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Abstract 

Heart disease is a leading cause of death in the developed world.  Healed myocardial infarcts 

provide a substrate for potentially life-threatening reentrant arrhythmias.  Slow non-uniform 

electrical propagation in the border zone of a healed infarct can give rise to such reentrant 

arrhythmia. The extent to which this is influenced by structural rather than cellular electrical 

remodelling is unclear. 

The objectives of this research were to characterise the structure of the infarct border zone at 

high resolution in a small animal model of structural heart disease, to describe the spread of 

activation through border zone using structure-based computer modelling, and to develop an 

experimental preparation that could be used to validate our structure-based computer 

modelling results.  These methods combined are a strong tool to increase the understanding of 

how structural remodelling in the border zone alters electrical propagation, and predisposes 

hearts to reentrant arrhythmia.   

In this project, we have for the first time, acquired extensive volume images at high spatial 

resolution of the border zone and normal myocardium adjacent to healed rat infarcts and have 

reconstructed the 3D arrangement of myocytes, necrotic tissue, blood vessels and connective 

tissue throughout this region.  We have simulated the spread of electrical activation using a 

structure-specific network model constructed from connected myocytes. 

In the final section of this study we developed an isolated Langendorff-supported rat heart 

preparation, in which electrical activation was mapped simultaneously on both the epicardial 

and endocardial surfaces of the left ventricle.  To reduce artifact due to contraction in the optical 

datasets, a novel correction approach was developed in which variation in background 

fluorescence intensity was used to stabilise images and residual artifact was then extracted on a 

pixel-by-pixel basis. 

The key findings of the high resolution imaging and 3D reconstruction of the border zone were: 

1) the infarct border zone was characterised by thin layers of surviving myocytes across the 

endocardial surface and in some regions of the epicardium near the edges of the infarct, 2) thin 

intramural tracts of preserved myocytes projected into the border zone and in some cases, 

formed continuous pathways across it from endocardium to epicardium, 3) lateral coupling 

between adjacent myocytes decreased abruptly across the interface between infarct and 

surrounding surviving myocardium, and 4) normal patterns of transmural myofibre rotation 

were disrupted in infarct border zone due to necrosis and infarct contraction. 
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Computer modelling of the spread of activation through the network representation of the 

border zone structure demonstrated that the pathways described above exhibit direction and 

rate-dependent delay and block.  Activation delays are not uniformly distributed along these 

pathways, but instead are associated with specific regions in which there are rapid changes in 

tract cross-section.  This model demonstrates “zig-zag” conduction as described by de Bakker et 

al. [1]. It also describes the importance of source-to-sink electrical mismatch, which occurred as 

a result of abrupt changes in the dimensions of surviving myofibre tracts in the infarct border 

zone.  These caused substantial local rate-dependent activation delay and unidirectional 

conduction block, on top of the tortuous activation pathways that cause slow global activation 

spread. We conclude that these mechanisms of local conduction velocity slowing and/or 

unidirectional conduction block, together with tortuous activation pathways causing global 

conduction velocity slowing, provide a dynamic substrate for reentry in the infarct border zone.   

We have demonstrated in a detailed image-based model of the infarct border zone that 

structural heterogeneity provides a dynamic substrate for electrical reentry.  The novel 

experimental preparation that has been developed should allow us to validate these computer 

modelling results in the setting of infarct border zone and other forms of structural heart disease 

in the future. 
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Forward 

The research presented in this thesis involved critical input from a number of members of the 

Cardiac Electrophysiology Group, Auckland Bioengineering Institute and Department of 

Physiology, University of Auckland. The purpose of this forward is to outline my involvement in 

the research project, and what was contributed by others in the group. 

I developed the imaging procedures necessary to reconstruct the infarct border zone adjacent, 
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segmentation and image processing required.  This was facilitated by custom imaging software 
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Gregory Sands.    

I was involved in conceptualisation and interpretation of all aspects of the structure-based 

computer modelling of electrical activation in the infarct border zone. However, Dr Mark Trew 

also made a major contribution to this work through his development of the network modelling 

approach that enabled electrical activation in the infarct border zone to be solved efficiently.  

