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Abstract 

Heart failure (HF) is a leading cause of death in the developed world, and its impact is rising 

due to an increasing aging population (Roth et al. 2017). Despite developments in treatment, 

the long-term prognosis remains poor with annual mortality rates of 1-2 million (Savarese & 

Lund 2017). Approximately half of these mortality cases in HF are sudden and they are 

believed to be the result of lethal arrhythmias (Wilson et al. 2009). Of the numerous 

pathologies that lead to HF, more than three quarters of patients display antecedent 

hypertension (Benjamin et al. 2017). In light of this, the progression of hypertension to HF 

has been studied intensively (A. M. Gerdes et al. 1996; Doggrell 1998; Aidietis et al. 2007; 

Drazner 2011) and is characterised by significant structural remodelling such as fibrosis (Ma 

1998; LeGrice et al. 2012). While structural remodelling is a hallmark of progression towards 

HF, its role in arrhythmogenesis remains an area of debate. With this in mind, the principal 

objectives of this study were to characterise the relationships between electrical dysfunction 

and multi-scale structural remodelling in the progression towards HF.   

To investigate the possible electrophysiological variation associated with fibrosis, Wistar 

Kyoto (WKY) and spontaneously hypertensive rat (SHR) image volume sets consisting of 

minimal fibrosis and large amounts of fibrosis, respectively were analysed and compared. 

The two tissue sets were structurally investigated, while computational simulations were 

conducted to identify any variation in electrical activation. At larger scales, the SHR volumes 

displayed a marked reduction in fiber rotation in the sub epicardium. In addition, significant 

tissue connectivity reduction associated with fibrosis was also observed. Finally, electrical 

activation simulations demonstrated slowing in conduction velocity (CV) in the SHR dataset. 

Building on this finding, the structural and electrical changes associated with the 

development of HF was investigated using the hypertensive heart disease (HHD) SHR model 

in a longitudinal (6, 12, 18 months) paired study. Structural remodelling was captured at the 

tissue level using multiple morphological measures. Characterisation of the cellular 

architectural variation was also conducted using a imaging protocol developed in this thesis. 

This method enabled large high resolution volumes of cardiac cellular arrangements to be 

acquired without the use of physical sectioning. In addition to the structural measurements, 

the electrical variation was also quantified using high resolution optical mapping. 

Furthermore, a novel optical mapping motion artifact reduction tool was developed using a 
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non-rigid deformation technique. The relatively simple tool was able to recover action 

potentials (APs) from optical mapping datasets in the presence of substantial motion artifact. 

The majority of these methods were applied to the SHR cohorts. The outcomes of this 

longitudinal study demonstrated that there were significant differences in structure and 

electrical activity with age. The most marked changes occurred between 6 and 12 months, 

showing significant increase in fibrosis, cell dimension, and rate dependent CV slowing 

/anisotropy and repolarization dispersion. In contrast, while there was an increase in the 

measures noted above from 12 to 18 months, the differences were less pronounced with a 

considerable overlap. Arrhythmic susceptibility also increased with age and showed a similar 

nonlinear trend to that of the other measures. Further to these age related changes, cellular 

coupling exhibited a clear inverse relationship with the amount of fibrosis. Finally, 

comparisons of structure and electrical dysfunction demonstrated that the extent and form of 

fibrosis were associated with rate dependent CV slowing/anisotropy and repolarization 

heterogeneity. Both these features of electrical dysfunction formed the substrates for 

increased arrhythmic susceptibility. Overall, the increased electrical dysfunction/arrhythmic 

susceptibly observed with the progression of HHD towards HF was closely linked with 

fibrotic influence. This provides significant evidence that structural remodelling plays a 

major role in electrical instability.   
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Preface and Motivation 

HF is one of the leading causes of deaths worldwide. At present around 26 million people are 

living with HF (Ponikowski et al. 2014). HF itself has been associated with a wide range of 

pathologies, such as ischemic heart disease (IHD) and HHD and other cardiomyopathies, 

including those due to alcoholic, diabetic, and idiopathic reasons (Jessup & Brozena 2003). 

Of these pathologies, hypertension has the highest population-attributable risk amongst all 

risk factors for HF (Kannel et al. 1972; Levy et al. 1996).  

One of the most important areas of research in HF is the study of ventricular arrhythmia, 

which is responsible for sudden cardiac death (SCD) and comprises roughly 50% of mortality 

cases in HF (Deo & Albert 2012). Therapies such as implantable cardioverter defibrillators 

and antiarrhythmic drugs such as beta blockers have significantly reduced mortality. 

However, it still remains a challenge to reverse the prognosis and cure the disease. 

Furthermore, despite intensive clinical and experimental research efforts and advances, newer 

therapies for HF remain limited. This is due to the pathology-specific nature of HF and also 

the difficulties in translating knowledge from animal studies to humans with HF. 

To develop new and improved therapies, continued efforts are required to better understand 

the mechanisms underlying electrical and mechanical dysfunction using both clinical and 

experimental studies. With this in mind, marked structural and electrical remodelling, 

characteristic in the progression of HF has been closely associated with increased incidence 

of arrhythmia. However, in spite of extensive investigations, the relative contributions of 

structural heterogeneities such as fibrosis and unstable cell dynamics to the risk of SCD 

remain unclear. A greater understanding of these relationships will provide better treatment 

options for the disease and methods for early diagnosis. The long term goal is to create 

therapies that detect and eliminate the substrates of lethal arrhythmias. 

This thesis aims to better understand the structural mechanisms behind the 

electrophysiological variation in the associated pathologies which progress to HF. The work 

investigates progression of HHD to HF and characterises the developing relationships of 

electrical dysfunction and structural remodelling. 

Chapter 1 provides an introduction to cardiac anatomy and electrophysiology, and a detailed 

insight into HF phenotypes. Consideration is also given to HF remodelling and mechanisms 
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that lead to SCD. A brief overview of optical mapping techniques and computational cardiac 

modelling is included. The chapter ends with an outline of the specific aims of the thesis. 

Chapter 2 reports on computational modelling investigations conducted to capture structural 

and electrical variation associated with fibrosis. High resolution extended volume datasets 

were used to examine structural variation of fibrotic and non-fibrotic tissue. The same 

volumes were also utilised for computational simulations. The bulk of this chapter forms a 

paper presented at Functional Imaging and Modelling of the Heart in 2015 (Khwaounjoo et 

al. 2015). 

Chapter 3 details the development of a new imaging protocol to characterise the three 

dimensional (3D) cellular organisation and architecture during development of HF. The 

chapter provides information regarding the labels trialled. It also consists of a background on 

tissue clearing techniques and details the methods investigated. The final labelling and 

clearing protocol to obtain the large high resolution volumes of cardiac tissue is presented, 

while mutli-scale analysis techniques of the imaging data are also outlined. 

Chapter 4 is a methods chapter describing techniques used to characterise the electrical 

function of the heart. The optical mapping techniques and system used to obtain high 

resolution datasets are provided. The methods utilised to analyse the datasets to obtain 

comparable metrics are also described. 

Chapter 5 describes a novel post processing non-rigid deformation method to remove motion 

artifacts from optical mapping. Results show that this tool provides a relatively simple, but 

effective means of recovering APs from optical mapping datasets in the presence of 

substantial motion artifact. This chapter forms the basis of a 2014 publication in the Annals 

of Biomedical Engineering (Khwaounjoo et al. 2014). 

Chapter 6 presents the electrophysiological and structural characterisation of HHD 

progression towards HF. Using SHRs at varying ages (6, 12, 18 months), the changes in 

structural and electrical activation were captured using the methods from Chapters 3 and 4, 

respectively.  

Chapter 7 summarises the key outcomes of the research with a discussion into the 

limitations. Future initiatives that extend from the work within this thesis are also outlined. 
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Chapter 1  
 

 Introduction Chapter 1.
 

1.1 Cardiac function  

The heart is a complex organ that maintains the internal environment necessary to support the 

physiological functions of the body. It operates by pumping oxygenated blood from the lungs 

into the body’s circulatory system. At the same time, it returns deoxygenated blood from the 

systemic system into the pulmonary circulation where respiratory gas exchange takes place.  

The heart is made up of four chambers each with specific geometries which are characteristic 

of their function. Right and left ventricles (RV and LV respectively) are separated by the 

interventricular septum, while right and left atria are separated by the interatrial septum. Each 

side comprises an atrial and ventricular chamber that contract and relax sequentially to pump 

blood through the lungs (right heart chambers) and around the body (left heart chambers) 

(Figure 1-1).  

Contractions are triggered by a wave of electrical activation that normally originates at the 

sino-atrial node (SAN). The electrical wave spreads in a coordinated fashion through the atria 

and then, following a brief delay, through the ventricles (described in detail below). Blood is 

pumped into pulmonary and systemic circulations during systole, as a result of right and left 

ventricular contractions, respectively. This systolic phase of the cardiac cycle is followed by 

diastole, during which the dynamic interplay between atria and ventricles leads to the filling 

of the ventricles with blood ready for the next systole. Downward movement of the 

atrioventricular valve during ventricular systole draws blood into the compliant atrial 

chambers. Subsequently the blood is transferred rapidly into the ventricles when the valve 

plane recoils and the atrioventricular (mitral and tricuspid) valves open early in diastole. In 

mid-diastole, both atria and ventricles fill with blood returning from the venous system. 

Finally, the atria contract in late diastole producing a modest boost of the volume into the 

ventricles while also contributing to the smooth closure of the mitral and tricuspid valves 

immediately prior to ventricular contraction (Boron & Boulpaep 2009). 
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Figure 1-1: Cardiac chamber arrangement and blood flow schematic (adapted from http://labelled-diagram-of-the-
human-heart.blogspot.com/). 

1.2 Cardiac Structure 

 Cardiac cellular structure  1.2.1

The atria and ventricles are made up of billions of cardiac myocytes or cardiac muscle cells. 

The myocytes and their supporting matrix provide the specialised electrical and mechanical 

properties necessary for the heart to function effectively as a pump. Approximately 

cylindrical with dimensions of 100 by 20 µm, each myocyte is comprised of many parallel 

myofibrils. Myofibrils in turn are made of 40-50 contractile units known as sarcomeres 

(Severs 2000). The highly ordered units align with the long axis of the cardiomyocyte and are 

formed by an array of interdigitating thick myosin and thin actin filaments. When activated 

they generate force and/or shorten as a result of chemical and physical interactions. The force 

generated from sliding filaments provides the basis for the contractile ability of the heart 

(Huxley & Hanson 1954).  

Similar to the well-defined organization of sarcomeres, myocytes have an ordered 3D 

arrangement in the myocardium. In healthy tissue each ventricular myocyte is connected to 

approximately 11 neighbouring cells via intercalated discs (ICDs) (Saffitz et al. 1994). ICDs 

are positioned transverse to the cell axis and are distributed unevenly across the ends of 

myocytes and along their lateral margins (Figure 1-2A). The step-like structure of ICD 
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interlocking junctions is exquisitely specialised to enable cell-to-cell electro-mechanical 

integration. ICDs also contain mechanical coupling proteins (fascia adherens and 

desmosomes) whose main purpose is to anchor the cytoskeleton and transmit force between 

cells (Figure 1-2B). 

 

Figure 1-2: The structure of the intercalated disc and distribution of gap junctions within these discs. A) Myocyte 
with intercalated disks marked by arrows. B) Structure of an intercalated disc. C) Labelled connexins mark gap 
junction locations at the ends of myocytes, and around the edges of the cell. D) A single cell showing labelled 
connexins at the intercalated disks (Severs et al. 2004). 

Gap junctions (GJ) are also located in the ICDs (Figure 1-2C, D) and provide electrical 

coupling between adjacent cells, while also facilitating the transfer of small molecules 

required for cell signalling. GJs are channels formed by a pair of aligned connexons (hemi 

channels) which are located at each of the opposing plasma membranes. The connexon spans 

the entire depth of the membrane and consists of six connexin molecules (Lauf et al. 2002). In 

the heart there are three principal connexins, Cx43, Cx40 and Cx45. Cx43 is the most 

commonly expressed connexin in a working ventricular myocardium, although it can also be 

found in the atria. The predominant connexin in the atria is Cx40, which is also expressed in 

the specialised conduction systems of the heart and is collocated with Cx45 in the bundle 

branches (Desplantez 2017).  

ICDs provide the necessary routes for electrical and physical force transmission. To maintain 

a fixed structure during force transmission, cells are supported by a framework known as the 

extracellular matrix (ECM).  
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 Extracellular matrix 1.2.2

The ECM provides the framework for the 3D organization of myocytes throughout the heart 

(Figure 1-3). Furthermore it also serves to transmit forces and limit deformation at the cell 

and tissue level. The matrix is comprised of a number of components such as fibrillar 

collagen, elastin, fibroblast cells, and other macromolecules for example glycoproteins and 

glycosaminoglycans.  

Characteristic ECM networks have been identified at a range of spatial scales (Robinson TF, 

Cohen-Gould L 1983).  These are:  

1. Endomysium: The reticular network that surrounds individual myocytes, as well as the 

collagenous “struts” which interconnect adjacent myocytes and couple myocytes to 

capillaries. A key function of the endomysium appears to be maintenance of 

sarcomere registration between myocytes. 

2. Perimysium: Collagenous networks that interconnect bundles of cells. There are three 

distinct perimysial collagen forms in normal ventricular myocardium (Pope et al. 

2008). These include an extensive network on the surface of muscle layers, 

convoluted fibres that cross cleavage planes between layers and interconnect adjacent 

layers, and finally longitudinal cords within muscle layers that align with the myofibre 

axis.  

3. Epimysium: Connective tissue sheath that lines the inside and outside surfaces of the 

heart.  

 

Figure 1-3: Confocal image volumes of healthy WKY tissue. A: Transmural view of ventricle tissue, B: Transmural 
view of collagen network, (LeGrice et al. 2012). 

Collagen formation and regulation is controlled largely by cardiac fibroblasts (CFs) (Porter & 

Turner 2009). CFs contributes to ~20% of the total ECM volume in the heart and operates by 

secreting a collagen precursor, procollagen. Procollagen is subsequently converted into 

collagen via proteolytic reactions and is then assembled into fibres. Crosslinking facilitates 

B 
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the formation of larger fibres which form the foundation of the ECM. There are two main 

types of collagen which are predominant in the cardiac ECM and are: 

1. Type I: Thick cords of parallel collagen fibrils that have high tensile strength (~85% 

of total cardiac collagen) 

2. Type III: Fine reticular networks of fibrillar collagen (~13% of total cardiac collagen). 

Collagen degradation and synthesis occurs rapidly with approximately 1-6% turnover per 

day, and at steady state, degradation is equal to synthesis (Laurent et al. 1995). Collagen 

synthesis itself is modulated by a wide range of hormones, cytokines and growth factors. 

Some of these include adrenaline, noradrenaline, angiotensin II and transforming growth 

factor β. Fibrillar collagen and other ECM components are broken down by matrix 

metalloproteinases (MMPs) which are secreted by CFs, cardiomyocytes and inflammatory 

cells. Although overall ECM degradation is influenced by the balance of MMPs and MMP 

tissue inhibitors (TIMPs), other factors are also involved in this process (Porter & Turner 

2009).  

In certain pathologies the balance between MMPs and TIMPs is offset leading to an 

accumulation of collagen (i.e. fibrosis). A key step in the development of cardiac fibrosis is 

the transformation of CFs to myofibroblasts. Myofibroblasts are affected by the same factors 

that affect CFs, but they are known to have a significantly greater rate of collagen production 

(Baum & Duffy 2011). Additionally myofibroblasts are highly responsive to signalling 

molecules (paracrine, growth factors, cytokines) that are expressed following myocardial 

injury. These stimulate myofibroblasts to secrete growth factors that directly affect the 

MMP:TIMP ratio resulting in an overall increase in collagen (Ashihara et al. 2012). Paracrine 

factors such as TGF-β1 are also released by fat cells and may amplify fibrosis (Pedrotty et al. 

2009). 

The cardiac ECM forms a dynamic system capable of sensing subtle variations in the local 

mechanical environment such as changes relating to pathology. In addition to pathological 

changes, normal heart function also dictates the changes in ECM. An example of this is the 

fibrillar collagen in the heart valve leaflet which appears to align with directions of principal 

stress (Driessen et al. 2003). The spatial arrangements of major components within the 

cardiac perimysial collagen network in a normal heart also align with principal directions of 
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plane and shear strain deformation across the ventricular wall. The alignment of the network 

acts to optimize mechanical function (Pope et al. 2008).  

 Tissue level organization  1.2.3

The myocardium has a highly organised arrangement where myocytes have a common 

orientation at any point in the ventricular myocardium. This is generally referred to as 

myofibre orientation.  Myofibre orientation rotates in a relatively uniform fashion through the 

ventricular wall. Myocytes at the endocardial surface are near longitudinally aligned (with 

respect to the LV long axis). The orientation progressively becomes circumferential in the 

midwall and continues this rotation through to the epicardial surface. Thus in the LV free 

wall, the transmural change in myofibre orientation is 120-150° (Streeter et al. 1969) (Figure 

1-4).  

 

Figure 1-4: Fibre rotation across the canine LV wall . A: Sequence of photomicrographs showing fibre angles in 
successive sections taken from a heart. The sections are parallel to the epicardial plane. Fibre angles: +90° = 
endocardium, running through 0°- midwall to —90°-epicardium. The sequence of numbers refers to deciles of wall 
thickness. B: Fibre angles from four sampling regions in a T-top section from a heart, plotted as a function of percent 
wall thickness. Zero percent of wall thickness implies the endocardial surface. M represents the mean of the data at 
these four sites. Reproduced from (Streeter et al. 1969). 
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Taking into consideration the fibre rotation, it has been widely assumed that coupling 

between adjacent ventricular myocytes is spatially uniform transverse to the myofibre axis. 

That is, the ventricular myocardium has been viewed as a transversely isotropic structure.  

However, systematic 3D imaging has demonstrated that this is not the case (Chai et al. 1995; 

Young et al. 1998). Myocytes are arranged in layers approximately four cells thick that are 

separated by cleavage planes which contain connective tissue. Although adjacent layers 

branch and interconnect, there is little cell-to-cell coupling across the clefts between them. 

Thus, the ventricular myocardium is structurally orthotropic and this is characterised locally 

by three distinct material axes (LeGrice et al. 1995): 

1. Fibre axis - in the myofibre direction  

2. Sheet axis - in the plane of the muscle layer and perpendicular to the fibre axis 

3. Sheet-normal axis - perpendicular to the muscle layer   

Electrically, these axes also introduce discontinuities in the spread of activation through the 

myocardium. Electrical propagation is found to spread fastest along the fibre directions, and 

slowest transverse to the sheet i.e. the sheet-normal direction (Saffitz et al. 1994). 

1.3 Electrical activation in the heart 

Electrical propagation through the myocardium occurs via the coordinated movement of ions 

in and out of the cardiomyocytes. The movement of ions during this phase is known as an 

action potential (AP). As such, both the cardiomyocytes and the extracellular space are 

involved in the spread of APs from cell to cell, leading to contraction and ejection of blood 

from the heart chambers. 

 Cardiac action potential 1.3.1

Cardiomyocytes are encapsulated by a thin lipid bilayer membrane which acts as an 

insulating barrier, known as the sarcolemma. In addition to separating the intracellular and 

extracellular spaces, these membranes also regulate ion movement into and out of the cell via 

specialised (generally voltage activated) ion-specific channels. Net transmembrane ion flux 

depends on ion channel permeability, membrane potential and the difference in the 

intracellular and extracellular ion concentrations (electrochemical gradient). Transmembrane 

concentrations of sodium (Na+), potassium (K+), and calcium (Ca2+) ions, in particular, are 

important in the cardiac action potential.  In the normal heart, the intracellular K+ 
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concentration of 135 mM is much greater than the extracellular concentration of 4mM. An 

opposite concentration gradient is observed for Na+ where the intracellular and extracellular 

concentrations are roughly 10mM and 145mM, respectively. While the extracellular Ca2+ 

concentration is low (2mM) the cytoplasmic concentration is much lower (µM-nM range), 

giving rise to an inwardly directed concentration gradient (Fozzard et al. 1991).  

Potassium (K+) ions diffuse in and out of the cell through specialised transmembrane 

channels due to the difference in intracellular and extracellular concentrations. This diffusion 

produces a negative charge on cytoplasmic proteins, resulting in a separation of charge at the 

cell membrane. This resulting membrane voltage creates a negative potential gradient that 

opposes additional K+ diffusion due to the concentration gradient. The membrane potential 

necessary to balance the movement of K+ due to the concentration gradient is known as the 

equilibrium potential, or Nernst potential (Hodgkin & Huxley 1952). At equilibrium 

potential, the efflux of K+ ions diffusing out of the cell due to the K+ ion concentration 

gradient matches the influx of K+ ions driven into the cell by the transmembrane potential 

gradient. The equilibrium potentials for the membrane permeable ions in the cardiomyocyte 

are: K+ = -96.0 mV, Na+ = +50.0 mV, Ca2+ = +20.0 mV (Axelsson & Thesleff 1959). The 

Goldman–Hodgkin–Katz voltage potentials (GHK) incorporate the weighted average of the 

Nernst potential of active ions noted above as well as chloride. The weighting for each ion in 

the GHK potential is determined by the membrane permeability to that ion. At rest, the 

transmembrane K+ ion permeability (via IK1channels) is significantly higher than that of other 

ions, so the membrane potential is close to the K+ equilibrium potential (~ -90 mV) 

(Haverkamp et al. 2000). 
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Figure 1-5: Phases of a typical cardiac AP and the contributing ionic currents (K+, Na+, Ca+).  Depolarizing inward 
(down) currents and repolarizing outward (up) currents are shown, with the numbers representing phases of the AP. 
Reproduced from (Haverkamp et al. 2000). 

During depolarisation, for example due to an external stimulus, that causes a partial 

depolarisation of the membrane, the permeability of the transmembrane ion channels changes 

substantially (Figure 1-5). The permeability of inward rectifying IK1 channels (normally 

relatively high at rest) is reduced and fast voltage gated Na+ channels open (increase in Na+ 

permeability via INa channels). This causes an influx of Na+ ions which in turn increases the 

membrane potential to a threshold voltage of -55mV. At this point the permeability of the INa 

channels increases markedly, the inward sodium current becomes very large and the 

membrane voltage rapidly increases over a period of 1 to 2 milliseconds (Phase 0 upstroke) to 

~30mV. The rapid increase in membrane potential inactivates the voltage gated Na+ channels 

which instigates a fast but incomplete repolarisation due to the efflux of K+ via IKs, IKr, Ito 

channels (Phase 1). However, this is offset by the an influx of Ca2+ (via L-type Ca2+ channels) 

which stimulates the release of Ca2+ from the sarcoplasmic reticulum used for muscle 

contraction (Phase 2). There is relatively little change in membrane potential during this 

phase due to the balance of inward (i.e. L-type Ca2+ channels) and outward ions (i.e. K+ 

channels). The sodium potassium pump, INa,K and  sodium calcium exchanger (3Na+:1Ca2+), 

Incx also contribute to the net ion flux. 
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Subsequently repolarisation continues (Phase 3) and becomes dependent on an increase in 

permeability of the two components of delayed rectifier K+ channel (Ikr and Iks). As 

membrane potential decreases due to the increasing K+ efflux, the Ik1 channels gradually 

open, contributing to repolarisation and helping the cell reach resting membrane potential 

(Phase 4).  

In the early repolarisation phase the cell is unable to be reactivated to produce an action 

potential and this period is known as the absolute refractory period (ARP). This is a result of 

the inability to open voltage gated Na+ channels. However, as the membrane potential nears 

resting membrane potential it moves from a refractory state to a relative refractory state in 

which a small subset of the Na+ channels can be activated to produce an AP. Overall the 

characteristics of APs provide the means for coordinated transfer of electrical activity 

throughout the heart. 

 Spread of electrical activation 1.3.2

Electrical activation in the heart begins via a small group of self-excitatory cells known as the 

sino atrial node (SAN). The SAN is able to generate an action potential without activation 

from any external stimulus. The electrical excitation generated by SAN spreads cell to cell 

through the atrial chambers (at ~0.5m/sec) and reaches a specialised region of cells known as 

the atrioventricular node (AVN). The AVN is also able to generate its own AP, however due 

to its slower intrinsic frequency relative to the SAN it is automaticity inhibited and thus the 

AVN is driven by sinus (normal) rhythm. The propagation of electrical activity in the AVN is 

very slow (~0.05m/sec) and as a result a time delay is created between atrial and ventricular 

activation. Following the slow spread of electrical activity through the AVN, rapid ventricular 

electrical propagation occurs via a specialised conduction system of non-contractile cells that 

include the bundle of HIS (~2m/sec), the left and right branches (~2m/sec)  and the Purkinje 

system (~4m/sec). The bundle of His and bundle branches can be found in the interventricular 

septum while the Purkinje system forms an extensive network across the endocardial surfaces 

of the ventricles (Figure 1-6). 

As the electrical activity exits the Purkinje system a coordinated depolarisation wavefront 

then spreads through the ventricular walls (~0.5m/sec) moving from the base to the apex and 

from the endocardial to epicardial surface. The programmed spread of electrical activation 

leads to a coordinated efficient contraction of the heart. 



Chapter 1 – Introduction 
 

31 
 

 

Figure 1-6: Spread of electrical activation in the heart , from the SA node to the heart chambers (Noble 1979). 

Electrical propagation in the heart generates extracellular potentials than can be detected at 

the body surface as an electrocardiogram (ECG). Using multiple limb and chest electrodes, 

the ECG is an integration of the APs produced by all the myocytes throughout the heart over 

time. A typical lead II ECG contains three distinct waves for each cardiac cycle that 

correspond to electrical events in the heart (Figure 1-6). 

1. Firstly the P wave, a small deflection located at the beginning of a recording 

represents atrial depolarisation. 

2. The large QRS complex follows the P wave. The size of this complex is representative 

of the significant current flow during activation of the large ventricular mass. 

3. The final dome-shaped T wave represents the ventricular repolarisation phase and is 

smaller in magnitude and more variable as repolarisation occurs over a longer time 

resulting in a less coordinated, less intense spike.  

The size and shape of the waves are altered by cardiac abnormalities. For example, the QRS 

complex may be of a larger magnitude when there is hypertrophy in the ventricles (Manning 

& Smiley 1964). The ECG thus provides a rapid and non-invasive way to diagnose some 

pathologies of the heart. However, due to the integrated nature of the signal, ECGs from the 
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body surface only provide limited information about the activation in localised regions of the 

myocardium. 

 Biophysics of propagation 1.3.3

Although cardiac tissue is known not to behave as a single cell strand, much can still be 

learned about cardiac propagation through one dimensional theory. Wherein the 1D 

assumption theory was successfully utilised to quantify electrical propagation in cardiac 

muscles (Weidmann 1952). 

1D cardiac cable analogy 

In a single cell strand the spread of electrical activity is analogous to flow of current through 

an electrical cable (Weidmann 1952) (Figure 1-7). The cell membrane phospholipid bilayer 

has a high resistance (Rm) and acts as a capacitor (Cm), separating charge between the 

extracellular space and cytoplasm. The resistance of the cytoplasm (Ra) is much lower than 

that of the membrane. Therefore current flows down into the cell with only a small amount of 

transmembrane flux (dependant on the changing conductance of gated ion channels). 

 

 

Figure 1-7: Cable nature of cardiac cells.  The membrane is characterised by capacitance and resistance. Adapted 
from (Leonard 1993). 

1D cardiac propagation 

Action potentials propagate as a wavefront of depolarisation where membrane current (Im) can 

be described as the flow of positive ions through the cell membrane during the upstroke of the 
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AP. The current is dependent on the membrane potential, the relative ion concentrations 

inside and outside and the state of the ion channels. The balance between the inward current 

“source” and the downstream current “sink” determines the rate of the rise of membrane 

potential to threshold in downstream cells, and therefore conduction velocity (CV).  

In cardiac propagation the majority of the current entering the cell charges the membrane 

capacitance and the membrane releases this charge over time to contribute to downstream 

depolarisation. As the depolarising wavefront passes over a cell bringing it to threshold 

potential, fast acting Na+ channels open and the Na+ ions entering diffuse through the 

intracellular space along the myocyte’s axis. The depolarised cell acts as a current source 

driving the activation wavefront forward. Ions diffuse and charge the membrane ahead of the 

wavefront of activation, depolarising it and bringing it closer to threshold. If the current 

(mostly INa, but ICa,L can also contribute when INa is inactivated) from depolarised cells behind 

the wavefront is sufficient to depolarise the cells ahead of the wavefront to threshold 

potential, Na+ channels will open and the AP will be regenerated (Fast & Kléber 1997).   

1D cell models 

Using the gating kinetics and underlying transmembrane currents described above, cardiac 

APs can be modelled mathematically. These representations are then used to calculate the cell 

membrane potential (Vm) using the following ordinary differential equation (ODE) (Varghese 

2000): 

dVm
dt  =  −  

IIon
Cm

       Eq (1.1)  

Iion is the sum of all transmembrane currents and Cm is the membrane capacitance. By 

convention,  inward currents are negative and outward currents are positive and so in this 

equation a depolarizing (inward) current is negative even though it increases the membrane 

potential. 

The ODE equation above forms the foundation of all cardiac activation models. However, 

models vary in range from phenomenological low-order models such as the Fenton Karma 

model which groups ion currents together, to high-order models such as the Luo Rudy 2 

model (1991) which includes detailed biophysical representations of ion channels and 

transporters. These models can be utilised to characterise the 2D and 3D activation spread. 
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 Two dimensional spread of activation  1.3.4

Wavefront propagation is dependent on the intensity of flow of positively charged ions that 

travel through the cell membrane and spread axially within the cell to bring the membrane 

ahead of the AP to threshold. However, the wavefront is not smooth and continuous as it also 

depends on the number and condition of the Na+ channels, density of GJs and electrophysical 

loading. The path of the current and a cell’s ability to depolarise its neighbours are also major 

determinants of electrical conduction. These factors (Kucera et al. 1998) can contribute to 

impaired activation through: 

1. Reduced excitability related to tissue refractoriness, cellular remodelling and cell-to-

cell coupling via gap junctions.  

2. Structural anisotropy associated with anatomical remodelling.  

Gap junction distribution is a significant determinant of the activation wavefront propagation. 

The spatial distribution of GJs, the cell shape and orientation produces faster conduction 

along the axis of the myocytes. Gap junctions are located predominantly on the longitudinal 

ends of the myocytes (in ICDs) leading to preferential axial propagation and axial anisotropy. 

Axial anisotropy occurs because the wavefront of activation encounters less gap junctions per 

path length in the transverse direction than in the longitudinal direction. This leads to a ratio 

of axial to transverse resistivity estimated as 4:1 and slower transverse propagation in 

ventricular myocardium due to the width to length distribution of gap junctions (Saffitz et al. 

1995). Anisotropic propagation is typically cited as 0.7m/s in the fibre axis and 0.3 m/s in the 

transverse direction which is a ratio of ~ 2:1. The difference between this ratio and the ratio of 

gap junction distribution is thought to be associated with smoothing due to coupling in three 

dimensions (Fast 1993). 

 Three dimensional propagation in the heart  1.3.5

Within the layers (Section 1.2.3) the myocardium acts in electrical syncytium where the fibre 

axis is the major determinant of the governing spread of activation (2:1 ratio axial and 

transverse). However, the 3D spread of electrical activation in the heart is discontinuous as a 

result of the underlying structure of the myocardium(de Bakker & van Rijen 2006). 

The orthotropic propagation arises from the separation of the myocardium into distinct axes 

(Section 1.2.3). There are different propagation rates, one in the fibre direction, one normal to 
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the fibre direction and in sheet plane, and finally one normal to the sheet plane (Caldwell et 

al. 2009).  At the laminar level, reduced coupling is observed between myocytes which are 

separated by cleavage planes. It is accepted that the propagation perpendicular to the layers is 

the slowest, the propagation in the fibre direction is the fastest, and that the propagation rate 

within layers but transverse to the myofibre axis lies between these two. This affect of 

laminar structure on propagation does not contradict current understanding of the 

distributional effect of GJs on electrical propagation. It suggests that the values for transverse 

conduction velocity are derived from the average of two distinct transverse velocities as a 

result of the assumption of uniform transverse isotropic propagation.  

With this in mind, discontinuous propagation of activation is accepted at the cellular level 

(Spach 1983) however, it has generally been assumed that bulk tissue properties smooth 

microscopic discontinuities and continuous activation is a suitable simplification of electrical 

excitation for large volumes (Trew et al. 2006).  

The ratios of electrical propagation speeds are estimated as 4:2:1 for axial, transverse and 

sheet-normal conduction, respectively (Hooks et al. 2002), leading to an average CV of 0.5 

m/s in the ventricle. The slow sheet-normal propagation rate has little to no effect on the 

spread of activation wavefront during normal sinus rhythm. Here there is near simultaneous 

activation of subendocardial myocytes via the Purkinje network and activation spreads from 

there across the wall within the myocardial laminae, with no need to spread in the sheet-

normal direction. It does however, have the potential to affect the activation pattern during 

ectopic activity originating from within the ventricular wall (Caldwell et al. 2009). 

 Ventricular arrhythmias  1.3.6

The highly synchronised cardiac electrical activation cycle permits the coordinated activation 

and contraction of the heart. A defect in the synchronous activation and repolarisation may 

alter the cardiac rhythm. For example, following a normal beat, the excitation wave disperses 

as the heart enters the refractory period. Subsequent to the refractory state an excitation wave 

is initiated from known traditional pacemakers. In certain pathologies however, excitation 

may occur from a source other than the traditional pacemakers thus leading to arrhythmias.  

Arrhythmias are mainly caused by disrupted activation or abnormal automaticity. Disrupted 

activation is closely linked to re-entrant excitation where the wavefront periodically re-enters 
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the previously excited tissue (Antzelevitch & Burashnikov 2011). This type of excitation 

pattern is known as a re-entrant arrhythmia and over time may lead to sustained tachycardia 

and complete degeneration of the cardiac rhythm into ventricular fibrillation (VF).  

The concept of re-entrant electrical activation is linked with unidirectional wavefront 

propagation (unidirectional block/conduction) around an obstacle (Schmitt & Erlanger 1928). 

Unidirectional conduction is necessary so that the wave does not propagate around both sides 

of the tissue or obstacle and terminate through collision. As such re-entry can be classified as 

either anatomical or functional (Figure 1-8), where the classification is determined by the 

nature of the obstacle around which the re-entry circulates. Anatomical obstacles that may 

facilitate re-entry include the branches of the Purkinje network, infarct scars and blood 

vessels.(Cherry et al. 2007; Bishop & Plank 2012). Additionally refractory tissue can also 

function as an anatomic structure by blocking conduction. In functional re-entry the 

wavefront propagates around a region of excitable tissue which under normal circumstances 

would be activated but during the re-entry is continuously refractory. Re-entry can be defined 

as anatomical when a clear link between the re-entry path and the underlying tissue structure 

is observed. With functional re-entry there is no obvious connection to the tissue structure and 

is in reference to myocytes cellular kinetics. 

 

Figure 1-8: Models of re-entry. (Kléber & Rudy 2004). 

Anatomical electrical re-entry occurs when an activation wavefront is impeded by a region of 

inexcitable tissue (such as an anatomic structure) and is forced to propagate around it. In 
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anatomical re-entry if the path length around this obstacle is longer than the refractory period, 

the wavefront will likely re-enter the initial excited area. The distance between the front edge 

of the excitation wavefront and the refractory tail is known as the “excitable gap”. A large 

excitable gap is created by a long circuit length or slowed propagation through the circuit 

(Fei, et al 1996). Therefore, for re-entry to occur the path length (l) must be greater than the 

product of the effective refractory period (ERP) and conduction velocity (CV) i.e. the 

wavelength (λ = ERP x CV) (Mines 1913). Accordingly any decreases in the wavelength (i.e. 

reduced ERP or CV) or increases in the path length (i.e. structural features) will increase the 

likelihood of re-entry.  

Anatomical re-entry is caused by a fixed structural obstacle. However, in functional re-entry 

the environment is changeable. The “leading circle” hypothesis was proposed by Allessie et 

al. (Allessie et al. 1977) as a mechanism for re-entry in the absence of an anatomical obstacle, 

known as functional re-entry. Allessie et al. suggested that activation in functional re-entry 

circles a refractory core as opposed to an unexcitable anatomical object. In this model the 

leading edge of the wavefront interacts with the relative refractory tail of the activation and as 

such no full excitable gap is present. The size of the circuit is determined by the “critical 

curvature” of the wavefront (Cabo et al. 1994). In functional re-entry, wavefronts are not 

locked in space and can wander through tissue. As a result the core of the wavefront does not 

activate, but is kept at a refractory state via the passive spread of current from the surrounding 

activated tissue. The CV at the front edge of the wavefront is variable due to the re-excitation 

of tissue in the relative refractory period. The variability in the CV creates a pathway for the 

head of the wavefront which is believed to be spiral in nature (Fenton et al. 2002). Spiral 

waves are continuously rotating spiral wavefronts, and are termed “scroll” waves when three 

dimensional (Qu et al. 2000). Overall the creation and maintenance of re-entrant excitation 

due to spiral waves has been verified by numerous studies (Allessie et al. 1973; Winfree 

1991; Davidenko et al. 1992).  

Further to the criteria for re-entry described above, initiation may also be triggered. In 

experimental studies, triggers are initiated as a premature stimulus. Changes in structure in 

the presence of heart disease can lead to altered electrical loading on cells, where enhanced 

automaticity or ectopic pacemakers in the form of early and delayed after depolarisations 

(EADs, DADs respectively) are often observed. These changes in turn increases the 

vulnerability to re-entry (Vigmond et al. 2009).  
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1.4 Heart failure  

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

to satisfy the body’s metabolic requirements. The risk of developing HF increases with age 

and makes up a substantial portion of the morbidity and mortality in developed countries 

(Roth et al. 2017). Although HF can be generalised to the description above there is no single 

phenotype of HF. The view that it is associated with a characteristic form of structural 

remodelling is no longer accepted. Overall the progression of HF is highly dependent on the 

pathology such as in ischemic (reduction in blood supply) heart disease (IHD), hypertensive 

heart disease (HHD) to a host of other cardiomyopathies including due to alcoholic, diabetic, 

and idiopathic reasons (Jessup & Brozena 2003). 

