7.8).  For the NF/NS pure shear modes, the sheetlet and between-

sheetlet components experience the same shear stress, but not the same shear strain (Reuss 

model, Figure 7.8A).  On the other hand, for the FN/SN pure shear modes, the sheetlet and 

between-sheetlet components experience the same shear strain, but not the same shear stress 

(Voigt model, Figure 7.8B).  For healthy myocardium under NF/NS pure shear, the between-

sheetlet components provide little resistance to sheetlet sliding (shear), and the Reuss coupling 

of components predicts that the between-sheetlet components undergo greater shear strain than 

the sheetlets. 
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Figure 7.7: Illustration of SF, FS, NF, NS, SN and FN pure shear modes of healthy myocardium. 

 

 

Figure 7.8: An illustration of the Reuss (A) and Voigt models (B) of shear deformation of laminates.  (A) Under 

the Reuss model of shear, material components experience the same shear stress but differing shear strains.  (B) 

Under the Voigt model of shear, material components experience the same shear strain, but different shear 

stresses.  Based on a figure from Council (1994). 

7.4. Deformation of Diseased Myocardium 

Based on the extended volume confocal imaging, two types of remodelling were identified that 

alter the collagen structure within a sheetlet (Figure 7.9).  Firstly, the endomysial collagen 

surrounding the myocyte can thicken (Figure 6.2), which increases the coupling between 
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adjacent myocytes within a sheetlet.  This type of remodelling was observed in the TSHR 

samples, and is depicted in Figure 7.9 (right).  Secondly, perimysial fibre cords running 

alongside myocytes can thicken, increasing resistance to extension along the fibre direction.  

In the SHR sample, remodelling of both the endomysial collagen and the perimysial fibre cords 

were observed concurrently (Figure 6.2), as depicted in Figure 7.9 (middle). 

Remodelling can also change the between-sheetlet coupling, such as the significant deposition 

of collagen between sheetlets seen in SHRs (Figure 6.2).  Figure 7.10 illustrates two sheetlets 

for both a healthy WKY case (left) and a diseased SHR case (right).  The schematic on the right 

illustrates that, in the aged SHR, the perimysial meshwork and the perimysial cleavage cords 

are more densely packed compared to age-matched controls.  This gives rise to a tighter 

mechanical coupling of adjacent sheetlets (LeGrice et al. 2012).  Similar to the WKY case, the 

TSHR sample showed no deposition of perimysial collagen between sheetlets (Figure 6.2).  

Based on the key collagen structures of the myocardium (Figure 7.9 and Figure 7.10) and the 

modes of deformation presented in Section 7.2, the effects of the various types of 

microstructural remodelling on the different modes of myocardial deformation are considered. 

 

 

Figure 7.9: An illustration of the collagen structures in WKY (left) SHR (middle) and TSHR (right).  Depicted 

structures include endomysial collagen (■), perimysial fibre cords (■),and myocytes (■). 
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Figure 7.10: Remodelling of perimysial cleavage collagen in myocardial tissue. Healthy myocardium typically 

features sparse perimysial meshwork and perimysial cleavage cords (left).  Diseased (SHR) myocardial tissue 

has a greater density of perimysial meshwork and cleavage cords resulting in tight mechanical coupling between 

sheetlets compared to control (right). 

The FS and SF shear modes deform the sheetlet itself in the plane of the sheetlet (Figure 7.7).  

These shear modes are expected to be the most stiff shear modes under both normal and 

remodelled conditions.  Deposition of collagen between sheetlets, as in the SHR sample, will 

likely provide additional stiffness in the fibre-sheetlet plane, and further resistance to FS/SF 

shear compared to control.  Higher levels of endomysial collagen, as in the SHR and TSHR 

samples, is also likely to further resist FS/SF shear by binding myocytes together more tightly 

and increasing the shear stiffness of the sheetlet. 

In healthy myocardium, the NF and NS shear modes are expected to deform most readily, due 

to the relatively sparse and compliant connections between sheetlets.  Deposition of collagen 

between sheetlets, as observed in the SHR sample, is likely to be associated with a greater 

stiffness of the NF and NS shear modes compared with the WKY and TSHR groups (Figure 

7.11).  The endomysial collagen resists deformation of the sheetlet itself, and a greater level of 

endomysial collagen will further increase the stiffness of the NF/NS shear modes. 
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Figure 7.11: Illustration of NF (left) and NS (right) shear modes of diseased myocardium. 

The structural remodelling likely to impact the FN/SN shear stiffnesses includes (i) perimysial 

collagen deposition between sheetlets, and (ii) a greater level of endomysial collagen that 

stiffens the sheetlet itself.  Therefore the SHRs that exhibit both of these remodelling types will 

likely have greater FN/SN shear stiffnesses compared with WKYs.  On the other hand, the 

remodelling of only endomysial collagen, as seen in the TSHRs, may exhibit a slightly greater 

FN/SN shear stiffnesses compared with WKYs. 