I developed the experimental preparation described in Chapter 4 and analysed the data. Dr Andy 

Chen and Dr Martin Sverck helped with development of the optical mapping system.  Mr 

Prashanna Khwaounjoo, extended an approach initially tested by Dr Martin Sverck to correct the 

substantial motion artifact in the optical mapping data.   

I am a co-author of a number of publications and presentations, which relate to the research 

carried out for my thesis, which are listed at the end of this thesis.  Chapters 2 and 3 form the 

basis of a Circulation Research article “High resolution 3-dimensional reconstruction of the 

Infarct Border Zone: Impact of structural remodelling on electrical activation” of which I am 

first author.  Aspects of chapter 4 have been published in the Annals of Biomedical Engineering 

article “Reliable Measurements of Cardiac Optical Action Potential Durations without the use 

of Chemical or Physical Motion Suppression” of which I am second author, as well as peer 

reviewed abstracts.  The focus of the paper is on the motion correction and image registration 

techniques developed by Prashanna Khwaounjoo who is first author. 
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 Introduction Chapter 1.

 Motivation and summary 1.1.

Myocardial Infarction (MI) is a leading cause of death throughout the developed and developing 

world [2]. Patients who survive the initial ischemic injury are left with structural heart disease in 

the form of a scar in the heart wall.  The risk of sudden death from ventricular fibrillation (VF) in 

this population is high.  Structural and electrical remodelling of the myocardium immediately 

surrounding the scar (the infarct border zone) have been identified as substrates for reentrant 

arrhythmia, a precursor to VF.  Remodelling in the border zone (BZ) occurs at a range of scales, 

from altered ion channel expression to tissue level changes in ventricular myocyte arrangement, 

infiltration of connective tissue (CT), and wall thinning. 

The objective of this thesis was to elucidate the structural properties of healed MI that may 

contribute to increase risk of sudden death.  We used extended 3D confocal microscopy to 

image the infarct BZ at high resolution (1 x 1 x 1 µm), combined with image based computer 

modelling to simulate activation through this structure.  We also developed a novel preparation 

that which enables simultaneous high density recording of extracellular potential (ECP) and 

optical transmembrane potential measurements on the left ventricular (LV) epicardial and 

endocardial surfaces respectively.  We have shown that the technique produces valuable 

information on the spread of activation in normal hearts.  In future studies this experimental 

preparation will be useful for validation of image-based modelling techniques by comparing 

modelled activation patterns in the presence of structural heart disease with those recorded 

experimentally on both ventricular surfaces. 

 Overview of cardiac function 1.2.

The role of the heart is to pump blood throughout the body.  This is achieved via cycles of 

contraction and relaxation.  Contraction (systole) is the ejection period of each cardiac cycle, and 

relaxation (diastole) the filling period. 

The mammalian heart consists of 4 chambers: the right atrium (RA) and right ventricle (RV), and 

the left atrium (LA) and left ventricle (LV).  Coordinated contraction and relaxation of these 

chambers is essential to the efficient pumping of blood through the body and is achieved via the 

tightly controlled spread of electrical activation throughout the heart.  Activation starts in the 
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sinoatrial (SA) node, a group of cells in the RA which are the pacemakers of the heart, as they 

have the highest intrinsic rate of “firing” of all cardiac cells.  Activation spreads from the SA node 

through the right and left atria.  There is a time delay as activation propagates slowly through 

the atrioventricular (AV) node, before it spreads rapidly through the bundle of His, left and right 

bundle branches, and Purkinjie fibres before moving slowly across the ventricular wall from the 

endocardium to epicardium by myocyte to myocyte conduction and activation. This coordinated 

spread of electrical activation ensures initial contraction of the atria followed, after a short 

delay, by rapid synchronised contraction of the ventricles. 