 Hypertensive heart disease 1.4.1

HHD is the number one cause of death associated with high blood pressure (Peterson 2015). 

The progression of HHD has been widely studied in the clinical setting and also using animal 

models of hypertension (Hasenfuss 1998). Animal models provide the ability to replicate key 

features in HHD over a relatively short period of time, wherein aortic banding is a common 

technique which provides an experimental model of pressure overload. There are also genetic 

models of hypertension such as spontaneous hypertensive rats (SHR). This model has been 

studied extensively as it mimics hypertension observed in human HHD (Pfeffer et al. 1979; 

Cingolani et al. 2003; Slama et al. 2004). The combination of clinical and animal model 

based studies have helped to classify the progression of HHD into a number of different 

stages (LeGrice et al. 2012). 

In the early stages of hypertension the heart has to adapt to increased blood pressure. The 

initial response to this sustained pressure overload is the activation of transforming growth 

factor β signalling pathways and reduced MMP to TIMP ratios (Graham et al. 2008). These 

changes lead to increased type I collagen synthesis i.e. progressive build-up of fibrosis, 

myocytes hypertrophy (parallel addition of sarcomeres) and increased cross linking within 

ECM (Brower et al. 2006). These cellular alterations in turn increase the LV stiffness and 

cause concentric LV hypertrophy (Gaasch & Zile 2004). This stage of HHD is commonly 

known as the compensated phase. 

Over time as stiffness progressively increases, diastolic failure is observed. This is caused by 

the inherent relationship of increased stiffness with impaired tension development (Bing et al. 
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2002). Here ejection fraction is preserved and stroke volume is adequate at rest. However, 

diastolic filling (due to increased diastolic stiffness) is not maintained in exercise when the 

heart rate increases and as a result stroke volume falls and cardiac output (CO) cannot be 

increased sufficiently to meet the metabolic requirements. This is termed HF with preserved 

ejection fraction (HFpEF). It should be noted that HHD progression is not uniform and has 

multiple end points, with around 50% of deaths in patients with HF occurring in HFpEF 

(Chan & Lam 2013).  

Further progression leads to the fusing of connective tissue meshwork at the surface of 

adjacent layers of myocytes, where convoluted fibres form dispersed thickened planes (Rossi, 

1998). These changes alter the LV myocardium laminar organisation leading to impaired 

systolic function in HHD known as the early systolic failure phase. Following this there is a 

tendency for HHD to progress toward decompensated failure, where the LV wall thins while 

the chamber itself dilates. Under these circumstances, ejection fraction is reduced at rest and 

this is called HF with reduced ejection fraction (HFrEF). LV dilation is thought to be 

attributed to an increase in the MMP:TIMP ratio and resultant interstitial fibrosis during the 

transition to the decompensated HF phase (LeGrice et al. 2012). Although an increase in 

fibrosis is counter intuitive in relation to LV dilation, it is believed that the overall increase in 

perismyisal collagen and ECM reorganisation is the likely path towards decompensated HF 

(Zheng et al. 2009).  

Overall it has been argued that HHD can to be separated into four distinct stages: systemic 

hypertension (compensated phase), diastolic dysfunction, early systolic failure, and 

decompensated HF (LeGrice et al. 2012). These changes are typical in HHD, however stark 

differences are observed during the progression of myocardial infarcts towards HF. 

 Ischemic Cardiomyopathy 1.4.2

Myocardial infarction (MI) occurs when a coronary blood vessel becomes blocked, resulting 

in acute ischemia in the myocardium. Following a MI, the progression of HF is associated 

with characteristic remodelling. The remodelling itself can be separated into a number steps 

that are typically divided into acute (hours to weeks) and chronic stages (years). In the acute 

ischemia phase, due to the loss of blood flow, irreversible cell damage is observed within 20 

minutes (Miura et al. 1991). Subsequently the acute necrotic phase occurs over a period of 
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hours to a week and is characterised by inflammation, necrosis, and the beginnings of 

infiltration of circulating inflammatory cells (Spinale 2007). 

The acute phase is followed by additional wall thinning and hypertrophy of the non-infarcted 

areas. Fibrosis is also initiated (fibrotic stage 1; week to month) by increased TIMPs 

activation and myofibroblast activity in infarcted tissue leading to the replacement of dead 

cells and formation of scar tissue. The levels of fibrosis however, vary due to different 

mechanisms and stimuli involved for infarcted and non-infarcted areas. In general there is a 

greater collagen density adjacent to the infarct scar to stabilize its deformation (Sun 2000).  

Following scar formation the remodelling of the tissue progresses (over a period of months to 

years) where the viable tissue adjacent to the infarct displays increased myocyte length (Bozi 

et al. 2013). This structural change is associated with LV dilation, wall thinning and increased 

wall stress. Changes in transmural fibre orientation are also observed leading to variable fibre 

strains adjacent to the border zone and an overall reduction in LV torsion (Sun 2009). The 

widespread distribution of scar tissue and the follow on effects impairs diastolic function and 

systolic mechanics (Segura et al. 2014). The likelihood of death with altered function is also 

significantly increased (Zaman & Kovoor 2014). 

 Heart failure and sudden cardiac death 1.4.3

An inherent increase in mortality is commonly observed in HF (Armoundas et al. 2001). 

Approximately 50% of the deaths occur as a result of progressive heart failure while the other 

50% die suddenly (Ørn & Dickstein 2002). Sudden cardiac death (SCD) is defined as natural 

death due to cardiac causes, signalled by abrupt loss of consciousness within one hour of the 

onset of acute symptoms (Tedesco et al. 2000). This risk of SCD is believed to closely 

associated with electrical dysfunction, characteristic in patients with HF (Wilson et al. 2009).  

In HF, duration of ventricular activation is prolonged and is commonly detected by signal 

averaged ECGs that identify late potentials occurring from areas with slow conduction. 

Prolonged QRS is often a predictor of SCD (Mancini et al. 1993). Patients also demonstrate 

enhanced automaticity, as shown by increased ventricular ectopy observed in ambulatory 

ECG monitoring (Maskin et al. 1984). Additionally, ECGs are often fractionated/fragmented 

and electrical alternans (beat to beat differences) are also commonly seen at relatively low 

heart rates (Bayer et al. 2016). These abnormalities in ventricular activation create an 
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exaggerated dispersion of repolarisation. Changes in repolarisation dynamics are known 

substrates for re-entrant excitation and the induction of potentially life-threatening 

arrhythmias (Antzelevitch & Burashnikov 2011). 

Furthermore the increased incidence of re-entrant heart rhythm is closely associated with 

increased risk of ventricular tachycardia (VT). Conventionally, VT is classified as 

monomorphic or polymorphic on the basis of the shape, rate and rhythm of electrograms 

recorded using a standard lead II ECG. Monomorphic VT is associated with ordered ECG 

recordings with similar shape and reflects a stable re-entry circuit with a fixed anatomical 

substrate. Conversely polymorphic VT is associated with an unstable circuit with a functional 

substrate where the ECG is typically disorganised with an irregular shape, rhythm and rate 

(Wit & Josephson 2017). Unstable VT circuits lead to an increased risk of degeneration into 

VF. VF in turn significantly increases the risk of SCD (Kawara et al. 2001; Stein et al. 2008; 

de Jong et al. 2011; Jansen et al. 2012).  

To reduce the risks of SCD many HF patients are commonly implanted with implantable 

cardioverter-defibrillators used prophylactically in patients identified as being at high risk. 

These provide a brief, high voltage electrical impulse to terminate VF and enable normal 

rhythm to be reestablished. While these defibrillators are highly efficient in the treatment of 

ventricular tachyarrhythmias and prevention of SCD, they are expensive, require on-going 

follow-up, and have numerous risks (e.g. infection, device and lead failure). Furthermore, 

only a subset of patients with HF develops sustained VT/VF or SCD. The risk stratification of 

patients prior to therapy is important for determining patients at highest risk of SCD and also 

reducing the number of implantations in patients who are unlikely to benefit. 

The likelihood of re-entry and the electrophysiological changes leading to SCD are believed 

to be associated with a number of changes observed in the development of HF. Further 

research into these changes and their influence on electrical dysfunction may provide insight 

into better antiarrhythmic therapies and improved criteria for defibrillator implants.  

1.5 Electrical and structural remodelling in heart failure  

The previous section provided a description of the features of electrical dysfunction at the 

clinical level. It is well known that patients with HF experience a large number of tissue 

alterations that predispose them to potentially life threatening cardiac arrhythmias. These 
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include changes in ion channels expression, intracellular calcium cycling, cell to cell coupling 

and ECM structure. However, the relative roles of these changes on the genesis of instability 

and increased susceptibly to arrhythmias at the multicellular level is not fully understood.  

The following sections provide a population description of the host of changes leading to 

increased electrical dysfunction in HF and attempt to elucidate their relative contributions.  

 Ionic alterations 1.5.1

Alterations in the expression of ion channels and transporters underlies a subset of electrical 

changes at the cellular level observed in the failing heart (Tomaselli 2004). Although the 

exact variations in ion channel expression are not fully known, common ionic changes in HF 

include a down regulation of the repolarizing K currents, Ito and IKs and an increase in a late 

inward Na+ current (late INa) (Figure 1-9) (Rozanski et al. 1997). The late INa is almost non-

existent in normal myocardium (Horvath & Bers 2014) and the presence of sodium channel 

remodelling is likely to be dependent on the model of heart failure used. The combination of 

these functional changes are believed to cause APD prolongation, characteristic of failing 

tissue (Kaab et al. 1996).   

Although the loss of the K+ can impair repolarisation, when one K+ current is impaired other 

K+ currents increase to compensate (Li & Fu 2013). This phenomenon is known as the 

repolarisation reserve. The AP prolongation associated with down regulation of repolarising 

currents and an increase in depolarisation may lead to spatiotemporal variation, making cells 

more susceptible to early depolarisations and functional re-entry. Terminal repolarization can 

also be suspended by a reduction of IK1 in some phenotypes of end stage heart failure 

(Beuckelmann et al. 1993), which often causes decreased stability of the resting membrane, 

leading to greater susceptibility to early depolarizations.  

Additionally changes in Ca2+ homeostasis are also observed and have been associated with 

alterations in the Ca2+ exchangers (Hobai & O’Rourke 2001). Differential transmural 

expressions of Ca2+ handling proteins are believed to cause defective sarcoplasmic reticulum 

loading (Luo & Anderson 2013). These changes in turn disrupt the Ca2+ cycling causing 

variations in the AP dynamics  such as APD alternans and also decreased force production 

(Sipido 2004). It has also been suggested that the AP-prolongation may compensate for the 
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loss of contraction by increasing the amplitude and/or the duration of the Ca2+ transient 

(Coronel et al. 2013).  

 

Figure 1-9: Schematic diagram displaying alteration in Ca2+ handling and contractility and the possible compensatory 
function of ion-channel remodelling that causes APD prolongation in heart failure. A. A normal cardiac AP - with 
changes in intracellular Ca2+ activity and systolic cell contraction. B. Ca2+ concentrations and cell contraction in the 
failing heart are shown by the green dotted lines. Decreased systolic Ca2+ release reduces cellular contractility and 
causes APD, prolonging ion remodelling (arrows indicate changes associated with increases or decreases of specific 
currents) (Coronel et al. 2013). 

AP prolongation alone, however, is believed to be insufficient to cause electrical dysfunction 

and may in fact be adaptive and anti-arrhythmic due to the increase in the refractory phase 

(Hondeghem et al. 2001). The altered dynamics of repolarisation is still not fully understood 

and the causes of APD changes are likely to be multifactorial where changes in calcium 

homeostasis are likely to be involved in the electrical dysfunction. While APD prolongation 

may be a safety factor, the extent of APD dispersion may play a greater role in arrhythmic 

and SCD susceptibility. 

 Neural function signalling  1.5.2

Further to the ionic changes, neurohumoral activation is often found to be significantly 

altered in the failing heart. The details of these processes are controversial but the up 

regulation of renin and adrengic angiotensin aldosterone (RAAS) signalling is universally 

accepted (Makkar et al. 2009). The relationships between RAAS and SCD are however 
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unclear, although trials of RAAS blockade suggest an overall SCD reduction (Køber et al. 

1995; Ma et al. 2010)  

RAAS signalling has number of effects that may increase the likelihood of SCD. The two 

major effectors of the RAAS system are aldosterone and angiotensin. Angiotensin inhibits a 

number of K+ currents and increases the Cl- current while also reducing the electrogenic 

effect of the Na+/K+ exchanger required for it to function (Morita et al. 1995; Unger & Li 

2004; Iravanian et al. 2008). The roles of a number of electrogenic transporters and ion 

channels are controlled by aldosterone, where chronic exposure to aldosterone inhibits Ito and 

increases Ica,L. Further cascading pathways of increased up regulation of angiotensin and 

aldosterone include proliferation of fibroblasts with increased collagen, TGFβ1 secretion and 

modulation of active membrane properties (Porter & Turner 2009; Kaur et al. 2013). Overall 

the two signalling agents have prominent effects on the biophysics of ion channels leading to 

altered AP kinetics and variation of APDs; a precursor of instability. 

In addition to the RAAS activation, HF patients have been shown to have an increase in the 

number and spatial heterogeneity of sympathetic nerves (Cao et al. 2000). In the normal heart 

sympathetic innervation shortens APD and reduces dispersion of repolarisation. However, in 

pathological states it is associated with reduced repolarisation capacity in the LV. With this in 

mind augmented sympathetic nerve regeneration or nerve sprouting has been demonstrated in 

explanted HF hearts with potentially lethal end stage arrhythmias (Tomaselli 2004). Hence, 

sympathetic nerve activation may in fact be a potent stimulus for arrhythmia generation and 

can explain why β blockers reduce the SCD in some HF phenotypes. Although neuronal 

factors are believed to be associated with electrical dysfunction, the exact causal effects and 

the role of parasympathetic nerves as a safety factor are complex and not fully known. Recent 

experimental studies suggest that altered electrical anisotropy and arrhythmic susceptibility 

may be more closely associated with the structural changes seen in cardiac tissue such as with 

Cx43 (Boulaksil et al. 2010; Glukhov et al. 2012) and ECM remodelling (Akar et al. 2004; 

Morita et al. 2014).  

 Gap junctions 1.5.3

Numerous studies have observed greater electrical anisotropy alongside extensive fibrosis and 

Cx43 remodelling (Li et al. 2005; Stein et al. 2008; Glukhov et al. 2012). In particular 

Glukhov et al. noted that fibrosis, Cx43 lateralisation, down regulation and dephosphorylation 
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in HF may be associated with axial CV preservation but transverse CV reduction (on the 

epicardium) leading to conduction heterogeneity. As a result of this increased anisotropy, a 

slower and more rate dependent activation spread alongside an increased arrhythmic 

susceptibly was observed (Glukhov et al. 2012). The reduction in transverse CV is in 

agreement with the view that lateralized Cx43 are inactive (Dillon et al. 1988; Nygren et al. 

2007). Furthermore lateralization has been closely correlated with very slow regional 

conduction, despite near normal AP morphologies (Kieken et al. 2009; Glukhov et al. 2012). 

However, although fibrosis, Cx43 dephosphorylation and Cx43 down regulation has been 

observed in altered transverse activation (Glukhov et al. 2012; Boulaksil et al. 2016), their 

exact roles in conduction impairment in HF is not clear.  

To understand the links between reduced conduction, cardiac tissue electrical anisotropy and 

gap junctions, uncoupling studies have utilised models of varying levels of Cx43 (Jongsma & 

Wilders 2000; van Rijen et al. 2006; Jansen et al. 2012) Van Rijen et al. observed a 60% 

decrease in transverse CV (CVt) following a coupling reduction of 90% in mice. In contrast to 

the changes in CVt, little change in the axial CV (CVL) was observed. This was also observed 

with murine hearts where only moderate reduction in CVL was observed with inactivated 

Cx43 (Yao et al. 2003). Furthermore, mice with down-regulated Cx43 showed no discernible 

changes in CV (Thomas et al. 1998), however mice with no Cx43 expression, conduction was 

reduced (Beauchamp et al. 2004).  

The common trend amongst these studies was that a large reduction in gap junction coupling 

was required to reduce conduction. The characteristic reduction of Cx43 in HF is ~50% 

(Dupont et al. 2001), whereas other studies (van Rijen et al. 2006) van Rijen et al. 

demonstrated electrical activity alterations only occur with significantly greater reductions in 

Cx43. Furthermore, an in vivo study using transgenic methods reported that very large 

reductions in Cx43 (90%) (Gutstein et al. 2001) is associated with SCD due to arrhythmia. 

Therefore, the assumption that Cx43 reduction in HF alone is able to reduce CV and thus act 

as a substrate for arrhythmias is not supported. The discrepancies in CV reduction are in 

conflict with the classical understanding of GJ propagation mechanisms and the widely held 

view that gap junctions in cardiac tissue regulate stable conduction has come into question. 

Electrical communication between myocytes is believed to be mainly regulated by gap 

junctions. However, more recently the role of Na channels in conduction has come under 

greater scrutiny. The localisation of Na+ channels near Cx43 in ICDs is thought to aid 
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propagation of electrical activity through the cells (Johnson et al. 1999) via ‘ephaptic’ 

conduction. Modelling  of Na+ channels and gap junctions indicated gap junction inactivation 

creates a negative cleft potential via the Na+ channels (Kucera et al. 2007). During normal 

and slight reductions in gap junction coupling, the negative cleft potential created by the Na+ 

channels caused a large overshoot of transmembrane potential which slowed conduction. 

Conversely with highly reduced gap junction coupling the negative cleft potential led to 

suprathreshold depolarisation, leading to accelerated conduction. Hence, Na+ channels in 

ICDs may provide a protective mechanism for cardiac conduction block, slow conduction and 

microreentry. In cardiac disease however, current-load mismatches introduced by changes in 

architecture (increased fibrosis, fine strands of cells, and lateralisation of gap junctions) along 

with increased safety (Na+ channels) have been proposed as substrates in the maintenance of 

arrhythmia (Kucera et al. 2007).  

These findings further suggest that Cx43 reduction alone is not able to cause the electrical 

remodelling seen in HF. With this in mind, Cx43 may in fact have indirect effects on altered 

electrical activity. It is believed that there is a correlation between fibrosis and Cx43 

reduction as increased collagen deposition with age has been observed in knockout mice with 

reduced expression of Cx43 (Jansen et al. 2012). Cx43 plays a role in fibroblast-to-fibroblast 

coupling and is thought to regulate fibroblast proliferation in an inverse manner (Jansen et al. 

2012). Thus, connexin expression is expected to alter fibroblast function and the maintenance 

of the extracellular matrix. In diseased states, the reduction in Cx43 may increase fibroblast 

proliferation and hence, enhance collagen deposition. Although fibrosis is observed in 

conjunction with channel reduction, the exact causal relationships between these two 

observations in HF is not fully understood.  

While this relationship remains unclear it has been reported that following recovery from HF 

(2-week ventricular tachypacing and 4 weeks rest), only connexin-alterations were reversed, 

but CHF-induced conduction abnormalities were still present (Burstein et al 2009). It was 

concluded that connexin changes occuring during HF were not directly linked to HF-related 

conduction and AF vulnerability, rather, fibrotic interruption of muscle bundle continuity was 

the major cause (Burstein et al. 2009). This leads one to believe the alterations of extracellular 

space related to fibrosis and physical separation of cells may play a larger role in conduction 

alteration. Overall, other changes in the ECM may include myofibroblast cardiomyocyte 
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interaction prior to collagen deposition, as this is also believed to play a role in altered 

electrical activity (Miragoli et al. 2006). 

 Myofibroblasts  1.5.4

Cardiac myocytes and fibroblasts (CF) are known to interact to regulate the heart in response 

to pathological stimuli. They can interact via a multitude of pathways, including paracrine, 

ECM interactions, electrical modulators and mechanical interactions (Camelliti et al. 2006). 

More recently the role of myofibroblasts (MFBs) in the sustainment of abnormal electrical 

activation has come under scrutiny (Rohr 2012; Nguyen et al. 2012). It is well known that 

fibroblasts are major contributors to the increase in collagen via signal changes in 

pathological states (Klingberg et al. 2013). However, it has also been suggested they may be 

responsible for the modulation of impulse transmission by electrotonic coupling between 

cardiac myocytes and fibroblasts (Zlochiver et al. 2008).  

Fibroblasts form a network of interconnected cells within the cardiac ECM and also function 

to convert activated fibroblasts to MFB under pathological conditions. Both CF and MFBs 

are electrically passive, with a membrane potential that is less negative than resting 

cardiomyocytes and more negative than an AP through the majority of its duration (Chilton et 

al. 2005). However, it has been suggested that MFBs may act as passive electrical pathways 

via bidirectional heterocellular gap junctions coupling between all CFs and myocytes (Kohl 

& Gourdie 2014). Furthermore, the CF/MFB network may act as an electric source for 

cardiomyocytes during diastole and as a sink during activation (Yue et al. 2011). It has also 

been argued that the MFB cardiomyocyte network may cause CV slowing due to partial 

membrane depolarization of resting myocytes and paracrine activity leading to the 

inactivation of sodium channels, and also faster repolarization (Pedrotty et al. 2009). Finally 

MFBs may also induce ectopic activity (Miragoli et al. 2007).  

These MFB interactions have been confirmed in co-culture experiments (Miragoli et al. 

2006). Furthermore, image-based computer models suggest that coupling between myocytes 

and fibroblasts may be correlated with complex fractionated electrograms, repolarization 

alternans, and the maintenance of AF in fibrotic atria (McDowell et al. 2015).  However, it 

should be noted that the co-culture experiments were performed in preparations with high 

MFB densities, where gap junction coupling was greater than between fibroblasts and 

myocytes (Miragoli et al. 2006). These results are inconsistent with studies that show that 
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high densities of MFBs appear to be anti-arrhythmogenic (Hermans et al. 2016), as they cause 

resting depolarization and hence reduce the chance for re-entrant arrhythmias. In addition, 

related computer models assume electric coupling consistent with MFBs rather than with 

fibroblasts (McDowell et al. 2015). While MFBs are formed during myocardial injury, the 

extent to which they are expressed in chronic fibrosis is not established. As such the exact 

mechanisms of MFBs in intact hearts are unknown and the MFB influence on arrhythmic 

susceptibility in intact hearts needs to be elucidated. However, although MFB levels are not 

known, the fibrotic accumulation in HF hearts with abnormal conduction has been well 

documented (Ten Tusscher & Panfilov 2007; de Jong et al. 2011; Morita et al. 2014). 

 Fibrosis  1.5.5

Fibrosis can be categorised into a number of types based on its arrangement in the cardiac 

tissue architecture (de Jong et al. 2011). One of the most commonly seen forms of fibrosis is 

known as interstitial fibrosis, which is an increase in collagen in the interstitial space (Figure 

1-10A). Similarly diffuse fibrosis (Figure 1-10B) is described as areas where collagen and 

myocardial fibres intermingle. These regions can progress to patchy fibrosis (Figure 1-10C) 

when larger areas of muscle and collagen bundles mix together. Finally when volumes in the 

myocardium are fully replaced by fibrotic tissue it is termed as replacement (compact) 

fibrosis (Figure 1-10D). Replacement fibrosis occurs in areas consisting of atrophied, 

degenerated or necrotic cells and tissue. All four forms of fibrosis are observed in HF (Piek et 

al. 2016) and have major impacts on the 3D myocardial structure and hence to electrical 

function.  
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Figure 1-10: Different types of fibrosis. A: Interstitial fibrosis between myocytes B: Diffuse fibrosis – intermingling of 
myocardial and collagen fibres (short) C: Patchy fibrosis - mixture of myocardial and collagen bundles (long). D: 
Compact fibrosis - areas of dense collagen with no myocardial tissue Scale bars are 1 mm (de Jong et al. 2011). 

Reductions in both Cx43 and fibrosis are known to significantly impact electrical propagation 

in the myocardium. These changes eventually lead to altered electrical activity and increased 

susceptibility of developing arrhythmias (Brower & Janicki 2001; Leonard et al. 2012). 

However, a number of studies have shown that the extent of fibrosis alone is closely linked 

with increased arrhythmic susceptibility (Li et al. 2005; Stein et al. 2008). It may in fact be 

that fibrosis acts as a physical barrier, in turn causing electrical anisotropy (i.e. CVt 

reduction). The interstitial fibrosis commonly observed in HF, may cause separation of the 

myocardial bundles, leading to impairing transverse conduction. The rate of longitudinal 

conduction remains normal (Spach et al. 1982; van Rijen et al. 2004). However, due to the 

reduction in the transverse conduction rate, increased conduction heterogeneity is observed 

(Li et al. 1999; Stein et al. 2008). If the impairment of transverse conduction is great enough 

then fibrosis may act as an obstacle leading to wave fractionation and potentially arrhythmic 

activity.  

Fibrosis may also create tissue narrowing that result in a rapid expansion of connected 

myocytes (or an increase in connectivity) from a smaller volume (J. P. Kucera et al. 1998). 

Propagation in this area is likely to slow as cells take longer to reach threshold. In some cases 

if the mismatch is large the current source may be insufficient to bring the downstream cells 

to threshold leading to conduction block. Thus, fibrosis may be an origin of unidirectional 

block which is one of the requirements of re-entrant activity.  
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The resistance to conduction and effects on electrical propagation are believed to vary with 

the nature of the fibrosis. For example, although replacement (compact) fibrosis looks the 

most severe, it is, in fact, the least likely to cause abnormal or arrthymic propagation (de 

Bakker et al. 1988). As described earlier, arrhythmogenic susceptibility is highly dependent 

on the size of the scar, CV and refractory period. As such re-entry around scar tissue has only 

occasionally been observed in the human heart (de Bakker et al. 1988).  

Electrical heterogeneity and instability is believed to be associated with alterations in 

structural remodelling, in particular in the extent of overlapping regions of fibrosis and viable 

myocardium (Engelman et al. 2010;). It is argued that regional variability in fibrosis is more 

likely to cause instability (Tusscher & Panfilov 2003; Tanaka et al. 2007; Tusscher & 

Panfilov 2007). As fibrosis increases and disperses, asynchronous perpendicular conduction 

is more likely, due to tortuous routes between the electrical barriers created by fibrosis. The 

tortuous routes increase the path length which gives rise to apparent conduction slowing in 

the axes perpendicular to the fibre direction. While propagation along the fibre axis is likely 

to be unaffected by the fibrosis as the cell to cell axial connections remain intact.  

 

Figure 1-11: Zig zag impulse propagation through viable myocardium in the presence of patchy fibrosis (de Jong et 
al. 2011) 

Patchy fibrosis is characteristic in developed HF and is associated with large conduction 

delays due to the zigzag tortuous nature (Figure 1-11) of propagation between bundles (de 
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Jong et al. 2011). Computational studies have shown that patchy fibrosis is associated to APD 

dispersion as a result of activation delay, wherein rate-dependent APD dispersion (restitution 

relationships) and APD alternans may give rise to electric instability (Engelman et al. 2010; 

Rutherford et al. 2012). Furthermore patchy fibrosis has also been linked to large reductions 

in conduction and regional block making it one of the most vulnerable substrates for 

arrhythmia (de Bakker et al. 1993). The increased likelihood of re-entry has in turn been 

closely associated with VT/VF vulnerability, significantly increasing the risk of SCD 

(Kawara et al. 2001; Stein et al. 2008; de Jong et al. 2011; Jansen et al. 2012).  

The texture of fibrosis is known to affect the electrical propagation on a tissue scale as the 

effects may be related to changes at the cellular level where it has been suggested that fibrosis 

may alter ERP (Stein et al. 2008; Wang et al. 2011). For example, cells closer to pacing sites 

often have longer APDs due to the electrotonic flow of current with neighbouring cells that 

are more depolarised during recovery. Conversely when boundaries due to fibrosis are 

present, APD and ERP are reduced due to the absence of depolarised neighbours (Bishop et 

al. 2014). Such reductions in local electrotonic loading during wave propagation and collision 

at boundaries have been shown to increase local AP upstroke velocity (Bishop et al. 2014). 

As a consequence of reduced loading it has been suggested that cells at a boundary between 

fibrosis and normal tissue become more excitable and more vulnerable to early 

depolarisations (EAD) due to the reduction in the peak sodium current required to initiate an 

AP. Furthermore, by reducing the cellular coupling, computer modelling studies (Morita et al. 

2014) have indicated EADs are more likely to be sustained as the repolarising influence of 

normal coupled cells is lowered. A shorter ERP and the presence of EADs are favourable for 

re-entrant arrhythmia, but variations in local electrical remodelling may be of greater 

importance. As dispersion of repolarisation is highly dependent on intercellular coupling 

(Rudy & Kléber 1999), the electrical remodelling variability and global instability in HF is 

also believed to be associated with regional heterogeneity in cellular properties.  

In summation changes in myocardial architecture and gap junction coupling affect the 

electrical connections of cardiac cells. Experimental studies with both gap junction 

remodelling and increased fibrosis report increased arrhythmias compared to reduced gap 

junction expression or fibrosis alone (Stein et al. 2008; Boulaksil et al. 2010). The exact 

mechanisms behind these relationships are still unclear. The increased arrhythmic susceptibly 

of non-uniformly distributed fibrosis may be associated with remodelling of three 
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dimensional cellular arrangements. To determine these effects, the structural organisation and 

electrical activity requires characterisation in non-fibrotic and diseased fibrotic states.  

1.6 Optical mapping 

Optical mapping (OM) is a technique that has been utilised to characterise the electrical 

activity of the heart (Lang et al. 2011; Park & Gray 2015). OM uses voltage-sensitive dyes 

that bind to the membranes of cells and when excited by incident light, emit fluorescence that 

is modulated by transmembrane potential (Vm). The dye is able to sense changes in the 

myocardial electric field within the microsecond timescale (Efimov 2004). These dyes do not 

provide a quantitative measure of Vm but nevertheless, the fluorescence changes occur in a 

linear fashion in the physiological Vm range. Studies have shown that optical recordings of 

Vm are closely matched with intracellular measurements of Vm (Knisley 2000). Additionally, 

the greater spatial resolution relative to extracellular recordings have also been detailed 

(Bishop et al. 2006).  

The most commonly used OM dye is Di-4-ANEPPS which yields a 10% change in 

fluorescence per 100 mV change in Vm when excited with light at 530 nm (Herron et al. 

2012). The properties of the dye make it a suitable choice for studying fast cardiac activation 

(Efimov et al. 2004; Sharifov et al. 2004). OM has been used to image activation wavefronts 

in cell cultures to  study delays at the intercalated disk in single cell strands (J. P. Kucera et 

al. 1998). While in intact hearts the technique has been used to study the surface activation 

patterns in normal and pathological states (Rosenbaum et al. 1991; Morley et al. 1999), 

providing insight into CV restitution and alternans, re-entry, VT (Banville et al. 1999) and 

progression to VF (Choi et al. 2003; Park & Gray 2015). 

OM experiments in general can be categorised into three steps. Firstly, the dye has to be 

loaded into the tissue, most commonly using vascular perfusion. Subsequently, the dye-

loaded tissue must be illuminated at an optimal wavelength using a suitable light source. The 

last step is capturing the resultant fluorescence by an optical detector such as a CCD or 

CMOS camera, or photodiode array. These detectors must have high sensitivity and low noise 

to record the small shifts in fluorescence spectrum with membrane potential, while the light 

collected by the detectors must be filtered to separate the excitation and emission 

wavelengths. Furthermore, the temporal resolution of detectors must be relatively high (500 

to 1000 Hz) to accurately capture the rapid impulse propagation. Lastly, spatial resolution of 
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the detectors is dependent on the specifications of the detector components and the field of 

view which is typically magnified with a macro lens. 

Most optical recordings require post-processing to enable accurate interpretation of 

electrophysiology (Laughner et al. 2012). These post-processing steps include the removal of 

high frequency noise and random fluctuations. The high sensitivity of the detectors make 

recordings prone to asynchronous “shot” noise, related to the discrete nature of the photons 

collected, while the high frame rates are likely to collect external noise. Spatial averaging has 

been proven effective in reducing random noise (Mironov 2006) and temporal filtering can 

remove high frequency noise present in the data.  

Although OM provides high spatio-temporal information representative of electrical 

activation, one of its disadvantages is in the amalgamation of the signal through 0.5mm to 

3mm of the tissue depth (Bray & Wikswo 2003). The depth of signal collected is dependent 

on the excitation/emission wavelengths as well as the nature of the tissue, such as photon 

scattering and absorption properties. In thicker ventricular tissue the activation occurs across 

a range of depths and fluorescence resulting from the excitation which will occur at slightly 

different times and at different depths. Thus, the summed signal can contribute to a slurred, 

and also slower AP upstroke relative to single cell microelectrode recordings (Walton et al. 

2012). The signals from the deeper regions are important when analysing the OM dataset and 

directions of activation. OM analysis of propagation is affected by the intramural changes in 

fibre direction from deeper areas of the tissue (Ghazanfari et al. 2014). This effect varies 

according to the thickness of the tissue as fibre direction changes through 120 degrees from 

epicardium to endocardium. In thin-walled chambers, this orientation change occurs over a 

shorter physical distance, so the rate of angle change is greater than in thicker-walled 

chambers, which may have more of an effect on the optical recordings. This angle difference 

between electrically coupled tissue, may result in distortion of wave propagation detected by 

OM. Conversely as deeper areas of the tissue are less electrically coupled relative to the 

epicardium, they have less effect on the wave propagation on the surface (Ghazanfari et al. 

2014). 

Overall, these difficulties can be compensated for by considering the size and thickness of the 

tissue being imaged. However, OM is also prone to motion artifacts associated with the 

movement of the heart during contraction. This motion is likely to create a misalignment (i.e. 

artifacts) between the spatial and temporal synchrony of the optical signals. For example, 
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multiple regions may be included in a single optical signal as they move across the pixels in 

the sensor device. This desynchrony may give rise to large changes in fluorescent emission at 

one image point, simply because there may be variable staining intensity in adjacent regions. 

Such changes could be incorrectly interpreted as changes in Vm. Motion can be reduced using 

physical restraints, or the application of an electromechanical uncoupler. Many such 

pharmacological agents have been utilised in the past (Sill et al. 2009; Bourgeois et al. 2011), 

however blebbistatin has become the agent of choice in recent times. Blebbistatin inhibits the 

ATPases associated with myosin II to remove contractions (Kovacs et al. 2004) and has been 

demonstrated to have minimal effects on intracellular calcium transients and AP morphology 

(Lang et al. 2011). Finally, motion tracking can be utilised as a post-processing tool to 

remove most of the residual motion (Rohde et al. 2005; Svrcek et al. 2009).  

1.7 Computational models  

Computational models provide a way to examine the links between structural and functional 

features and can help provide new insight into the biology of tissues. Cardiac computer 

modelling is a prime example of this and has been used to determine mechanisms of re-entry 

and defibrillation in 3D myocardial tissue (Rutherford et al. 2012). Furthermore the role of 

microstructure to function in the AVN has also been explored using simulation models 

(Rodríguez et al. 2006; Ten Tusscher et al. 2009). By incorporating structural and functional 

properties, cardiac modelling can improve our understanding between excitation and 

repolarization sequences shown in experimental studies. Computer models enable parameters 

to be altered and allow their relative effects to be determined. Of particular interest is the 

ability of cardiac computational models to show the influence of tissue anisotropy and the 

heterogeneity of intrinsic properties of the cell membrane on the activation of the heart. Using 

computational models to represent cardiac cells and tissue, it may be possible to determine 

areas of APD dispersion that are associated with intrinsic heterogeneity of the cell membrane 

and which are due to other mechanisms such as electrotonic effects and structural differences 

in the cardiac tissue.  

Many computer models have been used to determine the effects of structural and gap junction 

pathologies on electrical activity (Baigent et al. 1997; Engelman et al. 2010; Rutherford et al. 

2012; Veeraraghavan et al. 2015). A key area of on-going research in computer modelling is 

how to represent structures that are inherently discontinuous within a continuous frame. To 

date, models that incorporate aspects of structural heart disease do not include accurate 
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descriptions of the forms (interstitial or patchy) of fibrosis and tortuous cellular pathways. In 

this setting a structural representation of actual cardiac cells in these regions would 

potentially address these modelling limitations by substituting generic cell architectures with 

tissue derived ones (Stinstra et al. 2005). 

1.8 Specific aims of thesis 

Heart failure is estimated to affect over 26 million people worldwide (Ponikowski et al. 

2014). The marked prevalence of HF and the growth in associated clinical treatment over the 

last 30 years, make it a crucial focus of cardiac research. 

The most common causes of HF are ischaemic cardiomyopathy and HHD (Nguyen et al. 

2016). In both cases, disease progression is associated with structural remodelling (Leonard et 

al. 2012), with substantial changes in ventricular geometry, and altered 3D arrangement of 

cardiac myocytes and their surrounding extracellular connective tissue framework. In 

particular, the structural remodelling is characterised by increased collagen expression, with 

proliferation of interstitial collagen as well as the replacement of necrotic myocytes with 

collagen (replacement/patchy fibrosis).  

While electrical instability and risk of SCD in HF appears to be closely linked with electrical 

ionic and structural remodelling, their relative contributions on increased risk are still unclear. 

Furthermore the influence of these changes in the development of HF is also not fully 

understood. An area of particular interest is the role of fibrosis in these relationships, which 

has often been linked with abnormal electrical activity (Fast & Kléber 1995; Cabo et al. 1996; 

de Groot et al. 2001; de Jong et al. 2011). Changes in cellular electrical properties that occur 

in regions of fibrosis are believed to be factors in these mechanisms, as reductions in cell to 

cell coupling in these regions may be a major determinant of electrical heterogeneity. 

Improved understanding of the ways in which fibrosis contributes to rhythm disturbance is an 

important step toward a more robust stratification of risk of SCD in patients with HF, and 

potentially finding new approaches to prevention. 