In summary, the deposition of collagen between sheetlets is likely to impact the modes of shear 

deformation associated with sheetlets sliding relative to one another.  The SHR sample showed 

significant deposition of collagen between sheetlets compared with controls, which likely 

inhibits sheetlet sliding.  However, although the TSHR samples had high levels of endomysial 

collagen compared with controls, they did not have more collagen between sheetlets than 

controls, and are thus likely to exhibit a similar resistance to sheetlet sliding as the WKY 

controls.  As described in Section 7.1, sliding of myocardial sheetlets is needed for both normal 

systolic function and normal diastolic function.  Therefore the microstructural difference 

between SHR and TSHR samples may be associated with differences in systolic and diastolic 

function. 

7.5. Interpretation using Experimental Data 

Based on this conceptual model, the microstructural differences between 14 mo SHRs and 

14 mo TSHRs were expected to give rise to differences in systolic and diastolic function.  

Sheetlet sliding has previously been linked with significant radial deformation in the 

subendocardial region (LeGrice et al. 1995c).  However, the only regional measure of strain in 

this dataset was circumferential strain.  Due to their proposed differences in sheetlet sliding, 

the hypothesis was tested that 14 mo TSHRs have greater endocardial circumferential strain 

than 14 mo SHRs.  The endocardial circumferential strain measurements are shown in Figure 
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7.12 (left), and suggest potential differences between groups.  However, no significant 

difference in endocardial circumferential strain was observed between 14 mo SHR and 14 mo 

TSHR groups.  Impaired sheetlet sliding has also been implicated in reduced LV compliance 

(LeGrice et al. 2012).  Therefore the hypothesis was tested that 14 mo TSHRs have greater LV 

compliance than 14 mo SHRs.  The measurements of LV compliance are shown in Figure 7.12 

(right), but again no significant difference in compliance was observed between 14 mo SHR 

and 14 mo TSHR groups. 

 

Figure 7.12: (Left) Subendocardial circumferential strain as categorised by age.  (Right) Mean in vivo 

compliance obtained from terminal experiments (± standard error).  Groups are coloured as: WKY (■), SHR (■) 

and TSHR (■).  For endocardial circumferential strain sample sizes were WKY: 5, 6, 8; SHR: 8, 9, 9; and TSHR: 

─, 6, 6.  For compliance, sample sizes at 14 mo and 21 mo were WKY: -, 5; SHR: 4, 4; and TSHR: 4, 4. 

The lack of significant difference observed in this dataset may have arisen from the lack of 

statistical power due to making multiple post-hoc comparisons.  Changes to the experimental 

design could be made in order to improve the likelihood of observing significant differences in 

function with the associated differences in microstructure.  In the present study, only two TSHR 

tissue samples were imaged and compared with one WKY and one SHR sample.  These 

samples may not be representative of their age and animal type sub-groups.  Measurements of 

myocardial microstructure from a greater number of hearts would avoid inferences based upon 

age and animal type, and allow testing of functional differences between groups of hearts that 

all show distinct myocardial microstructures. 
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7.6. Summary 

In this chapter, a conceptual model of the relationship between myocardial deformation and 

microstructural remodelling has been proposed.  In Chapter 8, an overall discussion of this 

thesis is presented, including further examination of the experimental results and interpreted in 

the context of the conceptual model. 
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8. Overall Discussion 

This study investigated the relationship between ventricular geometry, microstructure and 

function in three different groups of rats, the SHR group, the WKY control group, and the 

TSHR group.  Cardiac MRI was used to make comparisons of geometric and functional metrics 

between age and animal groups.  SHRs did not have significantly different cardiac output from 

WKYs at any time-point.  However, 21 mo SHRs performed greater cardiac work and had 

greater LV mass than age-matched WKYs, which may be indicative of adverse feedback in 

cardiac structural and functional remodelling that ultimately leads to HF.  Torsion 

measurements were obtained using tagged MRI, and these measurements were compared with 

geometric measurements, as well as other functional data in order to better understand the 

mechanisms of torsion.  Torsion correlated well with other measures of systolic function, but 

not with hypertrophy or sphericity.  Using extended volume confocal microscopy, myocardial 

tissue was imaged in high resolution to examine the collagen structure of TSHRs compared 

with WKYs and SHRs.  TSHRs had increased endomysial collagen as seen in SHRs but 

without the increase in perimysial collagen present in the SHR.  Finally, a conceptual model 

was developed in order to explain this complex dataset.  The conceptual model aides 

understanding of the structure-function relationship in cardiac remodelling, and provides 

hypotheses that can be tested with future work. 

8.1. Summary of Findings 

8.1.1. Ventricular Work 

Accurate measurements of LV volume were obtained using MRI and LV pressure was obtained 

through the use of high fidelity pressure transducers.  This allowed examination of the 

relationship between hypertrophy and ventricular work.  The objective for this set of studies 

was to obtain cardiac MRI and in vivo LV pressure measurements at defined time-points 

through the lifetime of SHR, WKY and TSHR groups in order to measure ventricular function 

over a spectrum of cardiac remodelling states. 