Deoxygenated blood enters the RA from the peripheral tissues via the superior and inferior vena 

cava, while oxygenated blood flows into the LA from the pulmonary veins.  The atria are low 

pressure chambers that act as reservoirs for the ventricles.  They store blood returning to the 

heart via the venous system during ventricular systole.  This is then rapidly drawn into the 

ventricles as they relax and recoil in the early stage of ventricular filling (65 to 75% of filling 

occurs in the first 1/3 of diastole).  Blood continues to flow into the atria and on into the 

ventricles during the rest of diastole.  Contraction of the atria tops up the ventricles and initiates 

the closure of the AV valves prior to the contraction of thicker walled ventricles.  Ventricular 

contraction then forcefully ejects blood into both the pulmonary (RV) and systemic (LV) 

circulations.  Like filling, ventricular ejection has a rapid phase (70% in first 1/3 of ejection time) 

and a period of slower ejection. The pressures developed by the right side of the heart are 

~1/10th of those produced by the left (RA 4-6mmHg, RV 8-12mmHg, LA ~8mmHg, LV 

~120mmHg), due to the low resistance to blood flow through the lungs compared to the 

systemic circulation. The thickness of the ventricular walls reflects the pressure differences [3]. 

 

Figure 1.1 : Heart chambers and blood circulation (adapted from http://labelled-diagram-of-the-

human-heart.blogspot.com/)   
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 Cardiac structure 1.3.

Cellular level 

The contractile unit of the heart is the cardiac myocyte.  Myocytes are elongated cells, typically 

80–100 µm long and 10–20 µm wide.  They contain overlapping myosin and actin filaments 

arranged in sarcomeres 1.6-2.2 µm long.  Sarcomeres are connected to each other via anchoring 

proteins at z-disks, and are arranged in series, parallel to the long axis of the cell. The highly 

aligned sarcomeres give myocytes their striated appearance, and ensure maximum shortening of 

the cells during contraction. 

Individual ventricular myocytes are connected on average to 11 ± 2 other myocytes both 

electrically and mechanically via intercalated disks [4, 5].  

  

Figure 1.2 : The structure of the intercalated disk, and distribution of gap junctions within these disks. A) A 

single myocyte with intercalated disks marked by arrows. B) Structure of an intercalated disk. C) Labelled 

connexins show gap junction location at the ends of myocytes, and around the periphery of the cell. D) A 

single cell showing labelled connexins at the intercalated disks. From [6] and [7]. 

The structure of the intercalated disk can be seen in Figure 1.2 above. They are 

interdigitating/step-like structures that contain  

1) Anchoring proteins; fasciae adherents, whose primary role is coupling of contractile 

elements and therefore force transmission, and desmosomes which anchor the 

cytoskeleton, and 

A 

B 

C 
 

D 
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2) Gap junctions; heximeric proteins, that form large, low resistance channels through 

which signalling molecules and ions can flow, forming electrical and chemical 

connections between cells [6]. 

Gap junctions are formed by aligned pairs of connexons, and each connexon is made up of 6 

connexins, that form a pore through the membrane. There are 3 primary connexins expressed in 

the heart Connexin 43, 40 and 45 (Cx43, Cx40 and Cx45), the primary locations of which are 

shown in Figure 1.3 below. 

Ventricular myocytes express large amounts of Cx43, the most abundant connexin type in the 

heart.  The largest, and most numerous gap junctions lie in the intercalated disks at the ends of 

the cells, while smaller junctions are located at disks on branches that form side to side 

connections between adjacent cells.  Within the intercalated disks, larger gap junction plaques 

are located around the periphery co-localised with high densities of sodium (Na+) channels [8]. 

This distribution contributes to the anisotropy inherent in conduction through the ventricular 

myocytes that will be discussed in later sections. 

 

Figure 1.3 Schematic diagram of the localisation of connexin types in the mammalian heart. From Severs 

2008 [6] 

Atrial myocytes express both Cx43 and Cx40 [9].  The predominant connexin in the SA and AV 

nodes is Cx45, which has been shown to form low conductance channels in vitro.  This is 

expected to contribute to the slow conduction velocity through the nodes, essential to 

synchronising the cardiac cycle as described above.  Cx40 and Cx43 are found toward the border 

of the SA node in the “transitional zone” [10], and in larger mammals a low level of both are co-

localised with Cx45 throughout the AV node [11]. The mammalian Purkinje fibre network 

expresses high levels of Cx40, a connexin that forms high conductance channels in vitro.  This, 

along with larger cells and an increase in the number of intercellular connections, ensures rapid 
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conduction through the Purkinjie network and coordinated activation of the subendocardial 

myocytes [11, 12]. 

 Factors that affect the conductance of individual gap junctions are connexin type, cleft and 

transmembrane voltage, connexin phosphorylation and pH (shown in Figure 1.4). 