The overarching aim of this thesis is to investigate the possible relationships between 

structural remodelling and alterations in ventricular electrophysiology in the progression to 

HF. In particular the effects of increased fibrosis will be investigated in a more systematic 

process than has been done in the past. Furthermore focus will be placed on the cellular 
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coupling in varying levels of fibrosis. The following specific objectives will be addressed in 

this body of work: 

1. Develop imaging methodologies that enable 3D reconstruction of cellular organisation 

and extracellular connective tissue matrix arrangement in large volumes of LV 

myocardium. 

2. Set up an optical mapping acquisition and analysis pipeline for characterising 

electrophysiological function in the rat LV. 

3. Investigate the possible relationships between structural remodelling and 

electrophysiological dysfunction in the progression of HHD towards HF. 

4. Clarify the association between fibrosis and altered cell-to-cell coupling in (3). 
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Chapter 2  
 

 Quantifying Structural and Functional Differences between Chapter 2.
Normal and Fibrotic Ventricles 
 

One of the main aims of this thesis was to investigate factors that contribute to abnormal 

ventricular electrophysiology as a result of progression to HF. Of particular interest was the 

effect of fibrosis. As an initial exploration, readily available fibrotic and non-fibrotic datasets 

were analysed for structural and electrical variation. This chapter presents an investigation in 

which the structure of non-fibrotic WKY and fibrotic SHR tissue was analysed and in turn 

used to create structure specific computational models of electrical activation. The methods 

here are adapted from Rutherford et al. (2012) and should be referred to for a more 

compressive methodology (Rutherford et al. 2012). The material presented in this chapter is 

substantially the same as that published by Khwaounjoo et al. (Khwaounjoo et al. 2015). 

2.1 Introduction 

Sudden cardiac death (SCD) due to ventricular arrhythmia is a major cause of mortality in 

heart failure (HF) (Zipes & Wellens 1998). Pathological remodelling in HF tissue includes 

changes in the 3D tissue structure, cell geometry and cellular proteins (Schaper et al. 2002), 

as well as increased expression of the collagen network, or fibrosis (Houser et al. 2012). It is 

well known that the 3D organization of myocardium is a major determinant of the spread of 

electrical activation in the heart (Smaill et al. 2013), and that arrhythmic substrates such as 

delayed and discontinuous activation are linked to ventricular fibrosis (Kawara et al. 2001). 

Computer modelling studies have shown that the risk of wave-break is intensified by 

structural discontinuities across a range of spatial scales (Pertsov 1997). Such studies 

demonstrate that fibrosis is likely to give rise to re-entry and fibrillation (Tanaka et al. 2007; 

Ten Tusscher & Panfilov 2007). While it is believed that SCD is closely associated with the  
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character and extent of fibrosis, the exact mechanisms responsible and the spatial scales at 

which they operate remain unclear.  

Here these issues are investigated through structural and functional analysis of left ventricular 

(LV) myocardium from the spontaneous hypertensive rat (SHR), a genetic animal model that 

replicates the progression of human hypertensive heart disease to HF. (Cingolani et al. 2003; 

Slama et al. 2004). We extend tools and techniques (Rutherford et al. 2012; Seidel et al. 

2013) that have previously been used to characterize 3D cardiac structure at a range of scales 

and outline their application to relating fibrosis to heart rhythm disturbance. 

2.2 Materials and Methods 

  3D tissue imaging 2.2.1

All tissue collections were approved by the Animal Ethics Committee of The University of 

Auckland and conform to the Guide for the Care and Use of Laboratory Animals. Hearts from 

12 month-old SHR rats and age-matched Wistar Kyoto (WKY) controls were perfused with 

fixative and picrosirius red stain. Transmural LV freewall segments were embedded in resin 

and imaged in 3D (2 µm voxels) using extended volume confocal microscopy (Rutherford et 

al. 2012). Reconstructed image volumes from two such hearts are shown in (Figure 2-1). 

 
 

Figure 2-1: Reconstructed transmural views of cardiac volumes. A. WKY tissue (left) and the collagen structure 
(right). B. SHR tissue (left) and the collagen structure (right). Image volumes for A and B are 3.50×0.92×0.73 mm and 
4.04×1.50×0.30 mm, respectively.  



Chapter 2 – Quantifying Structural and Functional Differences between Normal and Fibrotic Ventricles 

59 
 

2.3 Tissue modelling 

 Connectivity and volume distributions 2.3.1

Quantitative comparisons of the WKY and SHR tissues were made at a supra-cellular scale. 

Viable myocytes, collagen and extracellular space were differentiated on the basis of image 

intensity using custom ranges in ImageJ (www.imagej.nih.gov). To calculate volume and 

connectivity measures, spherical and shell summation weighted filters (radii 5 voxels or 

10 µm) were applied to the 3D segmented images using Fast Fourier transforms (FFTs). A 

binominal filter was used to smooth the tissue volume and surface area to 8 µm resolution. 

Connectivity is the relative measure of the surface area of segmented myocytes in physical 

contact with neighbouring myocytes.  

 Structural orientations  2.3.2

The principal structural directions of the image volume were estimated using structure tensor 

analysis (Jähne 2005). A 1D FFT approach with optimal gradient operators provided an 

estimate of voxel intensity gradients throughout the volume and these were used to construct 

structure tensors. Eigen-analysis of the structure tensors defined fiber orientations (smallest 

eigenvalue) and the cleavage planes that separate layers of myocytes (largest eigenvalue). 

 Network descriptions of tissue  2.3.3

The topology of a segmented image of viable myocardium was described by a 3D network of 

node volume and edges. To create a network, the image volume was tessellated into a mesh 

of conforming voxel units, the discrete volumes and representative nodal locations of 

surviving myocardium within each unit were determined, and the connection areas and 

representative edge locations between units were identified. Multiple discrete fiber tracts 

through a voxel unit were treated as independent network components. The complete 

topologies of a network description of both the tissue sets were determined from the 

independent components using an efficient algorithm based on multiple applications of 

Quicksort (Hoare 1962). Tissue fiber and sheet orientations were projected onto the network 

description. 
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 Activation Modelling   2.3.4

Activation was simulated through the tissue network description using a finite volume 

discretization of a monodomain reaction-diffusion model. Cell membrane currents were 

solved using a Luo-Rudy dynamic model (Faber & Rudy 2000) The parameters used were as 

follows: time step 0.005 ms, cell membrane surface area to volume ratio 200 mm-1, 

membrane capacitance 0.0112 µF/mm2, and (σf,σs,σn) (0.1368,0.0583,0.0583) mS/mm. 

Stimuli were located in the midwall of each tissue sample. Activation and repolarization 

times were used to determine conduction velocities and action potential distributions. 

2.4 Results 

Key structural similarities and differences between two WKY and SHR tissue samples are 

shown in Figure 2-1. Additional tissue samples will be analysed in future work.   

 

 

 
Figure 2-2: Myofiber organisation of WKY (blue) and SHR (red) tissue. Fiber angle distribution from the epicardium 
and endocardium are presented along with a fitted cubic trendline. 

A typical transmural myofiber rotation, ~+90 EPI and -90 ENDO (LeGrice et al. 2012) occurs 

in both the WKY and SHR samples through most of the heart wall (Figure 2-2). However, 

there is some difference in the sub epicardial region. 
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Figure 2-3: Myocyte connectivity and volume fraction measures.  A. Preserved myocytes rendered with normalised 
connectivty field for WKY tissue. The frequency histograms display variation in viable myocyte and connectivty 
changes in subvolumes from epi to endo. B. SHR tissue measurements as in A.  

Figure 2-3 shows the relative surface area in physical contact (connectivity) for the 

segmented myocardium. The WKY tissue is more connected compared to the SHR. The 

right-hand panels show the proportion of viable myocardium across the heart wall, for a given 

connectivity. Connectivity is more symmetrically distributed in the WKY tissue. The majority 

of the tissue is well connected through the midwall, however marked reductions are observed 

in the both the epicardial and endocardial regions. In contrast, in the SHR sample, the 

distribution of highly connected tissue is asymmetric; biased toward the epicardium. There 

are more instances of reduced connectivity through the midwall than in the WKY sample.  

The functional impacts of structural remodelling were investigated by simulating electrical 

activity in both the WKY and SHR models. Figure 2-4 shows that for these samples the 

progress of activation is similar (Figure 2-4A and Figure 2-4B), although activation is slower 

moving toward the epicardium in the case of the SHR model compared to the WKY (Figure 

2-4D). The opposite is the case moving toward the endocardium (Figure 2-4D). The coupling 

(and hence loading differences) between the WKY and SHR models is illustrated by the 

different potential profiles relative to the stimulus site (Figure 2-4D). The endocardial delayed 
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activation in the WKY model arises from the narrow coupling tract between the main bulk of 

tissue and the endocardial trabeculation. Both the conduction velocities (CV) and the action 

potential durations (APD) are similar for both models (Figure 2-5). The CV distributions 

(Figure 2-5A, Figure 2-5B, insets) indicate that overall the CV is slower for the SHR model. 

 

 

Figure 2-4: Predicted activation times (AT) and potentials.  A. Activation in WKY tissue. Contours at 1 ms. B. 
Activation in SHR tissue. C. Relative widths of tissue models. Locations of potential traces are indicated (1-7). D. 
WKY (blue) and SHR (red) potential. 

2.5 Discussion & conclusions  

This study quantified structural and functional differences between age-matched (12 months) 

normal (WKY) and fibrotic (SHR) rat ventricular tissue samples. With on-going refinement 

and expansion, these structural and functional data will ultimately improve our understanding 

of the impact of tissue remodelling on cardiac function in a number of disease states and 

senescence. 

The most obvious structural differences are that the SHR tissue does not exhibit the same sub-

epicardial fiber rotation as the WKY tissue and that the tissue coupling is reduced and 

asymmetrically biased toward the epicardium in the SHR compared to the WKY tissue. 

Functionally, there is some evidence of slowing as activation moves toward the epicardium 

compared to the endocardium in the SHR tissue, and the conduction velocity is also slightly 
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slower in the SHR case compared to the WKY. A limitation of this study to date is that only 

one sample of each tissue type has been analysed in detail. A recent study by Freytag et al 

showed little to no difference in fiber orientations between SHR and WKY at 21 months 

(Freytag 2014), further highlighting the need for more samples. At present more tissue 

samples are being labelled and imaged at the cellular scale for future work. Figure 2-1A (left) 

shows that there is a significant vessel in the sub-epicardium of the WKY rat tissue. However, 

this is not sufficient to explain the trend shown in Figure 2-2 where the SHR fiber angle 

diverges from WKY almost from the midwall. The sub-epicardial collagen structure is clearly 

different between the WKY and SHR tissue. The collagen structure is strongly correlated 

with the collagen orientation (LeGrice et al. 2012). 

 

 

Figure 2-5: Conduction velocities (left) and APD (right): A. WKY tissue. B. SHR tissue. 

Variation in connectivity (Figure 2-3) is expected due to the increase in collagen found 

throughout the diseased tissue. Studies have shown that SHR tissue has substantially 

increased endomysial collagen and collagen I density (Boluyt 2000; LeGrice et al. 2012). The 

connectivity shown in Figure 2-3 is determined only for volumes containing myocytes, the 

coupling reduction in SHR tissue is attributed to decreased lateral coupling from the increased 

volume of collagen. The structural remodelling captured by this coupling metric is consistent 
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with other analysis of SHR tissue (LeGrice et al. 2012). 

Functional analysis of the WKY and SHR tissues is challenging. Modelling predicts some 

slowing and asymmetry of SHR vs. WKY activation (Figure 2-4 & Figure 2-5). The changes 

in activation time may be attributed to thick patches of fibrosis which act as barriers to 

propagation (Jansen et al. 2012). There is compelling evidence from in vivo experiments that 

structural anisotropy provides a substrate for slow propagation, block and electrical instability 

(van Rijen et al. 2004). However, these differences may be muted by the small tissue volumes 

with the model boundaries masking the true impact of the increased fibrosis in the SHR 

tissue. To improve mechanistic analysis it is important to develop a 3D understanding of 

myocyte coupling at the cellular scale. With high resolution imaging it is difficult to obtain a 

comprehensive 3D representation of the overall cell- group structures (Dodt et al. 2007) and 

sectioning tissue can lead to destruction and lateralization of tissue structure (Young et al. 

1998). Hence new methods of three dimensional image volume acquisitions need to be 

explored.  

2.6 Chapter summary & development of research 

The preliminary data from this study provided insights into the potential effects of fibrosis on 

structure and electrical activity. However, the influence of fibrosis on tissue connectivity was 

based on macroscopic connections between adjacent groups of myocytes rather than direct 

measures of cellular coupling (i.e. gap junctions or cellular proximity). To better understand 

the effects of fibrosis on tissue connectivity and hence electrical activity, the three 

dimensional, cellular structural arrangements of fibrotic and non-fibrotic tissue needed to be 

captured and compared.  

In addition to the three dimensional cellular structural characterization, one of the aims of this 

thesis was to investigate the possible structural mechanisms behind the electrical instability 

observed in the development of HF. To study these relationships on multiple scales, an 

animal model capable of replicating the development of HF was required. The SHR rat is a 

genetic model of hypertension that mimics human HHD (Bishop et al. 1979; Herrmann et al. 

1995; Slama et al. 2004; Mitsuyama et al. 2014; Nguyen et al. 2016) and has been shown to 

progress towards HF in its two year lifespan (Bing et al. 1995; Boluyt 2000) with overt or end 

stage HF reported from around 18 months to 24 months (LeGrice et al. 2012; McManus & 

Mitchell 2014). LeGrice et al. (2012) and Herrmann et al. (1995) have previously 
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demonstrated the structural remodelling time course in SHRs (Herrmann et al. 1995; LeGrice 

et al. 2012). Dense interstitial fibrosis formation is observed at 12 months and increasingly 

patchy fibrosis from 18 months. At 3 months, volumes of collagen are relatively low and are 

comparable with healthy tissue. Equally the 6 month animals show minimal pathologic 

changes in myocardial structure (Amann et al. 1992; Sanjiv J Shah et al. 2014). In addition to 

the structural remodelling, previous studies using SHRs have observed increased incidence of 

abnormal electrical activity compared to normotensive Wistar Kyoto (WKY) rats (Pahor et al. 

1989; Nguyen et al. 2016). Murine models of cardiac pathologies also have further 

advantages. Firstly, the LV wall thickness of ~2-3mm reduces the image volumes required for 

full or partial reconstruction. Experimentally, it is also easier to support small hearts and to 

examine electrical behaviour without metabolic compromise. Finally, it is the most 

commonly studied mammalian heart (Hasenfuss 1998), and therefore has a wide range of 

literature for comparative purposes.  

The characteristics of the SHR strain made it an ideal animal model to examine the structural 

and electrical functional relationships in the progression towards HF. Further it provided the 

ability to investigate the changes in cell arrangement with variable levels of fibrosis. As such 

SHRs at 6, 12 and 18 month time points were chosen to fulfil the aims stated above. The 

subsequent chapters describe the methods used to acquire both structural and 

electrophysiological data from the three SHR cohorts. 
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Chapter 3  
 

 Three dimensional characterisation of cardiac cellular Chapter 3.
organisation and structure  
 

Marked changes in structural organisation and electrical activity are a hallmark of HF 

(Schaper et al. 2002). However, the exact relationships between these changes are not fully 

understood. Although in the previous chapter, fibrosis was associated with altered electrical 

activity, its effect on the cellular organisation was unclear. By capturing the changes in 

cellular arrangement associated with fibrosis, the mechanisms behind its influence on 

abnormal electrical function can be better understood. To investigate cellular organisation in 

the presence of fibrosis, both non-fibrotic and fibrotic tissue needs to be characterised and 

compared over a multicellular volume and at a high enough resolution to capture the 3D 

cellular arrangement and architecture. As mentioned in the previous chapter, the three SHR 

cohorts (6, 12 and 18 months) provide the ability to examine the cellular organization in 

tissue with variable levels of fibrosis. Furthermore, by also capturing the electrical function of 

the SHR cohorts (the methods for which are presented in Chapter 4), the structural and 

electrophysiological relationships can be compared in the progression towards HF. This 

chapter covers the methods for structural characterisation. A background on three 

dimensional imaging is provided, followed by the development of an imaging protocol to 

capture the cellular arrangements. Finally, tissue level analysis of the extent of fibrosis in the 

SHR cohorts is then presented.  

3.1 Three dimensional tissue imaging 

In the past, the majority of imaging studies have made use of thin sections to provide 

information about cellular organisation within two-dimensional views of biological tissue 

(Richardson & Lichtman 2015). Tissue cellular organisation however is inherently 3D, 

requiring modern day researchers to contend with imaging of volumes. However it is difficult 

to image large volumes of tissue, as imaging tissue thicker than a few microns is not possible. 

This is primarily due to the collection of out-of-focus light from throughout the section which 

is further exacerbated by light scattering. 
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To acquire 3D volumes researchers have created methods of imaging planes via optical or 

physical sectioning. Physical sectioning techniques include microtome serial sectioning and 

high volume extended (block face) imaging. Both these methods require embedding of tissue 

and subsequent sectioning and imaging at regular intervals to obtain imaging volumes 

(Anderson et al. 2003). The application of serial imaging is limited to small volumes and is 

time consuming, while also being prone to alignment issues (Manova-Todorova et al. 2015). 

Although the method of block face imaging removes alignment issues of serial sectioning, the 

method itself is destructive, as once each section is imaged it is milled away to reveal the next 

block surface. Furthermore, physical sectioning methods are, in general, time consuming due 

to the requirement of embedding, staining and sectioning.  

Non-sectioning methods for imaging volumes are less time consuming and avoid alignment 

issues, and the same tissue sample can, in principle, be imaged multiple times. These 

techniques encompass optical sectioning techniques such as laser-scanning confocal 

microscopy, laser scanning two-photon microscopy, parallelized confocal microscopy (i.e., 

spinning disk), computational image deconvolution methods, and lightsheet microscopy 

(Lichtman & Conchello 2005; Reynaud et al. 2008; Mertz 2011). Optical sectioning 

techniques function by distinguishing in-focus and out-of-focus background light. Essentially 

they provide information about a single plane by reducing the contributions from other 

portions of the volume. In turn these methods allow access to image data from a thin section 

in a thick sample.  

Although optical sectioning techniques reduce the problem of out of focus light, they remain 

limited in their imaging depth by a number of different factors. In many tissue types, tissue 

pigment and fluorescent molecules may be present or are introduced during processing, 

leading to autofluorescence and cloaking of labelled structures of interest. Furthermore in 

most biological tissues there is an intrinsic translucence. The lack of clarity reduces the ability 

to capture sharp images and becomes progressively more of an impediment at greater depths. 

Overall, tissue pigmentation and autofluorescence can be resolved by simple measures such 

as bleaching and appropriate fluorescent labelling (Croce & Bottiroli 2014). On the other 

hand the causes of the tissue translucency must be considered when trying to reduce its 

effects on imaging depth. Extended volume imaging (EVI) has sought to account for these 

issues by utilising both optical sectioning and block face imaging to acquire serial images in 

pre-labelled embedded tissue specimens. Confocal microscopy is used to image the maximum 

depth possible, the imaged layer is then subsequently removed and the process is repeated. 
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However the process of EVI is also time consuming and the sample is lost following data 

acquisition. 

More recent methods of volumetric imaging have made use of clearing techniques 

(Chamberlain & Tang 2007; Chung & Deisseroth 2013; Renier et al. 2014). First invented in 

1914 (Spalteholz 1914), clearing techniques rely on refractive index matching or removal of 

components to improve tissue transparency and hence, imaging depth. Tissue translucency is 

produced by light scattering; the light rays are deviated numerous times as light is reflected 

off molecules, membranes (predominantly lipids), organelles, and cells. Therefore, tissue 

translucency limits the ability of deeper imaging. Light scattering of the tissue can be 

removed by eliminating the majority of the light-impeding components and replacing them 

with a solution that matches the refractive index of the tissue. By equilibrating the refractive 

index via the removal of inhomogenous components (commonly lipids and water) that scatter 

light in the tissue, transparency can be increased and tissue appears to be cleared.  

Tissue clearing research is thriving, with new improved protocols being released at a rapid 

rate (Silvestri et al. 2016). Various adaptions of clearing such as solvent or aqueous based 

approaches have been developed (Richardson & Lichtman 2015). Aqueous based methods are 

emerging as the favoured clearing technique and many new protocols have been released in 

the past few years. These techniques will be discussed further in Section 3.10 of this chapter. 

Along with advances in clearing, imaging of 3D tissues has become possible due to 

developments in microscopy over the last few decades. Notably, improvements in microscope 

objectives have dramatically increased the resolution and imaging depth capacity for 

acquiring greater tissue volumes (Chamberlain & Tang 2007).  

In addition, the reliability and specificity of markers for the structural components of tissue 

and cells have also improved (Berlier et al. 2003). Overall, the combination of clearing and 

imaging advancements described above, have led to the procurement of tissue image volumes 

at greater resolutions and sizes than previously possible (Kuwajima et al. 2013; Epp et al. 

2015). Furthermore, where collection of these volumes was previously limited by data storage 

capacities, technological advances have made storage of large files much more achievable. 

Developments of novel clearing and imaging techniques have enabled modern scientists to 

explore detailed 3D structure, and thereby further the understanding of the interrelationship 

between cellular structure and function. The application of these techniques has become a 
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focus in heart research for understanding the arrangement of cardiac structural features in 

diseased tissue and their effect on electrophysiological functions (Nehrhoff et al. 2016). 

Utilisation of 3D imaging techniques such as clearing may provide a means to correlate 

structure and function. It is anticipated that the derived structural information will provide 

insights into the differences in cell level structure of diseased and healthy cardiac tissue. The 

robust quantification of structural features will help enhance our understanding of structure 

function relationships and are aimed toward supporting biophysical-based modelling of 

electrical activation. The following sections present trial staining trials and optimization 

conducted to develop the final 3D imaging protocol used in this thesis. 

3.2 Three dimensional structural characterisation criteria for myocardial 
tissue 

Cardiomyocytes and the ECM form the majority of the myocardium and in diseased states 

such as heart failure, both cardiomyocyte and ECM volumes and their distributions are 

significantly altered (Bing et al. 1995; A. M. Gerdes et al. 1996; Drazner 2011; LeGrice et al. 

2012; Nguyen et al. 2016).  

The changes observed in the 3D organization are believed to alter the electrical impulse 

propagation across of cardiac tissue (Smaill et al. 2013). It is thought that fibrosis delays 

conduction as activation follows tortuous pathways around collagen barriers (Engelman et al. 

2010). There is also evidence that the volume occupied by fibrosis influences the passive 

distribution of extracellular potential and local currents (Rutherford et al. 2012). Moreover, it 

is thought that fibrosis displaces cells, which reduces the cell-to-cell coupling and in turn 

reduces the electrical pathways. 

To be able to characterize these changes, in particular, the cellular coupling variations 

associated with ECM remodelling, 3D non fibrotic and fibrotic cardiac volumes need to be 

obtained and compared.  Within these volumes three main components require identification: 

1. Individual cells (through whole cell or cell membrane staining).  

2. ECM components such as collagen. 

3. Cell-to-cell connections, such as intercalated discs (ICD) or connexins.  

In addition, the labelled components have to be captured over a volume large enough to 

encompass numerous cells and provide a 3D representation of the tissue. As cardiac cells are 
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approximately 10-25 µm in diameter and ~130 µm in length (Gerdes et al. 1986), volumes 

greater than 130 µm depth are required.  

By determining the cellular arrangement, coupling and collagen levels the relationship 

between altered cellular level myocardial structure and abnormal impulse propagation can be 

better understood.  

3.3 Picro-sirius red staining and extended volume imaging 

In consideration of all the factors mentioned above picro-sirius red (PSR), a versatile stain, 

previously utilized to highlight both collagen and cellular content (Pope et al. 2008), was 

trialed. PSR staining provides a simple method to identify fibrillar collagen networks which 

serves as an indicator of the level of fibrosis. In Chapter 2, the combination of PSR staining 

and extended volume imaging (EVI) provided a suitable method of 3D volume 

characterization of collagen content. Although EVI is time consuming and the sample is 

milled away during imaging, past studies have utilized this method to characterize the 

alterations in cardiac tissue structure and collagen organisation due to heart failure (LeGrice 

et al. 2012) and myocardial infarct (Rutherford et al. 2012). These results and analysis 

indicated PSR was a suitable method for characterization of 3D structure.  

 Picro-sirius red staining and EVI analysis 3.3.1

To explore the difference in structure of healthy and fibrotic tissue, high-resolution (~0.6 µm) 

extended-volume datasets were compared between PSR-stained 12-month WKY and SHR 

hearts. These volumes were readily available and the process for obtaining them has been 

described in detail in Rutherford et al (Rutherford et al. 2012).  

Figure 3-1 highlights the presence of collagen (shown by the brighter intensity) across a slice 

from a large volume of SHR (A) and WKY (B) hearts. The SHR slice shows 

characteristically high levels of endomysial collagen and interstitial fibrosis compared to the 

WKY sample. 
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Figure 3-1: High-resolution images of LV midwall  from 12-mo SHR (A) and 12-mo WKY (B) rats (LeGrice et al, 
2012). 

A 200 µm3 subset of this volume was extracted and analyzed with the aim of determining 

cell-to-cell coupling of healthy WKY and unhealthy fibrotic SHR tissue. Using ITK-SNAP, 

cellular boundaries highlighted by the PSR were manually segmented. Figure 3-2 shows a 

transverse slice view of the cell segmentation in the SHR heart volume with an initial 

indication of the number of cells in the plane. The large amount of endomysial fibrosis 

enabled the identification and segmentation of the cellular boundaries.  

 

Figure 3-2: High resolution image of cross sectional view of 12 month SHR. A: SHR cells (0.6 µm resolution 200 X 200 
µm). B: Colour coded manual segmentation. 

Both transverse (Figure 3-3A) and longitudinal planes (Figure 3-3B and C) were segmented, 

while connections between cells (i.e. ICDs) were highlighted using a green marker. The cells 

were then displayed together in a three-dimensional form (Figure 3-3D) to better visualize the 

number of cells and cell-to-cell connections. Subsequently, five random cells were chosen 

A B 
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and the numbers of connected cells were determined. It was found that, on average, each cell 

was coupled to 9 other cells, based on the one SHR sample. 

      

Figure 3-3: ITK-SNAP segmentation of SHR volume at 0.6 µM resolution (block size 200 x 200 x 50 μm). A: 
Transverse view highlighting the cross sectional areas of the cardiomyocytes. B: Longitudinal view sliced from the top 
of the tissue C: Longitudinal view sectioned from the lateral side of the tissue block. Green represents the cell to cell 
connections. D: Three dimensional colour coded representations of the segmented cells.  

This process was then applied to healthy WKY tissue. However, the PSR stain was unable to 

identify the cell boundaries due to a lack of discernible collagen or fibrosis (Figure 3-4A). 

Cell boundaries were particularly difficult to distinguish in the longitudinal plane (Figure 

3-4B). 

 

Figure 3-4: PSR collagen stained healthy WKY volume (~0.6 µm resolution 200 X 200 µm). A: Transverse view of the 
cross section of the cardiomyocytes B: Longitudinal view from the lateral face of the tissue volume. White areas 
highlight the tissue clefts. 

B A 
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Overall, the low amount of endomysial collagen in healthy tissue indicated PSR was an 

unsuitable cell marker. Furthermore, due to the harsh acidic environment of PSR, co-staining 

of the cell membranes was not possible. In the presence of extensive fibrosis, penetration is 

reduced by the heavy PSR staining. The combination of these factors meant that although 

PSR was able to capture fibrotic tissue structure, it was not appropriate for non-fibrotic and 

fibrotic tissue comparisons. As a result, a new staining and imaging protocol for structural 

characterization needed to be established.  

The following sections of this chapter present the details of the subsequent trials conducted to 

establish the staining and imaging protocol for 3D cellular structural characterization. 

3.4 General experimental procedures 

All chemicals and reagents were purchased from Sigma (Sigma Pty Ltd, Aus) unless 

otherwise specified. Solutions and buffers were prepared in our laboratory.  

 Cardiac sample excision 3.4.1

Cardiac samples for development of the 3D structural imaging protocol were obtained from 

culled Wistar rats or from the spontaneous hypertensive rats (SHR), University of Auckland. 

All procedures were performed according to the guidelines of the University of Auckland 

Animal Ethics Committee AEC (001454).   

The basic procedures for harvesting the cardiac samples were:  

Rats 250-350 g were anesthetized (5% isoflurane in O2) until loss of paw withdrawal reflex. 

Heparin (50 I.U) was injected into the LV and allowed to circulate for 1 minute. Hearts were 

then quickly excised and immersed in cold (4°C) phosphate buffered saline (PBS, in mM: 

NaCl 137, 2.7 KCl, 10 Na2HPO4, 1.8 KH2PO4).  

The coronary system was Langendorff perfused at a constant flow rate (13ml/min) with 

modified Krebs-Hensleit solution (mM: NaCl 118, KCl 4.75, MgSO4 1.18, KH2PO4 1.18, 

NaHCO3 24.8, Glucose 10, CaCl2 2.5 (bubbled with carbogen). The hearts were allowed to 

beat spontaneously for ~2 minutes to flush the blood from the tissue. St Thomas’ solution (in 

mM: NaCl 120, KCl 16, MgCl2 16.6, CaCl2 1.2, NaHCO3 10, pH = 7.8) was then perfused 

into the heart to ensure a relaxed state. Following St Thomas’ perfusion, 4% 

paraformaldehyde in PBS (PFA) was circulated to fix the tissue. Finally, the tissue was cut 
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transversely into ~2-3 mm thick rings and placed overnight in 4% PFA in a rotator at 4°C to 

complete fixation. 

Note: all perfusion solutions excluding the PFA were warmed to 37°C in a water bath prior to 

use. 

 Staining protocols 3.4.2

Samples were either perfusion-stained in the Krebs solution or diffusion-stained following 

fixation (Note: fixation methods were varied according to the stain being trialed and are 

specified for each stain). Unless stated otherwise, all diffusion trials were conducted using 

20 µM thick tissue samples sectioned using a cryomicrotome. Staining was conducted in a 

100 µL solution of PBS with 0.3% Triton X-100 placed on a shaker at room temperature. A 

circle of wax was drawn around the tissue sections to contain the reagent liquid. In between 

each diffusion step, the samples were rinsed in PBS three times for 5-min each. 

For antibody staining, samples were permeabilized with 0.3% Triton X-100 in PBS and 

blocked in PBS containing 10% normal goat serum (GS) over 2 hours. Following blocking, 

the samples were incubated with the primary antibodies with 10% GS and 0.3% Triton, and 

then placed into their respective secondaries. Preparations of ventricular tissue in which 

combinations of primary antibodies were omitted served as negative controls. Non-specific 

binding of secondary antibodies did not occur in these preparations. 

Concentrations, durations and temperatures of the staining steps were varied according to the 

trial and are described in detail for each respective trial in the following sections. 

 Imaging 3.4.3

Unless specified otherwise, all confocal imaging for the staining trials were conducted using 

20 µm tissue sections. Imaging was performed using a Nikon TE2000 inverted confocal 

system equipped with a combination of a 4X (NA 0.13, WD 16.4mm), 20x (NA 0.45, 7.6mm) 

and 60X oil immersion lens (NA 1.25, WD 180 µm) were used for imaging trials. 

Appropriate beam splitters and filters were used to filter excitation light and emission 

fluorescence. Voxel dwell time was set at a constant 1.4 µs for all image acquisitions.  
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Volumes were acquired with the 60× oil immersion lens typically, 512 × 512 × 180 voxels 

and with a voxel dimensions 0.41 × 0.41 × 1 µm; 212 × 212 × 180 µm. Larger 3D images 

(1024 × 1024 × 500 voxels with voxel dimensions 0.6 × 0.6 × 1 µm; 368 × 368 × 500 µm) 

were obtained with a Zeiss LSM510 META confocal microscope with a 25× objective (LCI 

Plan-Apochromat 25x/0.8 Imm Corr DIC M27 600µm WD). 

3.5 Cell membrane labels 

 Di-4-ANEPPS 3.5.1

Di-4-ANEPPS (Di-4) (Biotium, CA) is a potentiometric dye used in optical mapping 

experiments to capture the electrical activity of the heart. Its ability to function as a 

potentiometric dye arises from its binding capacity to the cell membrane. Di-4 binding also 

permits the cells membranes to be imaged when illuminated with a wavelength of 488 nm 

(Swift 2006; Ghouri et al. 2015).  

To test the usefulness of Di-4 as a cell membrane marker for 3D characterization, both 

diffusion and perfusion dye delivery were trialed and are described below.   

Diffusion 

A ~2 mm thick cardiac sample was left for 3 hours in a 3 ml light sealed glass tube, with 

5 µM of Di-4 in PBS (2 ml total volume). The sample was then washed with PBS for 3 x 5 

min washes to remove any unattached labels.  

Perfusion 

A rat heart was excised as described earlier (3.4.1) and perfused via a gravity fed Langendorff 

apparatus with 10 mL of 10 µM Di-4 (100 µL of 1mM stock solution, dissolved in 10 mL of 

fresh oxygenated Krebs) at 13ml/min for ~1 minute. Subsequently the heart was perfusion 

flushed with 50 ml St Thomas’ solution using the system at various pressures (gravity fed or 

syringe based). 

Diffusion of Di-4 showed almost no cell membrane staining (Figure 3-5A), with only a few 

cells able to be distinguished (Figure 3-5B).  
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Figure 3-5: Di-4-ANEPPS diffusion staining A: Low magnification (20X) view highlighting the uneven staining of Di-4 
B: Indistinct membrane bound Di-4 staining. 

Perfusion, however, demonstrated better cellular membrane staining. Initially the dye was 

bound predominantly to the capillaries (Figure 3-6A and B) and cell membrane identification 

was indistinct. However, with use of a syringe (increased flushing pressure), the dye was able 

to the exit the capillaries and bind to the cell membranes (Figure 3-6C and D).  

The consistent membrane staining suggested that perfusion was the most suitable technique 

for staining large volumes. However, while Di-4 perfusion enabled identification of cell 

membranes, it was found to internalize over a period of ~2 hours (Figure 3-6E) leading to 

poor distinction of cell membranes. The internalization of the dye was nevertheless, able to 

identify the inner T-tubule structure (Figure 3-6F).  
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Figure 3-6: Di-4-ANEPPS stained cardiac tissue. A, B: Di-4-ANEPPS perfusion staining without washout at low (20X) 
and high magnifications (60X), respectively. C, D: Transverse and longitudinal views of the staining with washout. E, 
F: Di-4 internalisation and internal structure staining at low and high magnifications, respectively. 

Although the internalization was a known characteristic of the dye, fixation was hypothesized 

to fix the dye in place. Fixation however did not prevent internalization and caused severe 

attenuation of the signal. 

 Di-8-ANEPPS 3.5.2

Di-8-ANEPPS (Di-8) is also a cell membrane potentiometric dye (with similar excitation and 

emission to Di-4), however it consists of a large dioctylamino tail which reduces 

internalization (Bedlack et al. 1992). Relative to Di-4, Di-8 is also more lipophilic which 

further increases its stability (Matson et al. 2012). A study by Rohr and coworkers 

demonstrated that less than 40% of Di-8 internalizes into the cytoplasm following initial 
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staining and signal to noise ratios were as high as 40:1 (Rohr and Salzberg, 1994). 

Furthermore Di-8 has been shown to slower internalisation when placed at 4oC (Matson et al. 

2012).  

Di-8 was Langendorff perfused into the tissue using a volume of 10 ml of 10 µM Di-8 (100 

µL of 1mM stock solution Biotium, CA, dissolved in 10 mL of fresh oxygenated Krebs) at 

13ml/min for ~1 minute. The heart was then perfusion flushed of excess dye using 50 ml of St 

Thomas’ solution.  

Subsequent to being flushed with St Thomas’ solution, the Di-8 dye was found to still be 

occluded in the capillaries, perhaps due to the increased molecular weight (593 relative to 481 

for Di-4). In an attempt to push the Di-8 molecule out of the capillaries, a syringe was used to 

flush the heart with St Thomas’ solution as opposed to the gravity-fed Langendorff system. 

However, this also did not improve cell membrane staining. Next, a non-ionic surfactant, 

Pluronic® F-127 (20% Solution in DMSO, 1:2 ratio with Di-8) was added into the reagent 

mixture to solubilize the Di-8. By using the pluronic acid membrane staining improved 

significantly (Figure 3-7). Figure 3-7C shows the distinction of T-tubules while Figure 3-7D 

provides an indication of the complex arrangement of cells and their coupling as well as the 

variability in the cell sizes and shapes. 

http://www.mit.edu/people/tgowrish/tgowrish/research/bibliography.html#bibitem36
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Figure 3-7: Di-8-Anepps staining with pluronic acid. A: Low magnification (20X) view of the cell membrane and 
capillary staining. B: High magnification (60X) view, displaying cell membrane staining. C: T-tubule staining. D: 
Membrane staining highlighting complex organisation of cardiomyocytes.  

Although Di-8 provided clear imaging of the cell membrane, it was also found to internalize 

over a period of days. It was hoped that fixing the tissue with PFA would fix the stain in the 

membrane due to protein cross-linking. Unfortunately, the process of fixation was again 

found to cause dye bleaching and resulted in a loss of cell membrane staining. The inability of 

the ANEPP dyes to withstand fixation was thought to be related to the disruption of the dye 

by the fixative. Di-8 has been used to stain non-fixed cells (Baker et al. 2007), however, little 

information is known about its ability to be fixed. The trials conducted indicate that ANEPP 

dyes are unable to function with fixed cells and also show that they cannot be subjected to 

fixation processes.  