The key findings from these experiments were that (i) the SHRs had similar cardiac output and 

stroke volume compared with the control and treatment groups at all time-points, (ii)  the SHRs 

performed significantly higher levels of cardiac minute work and stroke work at 21 mo, (iii) 
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ACE inhibitor treatment of SHRs resulted in normal levels of mean arterial pressure, 

hypertrophy, stroke work and cardiac minute work. 

Although the expectation was that SHRs would have HF by the 21 mo time-point, the animals 

that were studied had normal cardiac output and stroke volume, providing no evidence of overt 

failure.  However, these animals performed significantly higher levels of stroke work and 

cardiac minute work to maintain their normal haemodynamic values.  This level of ventricular 

work is likely unsustainable, as SHRs have a reduced myocyte to capillary ratio (LeGrice et al. 

2012), which will likely result in perfusion capacity insufficient to meet the increased work 

demand.  This ischaemia is likely to lead to cell death and replacement fibrosis, which will in 

turn further limit the ability of the myocardium to produce the high levels of work required.  

This will lead to a progressive fall in cardiac output, progressing to cardiac failure.  It is 

therefore plausible that the high levels of work are a precursor to progression to overt failure.  

Rather than reduced pumping performance being due to impaired development of tension from 

ventricular dilatation and impaired myocyte contraction (Section 2.5.1), this interpretation 

emphasises the metabolic factors limiting myocytes from performing the high level of work 

required in 21 mo SHRs. 

Compared with the untreated SHRs, the SHRs treated with ACE inhibitor had haemodynamic 

and ventricular geometry measures more similar to WKY.  Levels of mean arterial pressure, 

stroke work and cardiac minute work in TSHRs were similar to control, and there was also an 

absence of hypertrophy.  TSHRs also had a significantly lower rate of premature deaths than 

SHRs.  Lower blood pressure likely reduced the development of hypertrophy, and the lowering 

of stroke work and cardiac minute work at later ages likely also inferred protection against 

progression to failure (through the mechanism suggested above) in aged TSHRs. 

The conceptual model developed as part of this thesis predicts that fibrosis of the perimysial 

meshwork results in reduced sheetlet sliding for a given amount of fibre shortening.  As 

perimysial fibrosis is observed in aged SHRs, these animals will have greater difficulty 

producing the large wall thickening necessary for effective pumping.  So in addition to 

ischaemic cell damage reducing the ability of the myocardium to generate work, fibrosis 

between sheetlets will further reduce pumping efficiency, reinforcing the idea that high cardiac 

work is unsustainable in aged SHRs.  Interesting future work could include examining the 

extent of ischaemic damage and perimysial meshwork fibrosis in individual hearts and 
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examining the relationship between these structural measures and the functional measures of 

cardiac work and cardiac output. 

The protection provided by the ACE inhibitor treatment is therefore two-fold.  Firstly, by 

lowering blood pressure to normal levels, the work that TSHR hearts are required to perform 

to achieve normal cardiac output is lower than that of the untreated SHRs.  Lower levels of 

work reduces the likelihood of ischaemic cell damage and replacement fibrosis, which would 

affect the efficiency of myocardial contraction.  Secondly, ACE inhibitor treatment prevents 

fibrosis between sheetlets, which would impair wall thickening and normal systolic function. 

8.1.2. Ventricular Torsion 

Acquisition of tagged MRIs enabled measurement of ventricular torsion and strain in the hearts 

of this set of animals.  These measurements were obtained to investigate the relationship 

between torsion and geometric and microstructural remodelling by obtaining measurements 

from hearts encompassing a spectrum of remodelling states. 

The following key findings were made from the tagged MRI dataset (i) the SHR group had low 

torsion compared with control, despite the expectation that the SHR group would have high 

torsion due to hypertrophy, (ii) there was no correlation between torsion and geometric 

measures such as hypertrophy and sphericity, and (iii) torsion correlated well with systolic 

measures such as EF, ER and EC. 

Previous studies have reported a link between ventricular hypertrophy and increased levels of 

ventricular torsion (Young et al. 1994, Phan et al. 2009, Cameli et al. 2013).  For this reason, 

it was expected that SHRs would exhibit high levels of torsion compared to controls, in 

accordance with the hypertrophy that they develop.  However, at all time-points, SHRs 

exhibited lower torsion than WKYs (Table 5.1).  The link between high torsion with 

hypertrophy assumes that fibre strain is normal in the hypertrophic heart (see Section 5.1).  The 

SHRs in the present study may have had lower fibre strain than WKYs, as evidenced by 14 mo 

and 21 mo SHRs having lower EF and ER than WKYs, although no measures of fibre strain 

were obtained for the animals in this study. 