While these methods were unsuitable for the aims of this thesis, the process of trialing the 

ANEPP dyes led to the ability of visualizing the 2D structure of cells in an in vitro tissue 

preparation. Chen et al. (2015) used a process of imaging whole hearts in an in situ 

Langendorff setup with MM 4-64 (a lipophilic dye) to determine the differences in T-tubules 

in infarct regions (Chen et al. 2015). Shah et al. (2014) utilized a similar Langendorff imaging 
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system with Di-8 to determine T-tubule differences (S. J. Shah et al. 2014). We were able to 

use Di-8-ANEPPS to achieve similar imaging results without the need for a complex 

Langendorff imaging setup. Furthermore, an in vitro imaging setup provides the ability to 

image endocardial and midwall regions of the heart as opposed to the limitation of imaging 

only sub-epicardial regions.  

Nevertheless, the inability of Di-8 to remain bound to the membrane made it unsuitable for 

3D imaging and characterisation. Other components such as the ECM and gap junctions were 

yet to be stained and as further staining would increase the processing time Di-8 was deemed 

not appropriate. A dye was required that would be able to withstand fixation and remain 

permanently bound to the cell membranes. 

 Wheat germ agglutinin 3.5.3

Wheat germ agglutinin (WGA) is a relatively robust cell membrane stain that has been used 

in a number of studies (Genet et al. 2012; Seidel et al. 2013). Furthermore, it has been 

successfully used for the staining of skeletal and cardiac sarcolemma to determine cross-

sectional area or myocyte density (Bensley et al. 2016).  

Derived from wheat, WGA marks for glycosides on cell membranes and intercalated discs 

(ICD) by binding to N-acetylglucosamins of sialic acid on membranes proteins. It also binds 

to glycosaminoglycans such as hyaluronic acids found in the extracellular matrix. By 

conjugating fluorescent dyes to WGA, it forms a robust marker for cell membranes (Richards 

et al. 2011). The ability of WGA to bind to both the membranes and ICD made it an ideal 

marker for classification of cellular staining.  

Initially WGA (conjugated with Alexa Fluor 488, Life Technologies, Aus) was perfused at a 

1:100 dilution in 20 ml Krebs solution for ~1 minute (rate of 13 ml/min). The heart was 

subsequently perfused with 50 ml of St Thomas’ solution and finally fixed with 50 ml of 4% 

PFA. 

Using a 488 nm excitation and 515/30 nm band pass filter, WGA stained sections were 

imaged. Results showed that WGA (green) was present following fixation. However, the stain 

itself was found to bind predominantly to the capillaries as shown in Figure 3-8. The capillary 

staining (Figure 3-8) illustrates the intricate capillary network over three different 

magnification views.  
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Figure 3-8: WGA perfusion stained sections at different magnifications. A: Short axis view of capillary staining (4X). 
B: Capillary staining - 20X magnification. C: Capillary staining - 60X magnification . 

To allow WGA to exit the capillaries, solubilizers such as Triton X-100 (0.5%), pluronic acid 

(Sigma) (0.05%) and saponin (Sigma) (0.25%) were added separately into the mixture. The 

addition of the different cell permeabilizers (Figure 3-9A to C, respectively) only resulted in 

minimal improvements. Triton improved the T-tubule staining, however the majority of tissue 

was still saturated by capillary staining (Figure 3-9A). Pluronic acid and saponin caused 

disruption of the tissue by rupturing the cell membranes (Figure 3-9B and C). Additional 

perfusion trials included longer perfusion times to allow the WGA to diffuse through the 

capillary wall. These trials provided little-to-no improvement in cell membrane distinction 

 

Figure 3-9: Effect of solubilization agent on WGA staining. 60x magnification A: Triton 0.5%. B: Pluronic acid 
0.05%. C: Saponin 0.25%. 

Although the perfusion of WGA was unsuccessful in highlighting the cell membranes, the 

staining provided a view of the capillary network in the heart. WGA’s ability to withstand 

PFA fixation and perfusion staining suggested it may be used for capillary network 

characterization of the whole heart. This protocol is currently being developed further in 

another project to characterize whole rat heart capillary network. 
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As perfusion methods did not improve labeling of the membranes and ICDs, the typical 

diffusive process of WGA staining with recommended concentrations was applied to the 

tissue samples. The hearts were excised, sectioned and placed in a solution of 1:100 WGA in 

0.3% Triton and PBS (PBST) and incubated for one hour. This provided the best labeling of 

cell membranes and intercalated discs (Figure 3-10).  

 

Figure 3-10: WGA diffusion staining. 60X magnification A: longitudinal view showing ICD staining. B: Cross 
sectional views of myocytes. 

WGA was able to identify both the cell membranes ICDs, and in addition was also able to 

stain the ECM. By highlighting these three components, the structural characterisation criteria 

mentioned above in Section 3.2 were almost fulfilled. However, although the ICDs could be 

identified using the WGA stain, the staining intensity was quite low relative to that for cell 

membranes. Therefore a specific gap junction stain was applied as an additional stain to 

confirm the ICD locations and thus, cellular coupling.  

3.6 Cell coupling labels 

 Anti-Cx43 3.6.1

Cx43 is the most common connexin (gap junction channel) found in the rat ventricular ICD 

(Walsh 2005). Anti-Cx43 (Life Technologies) is a Cx43 antibody that has been utilized in the 

past to determine changes in Cx43 distribution in cardiac pathology (Jansen et al. 2012). Its 

use also allows gap junctions located in the ICDs to be identified and serves to confirm 

WGA’s ability to mark for ICDs.  
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To test the labels for Cx43, 20 µm sections were obtained after the excision process. Firstly 

the sections were blocked overnight in 10% GS and PBS to reduce non-specific staining. 

Anti-Cx43 (1:500) in 1 ml 0.3% Triton PBS was then applied (with and without WGA) for 2 

hours. Following primary staining, secondary Alexa Fluor 568nm antibodies (Life 

Technologies, Aus) for Anti-Cx43 were incubated at a 1:200 dilution (0.3% PBST with 5% 

GS) for 3 hours.  

Figure 3-11A and 11B show the positive confirmation of Cx43 staining in both longitudinal 

and transverse view of the cells. Figure 3-11C and 11D show that both Cx43 and WGA can 

co-stain intercalated discs. 

 

 

Figure 3-11: CX43 and WGA cell membrane staining in red and green respectively. A,B: CX43 staining in 
longitudinal and transverse views at low (20X) and high magnifications (60X), respectively. C: Cross sectional view 
highlighting the end to end ICD Cx43 localisation. D: Longitudinal view of CX43 staining showing transverse 
coupling between myocytes.  
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3.7 Collagen labels 

The use of PSR was considered in conjunction with WGA and Cx43, however, the acidic 

environment was not favorable for co-staining. Collagen antibodies were also considered, 

however, the very large concentrations required for volume labeling were not suitable.   

 CNA35 3.7.1

During the time of this protocol development a relatively new label, CNA35, a collagen 

binding adhesion protein was published as an effective low cost collagen marker for collagen 

I,III and IV (de Jong et al. 2014). CNA35 is not commercially available and was synthesized 

in-house with help of Dr James Dickson from the School of Biological Sciences, University 

of Auckland. The plasmids encoding for the FP-CNA35 and CNA35-FP proteins conjugated 

with mAmertrine (fluorescent protein) were imported via Addgene (www.addgene.org). The 

plasmid was transformed into E. coli BL21(DE3) competent bacteria (Novagen) to produce 

the fluorescent protein marker using the methods described in Aper et al. (2014) (Aper et al. 

2014).  

To label using CNA35 a 1:100 dilution in 0.3% PBST was applied onto 20 µM sections of 12 

month SHR animal over 3 hours. Tissue was subsequently washed three times in PBS for 5 

mins each. Images of CNA35 stained sections (Figure 3-12) were acquired using a 406nm 

excitation and 515/30 nm filter. Obtaining these images required a significant increase in 

laser power and gain relative to the Alexa Fluor (AF) dyes of WGA and Anti Cx43. 

Additionally, CNA35 fluorescence was bleached over time and with multiple rounds of 

imaging. The CNA35 used for this study was bound to maMertrine, a relatively new marker 

fluorescent protein that is not widely used. maMertrine was chosen based on its wavelength 

compatibility with the other fluorophores, however compared to Alexa Fluor dyes, the 

stability of mAmertrine was not known and was thought to be denatured during the imaging 

process.  
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Figure 3-12: CNA35 fibrosis staining.60x magnification. A: Cross sectional view showing interstitial fibrosis and B: 
longitudinal views showing thin strand of collagen parallel to the cell. 

Although CNA35 fluorescence diminished over time it provided an indication of collagen 

content. However, it was unsuitable for imaging volumes due to its instability. It should be 

noted that conjugating CNA35 to other fluorophores such as Alexa Fluor 488 may enable it to 

withstand processing and imaging. This was not pursued further but could be considered for 

future work.  

 Wheat germ agglutinin - indicator of fibrosis  3.7.2

WGA is known to bind to the extracellular matrix which consists of a large amount of 

collagen. It has previously been used for the detection and quantification of fibrosis 

(Teekakirikul et al. 2010; Emde et al. 2014). The study by Emde et al. (2014) also 

demonstrated a close correlation of WGA with PSR. 

As a further validation of WGA’s ability to mark for fibrosis, a simple imaging trial was 

conducted. 12 month SHR cardiac tissue was diffusion stained with WGA, CNA35 and 

collagen I antibodies and compared to determine co-localisation. Figure 3-13 shows the 

overlay of collagen I antibody staining and CNA35. Although collagen I staining overlaps 

with CNA35, CNA35 covers a larger area which is likely due to its ability to also stain 

collagen III and IV (de Jong et al. 2014). Figure 3-14 shows a similar overlap between 

collagen I and WGA, which again is likely due to WGA binding to multiple markers 

including collagen. Finally, Figure 3-15 displays a close correlation of CNA35 and WGA, 

confirming WGA’s suitability for staining of fibrosis.  

  50µM 
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Figure 3-13: Collagen I and CNA35 staining comparison (image size 212 x 212 µm). A: Collagen I in blue. B: CNA35 
staining in yellow. C: Overlaid collagen I and CNA35 staining.  

 

Figure 3-14: Collagen I and WGA staining comparison (image size 212 x 212 µm).  A: Collagen I in blue. B: WGA 
staining in green. C: Overlaid collagen I and WGA staining. 

 

Figure 3-15: CNA35 and WGA staining comparison (image size 212 x 212 µm) . A CNA35 staining in yellow B: WGA 
staining in green. C: Overlaid CNA35 and WGA staining. 

The co-localisation tests of WGA, CNA35 and Collagen I showed that although WGA was 

also staining for other tissue components, the majority of the stain overlapped with collagen 

(as shown by the CNA35-WGA co-localisation in Figure 3-15). Overall, using WGA, Cx43 

and CNA35 (indicator), the three labeling requirements (cellular distinction, cell coupling and 

fibrotic content) for the characterization of 3D cellular myocardial structure were all satisfied.  

CA B

CA B

CA B
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3.8 Optical mapping label compatibility  

One of the primary aims of this thesis was to be able to characterize both structure and the 

electrophysiology of cardiac tissue. Ideally, to correlate structure and function, the staining 

protocol would need to be applied to tissue after capturing electrical activity. As such one of 

the most robust ways to capture the electrophysiology of hearts is through the use of optical 

mapping techniques.   

To ensure both structural (staining) and electrical functional (optical mapping) experiments 

could be performed together; a heart was perfused with di-4-ANEPPS (10 µM as highlighted 

in section 3.5.1). Following Di-4 staining the heart was perfusion fixed and sectioned. Heart 

sections were then diffusion stained with WGA, Cx43 and CNA35 in PBST 0.3% at 1:100, 

1:500 and 1:100 dilutions respectively. The results (Figure 3-16) confirmed that Di-4 labeled 

hearts could be stained subsequently with all 3 target labels. Furthermore, the internalization 

of Di-4 provided the added benefit of highlighting cell bodies.  

 

Figure 3-16: Longitudinal view of optically mapped tissue  (212 x 212 µm, 60x magnification), stained with WGA 
(green), Cx43 (red), CNA35 (yellow). Low intensity maroon fluorescence due to Di-4 internalisation.  

3.9 Tissue volume labelling  

Although perfusion methods provide even, whole-organ staining, the concentrations required 

to stain a whole heart via this method were excessive. Diffusion was considered the only 

viable method for staining as it could be applied to a relatively small volume of the heart. 
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Primary antibody and stain concentrations required for volume staining were established 

using a graded series of dilutions. Using 2mm-thick transverse rings, different concentrations 

of the stains were trialed to determine the maximum penetration. Maximum penetration was 

visualized by imaging the cut transmural surface of the LV (Figure 3-17). To reduce 

processing times and possible tissue damage, both WGA and Anti-Cx43 penetration trials 

were conducted simultaneously in the same tissue. CNA35 was omitted from these trials as it 

was only used as an indicator. 

 

Figure 3-17: Transverse ring cut through LV for imaging of diffusion penetration. 

Samples were blocked with 10% GS in PBS and permeabilized with 0.3% Triton X-100 in 

PBS prior to staining. The manufacturer recommended 1:100 WGA and 1:500 (Anti-Cx43 

antibody) dilutions were trialled in 2 mL 0.3% PBST and 5% GS. To test the effect of the 

concentrations and their relative penetration into the tissue, double and triple the 

concentrations were also trialled.  

Slices were left in solution for a week to ensure that WGA and Anti-Cx43 were able to 

diffuse through the tissue. To identify the Anti-Cx43 each sample was then placed overnight 

with a 1:200 dilution of Alexa Fluor (AF) 568 secondary in 0.3% PBST and 5% GS solution. 

The diffusion penetration was characterised by imaging the cut surface of the left ventricle 

from the short axis slice as shown in Figure 3-17. Note the concentration of the secondary’s 

were not varied as the 1:200 dilution was assumed to be enough to label all primaries.  

Figure 3-18 illustrates that halving the WGA and Cx43 dilution from 1:100 and 1:500 to 1:50 

and Cx43 1:250 respectively plateaus the depth of labelling. Lower dilutions do not provide a 

significant increase in label penetration. Additionally, lower dilutions were found to 

aggregate on the tissue surfaces resulting in oversaturation on the outer surfaces. Figure 3-18 

also indicates that the Cx43 antibody only penetrates to maximum depth of ~400 µm. This 

Cut surface for imaging 
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was thought to be attributed to the larger size of the Anti-Cx43 antibody. However, as Cx43 

was used only for validation purposes, the 400 µm penetration was assumed sufficient to 

determine coupling.  

 

Figure 3-18: Label penetration based on intensity of profiles relative to the edges of cut surface (Figure 3-17). WGA 
(green) and Cx43 (red) at A. 1:100 and 1:500, B. 1:50 and 1:250, C. 1:25 and 1:100 concentrations, respectively. 
Arrows provide indication of label penertration through tissue. 

Incubation time and temperature (room temperature or 37oC) for diffusion staining was also 

investigated. Optimal duration of diffusion at room temperature (21oC) was found to be 3 

days. Longer diffusion durations did not significantly improve the depth of penetration 

(Figure 3-19), while 37oC resulted in loss of integrity of the sample (Figure 3-20). Addition of 

sodium azide and the use of a more stable temperature controlled incubator may reduce tissue 

Label penetration 
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damage at higher temperatures. However a more extensive study for optimizing the protocol 

was not necessary as the concentrations, temperatures and durations from described trials 

gave sound results. 

 

Figure 3-19: Diffusion of WGA  for A: 5 hours B: 3 days C: 1 week. 

 

Figure 3-20: Changes in morphology with incubation at 37°C, WGA staining in green. 

The trials demonstrated that using a 1:50 WGA concentration, 1:250 Anti-Cx43 concentration 

in 0.3% Triton X-100 PBS, and agitated incubation at room temperature for 3 days provided 

the best staining and penetration. A table of all the stains used and the manufacturers is 

provided below. 
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Table 3-1: Table of antibodies and stains 

Antibody Host Poly/monoclonal/ 

Purification method 

Immunogen Manufacturer Catalog No. 

 

Dilution Manufacturer’s 

quality control 

Anti-Cx43 Rabbit Polyclonal Anti-Connexin-43 Sigma C6219 1:250 IHC rat heart 

Anti-Collagen I Rabbit Polyclonal Anti-Collagen I abCAM ab34710 1:100 Human Placenta 

 

Stains Conjugation Excitation/Emission max Manufacturer Catalog No. Dilution or 

concentrations 

di-4-ANEPPS NA 465/635 Biotium 61010 5uM 

di-8-ANEPPS NA 465/635 Biotium 61012 5uM 

Wheat Germ Agglutinin Alexa Fluor  488 495/519 Life technologies W11261 1:100 

CNA35 mAmertrine 406/526 Addgene 61604 1:50 

 

Conjugate flurophore Host Species Reactivity Target Class Manufacturer Catalog No. Dilution 

Alexa Fluor  568 Goat Rabbit IgG (H+L) Life technologies A11011 1:200 
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3.10 Tissue clearing  

Following the finalisation of stains, clearing processes for increasing tissue transparency were 

explored. Clearing methods can be generally separated into two categories, aqueous or 

solvents forms. Numerous clearing approaches have been developed in the past decade, the 

majority of which have been applied to brain tissue (Kuwajima et al. 2013; Chung & 

Deisseroth 2013; Richardson & Lichtman 2015; Azaripour et al. 2016). To test the suitability 

on cardiac tissue a combination of individual solvent and aqueous based clearing approaches 

were trialled and the results are presented in the subsequent sections.  

 Aqueous based technique 3.10.1

All aqueous-based techniques to date can be categorized into one of the following three 

approaches for homogenizing light scatter. 1) Passive diffusion of solution into tissue to 

match refractive index (RI). 2) Lipid removal process followed by hydration of the sample to 

lower the refractive index and 3) Active electrophoretic or passive removal of lipid followed 

by immersion in a refractive index matched medium. 

CLARITY 

CLARITY (Chung & Deisseroth 2013) is a recently developed aqueous based technique used 

for large volume imaging, with the majority of studies conducted on brain tissue (Spence et 

al. 2014; Epp et al. 2015). One of the main advantages of CLARITY is that once labelled, the 

tissue can be washed of previous labels and labelled with new stains. This enables multiple 

stains and overlapping flurophores to be used. 

We conducted a trial to test the effectiveness of CLARITY on cardiac tissue. A brief 

overview of the protocol is provided below: 

1. Tissue was embedded in a hydrogel skeleton (consisting of Acrylamide) to support 

the tissue and act as gateways for the labels. 

2. Lipids were removed using an active electrophoresis of SDS (Sodium dodecyl 

sulfate).  

3. Sample was immersed in glycerol clearing reagent (RI of 1.45). 

4. Finally the sample was diffusion stained with WGA (1:50) for 3 days. 
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Although active processes were employed in our protocol, passive immersion steps are also 

possible for CLARITY. We used a glycerol clearing solution; however there are a number of 

clearing solutions to produce a transparent sample, the most common of which is 

FocusClearTM. 

CLARITY results 

The results of the CLARITY trial on cardiac tissue were not promising as the tissue was still 

opaque following clearing (Figure 3-21). The process of active clearing and the final 

refractive index matched solution required further refinement. The long processing times, 

high costs of the setup due to the chemicals, and electrophoresis equipment made CLARITY 

an unsatisfactory and inefficient protocol. 

 

Figure 3-21: Opaque short axis slice of clarity cleared rat tissue sample. 

Although a number of CLARITY based papers show cleared hearts (Chung & Deisseroth 

2013; Epp et al. 2015), they do not show staining within these samples. It is unclear whether 

the structures, in particular the cell membrane and collagen, are intact in the cleared heart 

tissue. Furthermore, a recent paper states CLARITY is unsuitable for clearing of tissue that 

contains high amounts of extracellular matrix (Azaripour et al. 2016). Therefore, CLARITY 

was found to be unsuitable for the research of this thesis as the majority of the tissue in this 

body of work was likely consist of a large amount of fibrosis. Considering these factors, 

alternative approaches for clearing cardiac tissue were explored.  
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 Solvent based techniques 3.10.2

Spalteholz (1914) is one of the founding researchers of clearing techniques and created a 

solvent-based method in using a combination of benzyl alcohol (BA) and methyl salicylate 

(MS) (Spalteholz 1914). This solvent based clearing technique was based on dehydration and 

lipid removal. The multiple chemicals and submersions steps produced cleared samples that 

were unparalleled at the time. This led the way for tissue clearing, however the process 

caused damage to the superficial few centimetres of tissue and therefore was only useful for 

clearing larger samples (Steinke and Wolff, 2001).  

Over time methyl salicylate was replaced with benzyl benzoate (BB) in the clearing solvent 

to create benzyl benzoate and benzyl alcohol (BABB) (Murray and Kirsgner, 1991). Murray 

and Kirsgner (1991) found replacing MS with BA provided a better match for the RI of their 

tissues of interest, the oocyte and embryo, and reduce tissue damage (Kelly et al. 1991; 

Klymkowsky & Hanken 1991). Additionally Becker et al. 2017 notes the combination of 

BABB provided faster clearing relative to MS. This was thought to be due to BABBs lower 

polarity (water solubility 0.0154 g/l vs MS 0.7 g/l) enabling better penetration through cell 

membranes (Becker et al. 2017).  

BABB has since been used to clear many different tissue types including cardiac tissue. 

Smith and company (2008) utilized BABB to image and reconstruct 3D myocardial fiber 

organization in mouse hearts (Smith et al. 2008). This work entailed staining of the heart with 

di-4-ANEPPS and used BABB as a clearing procedure to enable imaging and characterisation 

of fiber orientations in samples with a thicknesses up to 3.5 mm. Dodt et al. (2007) also used 

a BABB procedure to image 3D representations of neurons and hippocampi in mouse brains 

(Dodt et al. 2007). Although BABB was successful in clearing many tissue types it has been 

associated with label quenching and some artifacts (Yushchenko & Schultz 2013; Kuwajima 

et al. 2013). The simplicity of the technique, promising clearing (specifically in hearts), and 

published imaging results encouraged the trial of BABB as a clearing method for the cardiac 

tissue samples in this study. 

BABB Clearing protocol 

A relatively simple BABB clearing method was adapted for our staining protocol.  
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1. The heart was excised, as described previously (3.4.1) and cut into 2mm thick short 

axis rings. 

2. The rings were diffusion stained in 2ml of 1:50 WGA and 1:250 Anti-Cx43 in 0.3% 

Triton X-100 PBS for 3 days. 

3. Samples were then dehydrated using 30%, 50%, 75% and 90% ethanol (2 hours each). 

4. Samples were immersed in BABB (2/3 pure benzyl benzoate and 1/3 pure benzyl 

alcohol) over a period of 2 days to allow for full clearing (refractive index of 1.55). 

All diffusion, dehydration and clearing steps were conducted in light-protected 2 ml vials. 

Compared to CLARITY this method was relatively simple as it only required staining then 

subsequent dehydration and clearing to create a sample ready for large volume imaging. 

Figure 3-22 shows the results of a trial of whole rat heart perfusion with BABB. In 

comparison to no clearing (Figure 3-22A) the heart is significantly more transparent 

following clearing (Figure 3-22C). 

 

Figure 3-22: BABB perfusion clearing  A: Rat heart preparation prior to clearing. B: Perfusion clearing using BABB. 
C: BABB cleared cardiac tissue showing increased transparency. D: Cleared short axis slice used for imaging. 

BABB has a refractive index of 1.55, close to that of oil (1.51), making it suitable for using 

with oil immersion objectives. Tissue samples were placed in an acrylic well and submerged 

in the clearing solution and enclosed with a glass slide. A 60× objective was used to obtain 

volumes of typical sizes of 512 × 512 × 180 voxels and a voxel size of 0.41 × 0.41 × 1 µm. 

Accordingly, a tissue volume of 212 × 212 × 180 µm was imaged. Multiple laser lines were 

employed sequentially to limit the effects of bleaching on the tissue. 488nm and 560nm laser 

lines were used to concurrently to excite WGA and Anti Cx43 respectively. The laser 

strength was attenuated proportional to the depth of the focal plane using the NIKON 

software (NIS elements) to account for the effects of depth dependent signal reduction. 

A B C D
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Using the imaging systems and objectives described in section 3.1, the improvement of 

imaging depth post clearing was established. Previously, non-cleared tissue permitted 

imaging depths of a maximum of 30 µm (60X oil objective); with BABB clearing, images in 

normal rat LV tissue could be acquired to the maximum WD of objective of 180 µm (Figure 

3-28). A protocol based on BABB enables the imaging depth to increase by a factor 6. 

Evidence suggest that Figure 3-28 BABB maintains cell membranes and labelling of cell-to-

cell connections.  

However although the clearing protocol increased imaging depths, and maintained the label 

fluorescence, working with the solvent is hazardous due to its ability to deteriorate plastic. 

Additionally, the BABB protocol caused sample disruption with some of the tissue structures 

being pulled apart (Figure 3-23D).  

 

 

 

 

 

 

 

 

 

Figure 3-23: BABB volume stained with WGA (green) and CX43 (red) staining  ~200 µm 3 (0.41 x .41 x 1µm, xyz 
resolution). A: Imaging plane with oblique views of myocytes. B: Side view showing cross sections of myocytes. C: 
End on view showing oblique orientation of myocytes. D: Tissue damage from BABB. 

Methyl salicylate clearing  

Methyl salicylate (MS) has previously been used to clear samples and was noted to reduce 

the damage to tissue relative to BABB (Chamberlain & Tang 2007). This may be related to 

the reduced speed of clearing i.e. slower penetration of the MS relative to BABB as 

A B

C

 50uM 

 10uM 

D



Chapter 3 -Three dimensional characterisation of cardiac cellular organisation and structure 
 

97 
 

 

mentioned previously (Becker et al. 2017). Oldham et al. (2008) observed better fluorescent 

preservation when MS was used as a clearing agent (Oldham et al. 2008). Moreover the 

refractive index of MS (1.54) was slightly closer to that of oil (1.51) compared to the BABB 

refractive index of 1.55. An increased resolving power is found when the objective is 

operated with an immersion medium that closely matches its refractive index. This is due to 

reduction of the spherical aberration and light scattering that are problematic in mismatched 

refractive indices when focusing deeper into the tissue. 

Initially MS was not used with cardiac tissue due to the proven results of BABB with hearts. 

However the noted improvements of MS relative to BABB in other tissues warranted the trial 

of MS for this thesis. By replacing BABB with MS and using the same imaging setup and 

protocol, the clearing showed less cell damage and slightly improved image quality (Figure 

3-24 and Figure 3-25) relative to that observed using the BABB method.   

 

 

 

 

 

 

 

 

 

Figure 3-24: MS volume with WGA (green) and CX43 (red) staining. ~200 µm 3 (0.41 x .41 x 1 µm, xyz resolution). A: 
Imaging plane with oblique views of myocytes. B: Side view of cross sections of myocytes. C: End on view showing 
oblique and longitudinal orientation of myocytes.  
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Figure 3-25: 212 x 212 x 180 µm volume of MS cleared tissue. ~200 µm 3 (0.41 x .41 x 1 µm, xyz resolution). Labelled 
with WGA (Green) and Cx43 (Red).  

The improved image resolution (greater fluorescence) is likely due to the subtle refractive 

changes in deeper parts of tissue (Figure 3-26), while the reduced toxicity and speed of 

clearing was believed to reduce the damage. 

 

Figure 3-26: Resolution at depth 150 µm of BABB and MS. A: MS tissue resolution, showing finer detail and T-
tubules. B: BABB tissue resolution.  
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To further improve quality of the images of the MS cleared samples, the irregular top surface 

of the samples was sectioned with a cyrostat.  

 Cryosection protocol 3.10.3

1. The small sections were washed through a graded series of 10, 20, 30% sucrose for 1 

hour each to protect the tissue from damage during the freezing process.  

2. The sections were then covered with optimal cutting temperature (OCT) embedding 

liquid and placed in a bowl of ethanol.  

3. Subsequently the samples were flash frozen using liquid nitrogen and the top 20μm 

layer was sectioned.  

4. The sample was then thawed and excess OCT was removed.  

By sectioning the surface a smooth imaging plane was produced thereby reducing artifacts 

(Figure 3-27). 

 

Figure 3-27: Cryosectioning comparison  A: Cryosectioned surface imaged at 10 µm depth. B: Non-sectioned surface 
imaged at 10μm depth showing disruption. 

To test the full protocol and imaging depth, a heart was stained with Di-4, WGA, Cx43 and 

cryosectioned using the final processes and concentrations described earlier. It was 

subsequently cleared with MS. The heart was then imaged using a Zeiss LSM510 META 

confocal microscope with a 25× objective (LCI Plan-Apochromat 25x/0.8 Imm Corr DIC 

M27 600uM WD). Images were obtained at 1024 × 1024 × 600 voxels with a voxel size of 

~0.6 µm² in the x and y directions and 1 µm in the z direction (368 x 368 by 500 µm 

volume). Figure 3-28 shows the final volume obtained with defined cell membranes (green) 

A

A B

https://www.fmhs.auckland.ac.nz/en/sms/about/our-departments/biomedical-imaging-research-unit/microscopy-and-imaging/confocal-microscopy/zeiss-lsm-510-meta.html
https://www.fmhs.auckland.ac.nz/en/sms/about/our-departments/biomedical-imaging-research-unit/microscopy-and-imaging/confocal-microscopy/zeiss-lsm-510-meta.html
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and ICD staining (red). The Di-4 staining provides background fluorescence (maroon) which 

highlights the cell body. 

 

Figure 3-28: Methyl salicylate cleared cardiac tissue volume (358 x 358 by 500 µm dimensions, 0.6 x 0.6 x 1 µm 
resolution in X,Y,Z respectively). WGA is green and Cx43 is red, Di-4 background fluorescence (maroon) stains cell 
cytoplasm.  

3.11 Confocal microscopy and analysis  

We concluded as cardiac cells are roughly 10-25 µm in diameter and ~130 µm, volumes in 

the 100 µm3 range were appropriate to determine changes in cellular structural organization 

and coupling in healthy and unhealthy tissue. Hence, the 60× oil immersion lens (NA 1.25, 

WD 180 µm, 212 x 212  µm xy dimensions) with the settings described in section 3.1 was 

used for all data acquisition.  

For further structural analysis, a 4X objective (NA 1.3, WD 16.4mm) was used to image the 

short axis view of the tissue samples. A 488nm laser line was applied to excite the WGA 

(AF488nm) to acquire 1024 × 1024 voxels images at a 6.22 µm resolution (total area 6.36 

mm2). 
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Appropriate beam splitters and filters were applied for spectral separation of fluorescent light. 

Voxel dwell time was kept at 1.4 µs throughout all image acquisitions. All subsequent 

processing and analysis steps, unless stated otherwise were applied using custom MATLAB 

software. 

 Anatomical measurements and fibrosis distribution 3.11.1

Images of the WGA stained short axis sections were stitched together using Image J to create 

a full short axis slice of the tissue samples (Figure 3-29A, example from 18 month animal). 

Initially the tissue was segmented from non-tissue using a binary filter to obtain a mask for 

the short axis slice (Figure 3-29B). Measurements were then taken of the average thicknesses 

of the LV and RV (Figure 3-29B) and lumen area and lumen centroid (Figure 3-29C).  

WGA labels cell membranes and the ECM. Thus the increased image intensity within the 

boundary mask with respect to a threshold indicates the presence of fibrosis (indicated by 

higher intensity dark regions in Figure 3-29A), while the spatial distribution of this signal 

provides information on the nature and extent of this fibrosis. Using a maximum entropy 

intensity filter (Zheng et al. 2017) the higher intensity pixels were segmented to differentiate 

the regions of fibrosis from the rest of the tissue and create a mask (Figure 3-29D). This filter 

was chosen as it was able to duplicate the histogram based WGA fibrosis segmentation from 

Emde et al. (2014) (Emde et al. 2014). For all hearts, the total segmented area of fibrosis was 

normalised with respect to short-axis area to determine the fibrotic percentage.  
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Figure 3-29 Short axis slice representation and measurements. A: Merged WGA stained short axis slice (darker 
intensity pixels indicate fibrosis) B: Tissue segmentation (white), endocardial (green) and epicardial (red) coordinates 
C: Lumen and lumen centroid highlighted by cross D: Segmented patches of fibrosis. 

To quantify and compare the distribution of fibrosis across all hearts, the segmented mask 

(Figure 3-29D) was translated onto a new coordinate system. For each separate individual 

patch in the mask (analogous to patch of fibrosis), its centroid and area was computed. The 

centroid position was then translated into a polar coordinate system based on its polar angle 

and transmural (wall thickness) location relative to the lumen centroid (Figure 3-30A). A 

polar angle of 0o was defined as mid septum and 90 to 270o as the LV. In the transmural field 

0 was the endocardium and 1 the epicardium. Local “densities” of the patches were then 

calculated by discretizing the spatial field into 50 by 50 bins. The resultant field was 

subsequently smoothed using a 2D histogram filter (Eilers & Goeman 2004) to create a “heat 

map” (Figure 3-30B).  
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Figure 3-30: Fibrosis patch distribution and density. A: Intramural location of patches of fibrosis relative to lumen 
centroid. Blue lines indicate identification of patch from lumen centre. B: Heat map of density of the patches in the 
polar coordinate system. Colour scale indicates influence of patch of fibrosis. With red showing influence of 2.5 or 
more patches and dark blue indicating no fibrotic influence. 

The heat map was then resampled to an area of 100 X 360 units in the transmural and polar 

angle axes respectively. A threshold (value of 1, representing influence of one patch) was 

applied to the resampled “heat map” image to quantify the influence of fibrosis and extract 

the connected regions. These connected regions of fibrosis from the heat map in Figure 

3-30B are shown in Figure 3-31A as the white areas. The total and maximum area of these 

connected regions of fibrosis were calculated and normalized. Additionally, these regions 

were skeletonized to determine the maximum and total lengths as shown in Figure 3-31B and 

Figure 3-31C.  

 

Figure 3-31: Mask of connected regions of fibrosis and measurements. A: Mask of connected regions of fibrosis 
(threshold of 1) B: Skeletonised lengths of each separate contiguous region of the mask C: Maximum path length of 
the skeletonised lengths. 
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Each high intensity pixel (darker pixels in Figure 3 29A) was also translated into the polar 

coordinate field to quantify the distribution of the amount of fibrosis. The resulting image 

was discretized into 10 and 12 segments for the transmural and polar axes respectively 

(Figure 3-32). 

 

Figure 3-32: Distribution of fibrosis (individual high intensity pixels of WGA) in circumferential and transmural 
coordinate system. Transmural axes discretised into 10 sections of 0.1 units, while the circumferential axes has been 
discretised into 12 radial sections of 30 o.  

 Cellular organization and architecture 3.11.2

ITK SNAP (Yushkevich et al. 2006) was used to manually segment the high resolution cell 

data into individual cells (Figure 3-33). For each internal cell (whole myocyte in the image 

volume) the longitudinal orientation was determined using the eigenvectors of the covariance 

matrix (Reyment et al 1993). The longitudinal axis and centre of mass of the cell was then 

used to determine the cell cross sectional area. Cell lengths and total cell volumes were also 

measured, while the surface areas were calculated using Minkowski measures (Legland et al. 

2011). 
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.  

 

Figure 3-33: Cell segmentations using ITK SNAP. A: Axial slice of tissue volume. B: Side view of tissue section. 
C: Paraview 3D volume render of the segmentations. 

Distance maps from each internal (whole) myocyte were generated to identify/count all 

myocytes within a distance of 1 voxel (0.41 µm) to the outer sarcolemma. This metric was 

able to provide an estimate of cell coupling i.e. number of neighboring myocytes. 

3.12 Chapter Summary 

This chapter describes the various markers and imaging methods trialed to image large tissue 

volumes. Although a number of markers such as PSR, Di-4 and Di-8 were not utilized in the 

final protocol, they are more suitable for 2D imaging, which may be of use to other 

researchers. Markers such as WGA have been used to stain the cell membranes and collagen, 

while anti-Cx43 was used to identify the location of gap junctions and the distribution of 

these connexins. The markers have been incorporated with an optical clearing technique, 

which helps to match the refractive index of the tissue. The combination of labels and optical 
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clearing has enabled volumes up to ~500 X 356 X 356 µm to be obtained. These markers 

were also able to function subsequent to optical mapping experiments which allow for a 

representation of both electrophysiological functional and structural data. Overall the 

combination of established MS clearing and staining with labels described above allows 

structural changes at the tissue and cellular level to be visualized and quantified. 
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Chapter 4 
 

 Optical mapping and electrophysiological characterisation Chapter 4.
 

In the previous chapter, I outlined the methods created to capture and compare the three 

dimensional cardiac cellular architecture of the three SHR cohorts. However, alongside 

structural characterisation, electrical activation also needs to be quantified and compared to 

provide insights into the relationship between structure and function. Historically, 

extracellular electrical activity on the surface of the heart has been mapped with plaques that 

contain an array of electrodes (Spach et al. 1973). This approach however has a number of 

limitations. 1) Good physical contact between electrode and the curved surface of the heart 

can be difficult to achieve, 2) extracellular potentials (ECPs) are also integrated over 

relatively large tissue volumes, which limits the spatial resolution for identifying local 

activation. Finally, it is difficult to extract local repolarization times from extracellular 

electrograms.  

Optical mapping (OM) methods overcome many of the shortcomings of extracellular 

mapping. In addition, with the advent of cheaper light sources and high speed cameras, OM 

has become the preferred method for studying cardiac electrical activation (Efimov et al. 

2004). The high spatiotemporal resolution acquired from OM have enhanced the 

understanding of complex arrhythmias and served as tools for evaluation of 

electrophysiological differences in diseased hearts. Glukhov and coworkers (2012) were able 

to use OM to show that increased fibrosis, reduced anisotropic regulation and 

phosphorylation of Cx43 were likely to cause arrhythmogenesis (Glukhov et al. 2012). 

Furthermore OM has been used to map both voltage and calcium transients simultaneously to 

demonstrate that end-stage heart failure is linked to heterogeneous remodelling of excitation-

contraction coupling (Lou et al. 2011). With the proven capabilities and advantages of OM, I 

elected to use OM to characterize the electrophysiology of the rats from the three (6, 12 and 

18 month) SHR cohorts. This chapter covers in detail the procedures developed for 

characterizing the electrical activity of the three SHR cohorts using OM, experimental 

protocols and analysis techniques for electrical data.  
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4.1 Optical mapping system and procedures 

A schematic representation the OM system used in this study is presented in Figure 4-1. The 

components of the system, which are described in detail below, were supported on a 

grounded optical table (Newport Corporation, Irvine, CA).  

 

Figure 4-1: Optical mapping experimental setup consisting of LED excitation light, high pass filter and a CCD-
Camera, and a tissue perfusion system. All components were laid out on a grounded optical table. 

Figure 4-2 displays the main components of the organ bath assembly that support the isolated 

rat heart in a temperature-controlled environment. A pivoting backing plate (Figure 4-2A and 

B) which housed the stimulus and electrocardiogram (ECG) electrodes was used as an 

attachment to a 3-axis micromanipulator. The glass windows used to illuminate the heart 

from both sides and view it from the front is shown in Figure 4-2C. 
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Figure 4-2: Organ bath setup for optical mapping. A: Organ bath with backing plate and pivoting ECG cannula 
support. B: Cannula support with pivoting function highlighted C: Organ bath with imaging and illumination 
windows, and heating system. 

The heart was Langendorff perfused via an aortic cannula at a constant flow of 13 ml/min. 

The organ bath and a 250 ml water-jacketed reservoir (Radnoti, US) were used to heat the 

perfusate, while a secondary heat exchanger was present just prior to the aortic cannula. 

Carbogen was diffused through a stone gas diffuser for oxygenation. Bubble traps and 

glass/tygon tubing were incorporated wherever possible to minimise diffusive oxygen loss.  

A unipolar plunge electrode (rigid insulated 800 µm chlorided silver wire) and a 

corresponding reference bath electrode (insulated copper wire) were used for stimulation. To 

obtain the ECG, a three lead ECG system was created from insulated copper wire. The two 

measurement leads were attached to 0.1 mm stainless steel pins. The ECG signal was 

amplified 5000 x (GRASS LP122 AC/DC amplifier) and filtered with a 100 db high-pass 

filter. LabChart Chart Version 8.0 software (ADInstruments) and a PowerLab 25T 

(ADInstruments) data acquisition system was used to control the stimulation electrode and 

monitor the ECG. The 2-channel PowerLab 25T system provided the ability to stimulate the 

heart at a constant current and variable voltage and frequency.  
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The heart was excited using two green light emitting diode (LED) arrays, each consisting of 

four 10 W LEDs (LedEngin LZ4- 00G110, dominant wavelength 525 nm) at the centre of a 

small reflector shield. The arrays were fitted with a heat sink and were driven at a constant 

current of 700 mA from an external power supply (POWERTECH, MP-3087). Light from 

each LED source was passed through a 550 nm short pass filter and blocked when not 

acquiring images to minimise photo bleaching.  

The emitted fluorescent light from the excited heart was captured using a high frame-rate 

electron multiplying charge coupled device (EMCCD) camera (Cascade 128+, Photometrics, 

US) and was controlled by V++ software (Digital Optics Ltd). Excitation light was removed 

with a long-pass filter (565 ± 10 nm). The camera was fitted with a zoom lens (Navitar NAV 

DO-5095) with manually adjustable aperture and 2x close-up lens (NL-2, B+W, DE). These 

lenses provided an imaging field of ~12 x 12 mm2 and a focal length of ~100 mm. The 

aperture on the zoom lens was adjusted to f /2 as this allowed enough light to be collected 

while providing adequate depth of field. Sequences of 4000 images (16-bit resolution) were 

acquired in 2 x 2 binning mode with a frame acquisition time of 1.58 ms. This configuration 

produced images at a final size of 64 x 64 pixels (0.1875mm resolution). 

A signal generated by the EMCCD during exposure was sampled at 10 kHz through the 

Powerlab 25T input. This signal was used to temporally align the sequence of fluorescence 

images with the ECG with an accuracy +/- 5 ms.  

4.2 Electrophysiological characterisation 

A series of common procedures were tailored to differentiate electrophysiological 

characteristics. These included: 

1. Restitution relationships – conduction velocity (CV) and action potential duration 

(APD) relationships with diastolic interval (DI). At rapid heart rates these 

relationships have been viewed as a potential identifier of instability (Cao et al. 1999; 

Wu 2004).   

2. Arrhythmic susceptibility – to provide indication of the likelihood of arrhythmia and 

to compare electrical instability with structural features obtained from imaging. 
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 Pacing protocols 4.2.1

All pacing was conducted using a voltage twice the diastolic threshold at a pulse width of 

2 ms. The first protocol was dynamic pacing (Table 4-1) in which the initial frequencies were 

set greater than sinus rhythm and subsequent frequencies were alternated from high to low 

frequencies in a modulating random fashion to reduce the effect of conditioning of the heart. 

The second pacing protocol (Table 4-2) was again initiated at a frequency just above sinus 

rhythm and the frequency was then progressively increased.  

For both pacing protocols the hearts were allowed to equilibrate at each pacing frequency for 

15 s before OM capture. Additionally, when 1:1 capture was lost, the frequency was reduced 

by 0.1 Hz increments to find a more precise frequency of block.  

 

 Sequence BPM Frequency (Hz) BCL (ms)  Sequence BPM Frequency (Hz) BCL (ms) 
1 140 2.33 429  1 170 2.83 353 
2 145 2.42 414  2 220 3.67 273 
3 280 4.67 214  3 270 4.50 222 
4 213 3.54 282  4 320 5.33 188 
5 246 4.10 244  5 370 6.17 162 
6 314 5.23 191  6 420 7.00 143 
7 179 2.98 336  7 470 7.83 128 
8 348 5.79 173  8 520 8.67 115 
9 420 7.00 143  9 570 9.50 105 

10 384 6.40 156  10 620 10.33 97 
11 480 8.00 125  11 670 11.17 90 
12 432 7.20 139  12 720 12.00 83 
13 456 7.60 132      
14 515 8.58 117      
15 560 9.33 107      
16 600 10.00 100      
17 680 11.33 88      
18 760 12.67 79      

 Arrhythmic susceptibility protocols  4.2.2

Two protocols were used to determine the arrhythmic susceptibility of the hearts. Firstly, a 

programmed sequence of premature stimuli was introduced within the vulnerable "window" 

in the cardiac activation cycle. This replicates the Wellens protocol used clinically to induce 

reentrant arrhythmia (Zehender et al. 1987). Secondly, arrhythmias were triggered using burst 

pacing. For both tests arrhythmic activity was detected by the ECG. The number of cyclic 

Table 4-1: Dynamic pacing protocols. 
 BPM = beats per minute and BCL is base cycling rate  

Table 4-2: Constant pacing protocol 
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events and conditions were noted if arrhythmia was observed.  The arrhythmia was assumed 

to be sustained when more than 15 cyclic events were seen (Lambeth convention). (Walker et 

al. 1988). 

Wellens protocol 

1. A constant pacing rate of 300 ms (S1) was applied for 10 beats and a 10 ms premature 

stimulus (S2) was initiated on the 11th beat. 

2. The S2 stimulus interval was then decreased by 10 ms until no capture was observed.  

3. Subsequently, S2 was increased by 5 ms until capture and reduced by 5 ms until no 

capture. The minimum S2 that was that showed no block was noted. 

4. Using the same S1 and the S2 (from steps 1 and 3), an additional S3 stimulus 10 ms 

less than S2 and was applied.  

5. S3 was processed in the same fashion (Steps 1 to 3) to determine interval of no 

capture.  

6. This process was continued for a further premature beat, S4. 

Subsequent to S4 determination, S1 was reduced to 250 ms and the entire process of S2 to S4 

determination was conducted again. The process was stopped either at the point at which 

arrhythmia was observed or after the S4 was reached, depending on which occurred first. It 

was assumed that four premature stimuli were sufficient to stimulate an arrhythmia in the 

refractory window. The following table displays the steps described above. 

Table 4-3 Modified Wellens Protocol 

Stage S1 (ms) S2 S3 S4 
A 300    
B 300    
C 300    
D 250    
E 250    
F 250    

 Search for refractory CI using incremental steps 

 Use previous S2 and S3 values for same pacing rate 

 Not used 
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Burst protocol 

The heart was paced using a set of increasing frequencies (10, 20, 50 100 Hz) at 

progressively greater stimulus voltages (3, 5, and 7.5 V) until a sustained VT/VF or 100 Hz 

and 7.5 V was reached. The pulse width was set at 2 ms and the burst was applied for 2 

seconds.  

 Effective refractory period 4.2.3

The effective refractory period (ERP) was estimated from the Wellens protocol as the longest 

S2 interval with an S1 train cycle length of 300 ms at which capture was not achieved. 

4.3 Experimental protocol 

Prior to each experiment the perfusion line was flushed sequentially with boiling water, 2 x 5 

min cycles of ethanol and 2 x 10 min cycles of distilled water. Subsequently, to provide a 

reference for the size of the heart, a ruler was placed against the front window of the organ 

bath and a photograph was taken. The camera and organ bath were then fixed into position, 

after which Krebs solution was circulated through the heated perfusion system to allow the 

temperature of the solution to reach ~32oC.  

Following the temperature equilibration the hearts were excised as described in section 3.4.1. 

The hearts were then cannulated via the aorta and flushed with Krebs solution at a rate of 

7 ml/min until the blood was flushed.  

The heart was then orientated such that the left anterior descending artery (LAD) was 

positioned on the left side of the field of view to ensure the majority of the imaged surface 

was LV (Figure 4-3 inset). With the heart still perfused, the apex was carefully sutured with a 

nylon string. Next, the silver stimulating unipolar electrode was inserted through the rear of 

the heart. The electrode was penetrated, with care taken not to rupture any vessels, until it 

was exposed through the front surface near the middle of the LV wall. The exposed electrode 

head was bent slightly and pulled back to hook onto the surface. By penetrating the electrode 

from the back it ensured that the optical datasets were not obscured in any way. The heart 

was placed into the warmed Krebs solution, while ensuring it was pressed flat against the 

front glass window. The suture was then clasped through a hook on the bottom surface of the 

bath to hold the heart in place and reduce motion. Finally the electrodes were placed and 
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fixed into their grooves on the back plate of the organ bath. The two pin ECG electrodes were 

then penetrated into the left and right sides of the ventricular tissue.  

 

Figure 4-3: Optical mapping experimental set up. The placement and orientation of the heart, electrodes, LEDs and 
camera are all displayed. The camera view (top left panel) shows excitation fluorescence viewed through the 565nm 
long pass filter. The red square shows the approximate field of view of the optically mapped dataset. 

Once the heart was immersed in the heated chamber (Figure 4-3), the flow rate was increased 

to 13 ml/min. Five minutes after steady heart rate (~130 bpm), the voltage-sensitive 

fluorescent dye, 10µM di-4-ANEPPS (Biotium, US), (20 µL of 1mM stock solution, 

dissolved in 2 mL of fresh oxygenated Krebs) was delivered to the heart by bolus injection. 

The dye was injected while the perfusion pump was momentarily turned off for a period of 10 

s. No acute changes in heart rate were seen during this period indicating that the preparation 

tolerated the fluctuating perfusion pressure. However, as previously reported (Fedorov 2006) 

a small dip in heart rate (< 30 bpm) was usually observed in the 2 to 3 min following dye 

injection.  

For all experiments, 2 boluses of dye were delivered initially, separated by 3 min. A visual 

confirmation using a 565 nm filter was conducted to ensure the staining was even (Figure 4-3 
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inset). Subsequently, the dye was administered again following the completion of the first 

pacing protocol, usually 30–40 min into the experiment. No OM recordings were taken in the 

5 min following the dye administration.   

 Electromechanical uncoupling 4.3.1

Following the dye administration, the electromechanical uncoupling agent (-)-blebbistatin 

(Focus Bioscience, Aus) was added via the syringe port (12.5µL of 100mM stock 

blebbistatin, in 15 mL fresh oxygenated Krebs) to achieve a final concentration of 2.5 µM. 

Significantly reduced contraction of the heart was observed after 10-15 min.  

Once the contractions of the heart were diminished, the dynamic and constant pacing 

protocols and the Wellens and burst pacing protocols were sequentially applied. For all 

pacing steps, excluding arrhythmia recordings, a sequence of 4000 images (64 x 64 pixels, 

16-bit resolution) were captured at 635.5 Hz. Following the arrhythmic susceptibility tests, 

the hearts were arrested by perfusing with ice-cold cardioplegic St Thomas’ solution and 

subsequently perfusion fixed with 4% PFA and processed for imaging (methods provided 

from Chapter 3).  

 Motion artifact correction 4.3.2

Blebbistatin has been found to be the most effective electromechanical uncoupler, with the 

least effect on cardiac electrophysiology (Brack et al. 2013). At a concentration equivalent to 

2.5 µM (-)-blebbistatin, Fedorov et al (2007) recorded close to 100 % reduction in the 

contractile force produced by isolated rabbit atrial preparations (Fedorov et al. 2007). In the 

present study, this concentration initially produced strong attenuation of motion artifacts 

(Figure 4-4) but this effect has been shown to decrease through the course of the experiment 

(Ashton 2016). Nevertheless, motion suppression was adequate to facilitate accurate 

determination of activation times (ATs).  
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Figure 4-4: Blebbistatin motion reduction. APs recorded from the same location before and 10 min after blebbistatin 
administration. Large magnitude motion artifact is seen pre-Bleb, after the optical AP upstroke (red). 

4.4 Data analysis 

The experimental datasets were analysed using a number of metrics such as conduction 

velocities, APDs and electrical instability. The following sections describe the methodology 

in determining the above metrics.  

 Arrhythmic susceptibility 4.4.1

Burst pacing proved to be the most reliable means of provoking arrhythmia, and sustained 

VT/VF was induced in all hearts using this approach. This was not the case with the Wellens 

protocol. We found that the probability of inducing arrhythmia increased with burst stimulus 

rate and stimulus strength. This is explained by the fact that the likelihood of stimulating 

within the vulnerable window increases with stimulus frequency while increasing stimulus 

voltage a larger volume of myocardium within that window is likely to be activated. We 

therefore created an Arrhythmia Susceptibility Index (ASI) in which the level of provocation 

of burst stimuli is ranked on the basis of the product of voltage and frequency. This ordering 

is presented in Table 4-4. On this scale, burst stimulus level 12 is least likely to provoke 

arrhythmia and, if sustained arrhythmia is induced with this setting, it indicates that the heart 

is highly susceptible.   

 

Motion 
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Table 4-4: Arrhythmic susceptibility index using the burst protocol. Index describes a ranking based on the product 
of stimulus frequency and strength needed to provoke heart instability. 

Arrhythmic index Frequency (Hz) Voltage (V) 

1 100 7.5 

2 100 5.0 

3 50 7.5 

4 100 3.0 

5 50 5.0 

6 20 7.5 

7 50 3.0 

8 20 5.0 

9 10 7.5 

10 20 3.0 

11 10 5.0 

12 10 3.0 

 

A related graded approach to eliciting reentrant arrhythmia was used in Winfree's ‘pin wheel’ 

experiments (Winfree 1989). These experiments were conducted to elicit VT/VF and 

comprise of a sequence of low intensity baseline pacing stimuli, applied at a ventricular site, 

S1, followed by a stronger premature stimulus at a distant site, S2. Using this method Rossi et 

al. (2017) discovered that a progressive increase in premature stimulus strength induced 

unidirectional block and reentry (Rossi et al. 2017).  

The exact relationship by which a strong premature stimulus creates instability is not fully 

understood. However the importance of both premature stimulation and stimulus strength in 

arrhythmic susceptibility has been highlighted by numerous studies (Chen et al. 1988; 

Sidorov et al. 2007; Yang et al. 2007; Rossi et al. 2017). The basis of stimulus strength in re-

entry induction has been associated with graded responses, which develop when premature 

electrical stimuli are applied in the relative refractory period. The term graded indicates that it 

is not an all-or-nothing response but is associated with stimulus strength (Efimov et al. 2009). 

With higher stimulus strengths, the amplitude and duration of the graded responses increase, 

which in turn prolongs refractoriness and creates heterogeneous excitability, thereby 

facilitating re-entry induction (Chen et al. 1993). Furthermore premature ventricular stimuli 

generally require a certain volume of tissue to be excited to overcome source-to-sink 



Chapter 4 – Optical mapping and electrophysiological characterisation   
 

118 
 

mismatch and propagate. Stronger stimulus strength induces a larger volume of tissue to 

become a source of excitation, increasing the likelihood of premature propagation (Morita et 

al. 2014). This in turn may facilitate re-entry, if areas of block are encountered.  

 Optical mapping data smoothing 4.4.2

All post-processing of optical data was conducted using custom MATLAB software. Emitted 

fluorescence intensity signals were inverted because they are opposite in sense to 

transmembrane voltage (Loew, 1996).  

Care was taken not to over filter the data. Laughner et al. (2012) illustrated noticeable 

reduction in optical action potentials upstroke velocity with an increase in the number of time 

points averaged using a moving-average filter. This introduced error in the estimates of 

activation times (Laughner et al. 2012). 

Gaussian smoothing was used to blur images and remove detail and spatial noise and 

improve the signal to noise ratio (SNR). A Gaussian profile was applied to the pixels set by 

sigma (σ) , a radius variable defining the distance (in pixels) at which the profile reached      

e(−0.5) or 61% of the central pixel intensity value. Of the multiple parameters tested, a window 

size of 5 x 5 pixels and σ of 0.5 performed the best smoothing (Ashton 2016). 

A temporal Savitzky–Golay filter was also applied to reduce high-frequency temporal noise. 

For the optical traces a third order polynomial fit provided the most efficient smoothing. The 

filter is well suited to smoothing OAPs because of its flat pass-band and modest stop-band 

attenuation which tends to preserve the features of the peaks in the signal waveform (Schafer 

2011). 

 Beat detection and cycle length measurement 4.4.3

Using derivatives and a set threshold (average intensity of the data), the peaks of the APs 

were identified. Peak amplitude was also measured relative to baseline and was computed for 

each pixel as the maximum fluorescence intensity over 15 frames (23.7 ms) immediately 

preceding the upstroke.  
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 Activation times 4.4.4

Ventricular ATs were derived from the optical signals based on maximum gradient of the 

optical action potential (OAP) upstroke (dF/dtmax, Figure 4-5A). The dF/dt method performs 

well with measurements of uniform or slightly non-uniform local propagation of activation 

(Spach & Kootsey 1985). Although other methods such as 50 % of max and baseline of the 

AP upstroke (AP50) provides better estimates in situations where narrow conduction 

pathways connect into larger areas of tissue (Fast & Kleber 1995), Walton et al. (2012) 

demonstrated a better correlation of dF/dt with electrical measurements. Time calculations of 

AP50 activation increased the relative errors for the longitudinal and transverse directions 

relative to dF/dt and was thought to likely skew the estimated anisotropy of conduction 

velocity (Walton et al. 2012).  

 Activation maps 4.4.5

The initial second of pacing was discarded to allow the pacing to stabilise. Subsequently, 5 to 

10 beats were chosen depending on frequency since slower frequencies consisted of a lower 

number of beats captured in the OM dataset. For each beat the initiation of activation was 

determined from optical signals by marking the time of maximum gradient (dF/dtmax) during 

the entire OAP upstroke (Laughner et al. 2012) to create 5-10 activation maps for each 

frequency. 

Image frame rate (initially 1.58 ms) was resampled so that 1 ms activation isochrones could 

be obtained directly. Activation time maps were smoothed using a 4 x 4 averaging filter 

(Figure 4-5B). 
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Figure 4-5: Activation time and maps from a rat heart. A: calculation based on dF/dt locations B: Resultant 
smoothed activation map displaying the first 20 ms. 

 Action potential durations 4.4.6

The peak amplitude for each beat was determined relative to the baseline. APD 25,50,70,90 

was calculated using the time at which the down-stroke of the action potential (AP) had 

recovered to the respective percentage toward the baseline (Figure 4-6). The APD’s were 

computed for the entire surface of the heart at each pacing frequency. 

 

Figure 4-6: APD approximations of a typical action potential. 
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To calculate the spatial dispersion of APD, or dispersion of repolarization, the 70% 

repolarization was estimated based on the heterogeneity index, μ using Equation 4.1 (Smith 

et al. 2012; Annoni et al. 2015): 

 

µ =
APD95th − APD5th

APD50th       Eq (4.1) 

 
APD5th and APD95th represent the 95th percentile and 5th percentiles respectively of the APD 

distribution, respectively, while APD50th is the median of the APD distribution across the 

spatial area (Annoni et al., 2015). 

 Conduction velocity and anisotropy 4.4.7

Ellipsoid fitting of isochronal epicardial activation maps has been shown to provide a useful 

measure of fibre orientation and maximum conduction velocity (Kanai & Salama 1995). 

Normally the shape of activation isochrones can include multiple concavities and convexities 

that mask the true fibre direction. Utilising the principal axes of the ellipsoid approximation, 

both fibre direction and maximum CV can be estimated using the major axes, while the minor 

axes provide an indication of the direction of the slowest CV. Using this approximation 

Ghazanfari et al. (2014) have shown that the major and minor ellipsoid axes correlate well 

with experimental and simulation data of longitudinal or fibre (fastest) and transverse 

(slowest) axes respectively(Ghazanfari et al. 2014).  

An ellipsoid approximation tool developed in MATLAB was applied on the optically mapped 

LV epicardial datasets from this study. For clarity purposes the major and minor ellipsoid 

axes herein will be referred to as the longitudinal and transverse axes. Figure 4-7A shows 

ellipsoid approximations for the first six isochrones of an activation map and the longitudinal 

and transverse axes. Figure 4-7B illustrates the initial angle change in activation spread, 

shown by the shift in the green longitudinal axis line. 

 

https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4873636/#phy212786-bib-0026
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4873636/#phy212786-bib-0001
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Figure 4-7: Ellipsoid approximations of the longitudinal and transverse axes. A: Activation map with the first 6 
isochrone represented by an ellipsoid. Enlarged view illustrates ellipsoid fitting of the isochrones. B: Coloured 
representations of the first 6 isochrones. 

CVs along the longitudinal and transverse axes were estimated using the Euclidean distance 

between successive isochrones (see Figure 4-8). The anisotropy ratio was calculated by 

dividing longitudinal CV by transverse CV. The number of isochrones chosen for CV 

measurements, accounting for possible inaccuracies is described in the following section. 

 

 

Figure 4-8: Conduction velocities measurements . Calculated using axes orientations and Euclidean distances 
between isochrone intercepts. Colour coded isochrones from 1 ms (dark blue) to 6 ms (orange). Enlarged section of 
longitudinal CV calculation showing the isochrones intercepts for the 6 isochrones. Each number corresponds to the 
distance in 1 ms between the isochrones.  
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CV estimation- limitations and validation 

Before applying the ellipsoid approximation and CV analysis to the datasets a few limitations 

of OM were considered. Firstly, curvature of the heart has been shown to alter the electrical 

propagation dynamics and overestimate the CV measured from optical recordings (Gilbert et 

al. 2012; Ma et al. 2014). However, apparent epicardial CV can be an accurate representation 

of the actual conduction wave front propagation when almost parallel to the epicardial 

surface (Lou et al. 2008). 

Previous studies (Salama et al. 1987; Sill et al. 2009) have minimised the effect of the 

curvature by pressing the heart surface flat against the imaging plane. Accordingly, the hearts 

for this study were also held flat against the imaging window and only regions that were 

considered to be flat were utilised. Analysis of multiple optical recordings showed that areas 

pushed flat against the imaging plane displayed high overall intensity relative to the other 

areas of the heart. Hence, the areas used for the calculation of the CVs were based on 

choosing areas with high intensity.  

Only one side of each of the axes i.e. L1, L2 or T1,T2 (Figure 4-9B) relative to the site of 

activation was chosen for CV calculations. The high intensity criterion was again used for 

choosing the appropriate side. Figure 4-9 shows an example of the intensity criterion where 

axes T2 and L1 were selected as the transverse (lead to the apex of heart) and longitudinal 

axes (directed towards the RV), respectively (Figure 4-9). The region where the LV connects 

to the left atrium was not used.  

  

Figure 4-9: Axes selection for CV estimation. A: Camera view showing the heart pressed up against the glass imaging 
plane window with the electrode position. B: Optical mapping image showing the increased intensity of the area 
pressed against the imaging glass. L indicates longitudinal axes and T is transverse. 
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In addition to curvature effects, as the spread of electrical activity propagates further from the 

point source, intramural fibre rotation deeper in the tissue alters the optical signal and the 

detected activation deviates from the true representation of the surface electrical activation 

(Franzone et al. 1993). It has been stated that to obtain accurate CV results the measurements 

should be taken proximal to the stimulation site (Bernus et al. 2004). Otherwise, the data is 

likely to be distorted due to the acceleration of propagation in the transverse direction caused 

by the intramural fibre rotation (Knisley 2000). Furthermore, Ghazanfari et al. (2012) 

demonstrated that there was little to no change in angle differences in stimulation from 

varying depths for the first 5 ms (Ghazanfari et al. 2012). Hence, for the present study to 

minimize the effects of intramural fibre rotation, only early activation spread of up to 4 ms 

was used for the analysis.  

The accuracy of the ellipsoid approximation of the longitudinal and transverse axes and 

resultant CV measurements were validated using an independent CV analysis tool, ORCA 

(Doshi et al. 2015). ORCA calculates CV through a selected axis in regions of linearly 

incremented activation times. By varying the angle of the axis ORCA is able to determine CV 

across 360o and thus, the perceived longitudinal or fibre direction i.e. fastest CV.  

The ORCA tool showed good correlation of the orientation of the longitudinal and transverse 

ellipsoid axes with the maximum and minimum velocities. Figure 4-10C shows one such 

example where the average angles from the ellipsoid approximation for the two longitudinal 

and transverse axes were 52°and 145° (Figure 4-10A), respectively. These values were within 

5° of the fastest and slowest CV values determined by ORCA  which were 55° and 145°, 

respectively (Figure 4-10C). The longitudinal (0.94m/s) and transverse CV (0.44 m/s) 

calculated over the four isochrones were also similar to that calculated from the ORCA 

program (0.96 m/s, 0.47m/s).  
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Figure 4-10: ORCA validations of ellipsoid axes and conduction velocities. A: 6 ms isochrone representation with 
longitudinal and transverse axes and angles. The horizontal line has been designated 0°. B: Activation map with 
angles representing the longitudinal and transverse velocities in C. C: Angular CV values determined by ORCA. 

 Alternans  4.4.8

Alternans rhythms typically occur at high stimulus frequencies and describe beat to beat 

alternation of electrophysiological measures such as AT, AP amplitude or APD (Pastore et al. 

2006). APD alternans is commonly assessed in optical mapping, but is also subject to error in 

studies with rats and mice. The reasons for this are as follows. The APD for any given optical 

AP recording is estimated as the time ∆F exceeds a specified fraction of the difference 

between baseline and peak depolarisation (as outlined in section 4.4.6). Both these measures 

have associated uncertainty which increases the potential error. Furthermore, the exponential 

shape of the murine AP during repolarisation amplifies errors due to noise when estimating 

later repolarisation times for measures such as APD70 or APD90. These errors are again 

compounded when alternation of AP morphology occurs. Two typical optical records in 

which alternans rhythms is evident are presented in Figure 4-11. In both, a delayed version 

(red) is overlaid on the initial record (blue) and aligned to maximise correspondence during 

repolarisation.  
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Figure 4-11: Beat to beat alternation in OAP amplitude and activation time. A: 6 beats trace highlighting the two 
beats that were aligned based on AT. The blue and red lines indicate the time intervals that were overlapped B: 
Alignment of beats 1,2 and corresponding OAP amplitude alternation. C: Alignment of additional trace showing AT 
or CV alternation. Stars highlight alternating patterns. 

APD alternans rhythm is clear in both Figure 4-11B and C, but it is noteworthy that the 

repolarisation times are relatively stable and that APD variation is the result of differences in 

APD amplitude and activation timing. Beat-to-beat differences are often masked when APD 

is estimated in the conventional way, but are captured in a more robust fashion when 

successive differences in AP amplitude and AT series are estimated. 

 

Using OAP amplitude and ATs the onset of alternans was calculated. This alternans threshold 

was defined as the longest pacing interval where we observed beat-to-beat differences (over 6 

beats and the visible LV surface) greater than ±10 ms in ATs or when differences were >1SD 

for the mean OAP amplitude. Alternans was classified as concordant (uniform spatial 

distributions of OAP amplitude and/or AT alternating on a beat-to-beat basis) or discordant 

(non-uniform spatial distributions of amplitude and/or AT with opposite beat-to-beat 

polarity).  
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To investigate possible mechanisms implicated in the failure of 1:1 capture, alternans was 

also characterised at frequencies marginally less than that at which capture was lost. 

Sustained stimulation at this rate eventually led to 2:1 block. In addition to the alternans 

characterisation, the activation spread was also investigated. Figure 4-12 demonstrates steps 

in the generation of difference maps of OAP amplitude and AT for successive beats. AT 

maps of each beat are shown in Figure 4-12B. Figure 4-12C presents the beat-to-beat 

differences in OAP amplitude and highlights OAP alternans (red indicates an increase and 

blue decrease in relative amplitude, between successive beats). Figure 4-12D shows the 

corresponding alternation in AT differences (red indicates a relative delay and blue a relative 

increase in AT). 

 

 

Figure 4-12: Alternans characterisation using amplitude and activation differences. A: Activation map prior to beat 1 
with subsequent OM beat trace. Red circle highlights location of trace. B: 3 beat activation map with 2 ms isochrones 
and 50 ms colormap. C: Each box represents relative amplitude differences between subsequent beats i.e. first square 
represents relative amplitude between beat 1 and previous beat, while last square relative amplitude represents the 
between beat 3 and 2. D: Activation differences between subsequent beats. Red is delay in activation and blue is 
increase in activation speed 
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4.5 Chapter Summary 

This chapter highlights the OM data acquisition and analysis used to characterize the 

electrophysiology of the SHR hearts. By applying the identical processes to each heart and 

comparing the subsequent results, the relative changes with disease progression can be 

elucidated in greater detail than has previously been possible. In combination with the MS 

clearing and staining described in Chapter 3, the electrophysiological measurements 

presented here permit a deeper understanding of structure and electrical function 

relationships. Both methods were applied to three SHR cohorts and the results are presented 

in Chapter 6. Prior to the presentation of those results, the following chapter describes an 

additional investigation of optical mapping techniques and details the development of a novel 

post processing motion artifact correction tool. 
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Chapter 5  
 

 Image-based motion correction for optical mapping of Chapter 5.
cardiac electrical activity 
 

One of the main limitations of optical mapping is the presence of motion artifacts. To 

overcome this issue mechanical uncouplers are widely used. However studies indicate 

blebbistatin may affect electrophysiology (Swift et al. 2012; Brack et al. 2013). Ideally, to 

provide the closest representation of invivo electrical activity, a near physiological 

environment is preferred. This chapter presents a novel post-experimental signal and image 

processing method to significantly reduce motion artifact from optical recordings of electrical 

activity in cardiac tissue without the use of any mechanical uncouplers. The material 

presented in this chapter is in the form of a journal article published in the Annals of 

Biomedical Engineering (Khwaounjoo et al. 2014). Note that this study was supplementary to 

the main HHD progression investigation and the tool was not applied to the SHR cohorts.  

5.1 Introduction 

Fluorescent probes have been used in cardiac physiology for in vitro recording of parameters 

in cells and intact tissues for more than forty years. Membrane-bound potentiometric dyes in 

which fluorescent emission is modulated by changes in membrane potential (Salama & 

Morad 1976) and calcium indicators where fluorescence is affected by changes in 

intracellular calcium concentration(Efimov et al. 2004) have been utilized most widely in this 

setting. With appropriate detectors, these signals can be mapped in arrays of cultured cells or 

over the surface of the heart. This approach has the advantages that no physical contact is 

required, and high spatial and temporal resolution can be achieved.(Efimov et al. 2004).  

With optical mapping of intact cardiac tissue, fluorescence is not simply acquired from the 

surface immediately below the pixels in the photodetector array. Depending on wavelength, 
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excitation light penetrates several millimeters into the myocardium. When fluorophores relax 

to their ground state the photons emitted undergo multiple scattering events before they leave 

the surface. As a result, signal is collected from a relatively widely distributed tissue 

volume.(Bishop et al. 2007).  

Optical signals are also affected by the contraction of the heart and by photobleaching 

(Knisley et al. 2000). Signal variation that is due to contraction of the heart rather than the 

physiological parameter of interest is referred to as motion artifact. When the heart wall 

moves as a result of contraction, the fluorescence collected by each pixel in a fixed photo-

detector array originates from changing locations in the heart through the cardiac cycle; (Kay 

& Rogers 2003) that is spatial registration of the heart relative to the detector is lost. 

Furthermore, if background fluorescence is spatially nonuniform, heart wall motion can 

generate substantial variation in the fluorescence recorded at individual pixels independent of 

membrane potential modulation (Svrcek et al. 2009)..  Finally, contraction causes artifact even 

when the effects of rigid body motion are accounted for, possibly as a result of wall thickness 

variation and transmural photobleaching gradients (Hooks et al. 2001). 

Motion artifact is most commonly suppressed with electromechanical uncoupling 

agents(Efimov et al. 2004), such as cytochalasin D, 2,3-butanedione monoxime (BDM) and, 

more recently, blebbistatin (Fedorov et al. 2007). Cytochalasin D and BDM alter cardiac 

electrical properties, (Biermann et al. 1998; Qin et al. 2003), although the effects of 

blebbistatin are less marked (Fedorov et al. 2007; Brack et al. 2013), Independent of this, it is 

necessary in some studies to map electrical activity in the beating heart. Ratiometric dyes 

have also been used to reduce motion artifact in these circumstances (Knisley et al. 2000; 

Hooks et al. 2001; Tai et al. 2004), but this does not account for registration uncertainty 

introduced by heart wall motion. 

In this Chapter, we describe a novel, post-experiment image processing method that corrects 

dynamic optical electrical maps for heart wall motion and reduces artifact associated with 

contraction. This is done in three steps: 1) the signal component in each pixel associated with 

the motion of nonuniformly distributed background fluorescence is estimated, 2) a non-rigid 

image registration method is used to estimate local motion and stabilize the image throughout 

the cardiac cycle, and 3) temporal filtering is applied at each pixel to minimize residual 

artifact. This approach has been applied to 18 optical maps from 8 rat hearts in which 

electromechanical uncouplers were not used and action potentials were entirely masked by 
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motion artifact in many regions. Robust activation time (AT) and action potential duration 

(APD) maps were produced in all cases with a >4 fold improvement of signal to noise ratio 

(SNR) across all data sets. 

5.2 Methods 

 Isolated heart preparation 5.2.1

All procedures were performed according to the guidelines of the University of Auckland 

Animal Ethics Committee. Rats (n=8, 18 experimental records) were anesthetized and their 

hearts were quickly excised and immersed in cold (4°C) phosphate buffered saline (PBS). 

The coronary circulation was perfused at a constant flow rate with modified Krebs-Hensleit 

solution (mM NaCl 118, KCl 4.75, MgSO4 1.18, KH2PO4 1.18, NaHCO3 24.8, Glucose 10, 

CaCl2 2.5) using a micro-perfusion pump. The hearts were allowed to beat spontaneously for 

30 minutes and the coronary circulation was loaded with 5x10-2 µM of the membrane 

potential-sensitive dye di-4-ANEPPS (Molecular Probes) at 1 µM/L in room temperature 

oxygenated Krebs solution. This process was repeated if epicardial staining was patchy or of 

low intensity. The endocardial surface of the left ventricle (LV) was exposed by meridional 

transection along the posterior margin of the free wall (Figure 5-1B). 
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Figure 5-1: Optical mapping and motion correction. A: Schematic of the experimental apparatus. B: LV endocardial 
surface exposed following transection. C: Fluorescence image (normalized intensity) acquired from di-4 ANEPPS 
stained heart in B. D: Raw fluorescence signal at a typical pixel in C. The red trace overlaid on the signal is an initial 
estimate of the signal component due to background fluorescence. Here, the time window containing the AP is 
replaced by a linear segment.  E: Estimated background signal component from D after application of low-pass filter. 
F: Registered fluorescence signal at this pixel following image stabilization. G: Signal in F following subtraction of 
residual artifact. 

The heart was pinned to a silicon back plane (SILGEL, Dow Corning) in an organ bath 

(Figure 5-1A) which was then filled with Krebs-Henseleit solution. Perfusate temperature 

was regulated at 36±1°C, while the temperature of the bathing solution was controlled 

separately with a counter-current heat exchanger. The organ bath assembly was attached to a 

3-axis micro-manipulator so that the heart surface (epicardial or endocardial) could be 

positioned within the field of view of the video camera. The 18 experimental records were 
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comprised of 14 endocardial and 4 epicardial recordings. Data from both surfaces were 

binned into a single set for analysis.  

 Optical mapping 5.2.2

The heart was excited by two green light emitting diode (LED) sources directed through the 

side glass windows in the organ bath (Figure 5-1A). These were constructed by fixing an 

array of four 10W LEDs (LedEngin LZ4-00G110, dominant wavelength 525 nm) at the 

center of a small reflector shield.  Light from each LED source was passed through a 550 nm 

short pass filter and was blocked by a shutter when not recording.  

Emitted fluorescent light was acquired with a charge multiplying CCD camera (Photonics 

Cascade 128+) controlled by V++ software (Digital Optics Ltd). Excitation light was 

removed with a long pass filter (565±10nm). The camera was fitted with a zoom lens 

(Navitar NAV DO-5095) and 2x close-up lens (B+W, NL-2) providing an imaging field ~12 

x 12 mm2. Sequences of 2000 images (128x128 pixels, 16 bit resolution) were recorded at a 

sampling interval of 2.5 ms. A range of pacing rates from 100 ms to 210 ms were used. At 

these rates APD restitution was not observed. 

 Image registration and artifact correction 5.2.3

A typical video frame is presented in Figure 5-1C together with the signal at a representative 

pixel in Figure 5-1D. We hypothesize that a significant fraction of the artifact recorded at 

individual pixels is due to movement of non-uniform background fluorescence on the heart 

surface with respect to the CCD array. It follows that appropriate registration of pixels 

throughout the cardiac cycle will not only enable electrical activity to be associated more 

precisely with specific heart surface regions, but should also minimize motion artifact. While 

non-uniform background fluorescence contributes to artifact when the heart moves, it also 

provides features that can be used for motion correction. Therefore, we have sought to 

estimate background fluorescence in successive frames and then to stabilize this background 

image stack, with respect to a reference frame, using a non-rigid image registration algorithm. 