Applying the conceptual model of microstructural remodelling to these torsion results, provides 

another potential explanation for low torsion measured in in the SHRs.  According to the 

conceptual model, the presence of thickened perimysial meshwork increases the shear stiffness 

of sheetlets sliding relative to each other (NF/NS shear deformation), when considered at the 
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local structural level.  At the ventricular chamber level, in cardiac coordinates, increased 

perimysial meshwork collagen will likely result in increased circumferential-radial shear 

stiffness, which, if fibre strain remains the same would result in reduced ventricular torsion.  

Perimysial meshwork fibrosis will impair wall thickening, reducing EF, and will also increase 

shear stiffness, inhibiting ventricular torsion. 

A tight correlation between torsion and ventricular sphericity has previously been found in 

healthy humans as well as dilated cardiomyopathy patients (Popescu et al. 2009, van Dalen et 

al. 2010).  The spherical ventricles of the dilated cardiomyopathy patients corresponded with 

low ventricular torsion compared with healthy individuals.  However, in the present study, no 

correlation was found between sphericity and ventricular torsion.  In the two studies referenced, 

the torsion-sphericity relationship was confounded by the presence of significant differences 

in systolic function, which may indicate that in these studies the link between torsion and 

sphericity is overstated. 

The impact of EF on the torsion-sphericity relationship cannot be overlooked, as previous 

studies in humans have shown that torsion correlates strongly with EF (Wang et al. 2008, van 

Dalen et al. 2010).  Multivariate analyses have revealed that EF and EC are independent 

predictors of torsion, which reflects the strong link between torsion and systolic function 

(Wang et al. 2008).  This was reinforced by the findings in the present study, as torsion 

correlated strongly with both EF and EC, but poorly with hypertrophy and sphericity.  These 

findings suggest that if there is a relationship between torsion and ventricular geometry, it is 

not as strong as the strong correlation between torsion and systolic function. 

8.1.3. Microstructure of the TSHR 

ACE inhibitor treatment is known to alter myocardial collagen content in SHRs (Pahor et al. 

1991), but the nature of this microstructural remodelling of collagen has not been reported 

previously.  For this reason, myocardial tissue from TSHRs was imaged using extended volume 

confocal microscopy in order to resolve the changes in collagen structure elicited by ACE 

inhibitors.  These imaging studies were conducted to investigate the effects of ACE inhibitor 

treatment on the microstructural remodelling of the SHR. 

Detailed confocal imaging revealed that TSHRs had not only different amounts of collagen, 

but also distinct differences in collagen organisation.  In particular, there was a marked 

difference in the perimysial meshwork, with SHRs displaying thick perimysial collagen, while 
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TSHRs had similar amounts of perimysial collagen to the control WKY animals.  This 

particular structural difference appears significant for myocardial deformation, and was 

explored in detail with the conceptual model of myocardial remodelling.  Additionally, TSHRs 

displayed high levels of endomysial collagen compared with WKYs.  The amount of 

endomysial collagen in TSHRs was similar to the untreated SHRs, suggesting that remodelling 

of endomysial and perimysial collagen may be achieved through separate sub-cellular 

signalling pathways. 

Although the conceptual model dealt with the mechanical consequences of the presence of 

thickened perimysial collagen, it did not deal with the potential causes of such a structural 

difference.  One hypothesis is that, much like the strain-locking effect that perimysial cords 

have on limiting the over-extension of myocytes, thickened perimysial meshwork may prevent 

over-extension of sheetlets.  High arterial pressure places additional demand on myocardial 

tissue, and the wall thickening needed to overcome high arterial pressure, termed radial 

augmentation (Kouzu et al. 2011), may trigger a remodelling response to prevent potentially 

damaging over-sliding of sheetlets.  Due to the low arterial pressure in TSHRs, wall thickening 

may not reach a level that triggers this remodelling mechanism. 

Another hypothesis is that as ACE inhibitors specifically block generation of perimysial 

collagen, as they prevent formation of angiotensin II (Hall 2016), which triggers fibroblasts to 

generate collagen (Lijnen et al. 2001).  Myocytes express type IV collagen (Eghbali et al. 

1988), which contributes to the endomysial collagen surrounding the cells, but not the 

perimysial meshwork (Shimizu et al. 1993).  Fibroblasts on the other hand produce collagen 

types I and III that are present in the perimysial meshwork, and so reduction of this production 

by ACE inhibitors will lead to decreased collagen accumulation in the perimysial meshwork.  

However there is no evidence that ACE inhibitor treatment influences collagen production by 

myocytes.  Endomysial collagen production may compensate for the lost myocardial stiffness 

from lack of perimysial collagen, and may explain the increase in endomysial collagen seen in 

the TSHR group (Table 6-1). 

Another potential explanation is that SHR myocyte production of endomysial collagen is 

genetically programmed.  This would mean that the normal level of perimysial collagen in the 

TSHRs is due to ACE inhibitor treatment whereas the genetically-driven endomysial collagen 

production would not be affected by ACE inhibitor treatment.  However, although there has 

been evidence to suggest that myocyte hypertrophy in the SHR is genetically programmed 
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(Innes et al. 1998), no evidence has been found to support programming of myocyte collagen 

production. 

ACE inhibitor treatment has been found to attenuate fibrosis (Pahor et al. 1991) and reverse 

hypertrophy (Brooks et al. 1997), and it may be able to reverse the thickening of the perimysial 

meshwork.  As collagen is constantly degraded as a result of the activity of matrix 

metalloproteinases, in order for the thick perimysial meshwork to be maintained, fibroblasts 

need to continue to produce the collagen necessary to maintain this structure.  The use of ACE 

inhibitor treatment in a heart with existing perimysial fibrosis may result in inhibition of 

perimysial collagen production, while the activity of metalloproteinases should break down 

this collagen over time.  Through this process, the composition of the extracellular matrix may 

shift from a balance of endomysial and perimysial collagen towards predominantly endomysial 

collagen, which should infer improved myocardial function. 

Interestingly, TSHR collagen amount and organisation were similar for 14 mo and 21 mo 

animals.  If endomysial collagen was genetically driven and consistent through the lifespan of 

the SHR, this 7 mo period would be expected to result in additional endomysial collagen 

accumulation.  Such accumulation would cause the proportion of endomysial collagen to 

increase, in addition to an overall increase in collagen.  However, the endomysial collagen 

proportion was similar for the 14 mo and 21 mo TSHRs, while total collagen amount was 

slightly lower (Table 6-1). 

8.1.4. A Conceptual Model of Myocardial Mechanics 

This section of work was motivated by the lack of understanding regarding the deformation of 

myocardial tissue, and which structural components contribute to the various axial and shear 

stiffnesses.  Similarly, in terms of systolic function, to my knowledge there has been no 

investigation of the effect of microstructural remodelling on the sheetlet sliding that has been 

proposed to facilitate myocardial wall thickening.  The complex dataset obtained in this study 

included results from a spectrum of hearts and included measurements of ventricular geometry 

and function, as well as imaging of the myocardial microstructure.  With consideration of these 

results, a conceptual model was developed in order to increase understanding of the link 

between microstructural remodelling and cardiac function. 

The conceptual model presented in Chapter 7 contained several mechanistic proposals based 

on the structural changes reported in Chapter 6.  (i) Deformation that the myocardium 
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undergoes during systole is reversed during diastole, and therefore remodelling was expected 

to affect deformations during both phases of the heart cycle.  (ii) The increased thickness of 

the perimysial meshwork in SHRs is proposed to most significantly impact the NF/NS shear 

modes.  In systole, this is predicted to impair sheetlet sliding and result in reduced wall 

thickening.  For diastole, the increased NF/NS shear stiffness is predicted to increase cavity 

stiffness and impair the passive filling during late diastole. 

Microstructural remodelling that results in increased myocardial shear stiffness will alter 

myocardial deformation, whether myocyte-generated during systole, or as a result of cavity 

filling during diastole.  The fibrosis of the perimysial meshwork observed in SHRs was 

therefore proposed to decrease shearing of sheetlets, impair systolic wall thickening, and resist 

wall thinning during diastole.  This suggests that systolic and diastolic properties are 

intrinsically coupled, which may explain why patients with HFpEF often have some level of 

systolic dysfunction and HFrEF patients have a level of diastolic dysfunction (De Keulenaer et 

al. 2011). 

One key finding in this thesis is that, compared to untreated SHRs, ACE inhibitor treated SHRs 

had lower total myocardial collagen content, a similar level of endomysial collagen, but a lower 

level of perimysial collagen.  Imaging of collagen structure from TSHR samples showed an 

increase in endomysial collagen compared to controls, but no thickening of the perimysial 

meshwork (Chapter 6).  In contrast, imaging of a myocardial sample from an untreated SHR 

showed deposition of collagen between sheetlets, which fuses adjacent sheetlets and impairs 

sheetlet sliding. 

Although the conceptual model is presented with a focus on an idealised cube of myocardial 

tissue, the localised shear properties should affect deformation of the whole ventricular wall.  

The conceptual model therefore relates myocardial microstructure to measures of ventricular 

level function such as wall thickening, EF, torsion, and radial-circumferential shearing.  This 

conceptual model predicts that, compared to controls, thickening of the perimysial meshwork 

seen in SHRs will impair sheetlet sliding and result in low values of EF, wall thickening and 

torsion, while increased endomysial collagen without thickened perimysial meshwork in 

TSHRs is predicted to correspond with normal systolic function.  This was confirmed by 

functional measurements, which showed low EF, wall thickening and torsion in the SHRs 

compared with the TSHRs (Tables 4-2 and 5-1). 
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In their study, Dokos and colleagues (2002) acknowledged that their measurements of 

myocardial shear were confounded by the axial extension component of simple shear.  The 

conceptual model suggests the importance of axial stiffness, and that myocardial shear 

properties are likely to be markedly different under conditions of pure shear compared with 

simple shear.  For instance under simple shear, the FS̅̅ ̅ / FN̅̅ ̅̅  pair have the highest shear stiffness, 

due to the extension of the fibre axis and the resistance to extension that the perimysial cords 

provide.  Under pure shear, the FN pure shear will be relatively compliant, while the FS/SF 

modes of pure shear are expected to have the highest shear stiffness, due to the tight binding 

of myocytes by endomysial collagen in the sheetlet plane (Figure 7.9).  It follows that under 

pure shear, each of the myocardial shear modes will have stress-strain properties that are no 

longer dominated by the component of axial extension. 