The resultant image deformation was used to estimate the in-plane location of points on the 

heart surface, so that the total fluorescence acquired at each pixel could be mapped frame-by-

frame to an appropriate reference location. Finally, residual motion artifact in the resultant 

signal at each reference pixel was identified and removed. Image and signal processing were 
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carried out using custom-written Matlab applications (The Mathworks Inc, Natick, Mass, 

USA). A more detailed account of the steps involved is given below. 

Step 1: Background segmentation: A background image stack was generated by estimating 

the motion component of the signal at each pixel throughout a video record. A multi-scale 

filtering process that exploits temporal differences between activation and contraction was 

used. The upstroke of the action potential (AP) is abrupt and its duration is relatively short, 

whereas motion due to contraction occurs throughout the cardiac cycle and is characterized 

by lower frequencies (Figure 5-1D). The onset of activation in each cardiac cycle was 

identified from the maximum rate of change of normalized fluorescence intensity. The signal 

was replaced by a linear segment in a time-window which contained the AP. Window 

duration (typically around 80 ms) was set for each dataset as the mean APD of signals with 

low motion component, plus a fixed temporal offset of 5 ms. A low motion component could 

be determined on the basis of high SNR or through a feed-back loop following an initial 

image stabilization. The modified signal was filtered with a Savitsky-Golay (Savitzky & 

Golay 1964) low-pass filter (a generalized moving average method) to remove high-

frequency noise (Figure 5-1E). These signals are combined to form a stack of estimated 

background motion images.  

Step 2: Motion estimation and image stabilization The ‘active force’ demons algorithm 

(ADA)(Thirion 1998; Wang et al. 2005) was used to deform each frame in the background 

stack to best match a reference image. A layer of 4-6 pixels around the boundary were not 

utilized as these points potentially drift into and out of the field of view. With the non-rigid 

registration method, pixel displacement is driven by intuitive image "forces" at each pixel in 

the moving image M. These "forces" are based on the optical flow equation (Horn & Schunck 

1981) and they arise from intensity differences between M and the reference image R, as well 

as intensity gradients in both. Pixel displacements are evaluated iteratively until the net 

"forces" associated with differences between M and R are minimized. Horizontal and vertical 

displacements of pixel u at iteration 𝑗, 𝑢𝑥
𝑗  and 𝑢𝑦

𝑗  , are given by: 

  

   

 

 

Eq (5.1) 

 

Eq (5.2) 
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where 

and 𝑚�𝑗 and �̂� are intensities at that pixel in M and R, respectively. The vectors (𝑚𝑥
𝑗 , 𝑚𝑦

𝑗 ) and 

(𝑟𝑥, 𝑟𝑦) are the corresponding image gradients in M  and R, and α is a weighting factor that 

enables the user to control the balance between speed and accuracy of registration.  

Pixel displacement was evaluated throughout M and the displacement field was regularized at 

each iteration using a Gaussian filter, which reduced noise and produced a uniform 

distribution of pixel displacements. Iterations were terminated when the relative difference 

between successive displacement vector norms, i.e. ���𝒖𝑗+1� − �𝒖𝑗�� �𝒖𝑗�� �, was less than 

0.05%. A maximum bound of 200 iterations provided acceptable image stabilization when 

convergence was slow (Kroon & Slump 2009). 

The variance of the Gaussian filter was set to 10 pixels (appropriate for the smallest image 

features) with window dimensions of 60X60 pixels. The weighting factor α = 6.0 provided 

efficient stabilization without creating additional artifact. A diastolic reference image, R, was 

selected (Figure 5-1E) and the deformation field for successive frames in the background 

image stack was used to map intensities back to the appropriate pixels in R, thereby 

generating registered fluorescence signals as illustrated in Figure 5-1F. 

Step 3: Minimization of residual artifact Typically, some residual artifact remained in the 

registered image stack (see Figure 5-1F). This was reduced by reapplying the techniques 

outlined in Step 1, above. The motion component was estimated at each pixel and then 

subtracted to stabilize the base-line (Figure 5-1G). 

 Metrics 5.2.4

To assess the effectiveness of artifact correction, we quantified the extent of pixel 

displacement in background image stacks before and after image stabilization. Displacement 

vectors for each pixel were accumulated and Euclidian distances between starting and 

termination locations were determined. The ADA was re-applied after image stabilization to 

estimate residual displacements at each pixel. The SNR was defined as the AP amplitude 

divided by the amplitude of the estimated motion component (see Figure 5-1D). The latter 

was identified at each pixel prior to image registration, as well as before and after residual 
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artifact correction, providing an SNR estimate at each stage of the correction process. AT was 

estimated as the time to 50% of AP extent. Repolarization was characterized by estimating 

APD25, APD50, APD70 and APD90 (the times to recover 25%, 50%, 70% and 90% of initial 

AP extent, respectively, - Figure 5-1G). AT and APD measures at each pixel were averaged 

over all cycles. 

5.3 Results 

 

Figure 5-2: Motion of background intensity features before and after image stabilization. A: Displacement of 
background features in subregion (see box in upper left image), relative to reference pixel (indicated by crosshairs). 
Frames in the subregion before and after motion stabilization are separated by intervals of 80 ms. B: Maximum 
displacements across full frame in A before and after (ADA reapplied following stabilization) image stabilization (left 
and right, respectively). C: Distribution of feature displacement in all 18 data records before and after motion 
stabilization. 
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The effects of image stabilization over a typical experimental time series are illustrated in 

Figure 5-2. A typical endocardial intensity feature, initially centered in the box in Figure 

5-2A, clearly moves within the imaging field before stabilization, but remains relatively 

stationary afterward. Maximum displacements across the field before and after image 

stabilization is presented in Figure 5-2 (left and right, respectively). Pixel motion throughout 

the image series (0.23 ± 0.11 mm in the raw images) was substantially reduced after 

stabilization (to 0.07±0.03 mm). Pixel displacement distributions before and after image 

stabilization for all 18 experimental records are represented in Figure 5-2C. Median and 

upper-quartile values were considerably reduced and motion was decreased in 92% of pixels 

by up to 0.95mm.  

 

 

Figure 5-3: Fluorescence signals at four pixels surrounding a background image feature (see box in upper left hand 
full frame image). At each pixel, the raw signal is compared with corresponding signals after image stabilization and 
after removal of residual artifact. 

Signals from four pixels adjacent to an endocardial region with high boundary/edge gradients 

are shown in Figure 5-3, before and after correction. While activation can be detected in most 

of the raw signals, repolarization is completely masked by substantial artifact. This artifact 

was markedly reduced by image stabilization and residual artifact was further reduced in the 

final correction step. Additional data is shown in the Appendix in Figures A1-A3. Over all 18 

experimental records, image stabilization and correction enabled activation to be detected in 

24% more pixels than in the raw data. 
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Figure 5-4: Effects of correction process on signal-to-noise ratio (SNR). A - C SNR (range saturated at 2 across image 
field in one heart, before correction, following image stabilization and after residual artifact subtraction, respectively. 
D: SNR (across full range) in this heart following correction. E: SNR distributions before and after correction for all 
18 records. 

Figure 5-4 shows the impact of different stages in the artifact correction process on SNR. For 

a typical image series in one heart, SNR was distributed across the range 0 to 2 for most 

pixels (Figure 5-4A). After image stabilization (Figure 5-4B), considerably more pixels had 

an SNR ≥ 2, while most were saturated at ≥ 2 (SNR of at least 2 indicates a “useful” signal) 

after the residual artifact was filtered (Figure 5-4C). SNR across this image series after 

artifact correction is presented in Figure 5-4D; it is 7 ± 2 and ranges from 0 - 14. The SNR 

values for all 18 experimental datasets before and after artifact correction are summarized in 

Figure 5-4E.  
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Figure 5-5: Effects of correction process on action potential duration (APD) measures. A - C APD90 across image 
field in one heart, before correction, following image stabilization and after residual artifact subtraction, respectively. 
D: Distributions of APD25, APD50, APD70 and APD90, before and after correction for all 18 records. 

Artifact correction increases the number of pixels in an image series at which APD can be 

estimated and reduces the scatter of these estimates. This is illustrated by the data in Figure 

5-5 where APD90 is shown for a typical image series at each stage in the correction 

procedure. In the raw image series, APD90 could be estimated at 24% of pixels, with an 

average value of 83.8±45.8 ms (Figure 5-5A). Following image stabilization, APD90 could be 

estimated at 37% of pixels and the average value was 66.1±38.6 ms (Figure 5-5B). 

Minimization of residual artifact following correction increased the number of pixels at 

which APD90 could be estimated to 43% of pixels and markedly reduced the variability of this 

index to 52.1±4.7 ms (Figure 5-5C). Following correction, the variance of APD measures 

was reduced substantially over all 18 experimental records (Figure 5-5D). Resultant average 

values were: APD25 12.5 + 6.7 ms, APD50 27.5 + 7.8 ms, APD70 37.8 + 8.4 ms, and APD90 

49.9 + 9.0 ms. The number of pixels where values could be reliably estimated increased by 

23%. 
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To validate the correction process, APD estimates for raw signals in regions with high SNR 

(i.e. minimal motion) were compared with corrected APDs (see Appendix Figure A-4). 

Across all 18 data sets, initial APD estimates for regions with high SNR (and low motion 

artifact) were not significantly different from those across the heart as a whole following 

correction. For pixels with minimal motion, the raw APD50 was 23.9±8.1 and APD90 was 

55.7±9.9. The average APD50 raw-to-corrected difference over all data was 2.3 ± 6 ms, while 

the average APD90 difference was 4.6 ± 7. Although the spread of APD differences was quite 

large, no systematic regional differences were observed.  

5.4 Discussion 

This study shows that it is possible to recover spatially-registered, optical APs from video 

recordings of endocardial and epicardial surfaces in the beating heart. A key feature of our 

approach is that the non-uniform background fluorescence, which contributes to artifact when 

the heart moves with respect to a fixed video camera, is used for motion correction. 

Background fluorescence is segmented by removing high temporal frequency components 

associated with activation throughout the video record. A well-established non-rigid image 

registration algorithm (Wang et al. 2005) is then used to stabilize successive background 

frames. The resultant pixel displacements provide an estimate of in-plane heart wall motion 

and enable us to map the fluorescence signals acquired throughout the cardiac cycle to a fixed 

reference frame. This image stabilization increased SNR and, as a result, ATs could be 

estimated at more points than was possible in the raw signal.  With subsequent extraction of 

residual artifact at each pixel in the stabilized video record, SNR was increased more than 4-

fold and the variability of all APD measures (APD25 - APD90) was substantially reduced. 

 Motion estimation and image stabilization 5.4.1

Related ways of accounting for the effects of heart wall motion in cardiac optical mapping 

studies have been reported by other researchers (Rohde et al. 2005; Bourgeois et al. 2011)  

who have also used the voltage sensitive dye, di-4-ANEPPS.  Rohde and colleagues (Rohde 

et al. 2005) employed a linear affine spatial transformation to match image features frame-by-

frame in epifluorescence recordings acquired from beating rabbit hearts. The authors noted 

that while rigid registration reduced motion artifact, it could be used to describe local motion 

in small regions of the heart only and the method failed when the electrical component of the 

signal was relatively large. Bagwe et al (Bagwe et al. 2005) utilized a non-rigid registration 
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method to account for the effects of atrial motion in isolated Langendorff-perfused mouse 

hearts. The preparation was excited at 420-490 nm, and short and long wavelength signals 

were acquired with two video cameras. Registration frames were subdivided into a uniform 

subset of gridpoints each surrounded by a region of interest (RoI). Gridpoint displacements 

that maximized correlation of each RoI with a corresponding region in the next frame were 

interpolated to provide a vector displacement field at each pixel. This was repeated through 

successive frames to track and correct for atrial wall motion. Subtraction of short from long 

wavelength signals was then used to remove residual artifact - electrical activation produces 

discordant modulation of fluorescence in long and short wavelength windows, but the motion 

component was concordant in both. This approach shares some features with a recent study 

(Bourgeois et al. 2011) in which heart wall motion was tracked in an isolated supported pig 

heart preparation with opaque ring-shaped material markers fixed to the epicardial surface of 

the LV. High speed excitation ratiometry was used to acquire APs from each ring and to 

minimize motion artifact. 

Our approach has the advantage of simplicity. We employed a widely-used non-rigid image 

registration method (Wang et al. 2005) to estimate pixel displacements between each frame in 

the background video record and this enabled us to minimize the effects of in-plane motion. 

Pixel movement throughout the cardiac cycle was reduced to 0.14 mm across all 18 data sets 

(on the order of pixel resolution). To achieve this, it was necessary to remove high frequency 

signal components associated with activation. In this work, we used a straightforward 

gradient detection and removal of the high frequency activation component, followed by low-

pass filtering to reveal the motion signal used for stabilization. A more robust method, such 

as the wavelet based approach of Asfour and co-workers (Asfour et al. 2011) could easily be 

substituted in this step. Failure to remove the high frequency activation component gave rise 

to local registration error, particularly when the magnitude of the activation component was 

high relative to motion artifact. Also, registration error was found to accumulate if the 

corrected result from one frame was used as the reference for the next. For this reason, we 

used a single mid-diastolic reference image for each video record. 

The motion estimation and image stabilization methods used here not only reduced in-plane 

pixel motion, but also increased SNR across the heart surface (see Figure 5-3 and Figure 

5-4B). This made it possible to identify APs in regions where they had previously been 

obscured by motion artifact (see Figure 5-3) and to estimate APD at these sites (see Figure 
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5-5B). The approach was effective for the endocardial surface of the LV, where background 

fluorescence was nonuniform (see Figure 5-1A) due to incomplete dye penetration in some 

regions and masking of other surface areas by trabeculations and papillary muscles. 

Surprisingly, it was equally effective for the epicardial surface of the heart (see Appendix 

Data A2. Data Figure A1 & 2), where regional image intensity gradients are smaller although 

still detectible due to the 16 bit image resolution. This indicates the robustness of the 

stabilization and correction algorithm. 

 Minimization of residual artifact  5.4.2

Image registration reduced, but did not remove motion artifact. Our approach tracks in-plane 

motion, but does not account for the changes in LV wall thickness that occur throughout the 

cardiac cycle. This can lead to fluorescence being collected from tissue volumes with 

different transmural gradients in background fluorescence as a result of staining 

nonuniformity and different photobleaching history. Therefore, the techniques used to 

segment activation and background signal components were reapplied to identify residual 

artifact and this was subtracted. 

The step-like extension of SNR saturation between Figure 5-4B-C gives a sense of the 

improvement following residual artifact removal in a typical experiment. The non-saturated 

color-space of Figure 5-4D shows that the SNR remains heterogeneous. However, it is 

significantly elevated in most regions where it was very low in the raw signal. Overall, our 

correction procedures gave rise to >4 fold increases in SNR across all 18 data sets (Figure 

5-4E) and APD could be estimated with greater certainty across much wider regions of the 

image field than was possible previously.  

It is important to acknowledge that recovery of the AP depends on its separation from artifact 

on the basis of their different frequency content. While it is true that activation is 

characterized by higher frequency components than the background signal, there can be 

significant overlap between the two, particularly with the murine AP where the final phases 

of depolarization occur relatively slowly (Shigematsu et al. 1994; Ding et al. 2010). This 

would be expected to bias later APD estimates such as APD70 toward shorter times and the 

reliability of our APD measures will be discussed in more detail in a following section. 
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 Characterization of AT 5.4.3

The onset of activation is more readily identified than repolarization in the presence of 

motion artifact. In light of this it was possible to determine AT at 24% more pixels following 

correction. In some cases, this produced significant improvements in our capacity to 

characterize the spread of electrical activation and to estimate local conduction velocity using 

AT gradient-based methods. This is illustrated in Figure 5-6 for the LV endocardial surface 

of a typical heart. In the raw optical signals (Figure 5-6A), the number of pixels at which AT 

can be estimated is relatively few. Our correction process increased the number of reliable 

AT estimates by more than 50% (Figure 5-6B) and enabled the spread of activation to be 

tracked more precisely across the image field. 

 

Figure 5-6: Activation time maps on the endocardial surface of a typical heart. A: before and B: after correction. The 
red arrow indicates activation spread. 

 APD estimates 5.4.4

The progressive stabilization of APD estimates shown in Figure 5-5 demonstrates the 

effectiveness of the correction methods used. The variability of APD measures derived from 

raw signals was substantial, and greatest for APD70 and APD90. For the typical raw data set in 

Figure 5-5A, APD90 estimates ranged from 40 to 200 ms with values around 60 ms in the left 

hand region where SNR was initially highest (Figure 5-4A). Image stabilization reduced this 

scatter (Figure 5-5B), but APD90 remained high in regions with greatest residual motion 

artifact (Figure 5-4B). Subtraction of residual artifact produced a relatively homogeneous 

distribution of APD90 estimates, with values in the range 50-65 ms (Figure 5-5C). This trend 

was replicated across all experimental records (Figure 5-5D). Compared with the raw data, 
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there is marked attenuation in the variability of all APD measures - APD70 and APD90, in 

particular.  

Our correction approach used nonlinear filtering methods to estimate background variation in 

the raw video record and to remove residual motion artifact after image stabilization. In both 

cases, the background signal component at each pixel was estimated across a window which 

was set adaptively and presumed to overlap the AP. While the onset of activation can be 

reliably determined, particularly after image stabilization, the duration selected for this 

window could bias APD estimates if poorly chosen. The window duration was determined 

from the mean APD of the points with limited motion in the raw data set. An additional offset 

of 5 ms was added to the window length. We investigated if this approach added systematic 

bias to the final APD values, by comparing APD50 and APD90, before (in regions where 

motion artifact was low) and after correction over all datasets. These measures were not 

significantly changed by correction (average differences were 2.3 ms and 4.6 ms, 

respectively).  

The APD estimates in this work can be compared to other studies, although allowances must 

be made for differences in experimental protocols, including the effects of excitation-

contraction uncouplers or mechanical restraints. Detailed information is available from the 

control arm of electrophysiological studies in an induced diabetic rat model (Shigematsu et 

al. 1994). Whole cell patch-clamp recordings were made at 37° C in isolated myocytes from 

normal Wistar rats at stimulus frequencies from 0.2 to 5Hz and APD estimates were: APD25 

8-20 ms, APD50 15-40 ms, APD75 30-65 ms, and APD90 40-75 ms. Comparable APD 

measures in our study fall within these ranges. On the other hand, APD estimates from 

optical mapping studies in isolated Langendorff-supported rat (Ding et al. 2010) are longer 

than those presented here. Ding et al. (Ding et al. 2010) reported that APD50 and APD80 were 

~37ms and ~70ms, respectively in normal myocardium in rats 5 weeks after induction of a 

reperfusion infarct. Tai and coworkers (Tai et al. 2005) presented time-averaged APs from 

the rat LV free wall acquired using an intramural fiber optic probe. APD estimates derived 

from these records were: APD25 18 ms, APD50 33.8 ms, APD70 53.14 ms, and APD90 85.1 

ms. The excitation-contraction uncoupler BDM was used to minimize contractile activity in 

both studies and this is known to extend APD in the rat (Coulombe et al. 1990; Qin et al. 

2003). Floating microelectrode recordings on the rat epicardium, have found APDs of 

13.6±2.2 ms (-30 mV, approximately APD50) and 57.8±8.0 ms (-65 mV, approximately 
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APD80) (Coulombe et al. 1990). However, these results were obtained at around 24º C, much 

lower than our experimental temperature of 36º C. At such a low temperature the rat AP has 

altered morphology, with a second, slower repolarisation phase.(Coulombe et al. 1990) 

Optical recordings in mechanically restrained Langendorff-perfused rat hearts at 37º C 

determined APD80 values of 63.4±2.5 ms (Nygren et al. 2006). A more recent study has found 

APD80 values of around 90 ms at similar pacing rates to the 100-200 ms that were used in our 

work (Pezhouman et al. 2014). However, although the experimental temperature of 37º C in 

that study was similar to ours, the uncoupler cytochalasin-D (5 µM) appears to have been 

used (Morita et al. 2011). It has been suggested that at 3 µM, cytochalasin-D increases APD 

in rat by approximately 24% (Nygren et al. 2006). In general, our study has found rat APD 

values shorter than those presented in the literature. However, excitation-contraction 

uncoupling and other protocol differences must be accounted for when considering these 

comparative values. 

We do not anticipate difficulties in applying our correction approach to optical images 

obtained from larger mammalian hearts, notwithstanding the increased motion signal. The 

ADA image registration has been shown effective for large displacements. Compared to the 

rat heart, larger hearts tend to have a more rapid repolarization phase. This will increase 

confidence in the longer APD measures such as APD90, because there is a less pronounced 

spectral overlap between the motion and repolarization components. Hence, we expect our 

approach to be even more effective in the context of large heart optical analysis than it has 

been in the rat heart. 

5.5 Limitations 

The image stabilization methods used here do not work effectively in regions where intensity 

is uniformly distributed. Under these circumstances, motion artifact will appear slight, but 

spatial registration may be inaccurate. Also, at high stimulus frequencies, the diastolic 

interval may not be sufficiently long for reliable estimation of the background signal 

component.  
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5.6 Conclusions  

The methods outlined here provide a relatively simple, but effective means of recovering APs 

from optical mapping datasets in the presence of substantial motion artifact. An intrinsic 

feature of the technique is that the corrected signals are registered spatially to a reference 

image. It will enable high resolution optical mapping to be carried out in situations when the 

use of pharmacological uncouplers are inappropriate, for instance, in studies of electro-

mechanical interaction on the cardiac rhythm disturbance.  
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Chapter 6  
 

 Structural remodelling and electrophysiological dysfunction Chapter 6.
in the progression of hypertensive heart disease  
 

6.1 Introduction 

Heart failure (HF) affects more than 26 million people worldwide and despite improvements 

in treatment, long-term prognosis remains poor with annual mortality rates of 1-2 million 

(Savarese & Lund 2017). Around half of these deaths are associated with ventricular tachy-

arrhythmia and are classified as sudden cardiac death (SCD) (Tomaselli 2004). Hypertensive 

heart disease (HHD) is an increasingly common cause of HF (Roth et al. 2017) and the 

progression from HHD to HF has been studied intensively in the clinical setting, and in 

animal models of the disease (Pfeffer et al. 1979; Lip 2000; Drazner 2011; Aistrup et al. 

2013; Nguyen et al. 2016). HHD is characterised by cardiac structural remodelling (LV wall 

thickening, cellular hypertrophy and proliferation of fibrosis) that eventually impacts 

mechanical function. Reduced ventricular compliance can impair ventricular filling in 

exercise, limiting the extent to which cardiac output can be increased even though ejection 

fraction (EF) is normal. HHD is therefore, associated with the development of diastolic HF 

or, as it is now more commonly known, HF with preserved ejection fraction (HFpEF). With 

further progression of HHD, ventricular function may be compromised further by 

cardiomyopathy and replacement of necrotic cardiac muscle cells with patches of fibrous scar 

tissue. Corresponding cellular remodelling also occurs and alterations in intracellular calcium 

handling and transmembrane ion channel expression have also been reported (Aidietis et al. 

2007).  

The remodelling that occurs during the progression of HHD is also associated with increased 

susceptibility to rhythm disturbance and risk of SCD (Zaman & Kovoor 2014). However, the 

relative contribution of electrical and structural remodelling on increased risk seen with 

progression to HF is not fully understood. An area of particular interest is the role of fibrosis 

in this relationship, which has often been linked with abnormal electrical activity (Fast & 

Kléber 1995; Cabo et al. 1996; de Groot et al. 2001; de Jong et al. 2011). The influence of 



Chapter 6 – Structural remodelling and electrophysiological dysfunction in HHD progression 

148 
 

fibrosis at the tissue level has been shown to lead to more anisotropic and heterogeneous 

electrical properties in the myocardium due to initial altered coupling between myocytes, and 

later, myocyte necrosis and replacement fibrosis (Massare et al. 2010). It is argued that both 

altered coupling and replacement fibrosis contribute to the substrate for re-entry by 

promoting tortuous conduction and producing regions in which activation is delayed and 

repolarisation heterogeneity occurs (de Jong et al. 2011). Although fibrosis is often associated 

with electrical instability, its multi-scale contribution to the electrical dysfunction seen in 

progression towards HF remains unclear. 

We have used the spontaneously hypertensive rat (SHR) to investigate the relationship 

between structural remodelling and electrical dysfunction during the progression of HHD 

toward end-stage HF. This well-established animal model of hypertension replicates key end-

points in the progression of human HHD (Saito, 1984) and the time-course of structural 

remodelling and associated mechanical dysfunction in SHR has been investigated intensively 

(Herrmann et al. 1995; Boluyt 2000; Slama et al. 2004; LeGrice et al. 2012). In the study 

described here, arrhythmic susceptibility was assessed in SHR at 6, 12, 18 months (end-stage 

HF typically occurs between 18 and 24 months). Rate-dependent electrical behaviour was 

also characterised in each animal using optical mapping methods outlined in Chapter 4. 

Finally, ventricular myocyte arrangement and connective tissue organisation were quantified 

in these hearts and reconstructed in 3D using imaging techniques described in Chapter 3. This 

chapter presents the results obtained and examines possible relationships between structural 

remodelling and altered electrical function during the progression of HHD.  

6.2 Methods 

Methods reported in this chapter are summarised in brief below but are described in detail in 

Chapters 3 and 4. All procedures were performed according to the guidelines of the 

University of Auckland Animal Ethics Committee under Project AEC 001602.  

 Experimental procedures 6.2.1

Studies were carried out in SHRs at 6, 12 and 18 months (± 1 week), with 6, 6 and 5 animals, 

respectively. Rats were anesthetized and their hearts were quickly excised and immersed in 

cold (4°C) phosphate buffered saline (PBS). The hearts were mounted on a Langendorff 

apparatus, positioned in an imaging organ bath and perfused (constant flow rate of 
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13 mL/min) with modified Krebs-Hensleit solution (Section 4.3). A unipolar pacing electrode 

was positioned in the anterior LV free wall and two recording (ECG) electrodes were placed 

at the lateral margins of the LV. When a steady heart rate was re-established, two 10 µM 

boluses of Di-4-ANEPPS (15 µL of stock solution, dissolved in 2 mL of oxygenated Krebs) 

separated by 3 min were injected into the perfusate. To reduce motion artifact, the hearts 

were physically restrained and -(-) blebbistatin (12.5µL of blebbistatin, in 15 mL fresh 

oxygenated Krebs) was added to the perfusate to achieve a final concentration of 2.5 µM. 

Optical mapping records were acquired with a Cascade 128+ camera (Photometrics; 64x64 

pixels, 635 Hz) during illumination of the heart (532 ± 15 nm) with two LED arrays 

(LEDEngin, LZ4- 00G110). A PowerLab 25T data acquisition system (ADInstruments) was 

used for programmed stimulation and recording of cardiac electrograms.  

The LV was paced at 2X threshold voltage. Rate-dependence was characterised by pacing 

from 3-12 Hz in an alternating sequence of high and low rates. When loss of 1:1 capture was 

observed, the pacing rate frequency was reduced by 0.1 Hz to determine the rate at which this 

occurred. Arrhythmic susceptibility was then assessed as follows. Firstly, a Wellens protocol 

was used in which extra stimuli (S2 - S4) were applied after a conditioning train of ten S1 

beats. S2 was added 5 ms after the refractory period determined by initially setting S2 at 

10 ms less than S1 and decreasing it in 10 ms intervals until capture was lost. This process 

was repeated for each extra stimulus added. Up to three extra stimuli were applied (S2, 

S2+S3 and S2+S3+S4), each 5 ms later than the refractory period for the previous sequence. 

The Wellens protocol was conducted first with the conditioning S1 train at a cycle length of 

300 ms and then at 250 ms. It was terminated when sustained arrhythmia (VT/VF) occurred. 

The effective refractory period (ERP) was determined as the longest S2 interval with an S1 

train cycle length of 300 ms at which capture was not achieved. A burst pacing protocol was 

also used in all experiments to induce sustained ventricular arrhythmia. The heart was paced 

at a sequence of increasing frequencies (10, 20, 50 100 Hz) at progressively greater stimulus 

voltages (3, 5, and 7.5 V) until a sustained VT/VF occurred or 100 Hz and 7.5 V was first 

reached. The stimulus pulse width was 2 ms and each burst pulse-train was applied for 2 

seconds. 
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 Imaging  6.2.2

On completion of optical mapping, the hearts were perfused with St Thomas’ solution to 

arrest the heart in a relaxed state, followed by perfusion with the fixative PFA 

(paraformaldehyde 4 % in PBS). The RV and LV were transected into 2 or 3 short axis rings 

(~2-3 mm thick) and immersed in 4 % PFA at 4°C overnight in a rotator for further fixation. 

Excess PFA in the tissue was removed by successive immersion in PBS. Subsequently, the 

rings were cryoprotected by immersion in a graded series of 10, 20, 30 % sucrose for 1 hour 

each. They were then covered with optimal cutting temperature (OCT) embedding liquid and 

flash frozen with liquid nitrogen. The upper layer was then planed with a cryomicrotome to 

ensure a smooth top layer for imaging. The sample was then thawed and excess OCT liquid 

was removed.  

Labelling and tissue clearing 

Unless stated otherwise all labelling steps were conducted at room temperature on a 

laboratory platform rocker. The samples were blocked overnight in 10 % goat serum, 0.3 % 

Triton X-100 in PBS (PBST) to reduce nonspecific staining. They were then exposed to anti-

Cx43 (Sigma) to label intercalated disks (ICDs), and WGA-conjugated AF488 (Sigma) to 

label cell membranes and extracellular matrix (ECM). These primary labels were diluted to 

1:250 and 1:50, respectively in 0.3 % PBST and 5 % goat serum (GS). The rings were left in 

the primary antibody solution for 3 days. Subsequently, the tissue was incubated with AF568 

Anti-Cx43 secondary (1:200 dilutions in 0.3 % PBST, 5 % GS) for 2 days. Between each 

incubation stage, the tissue was washed for 3 X 10 min in PBS to remove excess fluorescent 

labels. Afterward the specimens were dehydrated with successive 2 hour washes through a 

graded (25, 50, 75, 95 % v/v in distilled water) ethanol series. Following dehydration, 

samples were placed in methyl salicylate and allowed to clear over a period of 4 days.  

Image acquisition 

Imaging was performed using a Nikon TE2000 inverted confocal microscope system 

equipped with multiple objectives. A 4X (NA 0.13, WD 16.4 mm) objective and a single 

excitation protocol of 488 nm was used to obtain 1024 X 1024 (6.22 µm resolution) WGA 

(AF488) images of the short axis orientation. For 3D image stack acquisition, 488 and 560 

nm laser lines were used for concurrent excitation of WGA (AF488) and Anti-Cx43 (AF568). 

A 60X oil immersion lens (NA 1.25, WD 180 µm) was utilized to obtain image stacks 
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(typically, 512 × 512 × 180 voxels and with voxel dimensions 0.41 × 0.41 × 1 µm; total field 

of view 212 × 212 × 180 µm). The 3D image volumes were acquired from the LV midwall 

only to minimize regional differences. Larger 3D images (1024 × 1024 × 500 voxels with 

voxel dimensions 0.6 × 0.6 × 1 µm; 368 × 368 × 500 µm) were obtained with a Zeiss 

LSM510 META confocal microscope with a 25X objective (LCI Plan-Apochromat 25x/0.8 

Imm Corr DIC M27 600uM WD). Appropriate beam splitters and filters were used to filter 

excitation light and emission fluorescence.  

 Data analysis 6.2.3

Arrhythmic susceptibility index 

For each heart, a range of measures were collected to establish the risk of developing 

sustained ventricular tachy-arrhythmia. These included stages within the Wellens protocol 

when arrhythmia was induced, including observance of the duration and type of arrhythmia 

(where appropriate). However, burst pacing proved to be the most reliable means of 

provoking arrhythmia, with sustained VT/VF induced in all cases. Therefore, an arrhythmic 

susceptibility index (ASI) was developed based on this method. In hearts most resistant to 

arrhythmia, it was necessary to increase stimulus voltage and frequency to induce VT/VF. As 

such the ASI is a 12 point integer scale in which arrhythmic risk within the burst pacing 

protocol is quantified on the basis of the product of frequency and voltage (Section 4.4.1). 

Activation time and conduction velocity  

Activation times (AT) were identified using max (dF/dtmax). Axial and transverse epicardial 

conduction velocities (CVs) were estimated by approximating the first four 1 ms AT 

isochrones as ellipsoids. Over this period, the principal axes of these ellipsoids coincided 

with longitudinal and transverse subepicardial myofibre directions. Major and minor axes 

were identified and corresponding CVs were estimated from the Euclidean distance between 

them over successive isochrones. The anisotropy ratio was calculated by dividing 

longitudinal CV by transverse CV. 

APD / APD dispersion 

Action potential duration (APD) was estimated as APD70, i.e. the interval between 30 % 

depolarisation and subsequent repolarisation to 30% of the AP amplitude (Section 4.4.6). 
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Spatial dispersion of APD70 was quantified using the heterogeneity index, μ (Smith et al. 

2012; Annoni et al. 2015): 

µ =
APD95th − APD5th

APD50th  

 

where APD5th and APD95th represent the 5th and 95th percentiles of the APD distribution, 

respectively, while  APD50th is the median of APD distribution across the spatial area. 

Alternans 

Alternans were identified as repeated beat-to-beat variation in the distributions of optical 

action potential (OAP) amplitude and ATs. The onset of alternans was identified as the 

frequency at which there were beat-to-beat differences > 1 SD of the mean OAP amplitude 

and/or the point where ATs varied more than 10 ms in an alternating fashion. Alternans was 

classified as concordant (uniform spatial distributions of OAP amplitude and/or AT 

alternating on a beat-to-beat basis) or discordant (non-uniform spatial distributions of 

amplitude and/or AT with opposite beat-to-beat polarity).  

In addition, datasets were analysed for alternans at rates where sustained stimulation led to 

eventual loss of 1:1 capture and corresponding AT maps were also investigated to determine 

whether there was spatial variation in activation spread.  

Image analysis 

Multiple WGA labelled images acquired with the 4X objective (only 488 nm excitation) were 

stitched together using ImageJ to reconstruct full ventricular short-axis sections. These 

composite images were then segmented using a binary filter to identify ventricular surface 

boundaries and provide a mask for subsequent morphological analysis. LV lumen area and 

average LV/RV wall thickness were then measured. WGA labels both cell membranes and 

ECM (Kostrominova 2011; Emde et al. 2014). Therefore, increased image intensity within 

the boundary mask with respect to the threshold indicates proliferation of fibrosis, while the 

spatial distribution of this signal provides information on the nature and extent of this 

fibrosis.  

Regions of LV fibrosis were identified by applying a maximum entropy filter and the total 

area segmented was normalized with respect to the short-axis area. To quantify and compare 
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the distribution of patches of fibrosis across hearts, WGA intensity was mapped onto a polar 

coordinate system defined by the LV lumen centre, and endocardial and epicardial surfaces 

(see Figure 6-2). The centroid and area of individual patches of high intensity pixels (i.e. 

patches of fibrosis) were determined and subsequently, the centroids were mapped into the 

polar coordinate system and smoothed to provide a fibrosis density "heat map" (Figure 6-2B). 

The resulting image was thresholded, and areas of fibrosis and skeletonized lengths of 

connected regions of fibrosis were calculated. To quantify the distribution of the amount of 

fibrosis, each of the high intensity pixels (indicative of fibrosis) was translated into the polar 

coordinate system. The translated plot was then discretized into 10 and 12 segments for the 

transmural and angular axes, respectively (see Section 3.11.1 for further details). 

3D image stacks were manually segmented into individual cells using ITK SNAP 

(Yushkevich et al. 2006). For each complete myocyte in the image volume, the longitudinal 

orientation was determined using the eigenvectors of the covariance matrix (Reyment & 

Jöreskog 1993). The longitudinal axis and the centre of mass of the cell were used to 

calculate the cell cross-sectional area (CSA) on the plane orthogonal to the long axis. Cell 

lengths and total cell volumes were also measured, while the surface areas were calculated 

using Minkowski measures (Legland et al. 2011). Cell coupling for each internal cell was 

also computed by counting the number of cells within a voxel (0.41 µm) of the cell of 

interest. The relative volume occupied by the ECM provides a measure of fibrosis and was 

estimated using the Shanbhag filter written in ImageJ. 

 Statistical tests 6.2.4

Results have been grouped across animals by age, and comparisons have been made on this 

basis. The data from 6, 12, and 18 month SHRs are represented by average values from rate 

dependant optical mapping datasets taken from the LV epicardial wall. No conclusions 

regarding differences at individual frequencies were made due to a prohibitively large 

number of required pairwise comparisons. All other between-group differences were assessed 

with unpaired t-tests. Finally, pairwise comparisons between arrhythmic susceptibility, 

electrical function and structural change for each animal were made using univariate linear 

regression as appropriate. All data are presented as mean ± SD. P values < 0.05 are 

considered statistically significant. 
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6.3 Results 

 Morphological and ECM changes  6.3.1

Mean values of body weight and different measures of ventricular dimension at each of the 

three SHR age end-points are presented in Table 6-1. There is a trend toward increased LV 

wall thickness at 12 and 18 months and toward increased LV lumen area at 18 months. These 

observations are consistent with the established progression of HHD in SHR and will be 

considered further in the discussion. Despite being internally consistent, none of the tabulated 

changes are statistically significant.  

Table 6-1: Morphological changes with age.  