8.2. Limitations 

Although this study successfully obtained a range of measurements from a number of rats, 

several limitations were encountered during the course of this work.  In particular drawbacks 

that are worth discussing include, the collection of in vivo pressure measurements, the high 

resolution structural imaging, selection bias in the SHR group, and the measurements of 

compliance. 

8.2.1. In Vivo Pressure Recordings 

Although the fibre optic pressure sensor was compatible with the MRI scanner, concurrent 

measurements of LV pressure and MRI data were only achieved in some animals.  During the 

surgical procedure (see Section 3.3.1), the fibre optic pressure sensor was difficult to 

manoeuvre into the LV, as the sensor often caught on the leaflets of the aortic valve.  

Additionally, even when the sensor was successfully positioned in the LV, it was easily shunted 

from the LV into the aorta.  This was a problem particularly when transferring the animal from 

the preparation room into the MRI scanner.  Compared with the fibre optic pressure sensor, the 

in vivo pressure measurements acquired using the Millar pressure transducer had a higher rate 

of success.  Successful measurements of pressure were obtained in 39 animals using the Millar 

transducer, compared with 27 using the fibre optic pressure sensor.  In order to keep the 

pressure measurement technique consistent between animals, the measurements from the 

Millar pressure transducer were used for the reported values of pressure as well as for 

calculation of other metrics such as stroke work. 
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The analysis of experimental measurements in this thesis has included comparison between 

age and animal groups.  However, the initial design of this study was focused on collecting 

data from a range of different hearts, and as such, there were some systematic measurement 

errors between age groups.  In particular, no terminal experiments were carried out on any 

animals at the 3 mo time-point or on any WKYs at the 14 mo time-point.  Successful terminal 

experiments included measurement of LV and aortic pressure using the Millar pressure 

transducer.  Out of 55 terminal experiments, in vivo pressure was measured using the Millar 

pressure transducer from 39 animals.  However, animals undergoing recovery experiments 

were only subjected to tail cuff plethysmography, which yielded measurements of systolic 

blood pressure and mean arterial pressure.  Thus any comparison of blood pressure or 

derivative measurements between recovery and terminal experiments must be interpreted with 

caution.  As the 14 mo SHR group included both terminal and recovery experiments, this 

systematic error was investigated by examining the Millar and tail cuff measurements within 

the 14 mo SHR group.  No significant difference in mean arterial pressure was found between 

the two measurement types within that group. 

8.2.2. Extended Volume Confocal Microscopy 

Although care was taken during the staining process (Section 3.4.1), the quality of stain of the 

myocardial samples displayed a large degree of variability, and only approximately 1 in 5 

samples were worth imaging.  As only well-stained samples were imaged, there may have been 

a selection bias.  For example, it may be the case that only tissue samples with a healthy 

extracellular matrix resulted in high quality staining.  In order to remove the potential for 

selection bias to influence experimental results and subsequent interpretation, the staining 

protocol used in this study would need to be improved such that a greater proportion of 

myocardial samples could imaged. 

Due to the length of imaging time and also the variability of staining, imaging using extended 

volume confocal microscopy was limited to a midwall equatorial block.  In order to examine 

regional differences in myocardial structure, the whole ventricle would need to be imaged, 

requiring homogeneous staining and shorter imaging times.  Imaging of the whole ventricle 

would also allow validation of a necessary assumption used in the present study, namely that a 

midwall equatorial block is a valid representation of all myocardial tissue. 
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8.2.3. Selection Bias 

The measurements from SHRs presented in this thesis are likely biased towards healthier, non-

failing animals.  Of the 34 SHRs, 11 died without being measured successfully by either a 

recovery or terminal experiment.  Of these animals, 5 died during the surgery to measure LV 

pressure, 4 died shortly after undergoing tail cuff plethysmography and 2 were found dead in 

their cages.  The animals that died were likely failing, and as they did not contribute 

experimental data, this dataset may not have completely captured the failure state of the SHR.  

Previous studies have classified SHRs into failure and non-failure groups (Bing et al. 1995), 

an approach that was not followed in this study.  Separation of the SHRs into failure and 

non−failure groups may have allowed more definite conclusions to be drawn regarding the 

failure state of the SHR. 

8.2.4. Measurements of Compliance 

Attempts were made to obtain ex vivo passive pressure-volume measurements using a setup 

that utilised pump-driven inflation of a balloon within the ventricular cavity.  Although 

significant effort was invested into these measurements, the resultant data are of questionable 

quality and has not been included in this thesis.  Measurements of in vivo compliance were 

obtained by combining in vivo pressure measurements with volume estimates from the CIM 

models and a short summary of these compliance measurements is presented in Appendix A.  

However, although diastolic dysfunction was expected in 14 mo SHRs, these in vivo 

compliance measurements yielded no conclusive results.  The MRI data obtained in this study 

may have had insufficient temporal resolution to capture the diastolic passive filling in vivo. 

8.3. Future Research 

This study generated some interesting questions that highlight avenues for future work.  

Particular unresolved issues include (i) the mechanism behind the specific microstructural 

changes observed in ACE inhibitor treated SHRs, (ii) validating the conceptual model, (iii) 

incorporating the conceptual model into in silico simulations, and (iv) further investigation of 

the structural basis of torsion. 

8.3.1. Mechanisms of Collagen Remodelling in the TSHR 

The mechanism for ACE inhibitor treatment specifically preventing fibrosis of the perimysial 

meshwork collagen but not endomysial collagen remains unknown.  One possibility is that, as 
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endomysial collagen consists mainly of type IV collagen, which can be generated by myocytes, 

ACE inhibitor treatment only prevents fibroblast production of perimysial collagen giving rise 

to the endomysial/perimysial distributions observed in TSHRs.  An alternative possibility is 

that, both the endomysial and perimysial collagen may be generated by fibroblasts, but the 

cellular pathway that generates endomysial collagen is not impacted by the reduced levels of 

angiotensin II resulting from ACE inhibitor treatment. 

Potential future work would investigate the relative contributions of fibroblast-generated and 

myocyte-generated collagen to myocardial microstructure.  The effect of ACE inhibitor 

treatment on fibroblast generation of type I and type III collagen, could be compared with 

myocyte production of type IV collagen, as well as measurement of subsequent changes in 

endomysial/perimysial collagen distribution.  These mechanisms could be investigated further 

with the use of angiotensin receptor blockers, which block angiotensin II receptors on 

fibroblasts, and diuretics, which block aldosterone activation of fibroblasts.  Both of these drug 

types would be expected to alter perimysial collagen production in a similar manner to ACE 

inhibitors and could therefore be used to better understand the role of fibroblast collagen 

generation in producing the complex microstructural features explored in this thesis. 

8.3.2. Validation of the Conceptual Model 

More evidence is needed in order to test the validity of the conceptual model put forth in this 

thesis.  Specific questions include (i) whether the pure shear modes fall into the pairs suggested 

in Section 7.3, (ii) if thickening of the perimysial meshwork has a dramatic impact on the 

NF/NS shear pair, and (iii) if the NF/NS pure shear pair are the key shear modes impacting 

systolic wall thickening and diastolic wall thinning. 

As mentioned in Section 8.1.4, the hypotheses put forward by the conceptual model could be 

tested with ex vivo shear measurements of myocardial tissue.  In particular, a material testing 

rig would be needed that can perform pure shear deformation of myocardial samples.  Testing 

of both healthy and diseased tissue would allow confirmation that thickened perimysial 

meshwork significantly impacts NF/NS pure shear.  Additionally, testing of TSHR 

myocardium would allow investigation of the contribution of endomysial collagen to the six 

modes of myocardial shear. 

Further investigation of sheetlet sliding in myocardial wall thickening could be achieved 

through measurement of 3D myocardial strain.  For example, high resolution tagged MRI could 
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provide estimates of strain, and diffusion weighted imaging could provide fibre and sheetlet 

orientations.  A study along these lines has been performed previously (Wang et al. 2016), 

however the diffusion weighted images were unable to provide sheetlet orientations, which are 

needed in order to translate the tagged MRI strain data into the tissue coordinate system 

8.3.3. Incorporation of the Conceptual Model into In Silico Models 

If future experimental work is in agreement with the conceptual model, aspects of the 

conceptual model can be included in mechanics simulations of the heart.  For passive diastolic 

mechanics, a constitutive equation for myocardial deformation could be developed which 

allows collagen structure to alter passive shear properties.  Similar to previous work on 

incorporating structural parameters into a myocardial constitutive equation (Wang et al. 2016), 

a structural parameter could be included that represents the thickness of the perimysial 

meshwork and would alter the NF/NS shear stiffnesses.  This could be a simple and effective 

approximation for the lack of sheetlet sliding in diseased myocardium. 

8.3.4. Torsion, Hypertrophy and Fibre Strain 

Questions remain regarding the relative contribution of hypertrophy and fibre strain to 

ventricular torsion.  In addition to testing the hypotheses of the conceptual model, 

measurements of strain using tagged MRI and fibre-sheetlet structure using diffusion weighted 

imaging from the same hearts would allow examination of the relationship between torsion, 

hypertrophy and fibre shortening.  Such an analysis would require use of the diffusion weighted 

imaging data to define material directions within the LV, and subsequent transformation of 

tagged MRI strain measurements into strains defined with respect to the material coordinate 

system.  The geometric and fibre orientation data could then be embedded in a model of LV 

contraction and the torsion generated from the simulated contraction could be compared with 

the tagged MRI measurements of torsion. 