 6 months 12 months 18 months 

Body weight (g) 391.00 ± 17.84 416.16 ± 4.52 402.40 ± 25.40 

LV lumen area (mm2) 61.37 ± 25.54 63.42 ± 18.05 75.64 ± 14.60 

LV wall thickness (mm) 3.71 ± 0.46 4.24 ± 0.53 4.22 ± 0.42 

RV wall thickness (mm) 0.29 ± 0.06 0.25 ± 0.06 0.40 ± 0.17 

 

In contrast, there was a significant increase in the relative short axis area in which fibrosis 

was identified at both 12 and 18 months compared with 6 months (see Figure 6-1), although 

the apparent increase between 12 and 18 months is not statistically significant.  

Typical examples of the spatial distribution and characteristics of fibrosis identified in LV 

short axis slices at 6, 12 and 18 months are presented in Figure 6-2. Dark areas in Figure 

6-2A are regions of intense WGA staining due, for instance, to perimysial scarring or 

replacement fibrosis. The heterogeneous distribution of these patches of fibrosis is 

highlighted in the polar heat maps in Figure 6-2B and the extent of connected areas of 

fibrosis is indicated in Figure 6-2C.  
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Figure 6-1: Fibrosis in SHR normalised with respect to LV short-axis wall area at 6, 12 and 18 months. The 
significance of the differences between 6 and 12 month-old animals is indicated by * p <0.05, and between 6 and 18 
month-old animal by # p <0.05. 

 

Figure 6-2: Typical distributions of WGA staining in LV short-axis sections  at, 6, 12 and 18 months. A: Initial LV 
sections, intensely dark regions stained are representative of patches of fibrosis. B: Polar heat maps reflect the 
intensity and regional extent and the distribution of patches of fibrosis. C: Characterisation of potentially connected 
regions of fibrosis (white). Maximum skeletonised lengths are indicated in red. 
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Figure 6-3 shows the total normalised area of connected regions of fibrosis (seen in Figure 

6-2C) for each of the hearts in the 3 age-group cohorts. It suggests a progression from 6 to 18 

months. However, while the data at 6 months is significantly different from those at 12 and 

18 months, there is considerable overlap between the older age groups and no significant 

difference between them.  

 

Figure 6-3: Normalised total areas of connected regions of fibrosis for the three cohorts. The significance of 
differences between 6 and 12 month-old animals is indicated by * p <0.05, and between 6 and 18 month-old animal by 
# p <0.05. 

Very similar findings were obtained with a number of further related measures extracted from 

WGA stained LV short axis slices (see Table 6-2 and Table 6-3). Table 6-2 shows that 

between 6 and 12 months and between 6 and 18 months there are substantial and significant 

differences in the average number and area of the patches of fibrosis represented by 

individual dark regions of WGA staining (as shown in Figure 6-2A). However, there is no 

significant difference between 12 and 18 months. Similarly, the maximum areas and lengths 

of connected regions of fibrosis (as shown in Figure 6-2C) display a similar variation with 

age (see Table 6-3). At 12 months the mean maximum area of connected regions of fibrosis is 

similar to the average total area, while at 18 months a larger gap between the corresponding 

values is seen. This is indicative of a greater likelihood of a single densely packed area of 

fibrosis in 12 months compared to 18 months. 
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Table 6-2: Measures of individual fibrosis patches (dark areas of intense WGA staining) by age. The significance of 
differences between 6 and 12 month-old animals is indicated by * p <0.05, ** p <0.005, and between 6 and 18 month-
old animal by # p <0.05, ## p <0.005. 

 6 months 12 months 18 months 

Number of patches of fibrosis 103 ± 98.90 433 ± 269 * 554 ± 172 ## 

Average patch size (µm2) 3.66 ± 1.40 9.77 ± 3.88 ** 11.38 ± 3.70 ## 

 
Table 6-3 Measures of connected regions of fibrosis by age. Maximum length and total length are presented as 
relative measures. The significance of differences between 6 and 12 month-old animals is indicated by * p <0.05, ** p 
<0.005, and between 6 and 18 month-old animal by # p <0.05, ## p <0.005,  ### p <0.0005. 

 6 months 12 months 18 months 

Max length 31 ± 25 140 ± 87 * 160 ± 78 # 

Total length 47 ± 39 255 ± 118 ** 403 ± 128 ### 

Normalised max area  0.01 ± 0.01 0.14 ± 0.10 * 0.10 ± 0.06 ## 

 

The intramural distribution of fibrosis across all hearts is presented in Figure 6-4 and Figure 

6-5. In the former, mean fibrosis density is presented as a function of polar angles, but its 

range is reduced to 0-180° to provide a more efficient representation of the data. Regions in 

the upper half plane in Figure 6-2A are combined with matching regions in the lower half 

plane. Therefore, 0-90° in Figure 6-4 traverses the interventricular septum (0-90° and 360-

270° in Figure 6-2), while 90-180° in Figure 6-4 spans the LV free wall (90-180° and 270-

180° in Figure 6-2). 

Figure 6-4 demonstrates that the increased fibrosis at 12 and 18 months is predominantly 

located in the LV free wall, while the distribution of fibrosis appears to be more spread across 

the LV at 18 months compared to the 12 month. In Figure 6-5, mean fibrosis density is 

presented as a function of transmural location. This shows proliferation of fibrosis across the 

ventricular wall at 12 and 18 months, that is concentrated preferentially in the inner half of 

the LV wall. It also indicates a consistent increase in fibrosis from 12 to 18 months at all 

transmural regions, that is again most marked in the inner LV wall. 
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Figure 6-4: Distribution of fibrosis with LV polar angles at 6, 12 and 18 months. 0-90° represents the interventricular 
septum and 90-180° represents the LV free wall.  

 

 

Figure 6-5: Distribution of fibrosis in LV transmural locations at 6, 12 and 18 months. 
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 3D cellular architecture and ECM organization  6.3.2

High resolution 3D images of myocytes, Cx43 and ECM were acquired in cleared tissue from 

multiple midwall sites in all age hearts. Marked differences in myocyte dimension and ECM 

organisation were exhibited with increased age and "typical" results at 6, 12 and 18 months 

are presented in Figure 6-6. In Figure 6-6A (6 months), myocyte dimensions and organisation 

appear normal, as are endomysial and perimysial collagen networks that surround individual 

myocytes and bundles of myocytes, respectively. However, in Figure 6-6B (12 months), 

myocyte CSA dimensions are clearly enlarged and there is widespread fibrosis. This includes 

accumulation of endomysial collagen as well as thickening of the perimysial ECM. Finally, 

in Figure 6-6C (18 months), there is clear evidence of structural disorder with extensive 

patches of dense replacement fibrosis.  

 
Figure 6-6: XY, XZ and YZ views from 6,12, 18 month SHR image volumes. Each volume has an isotropic resolution 
of 0.41 μm. Components: cardiomyocytes (maroon, dark red), Cx43 (bright red), remaining segmented WGA signal 
cell membrane and ECM (green). A: 6 month B: 12 month C: 18 month. 
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Measures of cellular morphology for the three age cohorts are presented in Table 6-4. There 

is a substantial increase in myocyte CSA between 6 and 12 months, and this is preserved at 

18 months. Variability is greater at 18 month, but there is no significant difference in the 

extent of cellular hypertrophy between 12 and 18 months. There is also no significant 

difference in cell length with age, but coupling between cells is significantly reduced at 18 

months. Furthermore, when average cell coupling is plotted as a function of the proportion of 

ECM for each image volume, there is a significant (p <0.0005) inverse relationship (Figure 

6-7).  These results are consistent with a progressive increase in the anisotropy (and 

heterogeneity) of electrical coupling in the LV midwall with the extent of fibrosis and 

structural remodelling with age. 

Table 6-4: Measures of cellular morphology for 6, 12 and 18 month animals. Total of 18 image volumes. The 
significance of differences between 6 and 12 month-old animals is indicated by * p <0.05 and ** p <0.005, and 
between 6 and 18 month-old animal by # p <0.05 and ## p <0.005; 

 6 months 12 months 18 months 
 n = 35 n = 25 n = 27 

Cross Sectional areas (µm2) 300 ± 115 456 ± 135 **   466 ± 193 ## 

Volume (µm3) 37709 ± 24376 49208 ± 22515 *  52842 ± 33609 #  

Length (µm) 153 ± 49  137 ± 38 142 ± 40  

Cell coupling  7.2 ± 2.8  8.5 ± 2.3 5.5 ± 3.8 # 

 

 
Figure 6-7: Cell coupling as a function of relative fibrosis volume in reconstructed 3D images of LV midwall regions 
in all age hearts.  
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 Arrhythmic susceptibility  6.3.3

The two tests used to examine the arrhythmic susceptibility, a premature stimulus (Wellens 

protocol) and burst pacing, both showed trends toward easier arrhythmia induction with age 

progression. However, the majority of arrhythmias were non-sustained (< 15 cyclic events) 

and therefore, not used in the analysis. The following results only consider sustained activity 

( > 15 cyclic events). 

Wellens protocol 

Five sustained arrhythmias (Table 6-5) were induced using the Wellens protocol. Only one 

was recorded in the 6 month animal cohort while two were recorded at both 12 and 18 month 

cohorts. The 6 and 12 month animals required at least both S2 and S3 stimuli to induce 

arrhythmia, with arrhythmia induced at longer S1-S2 and S2-S3 intervals at 12 months. The 

18 month animals demonstrated arrhythmia at similar S1-S2 intervals to those of 12 months. 

However, fewer premature stimuli were required to initiate arrhythmia.  

 
Table 6-5: Sustained arrhythmia induced using the Wellens protocol showing the S1-S4 premature beat cycle lengths, 
needed with corresponding durations. 

SHR age 
(months) 

Animal 
Number 

Wellens Stimuli (ms) Arrhythmia 
S1 S2 S3 S4 Duration(s) 

6 7 300 100 90  3.4 
12 3 300 110 110  7.0 
12 5 250 145 130 130 8.6 
18 14 300 120 100  6.0 
18 16 300 110   181 

Burst pacing 

Burst pacing initiated arrhythmia in all animals. The arrhythmic susceptibility index (ASI, see 

section 4.4.1) for each heart grouped by age is presented in Figure 6-8. Arrythmia inducibility 

appears to increase with age and there is a significant separation between the 6 month-old, 

and 18 month-old animals. There is however considerable scatter in ASI across the 12 and 18 

month cohorts. A related analysis of the duration of arrhythmia is given in Figure 6-9. The 

interpretation of it is very similar in that it appears to show progression toward increasing 

duration of arrhythmia with age.  
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Figure 6-8: Arrhythmic susceptibility index (ASI) for all hearts at 6, 12 and 18 months. The significance in 
differences between 6 and 18 month-old animal indicated by ## p <0.005.  

However, while significantly longer periods of arrhythmia are induced in 12 and 18 month 

old animals than in 6 month-old animals, the scatter at 18 months in particular prevents 

demonstration of significant differences between the two older cohorts. It is noteworthy that 

hearts at 12 and 18 months with the highest ASI also have the longest duration of arrhythmia. 

Also, the durations of arrhythmia induced in the same heart with both Wellens' and burst 

protocols were very similar. Finally, while the majority of the arrhythmias in the 18 month 

animals were monomorphic VT, the 12 and 6 months displayed a mixture of polymorphic 

and monomorphic VT with no evident effect of age.  
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Figure 6-9: Duration of arrhythmia induced by burst pacing for all hearts at 6, 12 and 18 months. The significance of 
differences between 6 and 12 month-old animals is indicated by ** p <0.01, and between 6 and 18 month-old animals 
by # p <0.05. 

While there is considerable scatter in the values of ASI across age groups particularly at 12 

and 18 months, this variance is reduced substantially when ASI is related to measures that 

seek to quantify proliferation of fibrosis. This is demonstrated in Figure 6-10. There is a clear 

linear relationship between ASI and normalised total area of connected regions of fibrosis 

across all hearts (Figure 6-10A) with R2 = 0.762. That is, 75 % of the variance in ASI is 

associated with a single measure of structural remodelling that reflects the changing extent of 

fibrosis with progression of HHD. The correlation between ASI and maximum connected 

patch length, a related measure of fibrosis (Figure 6-10B), is marginally weaker. 

Additionally, when arrhythmic susceptibility was compared to fibrosis percentage, a weaker 

relationship was observed (R2 of 0.608, P < 0.0005). These findings will be considered in 

further detail in the Discussion section. 
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Figure 6-10: Arrhythmic susceptibility index (ASI) compared with measures of the extent of fibrosis across all hearts. 
A: normalised total area of connected regions of fibrosis and B: maximum connected region length. 
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 Epicardial impulse propagation 6.3.4

Epicardial impulse propagation in a region immediately adjacent to a stimulus site in the 

anterior LV free wall was characterised by optical mapping (see Section 6.2.3). Longitudinal 

and transverse conduction velocities (CVL and CVT) were determined during steady state 

pacing at a range of different frequencies. Mean values of the resultant CV restitution 

relationships are presented in Figure 6-11 for the three age cohorts.  

 

 

Figure 6-11: Longitudinal and transverse conduction velocity in LVs of SHR cohorts across a range of diastolic 
intervals. CV restitution curves in 6, 12, and 18 month fitted to means values using a 3rd order polynomial.  
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CVL and CVT exhibited rate-dependence at all ages, with evident reductions at short base 

cycle length (BCL) and diastolic interval (DI). Both CVL and CVT appear to slow with age 

with a substantial reduction from 6 to 12 months and a much smaller and less marked 

reduction from 12 to 18 months. Finally, CVL and CVT at a pacing frequency of 5 Hz were 

compared with all structural measures of the extent of fibrosis (as was done with ASI). In this 

case, no significant relationships were observed. 

Anisotropy ratios (CVL/CVT) were also evaluated for the data presented in Figure 6-11 and 

corresponding results are given in Figure 6-12. Error is compounded in the estimation of 

anisotropy ratio. This is indicated by the SD at higher rates where, in some cases was greater 

than ± 1 unit of anisotropy. Hence, for clarity, SDs have not been presented for each data 

point. Figure 6-12 indicates that anisotropy ratio is not rate-dependent at 6 months, but that it 

increases and becomes rate dependent at 12 months, with minimal change evident at 18 

months. That is anisotropy ratio increases at 12 months in SHR particularly at short BCL and 

DI.  

 

 
Figure 6-12: Anisotropy ratio (AR) at variation with diastolic interval (DI) for the three age cohorts; 6 month, 12 
month and 18 month. 

 Action potential duration and dispersion 6.3.5

In contrast to the smaller regions used for the CV measurements, APDs (APD70) were 

mapped across the whole visible LV epicardial surface. APD70 was estimated at a number of 
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steady state pacing rates and the mean values of these restitution relationships for the three 

age cohorts are shown in Figure 6-13.  

 

 
 
Figure 6-13: Dynamic APD70 restitution curves for the aged cohorts ; 6 month, 12 months and 18 month. 

APD exhibited rate dependence at all ages, with greater reductions at short BCL and DI. 

However, unlike the marked differences in CV from 6 to 12/18 months, there appears to be a 

more progressive reduction in APDs with age. Further, with aging, a steeper restitution slope 

is also evident. APD values at a pacing frequency of 5 Hz were also compared with the extent 

of fibrosis. However, no significant relationship was observed. 

The spatial distribution of APD70 across the LV epicardial field of view was also 

investigated. APD distribution examples (paced at a BCL of 140 ms) from each age cohort 

shown in Figure 6-14, illustrate the significant dispersion in the 12 and 18 month animals 

compared to the 6 month animals. APD dispersion was also quantified using the metric µ 

(described in section 6.2.3) at a range of pacing rates. The mean values of the resultant 

dispersion DI relationships for the three age cohorts are presented in Figure 6-15. Both the 12 

and 18 months animals exhibited rate-dependent APD dispersion, with evident increases at 

short BCL and DI. In contrast, the 6 month animals show little to no rate dependence 

behaviour. The APD dispersion values for both the 12 and 18 month animals appear to be 

quite similar and considerably greater than for the 6 month animals.  
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Figure 6-14: APD 70% repolarization (APD70) maps over the surface of the LV from representative animals paced at 
140 ms BCL; A: 6 month B: 12 month C: 18 month.  

 
Figure 6-15: APD dispersion across a range of DI for the three age cohorts. Restitution curves in 6, 12, and 18 month 
animals fitted to the means using a 3rd order polynomial.  

The mean APD dispersion values at pacing frequencies greater than 5 Hz were compared 

with all structural measures of the extent of fibrosis. The total area of the connected regions 

of fibrosis showed a linear correlation with APD dispersion (R2 = 0.601, P < 0.005), while 

fibrosis percentage demonstrated a weaker relationship (R2 = 0.31, P < 0.05). Furthermore, 

the APD dispersion was compared with ASI, and is displayed in Figure 6-16. The plot 

demonstrates a clear linear relationship between ASI and APD dispersion across all hearts 

with R2 = 0.658 (P < 0.0005).  
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Figure 6-16: APD dispersion at stimulation frequencies > 5 Hz, compared with the arrhythmic susceptibility index of 
each heart.  

 Rate dependent loss of capture and alternans 6.3.6

For all animals, as BCL was reduced (and stimulus rate increased), capture failed and a 2:1 

block occurred. Figure 6-17A presents the threshold at which this was observed across the 

three cohorts. Both the 12 and 18 month animals show tendencies of loss of capture at higher 

BCLs relative to the 6 month old animals. This trend is similar to the ERP determined using 

Wellens protocol S1-S2 stimulation and is shown in Figure 6-17B. Although both these 

measures illustrate that loss of capture/block occurs at longer BCLs in 12 than 18 months, 

this trend is not significant in either case.  

 

Figure 6-17: Conduction block, ERP and alternans threshold for the three age cohorts.  A: Conduction block 
identified using the pacing protocol B: ERP values from the Wellens protocol C: Alternans threshold. The 
significance of differences in alternans threshold between 6 and 12 month-old animals is indicated by * p <0.05, and 
between 6 and 18 month-old animal by # p <0.05. 
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When the stimulus rate was set lower than the frequency at which 1:1 capture was lost, 

alternans rhythm in the form of optical action potential (OAP) amplitude or AT alternans was 

observed for most animals. The threshold frequency at which this occurred (as described in 

section 6.2.3) for the three cohorts is provided in Figure 6-17C. It shows that the alternans 

threshold is significantly lower in 6 month animal compared to that of the 12 or 18 month 

animals.  

To investigate the progression and mechanisms behind the loss of capture, the beat-to-beat 

differences in AT and OAP amplitudes were examined at the frequency of 2:1 block. Prior to 

block, all animals displayed progressively unstable patterns of discordant OAP amplitude 

alternans. AT alternans rhythm, however, was only seen in 3/6 animals at 6 months but was 

present in all the 12 and 18 month animals. Characterisation of the type of AT alternans 

revealed that discordant AT alternans was present in 1/3 animals at 6 months and in 2/6 and 

3/5 of the 12 month and 18 month animals, respectively. For most animals with AT alternans, 

progressive AT delays accumulated and eventually led to block.  

The presence or type of AT alternans observed was also compared to arrhythmic 

susceptibility and the structural measures of the extent of fibrosis. The results of this analysis 

are presented in Table 6-6. The animals with discordant AT alternans show trends of being 

more susceptible to arrhythmia in comparison to the animals that show concordant alternans 

or no alternans at all. Furthermore, animals with discordant alternans were found to be 

significantly more susceptible to arrhythmia (arrhythmic susceptibly index of 8.1 ± 4.1 and 

3.9 ± 4.1 for discordant and concordant/no alternans, respectively with P < 0.005). In 

addition, the extent of fibrosis in animals that display discordant AT alternans is significantly 

greater (see Table 6-6).  

Table 6-6: AT alternans characterisation prior to block.  The significance of differences between discordant and no 
alternans is indicated by * p <0.05, and between discordant and concordant by # p <0.05. 

 None Concordant Discordant 

Arrhythmic susceptibility (ASI) 2.00 ± 0.82 3.57 ± 3.46 8.14 ± 4.19 
Normalised total area of connected 

fibrosis regions 0.02 ±0.02 0.07 ± 0.09 0.2 ± 0.11 *# 

 

AT maps were also investigated to determine any spatial variation in activation prior to 

block. In 4/6 cases the 6 month animals displayed tendencies for movement in the site of 

earliest activation along the longitudinal axis, while the older animals showed transverse CV 
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slowing. In the 18 month animals, in particular, the spatial distribution of discordant AT 

alternans was associated with the slowing observed in the transverse direction. Examples 

from 6 (Figure 6-18), 12 (Figure 6-19) and 18 month (Figure 6-20) animals, showing AT 

maps and OAP and AT differences for beats prior to block are provided below.  

Figure 6-18 presents a sequence of beats prior to block for a 6 month animal (paced at 

8.2 Hz). AT maps (Figure 6-18A) show a slowing in the longitudinal direction and gradual 

movement in the site of earliest activation. OAP amplitude alternans was also evident and is 

displayed in Figure 6-18B as the relative amplitude differences between beats. As pacing 

continues the OAP amplitude alternans appears to become more heterogonous. Additionally, 

concordant AT alternans was also observed and is shown in Figure 6-18C, where the 

differences in the ATs between beats (red = delay, blue = increased relative conduction 

speed) shows marked oscillation of ATs across the LV epicardial surface.  

 
Figure 6-18: Alternans and activation characterisation prior to block for 6 month SHR paced at 8.2 Hz. A: Activation 
map for the beat prior to beat 1. Red dot indicates location of the 10 beat activation trace. Numbers indicate beat 
numbers in trace and sequences for B,C,D. B: Colour coded activation maps, 2 ms isochrones over 50 ms colormap. 
Stars indicate site of earliest activation. C: Discordant OAP amplitude alternans. Each box represents relative 
amplitude differences between subsequent beats i.e. first square represents relative amplitude between beat 1 and 
previous beat, while the last square represents the relative amplitude between beat 10 and 9. D: Activation 
differences showing concordant AT alternans between subsequent beats with the same sequence as in C. 
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The result of an analysis for a 12 month animal (loss of capture was observed at 7 Hz) is 

presented in Figure 6-19. AT maps shown in Figure 6-19A illustrate a slight slowing i.e. 

crowding of the isocrones in the transverse direction with progression towards block. Similar 

to the 6 month animals, OAP alternans is also present. However, the distribution appears 

more heterogonous (see Figure 6-19C). Concordant AT alternans presented in Figure 6-19C 

demonstrates the AT modulation with pacing, while marked activation delay is evident 

immediately prior to block. 

 
Figure 6-19: Alternans and activation mechanisms prior to block for 12 month SHR paced at 7 Hz . A: Activation 
map for the beat prior to beat 1. Red dot indicates location of 10 beat activation trace. Numbers indicate beat 
numbers in trace and sequences for B, C, D. B: Colour coded activation maps, 2 ms isochrones over 50 ms colour 
map. C: Discordant OAP amplitude alternans shown by relative OAP amplitude differences in successive beats D: 
Activation differences between successive beats showing concordant AT alternans.  

The characterisation of an 18 month animal’s beat-to-beat variation in ATs and OAP 

amplitude is presented in Figure 6-20. Figure 6-20B shows AT maps in which significant 

crowding of the isocrones is present in the transverse direction. The OAP amplitude 
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differences provided in Figure 6-20C display a correlation of the discordance centered around 

the transverse slowing. Finally, the significant discordant AT alternans shown in Figure 

6-20C appears to be associated with the marked conduction drop in the transverse direction 

(see Figure 6-20B). With progression of pacing, patterns of alternans become more complex, 

while eventually leading to block.  

 

Figure 6-20: Alternans and activation mechanisms prior to block for 18 month SHR paced at 7.2 Hz. A: Activation 
map for the beat prior to beat 1. Red dot indicates location of 7 beat activation trace. Numbers indicate beat numbers 
in trace and sequences for B, C, D. B: Colour coded activation maps, 3 ms isochrones over 50 ms colour map. C: 
Discordant OAP amplitude alternans shown by relative OAP amplitude differences in successive beats D: Activation 
differences between successive beats showing discordant AT alternans. 

6.4 Discussion 

Ventricular arrhythmias which lead to ventricular fibrillation (VF) are responsible for ~50 % 

of the mortality associated with HHD and resultant HF (Tomaselli 2004; Wilson et al. 2009; 

Deo & Albert 2012). Marked structural remodelling occurs in HHD, but cellular electrical 

function is also perturbed. Despite intense scrutiny, the relative contributions of these factors 

to life-threatening arrhythmia in HHD remain unclear.  

Here, we have completed a paired study of LV structural remodelling and altered cardiac 

electrophysiological function in a well-established animal model that recapitulates key end-

points in the progression of human HHD. We have assessed the risk of sustained re-entrant 

arrhythmia in ageing SHR cohorts at 6, 12 and 18 months and have acquired wide-ranging 
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measures of electrical function and stability in these hearts using optical mapping. In each, 

we have also i) quantified global LV morphology, as well as measures of the extent of 

fibrosis, and ii) reconstructed 3D cellular organisation and ECM arrangement at high spatial 

resolution in selected LV mid free wall sites. As far as we are aware, this is the most 

comprehensive small animal experimental study yet undertaken in this area and the 

experimental design has enabled us to obtain new insights into the relationship between 

fibrosis and arrhythmic risk. 

The age-related progression of structural remodelling in SHR reported here is consistent with 

previous studies (LeGrice et al, 2012), but demonstrates considerable variability in the 

density and organization of replacement fibrosis at 12 and 18 months. Risk of arrhythmia was 

also greater at 12 and 18 months compared with 6 months, but again there was considerable 

scatter in results for the two older groups. Of particular interest, arrhythmic risk was much 

more strongly correlated with measures of the extent of replacement fibrosis than age alone 

and these metrics account for much of the variance with age. Optical mapping revealed age-

related changes in epicardial impulse propagation, repolarisation time distribution and rate-

dependent instability in electrical rhythm. Of these, rate-dependent APD dispersion was 

strongly correlated with both arrhythmic susceptibility and extent of replacement fibrosis. 

Finally, we have demonstrated that physical coupling between adjacent myocytes in the LV 

midwall was reduced with fibrosis, consistent with increased anisotropy and heterogeneity in 

impulse propagation. In the remainder of this chapter, we discuss these results in greater 

detail and argue that they would in combination be expected to increase the risk of 

arrhythmia. 

 Marked structural variation with HHD progression  6.4.1

The mechanisms underlying the changes in structure and mechanical function that occur in 

HHD have been extensively investigated. The myocyte hypertrophy which occurs in HHD is 

thought to be a direct response to pressure overload, mediated by angiotensin II (AII) and 

endothelin I (ET-1) that are secreted by cardiomyocytes exposed to increased wall stress (van 

Wamel et al. 2001). Collagen synthesis is controlled by the β-adrenergic system, the renin-

angiotensin-aldosterone system (RAAS) and transforming growth factor beta (TGFβ) 

(Penttinen et al. 1988), and it is increased initially in HHD as a result of TGFβ activation by 

AII and ET-1 (Berk et al. 2007). ECM remodelling is also controlled by matrix 

metalloproteins (MMPs) and their tissue inhibitors (TIMPs), which together modulate 
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collagen turnover (Graham et al. 2008). Collagen degradation is reduced in HHD and the 

distribution of collagen types within the ECM changes (LeGrice et al. 2012). Myocyte 

hypertrophy (LV wall thickening) can be viewed as a compensatory response as it normalises 

wall stress. However, the associated ECM remodelling decreases LV compliance during 

diastole and also impairs systolic LV function. Development of HF is associated with cellular 

necrosis, replacement fibrosis and mechanical dysfunction of the heart (LeGrice et al. 2012). 

The progression of HHD to end-stage HF is reinforced by activation of RAAS and β-

adrenergic system, as well as oxidative stress (Xu et al. 2010). 

It is widely argued that SHRs undergo an age-related progression of HHD and the associated 

structural remodelling mimics key features of the disease in humans (Bing et al. 1995; 

Leonard et al. 2012). The consensus of reported changes in LV structure and pump function 

with age in the SHR (Bing et al. 1995; A M Gerdes et al. 1996; Bell et al. 2004; Brower et al. 

2006; LeGrice et al. 2012; Leonard et al. 2012) is as follows. At 3 months, there is no 

difference with age-matched WKY controls. However, at 12 months, SHRs display marked 

structural changes that are not seen in controls. These include LV hypertrophy (increased LV 

wall thickness and myocyte cross-sectional dimension) and fibrosis with thickening and 

cross-linking of the endomysial and perimysial collagen networks. LV compliance with 

impaired LV filling, but ejection fraction is maintained during this "compensated" phase. 

Over the subsequent 12 months, SHRs proceed to decompensated HF. Cell CSA and LV wall 

thickness do not increase at 18 months, but LV dilatation occurs. Disruption of the ordered 

laminar arrangement of LV myocytes is observed, together with regions of myocardial 

necrosis and replacement fibrosis. LV end-diastolic volume is increased, but ejection fraction 

decreases. The animals progress to end-stage HF between 18 and 24 months with loss of 

condition and development of pulmonary oedema. 

Our results are consistent with these previous structural findings and the “typical” examples 

of 3D myocardial architecture presented in Figure 6-6 exemplify the progression of structural 

remodelling outlined above. Cellular hypertrophy together with endomysial and perimysial 

fibrosis is evident at 12 months (Figure 6-6B), whereas there are extensive regions of 

replacement fibrosis at 18 months (Figure 6-6C). We have confirmed that cell CSA is 

substantially increased in SHR at 12 months, but not at 18 months (Table 6-4) as reported in 

several previous studies (Bing et al. 1995; LeGrice et al. 2012). Likewise, while not 

statistically significant, the increases in LV wall thickness at 12 months and in LV lumen area 
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at 18 months (Table 6-2), are also expected results of the progression from compensated LV 

function to decompensated HF reported elsewhere (Bing et al. 1995; LeGrice et al. 2012). 

Finally, we have shown that there are substantial age-related increases in fibrosis in 

macroscopic images of WGA-stained short-axis LV sections from SHRs, as well as high-

resolution image volumes reconstructed from midwall regions of these specimens. Our group 

has previously reported progressive increases in total collagen with age in SHR, with a 

substantial increase in the endomysial fraction at 12 months, but no change thereafter 

(LeGrice et al. 2012). In that study, thickening of the perimyisal network was seen at 12 

months, but did not contribute significantly to the increased collagen fraction from 12 to 24 

months. Instead, this was attributed to proliferation of replacement fibrosis. An important 

difference in the present study is in the overlap of the measures of replacement fibrosis at 12 

and 18 months. This suggests that the progression from compensated to decompensated HF in 

the SHR strain studied is less constrained by specific end-points than previously thought and 

develops across a spectrum of times. The fact that a quantitative measure of structural 

remodelling such as the extent of physical coupling between myocytes (Figure 6-7) is 

strongly related to fibrosis volume rather than age reinforces this view.  

To the best of our knowledge, cell coupling has not been previously characterised in HHD 

progression. The most similar studies to the present body of work have compared coupling 

ratios in different regions of normal hearts. The regression estimate of coupling ratios of ~9:1 

with fibrosis volumes of 2-3 % (Figure 6-7) is comparable to the estimates of 9:1 reported by 

Seidel and co-workers (Seidel et al. 2016) for a normal rat LV and 11:1 for LV myocardium 

in dog (Saffitz et al. 1994). Likewise, coupling ratios of ~3:1 estimated here in the presence 

of extensive replacement fibrosis are very similar to those reported for the border zone 

bounding healed LV myocardial infarctions in rat (Rutherford et al. 2012) and rabbit (Seidel 

et al. 2016) hearts. We also note that in high resolution image volumes where fibrosis was 

marked, ECM infiltration was generally parallel to the cell longitudinal axis, causing 

separation in the transverse direction (Figure 6-21). Some qualifications should be raised here 

about these results. The 3D volumes were acquired from the middle of the LV free wall only 

and the macroscopic analyses of full LV short-axis sections indicates that the extent of 

fibrosis is markedly greater in the inner half of the free wall than elsewhere in the LV. This 

certainly limits our ability to relate these structural findings directly to optical recordings that 

reflect electrophysiological function in the subepicardial layers of the LV; this issue will be 

raised again in the discussion of these results. Finally, the 3D images were reconstructed in 
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relatively limited volumes and more comprehensive analysis will need to be completed across 

extended LV tissue regions. 

 

 
Figure 6-21: Reconstruction of 3D myocardial architecture in the middle of the LV free wall in 18 month-old SHR. 
Cell membranes and ECM stained with WGA (green) and Cx43 (bright red) were labelled immuno-histochemically. 
Image dimensions are 358 x 358 x 512 µm and white arrows indicate infiltration of ECM parallel to the myocyte 
longitudinal axis. 

 Electrical dysfunction in HHD progression 6.4.2

The association between hypertension and risk of arrhythmia has been addressed in clinical 

investigations (Aidietis et al. 2007; Hong-liang et al. 2009), research with animal disease 

models (Hasenfuss 1998; Benoist et al. 2012; Umar et al. 2012) and studies in hearts 

explanted from patients with end-stage heart disease undergoing cardiac transplantation 

(Glukhov et al. 2012). These investigations show that hypertension is associated with APD 

prolongation, repolarisation dispersion and occurrence of early afterdepolarizations. Many of 

these changes are also observed in HF; however, the extent to which electrophysiological 

dysfunction in HHD is due to hypertension as such as distinct from the progression of HHD 

to HF remains unclear. Furthermore, the relative contributions of structural and cellular 

electrical remodelling to electrical dysfunction during this progression are also not fully 

understood. 
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The results of this study are generally consistent with those reported elsewhere and we 

discuss them in greater detail below. However, they differ from previous investigations in 

that they are comprehensive, quantifying changes in a wide range of electrophysiological 

measures at different time-points through the development of HHD, whereas most other 

studies compare findings with a control at a single time point. The few studies that have 

investigated the progression of electrical dysfunction in HHD focused primarily on the atria 

(Choisy et al. 2007; Lau et al. 2013). We have demonstrated significant changes from 6 to 12 

months, which are likely due to initial compensatory responses to hypertension outlined in 

the structural results of this study. On the other hand, the large overlap in electrophysiological 

results between 12 and 18 months may well reflect differences in the time course of the 

progression towards decompensated HF in different animals. These results highlight the 

nonlinear trends in electrical dysfunction in the progression of HHD to HF, while also 

indicating the strong influence of the remodelling that accompanies this progression relative 

to hypertension alone. A further strength of this work is that, measures of global structural 

remodelling have been quantified in each of the hearts studied, enabling us to dissect 

structure-related mechanisms that may perturb electrical function during the progression to 

HF. A key finding, that illustrates the power of this approach, is the relationship between 

arrhythmic susceptibility and the extent and distribution of patchy fibrosis in SHR. 

Frequency-dependent APD dispersion was also closely correlated to both the extent of 

fibrosis and arrhythmic susceptibility. In the discussion that follows, we consider 

electrophysiological changes that occur with age in SHRs in more detail, and seek to relate 

these results to the LV structural remodelling occurring in these animals with the progression 

of HHD. 

Changes in epicardial CV 

We have demonstrated significant slowing of epicardial CV in SHRs between 6 and 12 

months and these were most pronounced in the transverse direction, leading to a rate-

dependent increase in CV anisotropy. These results are generally consistent with those of 

others. Reduced CV in the transverse direction, increased CV anisotropy and CV 

heterogeneity are widely reported for HHD and HF (Spach 2003; Lou et al. 2012; Glukhov et 

al. 2012; Fry et al. 2014). However, the effects of HHD and HF on axial CV are less clear. 

Lang et al. (2015) reported decreased axial CV in HF (Lang et al. 2015), but Glukhov and co-
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workers have found that epicardial CV in the axial direction is sustained and even increased 

in human end-stage HF (Glukhov et al. 2012).   

CV is/can be modulated by a number of factors: 1) expression of Cx43 gap junction channels 

between adjacent cells (Akar et al. 2007), 2) cellular excitability which is determined 

principally by the density and open/closed status of INa (Nattel et al. 2007), and 3) local 

electrical source-to-sink matching (Smaill et al. 2013). It is argued that fibrosis can act as a 

barrier for impulse propagation, causing tortuous (zig-zag) conduction (Pertsov 1997; 

Kawara et al. 2001). However, fibrosis also effects electrical coupling between groups of 

myocytes (non-uniform variation in electrical anisotropy) which can give rise to rate-

dependent CV slowing and conduction block at the entrance to regions where there are abrupt 

changes in current-load relationships (J. P. Kucera et al. 1998). This is influenced by tissue 

geometry and the spatial arrangement of myocytes and ECM (Fast & A. G. Kléber 1995; 

Pertsov 1997; Kawara et al. 2001; Hooks et al. 2002). Finally, CV may also be influenced by 

paracrine factors such as TGFβ associated with the deposition of fibrosis and/or fat (Porter & 

Turner 2009). 

CV slowing in heart disease has been widely attributed to reduced Cx43 channel expression 

(Kawara et al. 2001; Li et al. 2005; Stein et al. 2008; Glukhov et al. 2012). In HF, 

lateralisation and dephosphorylation of Cx43 is commonly observed together with down 

regulation of the channel (Hesketh et al. 2010). These inactive forms of Cx43 have been 

linked to heterogeneous channel distribution, which in turn has been associated with 

conduction slowing (Glukhov et al. 2012; Boulaksil et al. 2016). While there is a strong 

association between the Cx43 inactivation and CV slowing, causality is less clearly 

established. The characteristic reduction of Cx43 in HF is ~50 % (Dupont et al. 2001). 

However, studies show there is a large reserve (90%) before reduced intercellular coupling 

affects CV (Gutstein et al. 2001; Stein et al. 2011). Further Cx43 reductions of 42%, have 

been shown to have minimal effects on epicardial CV (Boulaksil et al. 2016). This evidence 

suggests that Cx43 reduction and distribution changes alone are unable to cause the CV 

variation seen in HF and that other factors are involved.  