8.4. Summary and Outlook 

In this thesis, detailed experimental measurements were presented from the SHR model of 

hypertensive heart disease, as well as from control and treatment groups.  These experiments 

used multiple measurement techniques, which resulted in a large, rich dataset.  These 

experimental data have contributed to better understanding of the progressive cardiac 

remodelling in the SHR, and the role of ACE inhibitor treatment in altering the trajectory of 
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cardiac remodelling.  The dataset collected during this research will continue to be used in 

quantitative analytical and computational studies that will likely provide further insight into 

the process of cardiac remodelling during HF. 
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Appendix A: Ventricular 

Compliance 

In an attempt to measure the passive material properties of the myocardium, measurements of 

both in vivo and ex vivo compliance were obtained.  Ventricular compliance is a measure of 

change in volume per unit change in pressure, and has been used previously to describe the 

passive properties of the ventricle (LeGrice et al. 2012).  Low ventricular compliance indicates 

a ventricle that requires high filling pressures, and can indicate diastolic dysfunction. 

A.1 Methodology 

A.1.1 Measurement of In Vivo Compliance 

The in vivo compliance was calculated based on measurements from cine MRI (Section 3.2.1) 

and in vivo LV pressure (Section 3.3.1).  LV cavity volumes corresponding with diastasis and 

with end-diastole were obtained from the CIM models described previously (Section 3.2.2).  

From the in vivo LV pressure traces, LV pressures at diastasis and end-diastole were obtained.  

The in vivo compliance during the passive filling phase of diastole was calculated as the change 

in volume divided by the change in pressure between diastasis and end-diastole. 

A.1.2 Measurement of Ex Vivo Passive Pressure-Volume 

Passive properties of the ventricle were measured using a balloon-expansion passive pressure-

volume system.  The isolated heart was suspended on a cannula connected to the Langendorff 

rig (Section 3.4.1) and a balloon inserted into the LV through the mitral valve.  The volume of 

the balloon altered using an electric syringe pump, while pressure was measured using a fluid 

filled pressure sensor (Model P23XL, Gould Electronics Incorporated, Chandler, AZ, USA). 

Measurements were taken up to 50 mmHg, which provided a range of filling pressures wider 

than those observed in vivo. 

Passive pressure-volume balloons were made using a catheter and latex condom material.  The 

tip of the condom was cut and glued to the catheter tube and left overnight.  The next day the 

balloons were evacuated of air, filled with water and inflated to a pressure of 50 mmHg.  This 

pressure was maintained for 10 minutes to ensure that there were no holes or imperfections in 
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balloon or the seal.  Balloons were re-checked before the beginning of each experiment.  

Balloons of different sizes were made for use in differently sized hearts. 

A.2 Results 

A.2.1 In Vivo Compliance 

Measures of in vivo compliance are presented in Figure A1.  Overall, the within-group 

variability of these compliance estimates resulted in no significant differences between groups.  

It is therefore difficult to draw meaningful conclusions from these measurements.  However 

these observations are consistent with the idea that all animals undergo cardiac remodelling 

with age that promotes diastolic dysfunction and that this progression is accelerated in SHRs. 

 

Figure A1: Left ventricular compliance measurements.  Scatter plot of compliance measurements from SHR (●) 

and TSHR (●) groups at 14 mo and 21 mo and the WKY (●) group at 21 mo. 

A.2.2 Ex Vivo Passive Pressure-Volume 

Measurements of ex vivo passive pressure-volume are presented in Figure A2, and the 

corresponding graphs of compliance are presented in Figure A3.  Multiple attempts were made 

to draw meaningful conclusions from these measurements.  The compliance of the 21 mo 

WKYs are lower than those of the 21 mo SHRs, which are at odds with the results from 

LeGrice et al. (2012).  Out of all hearts, the ones with the lowest compliance came from the 

TSHR group, despite their lower myocardial collagen than the SHRs (Chapter 6).  The 21 mo 

TSHR group has a massive spread in their pressure-volume curves (Figure A2, D), which casts 
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doubt on the validity of the volume component of these measurements.  As the compliance 

values in the SHR and WKY groups was not consistent with those of LeGrice and colleagues 

(2012), meaningful conclusions regarding the relative compliance of the TSHRs could not be 

drawn. 
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Figure A2: Ex vivo passive pressure-volume measurements from 14 mo SHRs (A), 21 mo SHRs (B), 14 mo TSHRs 

(C), 21 mo TSHRs (D), 21 mo WKYs (E), and all measurements combined (F). 
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Figure A3: Ex vivo compliance measurements from 14 mo SHRs (A), 21 mo SHRs (B), 14 mo TSHRs (C), 21 mo 

TSHRs (D), 21 mo WKYs (E), and all measurements combined (F). 
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