Voltage-gated Na+ ion channels are responsible for the action potential upstroke in most 

cardiac cells and therefore, have substantial impact on impulse propagation in ventricular 

myocardium. Sodium channel expression is reduced in HF (Horvath & Bers 2014) and has 

been linked with the CV reduction observed in this setting (Tse & Yeo 2015). However, this 



Chapter 6 – Structural remodelling and electrophysiological dysfunction in HHD progression 

180 
 

does not explain the increases in CV anisotropy seen by ourselves and others during the 

progression of HHD. Van Veen and co-workers (van Veen et al. 2005; Remme et al. 2006) 

have demonstrated that a 50 % reduction in Na+ channel expression slows CV proportionately 

in both axial and transverse directions, and CV anisotropy ratio therefore does not change. In 

our study, CV decreased in the axial and transverse directions at 12 months, but was not 

significantly reduced thereafter. The reduction in CV in SHRs occurs early in the progression 

of HHD and before the development of HF. This is associated with cellular hypertrophy and 

fibrosis. However, an equivalent reduction in epicardial CV is not seen in man at this stage of 

the progression to HHD. We believe that reduced Na+ ion channel expression most likely 

contributes to the changes seen here and speculate that the reduction in CV may be due to a 

species- or strain-dependent failure to maintain Na+ ion channel density as cell membrane 

surface area increases. However, this does not explain the rate-dependent changes in CV 

anisotropy and this is most likely due to altered transverse coupling related to fibrosis. 

We have not been able to demonstrate any relationship between CV and the density or 

distribution of fibrosis, and it could be argued that this is not entirely surprising. CV is 

estimated from optical recordings acquired from a relatively small area of the epicardial 

surface surrounding the stimulus site in the LV free wall. We have demonstrated that 

proliferation of fibrosis with age in the animals studied is most marked in the inner half of the 

LV wall (Figure 6-5). Despite this, the relationship between cell coupling and volume of 

fibrosis (Figure 6-7) provides preliminary support for the hypothesis that proliferation of 

collagen may reduce transverse cell coupling and therefore, increase CV anisotropy. 

Paracrine factors secreted by fibroblasts and myofibroblasts have also been shown to 

modulate electrophysiology. Pedrotty et al. (2009) demonstrated that fibroblast conditioned 

media (FCM) from freshly cultured isolated cardiac fibroblasts caused APD prolongation and 

CV slowing in cardiac monolayers with no myofibroblasts (Pedrotty et al. 2009). 

Furthermore, Vasques et al. (2010) reported that FCM harvested from infarcted myocardium 

depressed CV and shortened APs in neonatal rat myocytes (Vasquez et al. 2010). Finally, 

Kaur et al. (2013) found that adult rat myocytes treated with FCM showed TGF-β1 mediated 

effects leading to Na+ up-regulation and prolonged APD (Kaur et al. 2013). These studies 

indicate that cytokines secreted by fibroblasts and myofibroblasts can influence CV and 

refractoriness. However, the extent to which such factors contribute to the results presented 

here is unclear and requires further investigation.  



Chapter 6 – Structural remodelling and electrophysiological dysfunction in HHD progression 
 

181 
 

Repolarization and action potential duration 

We observed a progressive increase in APD with age in SHRs, as well as rate-dependent 

APD dispersion in the 12 and 18 month animals (Figure 6-15). Altered APD dynamics are a 

hallmark of HHD and HF. APD prolongation occurs early in HHD (Richard et al. 1998; Aiba 

et al. 2012) and further APD increases are associated with progression to HF (Cerbai et al. 

1994). Marked APD dispersion and APD gradients have also been reported in animal studies 

of hypertension (Benoist et al. 2011), while substantial repolarisation gradients have been 

observed in human end-stage HF (Glukhov et al. 2012; Lou et al. 2012). Finally, the APD 

estimates presented here are in agreement with comparable studies in SHRs. Reported 

APD90 estimates include 128 ms at 6 months (Nguyen et al., 2016) and 121 ms and 152 ms 

(~5 Hz) at 6 and 18 months, respectively (Barbieri et al. 1994). We estimated APD70 as 96 ± 

7 ms and 108 ± 15 ms (5Hz) at 6 and 18 months, respectively.  

APD is influenced by the dynamic balance between transmembrane currents at the cell level 

and it will be extended by factors that increase inward current or reduce outward current. The 

APD prolongation which is characteristic of HHD and HF is attributed primarily to 

transmembrane ion channel remodelling (Decker & Rudy 2010), as well as paracrine factors 

(mentioned earlier) which modulate their function. The increase in APD at 18 months in 

SHRs has been linked with a marked reduction in Ito, the transient outward current, 

responsible for partial repolarisation early in the AP (Cerbai et al. 1994). However, it is 

argued that a number of other K+ currents (IK1, IKS and Ito) are down-regulated in HF in 

general (Nattel et al. 2007). Additionally, an increase in sustained late Na+ current is a 

consistent finding in animal models of HF (Coronel et al. 2013). These ionic current changes 

have also been linked to the APD restitution slope (Litovsky & Antzelevitch 1989; 

Viswanathan et al. 1999; Wu et al. 2011), although this has been disputed recently (Shattock 

et al. 2017). While these factors can have a marked influence on APD in isolated cells, their 

effects in intact myocardium may be moderated by electrotonic current flow, which tends to 

reduce spatial repolarisation gradients (Conrath et al. 2004). However, it is argued that local 

variation in repolarisation will be unmasked by structural remodelling that perturbs normal 

cellular electrical coupling and extracellular impedance in ventricular myocardium, and that 

this could affect APD restitution and give rise to repolarisation time dispersion (Lesh et al. 

1989; Qu et al. 2004; Engelman et al. 2010; Majumder et al. 2016).   
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A combination of the factors above almost certainly contributes to the APD findings reported 

here. APD distributions were characterised across a much larger LV surface area and over a 

much wider range of times than the CV estimates discussed previously. As a result, we 

contend that the impact of intramural structural remodelling is therefore, likely to have been 

greater for this measure. While APD increased with age at 6, 12 and 18 months, it was not 

correlated with any of our indices of fibrosis. This increase most likely reflects progressive 

remodelling of transmembrane ion channels including Ito in this genetic model of HHD. On 

the other hand, the highly significant relationship between APD dispersion demonstrated in 

this study is consistent with the view that structural remodelling will increase spatial 

repolarisation time gradients.  

Changes in alternans rhythms  

Cardiac electrical alternans is described as an alternating beat-to-beat variation in APD, CV 

or related electrocardiographic indices such as T-wave amplitude (Wu et al. 2011). In this 

study, alternans occurred in all hearts at 12 and 18 months, but in only 3/6 hearts at 6 months 

and was initiated at lower pacing rates in the former. The incidence of  discordant (spatially 

out-of-phase) alternans at stimulus rates just below the frequency at which 1:1 capture was 

lost increased progressively with age and appeared to be associated with arrhythmic 

susceptibility and extent of fibrosis. However, it should be noted that the number of 

observations here are low. These results are consistent with those presented elsewhere. SHRs 

have a reduced alternans threshold (Mitsuyama et al. 2014), while discordant alternans is 

commonly observed in animal HF models (Wilson et al. 2009; Benoist et al. 2012). Finally, 

T-wave alternans has been viewed as an index of vulnerability to VF and sudden cardiac 

death in patients with HHD and HF (Hennersdorf et al. 2001; Bayer et al. 2016).   

It is widely accepted that beat-to-beat instability in intracellular Ca2+ dynamics is a key factor 

that drives alternans (Díaz et al. 2004; Sipido 2004). Calcium alternans (alternation of the 

intracellular Ca2+ transient) occurs when the stimulus rate is increased and could be due to 

refractoriness of some release sites within the sarcoplasmic reticulum (SR) or alternation of 

SR Ca2+ load due to limitations on reuptake (Díaz et al. 2004; Sipido 2004). It is manifested 

as an electrophysiological alternation because of the effects of intracellular Ca2+ on the L-

type calcium channel and the sodium-calcium exchanger (NCX). NCX has 3:1 stoichiometry 

and transfers the net charge on one Na+ ion into the cell for every Ca2+ ion extruded 

(Antzelevitch et al., 1991). Intracellular Ca2+ homeostasis is impaired in HF as a result of SR 
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disruption and down-regulation of the SR Ca2+ pump (Wickenden et al. 1998). As a result, 

calcium alternans occurs at lower rates in HF and likely contributes to the repolarisation time 

heterogeneity observed in this condition (Sipido 2004; Wasserstrom et al. 2009). 

Fundamental alterations in Ca2+ homeostasis have been reported in SHR at 9 months of age 

(Kapur et al. 2010), while defective SR Ca2+ handling in 23 month old SHRs can give rise to 

spontaneous waves of Ca2+ release that promote triggered activity (Wasserstrom et al. 2009). 

Structural remodelling probably amplifies electrophysiological instability. It has been 

demonstrated that structural barriers such as distributed patchy fibrosis increase the 

likelihood and magnitude of discordant alternans (Pastore & Rosenbaum 2000; Krogh-

Madsen & Christini 2007; Engelman et al., 2010).  

The results from this study are entirely consistent with the above postulated mechanisms. 

However, it is important to recall that we did not record transmembrane potentials at the 

cellular level. Instead, fluorescence images were acquired from tissue volumes with effective 

collection depths (at 488 nm excitation) up to 1 mm (Martin J Bishop et al. 2006). Under 

these circumstances, a subregion with a 2:1 block within the collection volume might appear 

as alternans in the integrated optical signal (Myles et al. 2011). Likewise, discordant AT 

alternans within the collection volume might be seen as both OAP amplitude and 

repolarisation alternans (Ziv et al. 2009). Despite these qualifications, the fact that discordant 

AT alternans occurred more frequently in older animals 12 and 18 month animals at stimulus 

rates just below the frequency where the 2:1 block occurred is of interest. In discordant 

alternans, nodal lines that separate out-of-phase beat-to-beat differences can be identified. 

Here, nodal lines were parallel to the subepicardial myocyte axis in regions where transverse 

CV slowing was most marked and coincided with preferential directions of both interstitial 

and replacement fibrosis. Previous computer modelling studies have shown that nodal lines 

are parallel to structural barriers (Krogh-Madsen & Christini 2007; Engelman et al. 2010). 

Englemen et al. (2010) also demonstrated that non-uniformly distributed barriers to excitation 

cause large spatial and temporal fluctuations in AT with rapid stimulation, increasing the 

probability of discordant alternans (Engelman et al. 2010).  

Conduction block and displacement of initial depolarisation 

As expected, the BCL at which 1:1 pacing capture was lost and 2:1 block occurred was 

identical to the ERP estimated using S1-S2 stimulation. Neither exhibited significant age-

related variation and it is difficult to make any inference from this. However, the fact that the 
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site from which depolarisation spread was sometimes displaced from the stimulus electrode 

when BCL was marginally longer than that at which block occurred, does warrant a brief 

discussion. This displacement occurred along the local myofibre axis at 6 months only.  

Pacing at a BCL close to the ERP will inevitably lead to a distribution of refractoriness in the 

region surrounding the stimulus electrode. The current injected during stimulation will raise a 

luminal volume of excitable myocardium capable of producing propagated activation to 

threshold (Kléber & Rudy 2004) giving rise to the initial depolarisation recorded on the 

epicardial surface of the LV. Displacement of centre of this region from the stimulus site 

indicates a non-uniform distribution of refractoriness around the stimulus electrode and 

factors responsible for this may include the formation of virtual electrodes around the 

stimulus electrode (Wikswo et al. 1995) and the history of previous impulse propagation. 

These factors likely contribute to the displacement of initial activation sites reported by 

others (Chen et al. 1993; Gotoh et al. 1997) when S2 stimuli introduced near to the ERP were 

used to induce re-entrant arrhythmia and VF. However, it should be noted that the S2 

stimulus magnitudes used in these studies were much greater than applied here and bipolar 

rather than unipolar stimulus electrodes were used. Under these circumstances, the 

contribution of virtual electrode formation would be expected to be much greater than in our 

study. 

Displacement of initial activation in the myofibre direction occurs as a result of virtual 

electrode formation (Wikswo et al. 1995), but could also be due to the fact that resistance to 

the bulk electrotonic current flow needed for activation is lowest in this direction (Hooks et 

al. 2007). The fact that this is seen in SHR at 6-months, but not in older animals could simply 

reflect a change in the magnitude and anisotropy of extracellular resistance as a result of 

structural remodelling and proliferation of fibrosis.       

Mechanisms responsible for increased arrhythmic susceptibility with HHD 

progression 

The increased incidence of VT/VF in HHD and HF is associated with development of 

heterogeneous cardiac electrical properties which increase the likelihood that re-entrant 

arrhythmia will be initiated and sustained. Risk factors include disorganised impulse 

propagation, increased CV anisotropy, repolarisation dispersion (Aidietis et al. 2007; Hong-

liang et al. 2009; Glukhov et al. 2012) and reduced electrical stability due to altered calcium 
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homeostasis (Akar et al. 2007; Wilson et al. 2009). The impaired electrophysiological 

function of the heart has been linked with structural remodelling (proliferation of fibrosis, 

cellular hypertrophy, disruption of the normally ordered arrangement of t-tubular system and 

SR) and electrical remodelling (altered expression and function of transmembrane ion 

channels, membrane ion pumps and transporters). The results from this study are broadly 

consistent with these views in that we have demonstrated that key electrophysiological 

measures are related to both age and fibrosis. Of particular importance, we have shown that 

arrhythmic susceptibility is strongly correlated with the proliferation of replacement fibrosis 

in SHRs during the progression of HHD. Further, the influence of the extent and form of 

fibrosis is highlighted by its more significant correlation with dysfunction as opposed to the 

amount of fibrosis alone. 

CV was substantially reduced in 12 and 18 month old SHRs and this would be expected to 

increase the risk of arrhythmia as it decreases the wavelength for re-entry (CV x ERP, 

(Gutstein et al. 2001)). While there was an age-related increase in APD70, reductions in CV 

(20-25 %) were greater than the corresponding increases in ERP (~15 %). Furthermore, the 

rate-dependent increases in CV anisotropy (Figure 6-11) also gave rise to conduction block at 

high rates providing pathways for potential re-entrant activation as shown in Figure 6-22. The 

CVs reported in this study almost certainly do not reflect the full effects of the structural 

remodelling that occurs with progression of HHD, because they were measured at the 

epicardial surface, whereas replacement fibrosis is concentrated in the inner LV wall. 

Intramural impulse propagation is therefore, expected to be tortuous (de Bakker et al. 1993) 

with rate-dependent delay and uni-directional block occurring as a result of local electrical 

source-sink mismatch (Pertsov 1997; Kawara et al. 2001; Smaill et al. 2013). 

 

Figure 6-22: AT map for 12 month SHR at BCL = 130 ms  with colour coded activation isochrones (1 ms).  Block is 
indicated by the parallel red line, while the potentially re-entrant activation path is indicated by the thicker red line. 
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In this study, APD dispersion was strongly linked with risk of arrhythmia (R2=0.658, P < 

0.0005) and the extent of patchy fibrosis (R2=0.601, P < 0.005). Furthermore, APD 

dispersion was rate-dependent and greatest at short BCLs (Figure 6-15). We contend that the 

APD dispersion observed was likely associated with even greater spatial repolarisation 

gradients intramurally in regions where patchy fibrosis was most extensive. Under these 

circumstances, we should expect regional electrotonic coupling to be reduced enabling 

greater repolarisation time dispersion and this would be amplified by the activation time 

variability that occurs when replacement fibrosis is extensive. Marked repolarisation 

gradients are known to increase the likelihood of wave break, block and re-entry (Kirchhof 

1996; Clayton & Holden 2005) and it is widely argued that patchy, non-uniformly distributed 

fibrosis gives rise to this behaviour (de Bakker et al. 1993; Ten Tusscher &  a V Panfilov 

2003; Tanaka et al. 2007).   

Alternans was more common and occurred at lower frequencies at 12 and 18 months than at 6 

months. In a number of cases, discordant alternans was a precursor to the development of re-

entrant arrhythmia and was associated with transverse block close to the stimulus site as 

shown in Figure 6-22.  We were not able to establish a causal linkage between alternans and 

arrhythmia, nor does the increased incidence of alternans at 12 and 18 months indicate that 

intracellular Ca2+ homeostasis was impaired in the older animals studied. There is compelling 

evidence that structural heterogeneities increase the likelihood that alternans will occur and 

influence its form (Bian & Tung 2006; Krogh-Madsen & Christini 2007; Engelman et al. 

2010). However, there is little doubt that impaired Ca2+ handling during the final stages of 

progression of HHD will contribute to electrical instability with the formation of Ca2+ waves 

and afterdepolarisations. Under these circumstances, fibrosis and reduced electrical coupling 

can facilitate triggered activity that leads to VF (Karagueuzian et al. 2013; Nguyen et al. 

2016) 

The results of this study reinforce the linkage between electrical dysfunction and structural 

remodelling. They support the views that the extent and form of myocardial fibrosis provide 

an independent predictor for arrhythmias including sustained VT and VF (Spach & Dolber 

1986; de Bakker et al. 1993; Kazbanov et al. 2016) and that structural remodelling is not only 

sufficient but necessary to induce sustained rhythm disturbance in chronic HF (Burstein et al. 

2009).  
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6.5 Conclusions 

In this study we have provided detailed characterisation of changes in electrophysiology and 

structural remodelling in HHD progression towards HF. Marked changes in the extent and 

distribution of fibrosis were observed, while on the cellular level the influence of fibrosis was 

shown to directly reduce coupling. This structural remodelling was associated with the 

observed CV anisotropy, heterogeneous repolarisation and alternans leading to increased 

arrhythmic susceptibility, wherein the extent and distribution of fibrosis was a powerful 

indicator of arrhythmic risk. Overall, the large influence of structural remodelling 

mechanisms behind electrical dysfunction/arrhythmia indicates that structure may be a better 

marker of instability than age alone.  
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Chapter 7 
 

 Conclusions and Future work Chapter 7.

7.1 Overview 

The principal objectives of the research described in this thesis were to: 

(i) Develop imaging methodologies that enable 3D reconstruction of cellular organisation 

and extracellular connective tissue matrix arrangement in large volumes of LV 

myocardium. 

(ii) Set up an optical mapping acquisition and analysis pipeline for characterising 

electrophysiological function in the rat LV. 

(iii) Investigate the possible relationships between structural remodelling and 

electrophysiological dysfunction in the progression of HHD towards HF. 

(iv)  Clarify the association between fibrosis and altered cell-to-cell coupling in (iii). 

These objectives were substantially achieved. Chapter 2 describes a preliminary image-based 

modelling study that motivated much of the subsequent research. Chapters 3 to 5 describe 

imaging and experimental methods developed to meet objectives (i) and (ii). We conducted a 

longitudinal study of LV structural remodelling and electrophysiological function in a rat 

model that recapitulates key end-points in the progression of HHD and this is described in 

Chapter 6. This comprehensive time-course study has enabled the contributions of structural 

remodelling and fibrosis to the risk of VT and SCD in HHD to be probed in greater detail 

than has previously been possible. 

The remainder of this chapter will summarise the contribution of work packages described in 

Chapters 2 to 6 to meeting the objectives and considers possible limitations. Finally, potential 

future initiatives motivated by this research will be outlined. 
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 Chapter 2: Image-based computational modelling  7.1.1

Fibrosis has been thought to affect myocardial electrophysiology via the creation of tortuous 

pathways and barriers to electrical activation (Kawara et al. 2001; Tanaka et al. 2007). To 

further investigate the effects of fibrosis, transmural image volumes from WKY (with typical 

low fibrosis) and SHR (with typical high fibrosis) were used to create structure-specific 

models of electrical activation. In addition, the structural variation between each image 

volume was also compared. The SHR dataset displayed a marked reduction in sub-epicardial 

fibre rotation and localised transmural reductions in tissue connectivity. This reduction in 

connectivity was linked to increased fibrosis and was associated with the slow spread of 

activation in the computational model. The outcomes from this preliminary study reinforced 

the view that the fibrosis can act as barriers for electrical propagation thereby slowing 

activation. However, the computational modelling was based only on macroscopic 

connectivity and did not account for direct effects of fibrosis on cellular organisation and 

coupling through gap junctions or cellular proximity. Ultimately this investigation provided 

the motivation to study the influence of fibrosis on cellular organisation and its effect 

electrophysiology. 

 Chapter 3: Development of three-dimensional imaging methodologies 7.1.2

Microstructural characterisation of tissue and its remodelling in disease is a crucial step in 

many basic research fields. With the noted limitations of the computational model, and 

drawbacks of 3D physical sectioning techniques (Section 3.1), we pursued the task of 

creating a method to efficiently characterise cardiac 3D cellular organisation. Multiple labels 

were trialled for staining cell membranes, intercalated discs (ICDs), and collagen. A number 

of tissue clearing techniques were also investigated to enable imaging at greater depths via 

the reduction of light scatter. In the development of the protocol we were able to discover 

further uses of certain labels such as Di-4 (internalisation stains T-tubules), Di-8 (in vitro 

imaging) and WGA (vasculature staining).  

A final protocol was created using the labels WGA (cell membranes and collagen/ECM) and 

Anti Cx43 (ICDs), in combination with tissue clearing using methyl salicylate. This protocol 

enabled the direct acquisition of cardiac cellular organisation at depths of up to ~500 µm. The 

resulting large high-resolution volumes provided datasets for quantitative comparisons and 
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visualisation of cellular arrangements and ECM organisation. In addition to the 3D cellular 

imaging, the extent of fibrosis at the tissue level was also quantified using WGA staining. 

A limitation of this imaging protocol was the non-specific staining of WGA. Nevertheless, 

we were able to show a close correlation between WGA, collagen I, and CNA35 staining 

(Section 3.7.2). Furthermore, when calculating the proportion of fibrosis relative to the cell 

volume, the contribution of the cell membranes was negligible in comparison to the amount 

of fibrosis. An additional limitation in the 3D imaging method was the inability to 

characterise the largest possible volume of cleared tissue. The 25X objective used in this 

work had a maximum working distance (WD) of only 535 µm. More recently, with 

expanding research into clearing techniques, manufacturers have created high numerical 

aperture (NA) long-WD objectives. These objectives also can alter their refractive index (RI) 

to match the RI of the issue, improving the resolution and depth of imaging. The Olympus 

XLSLPLN25XGMP (25x, NA 1.0, WD 8mm. RI 1.41-1.52) objective is well suited for 

cleared tissue samples and has been recently acquired by our group with the aims of using the 

protocol in this study to image significantly larger volumes in the future.  

During the development of the imaging protocol, new techniques were also being created and 

published at a rapid rate. The CLARITY technique was an initial driver for newer (and 

simpler) processes, which has led to clearing methods such as iDISCO (solvent), and CUBIC 

(aqueous).The effects of clearing however differ for various tissues, where particular tissues 

also favour certain clearing approaches. A recent study concluded that extracellular-rich 

tissue can be cleared best using solvent-based methods such as BABB and iDISCO rather 

than CLARITY (Azaripour et al. 2016). On the other hand, CLARITY and CUBIC are 

considered to be effective in imaging endogenous fluorescence (Renier et al. 2014), while 

aqueous techniques (Scale and SeeDB) show the best results in embryonic tissue (Ertürk et 

al. 2014). 

With these results in mind, it is worth noting that most tissue clearing described in the 

literature has been conducted on brain tissue, which is comprised predominantly of fatty 

tissue. The heart has a multitude of components, including extracellular matrix and collagen, 

and these factors make it less suitable to apply clearing protocols developed for brain tissue. 

Although a few studies show cleared cardiac tissue (Epp et al. 2015; Nehrhoff et al. 2016; 

Nehrhoff et al. 2017) it is unclear whether the structure is intact and their protocols could be 

utilized for the specific aims of this thesis. For example, CUBIC requires permeabilisation 
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with 15% Triton, however large amounts of Triton disrupt the cell membrane structure as 

shown in this study section 3.4.2.2 Figure 9. These newer protocols will require adaptation 

for the objectives of this thesis, and have not been explored here as the methyl salicylate 

method was found to be simple and effective for our requirements. 

 Chapters 4 and 5: Optical electrical mapping of LV electrophysiological 7.1.3
function  

An optical mapping system was used to record the activation on the LV surface of the hearts. 

To analyse this data, multiple quantitative metrics such as activation times, action potential 

duration (APD) and APD dispersion were computed. Ellipsoid approximations of activation-

time map isochrones provided a good representation of the transverse and longitudinal CVs 

and were validated using a peer-reviewed program. Finally, new methods of characterising 

and quantifying arrhythmic susceptibilities were detailed. Together these metrics enabled the 

comprehensive characterisation of electrical variation. 

Optical mapping is widely used to study electrical activation of the heart (Fast &  a G. Kléber 

1995; Efimov et al. 2004; Attin & Clusin 2009; Lang et al. 2011), however, it is plagued by 

motion artifacts. Although blebbistatin is commonly utilised to remove motion its impact on 

cardiac electrical function has been questioned (Brack et al. 2013). In Chapter 5 we presented 

a novel image-based approach for retrospective motion artifact correction. The effectiveness 

of this correction method was evaluated over 18 experimental datasets which were not 

subjected to any excitation-contraction uncoupler. The signal-to-noise ratio was increased 

more than 4-fold and activation time and APD could be estimated at 24% more pixels than in 

the raw data. The variability of all APD measures was substantially reduced (e.g. APD50 

estimated as 83.8 ± 45.8 ms before correction was 52.1 ± 4.7ms afterward). This approach 

provided a robust means of recovering optical APs in the presence of substantial motion 

artifact.  

This method was not applied to the HHD study as it was a related but supplementary 

investigation. The application of this tool to the SHR cohorts (without blebbistatin) would 

have potentially provided datasets with reduced motion artifact. However, as the majority of 

the hearts consisted of uniform epicardial staining (i.e. a limited number of trackable objects) 

its correction may not be as effective as it was for the test studies shown in Chapter 5. In 
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future work, to account for this, markers could be used to track the non-rigid deformations 

and could subsequently be incorporated into the motion artifact reduction technique.  

 Chapter 6: Structural remodelling and electrical dysfunction in HHD 7.1.4

HHD and HF is characterized by cardiac structural remodelling and an increased probability 

of VT/VF (Drazner 2011; Benoist et al. 2012; Tanaka et al. 2013). The association between 

structural remodelling and arrhythmic vulnerability is strong, but the mechanisms responsible 

are not fully understood. As such the paired HHD investigation from Chapter 6 improves our 

understanding of this relationship. To the best of our knowledge it is the first of study of its 

kind to investigate both ventricular structure and electrical function through the development 

of HHD. The results of this investigation showed that there were nonlinear trends in electrical 

dysfunction in the progression of HHD towards HF. Finally, the mechanisms behind the 

influence of fibrosis on the increased incidence of electrical dysfunction with HF 

development were also unraveled. 

The structural remodelling presented in this study was consistent with previous 

investigations. From 6 to 12 months, the hearts displayed a significant increase in the amount 

and distribution of fibrosis. Proliferation of endomysial and perimysial collagen between 

myocytes was also evident. These changes were also reflected between hearts at 12 and 18 

months, but differences were not as pronounced, with considerable scatter and overlap in the 

structural measures. With regard to cellular coupling, there was a clear inverse relationship 

with the amount of fibrosis. Electrophysiological parameters showed a trend similar to that of 

structural remodelling. Arrhythmic susceptibility increased with age, showing a large overlap 

between 12 and 18 months. Furthermore, the 12 and 18 month animals relative to the 6 

months exhibited a noticeable rate-dependent reduction in CVL and CVT and increased 

anisotropy. Moreover, the 12 and 18 month animals displayed marked APD dispersion at 

higher pacing rates and a lower alternans threshold. Of these, discordant AT alternans and 

rate-dependent APD dispersion was strongly correlated with both arrhythmic susceptibility 

and extent of replacement fibrosis. Arrhythmic risk was also much more strongly correlated 

with measures of the extent of replacement fibrosis, rather than age alone. Overall, the 

structural measures accounted for much of the variance in electrical dysfunction with age.  

These results provided better insights into the structural influence in electrical dysfunction 

and instability. By characterising the influence of fibrosis at the cellular and tissue level we 
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were able to show that the extent and form of fibrosis was associated with the observed rate 

dependant CV anisotropy and repolarisation heterogeneity leading to increased arrhythmic 

susceptibility. Furthermore the distribution of fibrosis itself was a powerful indicator of 

arrhythmic risk. These marked relationships reinforce the linkage between electrical 

dysfunction and structural remodelling. They also strengthen the views that the extent and 

form of myocardial fibrosis provide an independent predictor for arrhythmias including 

sustained VT and VF (Spach & Dolber 1986; de Bakker et al. 1993) and that quantification of 

the distribution of fixed heterogeneities (e.g., contrast-enhanced MRI) may aid stratification 

of risk of sudden cardiac death. Finally they also give impetus to further investigate anti-

fibrotic therapy, which has been linked with reduction the risk of VT/VF and SCD in both the 

clinical and experimental setting (Karagueuzian 2011; Morita et al. 2014; Egan Benova et al. 

2016).  

While we were able to obtain a deeper understanding of the relationship between structure 

and electrical instability, it is necessary to acknowledge the limitations of this work. Firstly, 

with epicardial optical mapping, we were not able to directly view the electrophysiological 

effects of intramural fibrosis. To obtain a better insight into these mechanisms, 3D optical 

mapping may need to be applied. A discussion on this technique is provided in the future 

work section of this chapter. Furthermore, one of the main objectives of this thesis was to 

establish a link between fibrosis and cellular coupling. The results from the paired 

longitudinal study were able to show a direct link between increased fibrosis and reduced 

coupling. However, although valuable information was extracted from these imaging 

volumes, the numbers of cells that could be obtained was limited. In the healthy cardiac 

tissue that was used for the clearing trials, we were able to capture a large number of cells in 

the image volumes obtained using the 60X objective. On the other hand, in the SHR datasets 

the significant increase in cell sizes resulted in a reduction in cells per volume. Furthermore, 

there was limited access to the 25X long-WD objective restricting data collection 

opportunities. These two factors resulted in small image volumes with a small number of 

complete cells within the image boundary. If larger image volumes can be gathered across 

extended LV tissue regions, more comprehensive insights into both cellular measurements 

and transverse and lateral coupling variation with fibrosis may be possible. 
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7.2 Future work 

 Animal models and experimental data 7.2.1

To further develop the paired study of HHD progression, additional age cohorts of rats should 

be included. This would be particularly helpful in the 6 and 12 month window, to better 

understand the transition between the significant observed changes. Animals older than 18 

months would also provide insights into any electrophysiology-structure relationships that 

occur in overt HF. However, while extra time points may provide better insights into the 

development of HHD, the results of this thesis strongly highlight the variability between 

animals in the progression towards HF. As such, it would be interesting to examine the 

progression of the disease within individual animals from early hypertension towards end 

stage HF. Rats could be monitored using Doppler echocardiography to measure the LV 

morphological changes (Benoist et al. 2012), while advancements in high-resolution 

magnetic resonance imaging (HRMRI) provide the scope for in vivo characterisation of heart 

structure. A recent study by Koth and co-workers utilised HRMRI to study adult zebrafish for 

visualisation of scar formation and heart regeneration in the same animal over time (Koth et 

al. 2017). Electrical function may be monitored using telemetry to measure ECG activity 

(Cesarovic et al. 2011). However, tools for experimental measurement of in vivo spatial 

electrical potentials are scarce. Nevertheless, with the advent of electrophysiological mapping 

vests such as the CardioInsight system and on-going technological developments (Skadsberg 

et al. 2015), we may be able to apply these techniques to smaller animals. 

Smaller animal models have a number of advantages, including greater control and 

reproducibility of the disease pathology, lower metabolic support demands, and smaller 

imaging sizes required to characterise the whole heart. However, direct extrapolations of 

diseased animal model data to humans are complicated by variation in normal cardiac 

electrophysiology between animal species. In particular, the rat heart has altered frequency-

dependant behaviour and a considerably shorter AP than human hearts with no plateau. 

Additionally, the array of heart failure models used (including genetic modification, 

ischemic, toxin-induced, pacing-induced, pressure overload, and volume overload models) 

makes it especially difficult to extrapolate the findings to humans. With this in mind, future 

stages in this project would require studies of larger animals e.g. pigs and sheep. Finally, 

techniques now enable the study of rejected donor human hearts (Glukhov et al. 2012; 
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Boukens et al. 2015). These may provide immediately, clinically relevant insights combined 

with hearts at varying stages of HF. 

 Three dimensional optical mapping and ionic remodelling characterisation 7.2.2

Distribution of fibrosis showed a significant relationship with arrhythmic susceptibility. 

However, we were unable to directly show the effects of fibrosis on electrical activity, in part, 

due to the limitations of surface optical mapping. Recently, new 3D optical mapping 

techniques have come to the forefront, which make use of infrared dyes that can be excited at 

deeper thicknesses to obtain electrical data from a 3D volume (Walton et al. 2012). Towards 

the end of my doctoral studies, I was fortunate enough to visit L'Institut de RYthmologie et 

Modélisation Cardiaque (LIRYC) in Bordeaux, France. During my visit I was able to observe 

the 3D optical mapping techniques being developed at the institute. These techniques make 

use of di-4-ANBDQBS, an infrared voltage-sensitive dye, which was imaged at two 

excitation wavelengths (575nm and 625nm) using multiple cameras to estimate electrical 

activation at various depths. The estimation of depth-dependant electrical activation can then 

be “interpolated” to create a 3D reconstruction of activation. The application of this technique 

is currently limited to larger hearts, nevertheless the combination of 3D optical mapping and 

3D imaging will provide a more direct insight into the relationships between structure and 

function. Additionally, the methods developed in Chapter 6 may be incorporated into 3D 

optical mapping via the use of multiple cameras and markers, which could possibly enable 

3D activation mapping without the use of pharmacological uncouplers. 

To build on the 3D clearing protocol, additional labels could be used to provide a better 

indication of the electrical remodelling. This study has not sought to address the questions 

around the role of cellular electrical remodelling, gap junction distribution changes, or the 

influence of myocyte-fibroblast (or myofibroblast) coupling. We have presented arguments 

regarding the influence of Na+ channels and gap junctions; nevertheless, further labels would 

help to validate our arguments. Na+ channel stains (Nav 1.5) would provide better insights 

into ionic remodelling with progression towards HF, while a fibroblast and myofibroblast 

labels may help to clarify their influence. Although gap junction (anti-Cx43) data was 

acquired, we have not pursued this fully and will do so in future work. Furthermore, the 

CNA35 label with conjugation to AF dyes would be ideal to discern the influence of 

collagen.  
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As mentioned previously, the WD of the objectives used was a limiting factor. Currently, a 

new system being is being developed which uses the Olympus 1.0/NA 8mm-WD objective. 

This system will consist of multiple laser lines and also makes use of line-scanning 

techniques, as opposed to point-source confocal techniques. Together with the new labels 

mentioned above, this system will be used to obtain larger high-resolution volumes. Larger 

volumes will further our understanding of ionic and structural remodelling, while also 

providing comprehensive biophysical parameters for computer modelling. 

 Activation modelling  7.2.3

Multi-scale computational modelling and simulations are useful tools that complement 

clinical and experimental research. Detailed biophysical computer models both of single 

myocytes and of cardiac tissue have contributed significantly to understanding mechanisms 

behind excitation and repolarization in the myocardium. Commonly the electrophysiology of 

the heart is modelled using a standard macroscopic model known as the bidomain model 

(Keener & Sneyd 2009). Currently,  bidomain simulations are made using continuum models 

which assume that the tissue is arranged as uniformly-spread myocytes organised into a dense 

network (Neu & Krassowska 1993; Pennacchio et al. 2006). This assumption is reasonable 

for describing AP propagation in healthy tissue, however pathological cases commonly 

consist of multiple regions with large patches of collagen or fibrosis. Hence, to improve the 

power of computer modelling in diseased tissue, accurate representations of fibrosis and 

cellular arrangements need to be incorporated. The work presented here provides the 

foundation to incorporate accurate representations of fibrosis amounts and cellular 

connections. Thus, activation delays and 3D propagation patterns measured experimentally 

could be better compared with those predicted by detailed biophysically-based models that 

account for electric anisotropy and structural heterogeneity at multiple scales. Furthermore, 

modelling based on cellular structural data obtained in HF with detailed information such as 

gap junctions, fibrosis and myofibroblasts may help dissect the influence of these abnormal 

changes and improve our understanding of electrical dysfunction observed in diseased HF 

tissue.  

Building on the results and techniques presented in this thesis alongside the future work 

described above, we can model electrical activation taking into account both multi-scale 

structural and electrical remodelling occurring with progression towards HF. This would help 

to validate the observed strong structural influence on electrophysiological dysfunction. With 
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further development of the techniques created in this thesis, together with additional animal 

and experimental models it should provide a platform for studying other fibrosis-associated 

pathologies, such as MI and further cardiac diseases that modulate abnormal electrical 

rhythm. 
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Appendix A 
 

Appendix - Supplemental Data 

A1. Introduction 

This supplemental material presents two example data sets of optical signals from the 

epicardial surface of a rat preparation and one endocardial data set. These are in addition to 

the endocardial example data set presented in the principal manuscript. Also presented in this 

supplement is an example of a signal with minimal motion content. Such signals are used to 

determine a window length for the final motion correction step in our algorithm and to 

validate the correction algorithm and the motion corrected APD values. 

A2. Data 

Optical intensity fields at a single point in time and temporal traces at four sample points are 

shown in figures A1 to A3. Figures A1 and A2 are for signals on the epicardium and Figure 

A3 is from the endocardium. These examples show a variety of motion artifacts in the raw 

signals and also show that the corrected signals are all high-quality, both on the epicardium 

and the endocardium. 

 

Figure A-1 :Raw, stabilized and corrected signals from an epicardial surface example 
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Figure A-2: Raw, stabilized and corrected signals from an epicardial surface example. 

 

Figure A-3 Raw, stabilized and corrected signals from an endocardial surface example. 

Figure A4 shows the motion, APD before and after correction and selected time series for 

regions of low and high motion. Raw signals from a region with minimal motion (high SNR) 

(Figure A4D) provide a good validation of corrected signals from a region with greater 
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motion (Figure A4E). The corrected APs have a similar morphology and APD to the APs 

from the low motion region. 

 

 

Figure A-4 Motion free raw signals. A. Motion estimate in the raw data. The green highlighted region has minimal 
motion artifact and a high SNR, while the black region has large motion artifact and a low SNR  B. APD estimate of 
the raw data, regions from A highlighted  C. APD estimate of the corrected data, regions from A highlighted  D.The 
raw time-series signal averaged across the green region. E. The time-series after correction across the black region. 
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