Phosphorylation of Cx43 and Cx45 can occur at several sites on the connexin carboxyl-terminal, 

located on the cytoplasm side of the membrane spanning proteins.  Phosphorylation by PKC 

directly alters the conductance of Cx43 between 3 different conductance states, 30, 60 and 

100pS [13-15].  Phosphorylation by tyrosine protein kinases reduces total gap junction 

conductance.  Phosphorylation state also affects the voltage and pH gating of the channels [16]. 

Membrane voltage and cleft (or transjunctional) voltage both modulate gap junction 

conductance [17].  The time constant for this change is ~10 ms at peak transjunctional voltage of 

130mV, meaning that conductance drops to ~50% (depending on the base cycle length (BCL) of 

maximum just after the peak of the AP, but returns to near maximum during repolarisation.  Due 

to the time course of voltage dependent change in conductance, it is unlikely that membrane 

potential (Vm) affects propagation under normal conditions, although it may contribute to 

reduced coupling in partially depolarised tissue.  Gap junctions do not fully close due to 

membrane potential, residual conductance is ~10-30% of maximum [17]. 

Changes in pH associated with ischemia are well known to cause reversible gap junction 

uncoupling.  Channels are sensitive to changes near normal pH (7.0).  Cx43 shows a reduction to 

70% of maximum conductance at pH 6.7, 40% at pH 6.3 and is fully closed at pH 5.8.  Cx45 is 

more pH sensitive than Cx43, showing an 80% drop in conductance at pH 6.7, and is fully closed 

at pH 6.3 [18].  Experiments have shown that pH does not alter the conductance state of single 

connexons, but reduces the number of open channels [19].  The kinetics of pH sensitivity are 

slow, and have been suggested to protect against the spread of ischaemic injury during 

prolonged periods of acidification [20]. 
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Figure 1.4 : Factors affecting gap junction function (from [12]) 

 

Tissue level  

The ventricles of the heart are highly organised structures with CT forming a framework 

comprising:   

 Endomysuim : Surrounds individual cells 

 Perimysuim : Surrounds groups of myocytes 

 Epimysium : Surrounds the whole heart 

The earliest descriptions of ventricular structure described discrete muscle bands with individual 

origins and insertions [21].  Later, Fenesis and Hort [22], then Streeter and co-workers [23] 

described the ventricles as a continuous syncytium of coupled myocyte fibres, with a 

predominant long axis direction (fibre orientation ) which changed smoothly through the wall.  

In the LV free wall, average fibre direction changes from (relative to circumferential) -60 in the 

subepicardium, through to +60 in the subendocardium.  This result has been reproduced by a 
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number of people, with similar results in pig, dog, primates, and human [24, 25].  There is 

significant local variation in fibre orientation, despite the overall smooth rotation, especially at 

the junction of the LV free wall, and in the inter-ventricular septum [25].   

 

Figure 1.5 : Transmural variation in fibre orientation. A) Typical sequence of photomicrographs showing 

fibre angles in successive sections taken from the LV wall of a heart in systole. The sections are parallel to 

the epicardial plane.  Fibre angle is ~+80° at the endocardium, running through 0° at the midwall to ~-60° 

at the epicardium.  The sequence of numbers refers to deciles of wall thickness. B) Fibre angles for four 

sampling sites from a heart in diastole are 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. 

(Modified from [23]) 

The classical view of ventricular structure was that it was a continuous syncytium, where 

myocytes were uniformly connected, and fibre orientation was the only determinant of the 

velocity of spread of activation.  The first description of discontinuities in the ventricular wall 

was by Fenesis and Hort in 1940’s.  They described extensive extracellular gaps and non-uniform 

coupling of myocytes in histological sections [22, 26], the first description of “cleavage planes”, 

which separate layers or sheets of myocytes within the heart.  It is now accepted that cell 

coupling in the ventricular myocardium is not continuous, but consists of discrete layers, 4-5 
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cells thick, separated by perimysial collagen (Figure 1.6) [25].  Within layers the cells are tightly 

coupled via staggered intercalated disks, and the distribution of gap junctions means the spread 

of activation within layers is relatively uniform.  Between layers there is limited cellular 

interconnection, and the lateral intercalated disks that form have smaller, less dense gap 

junction plaques [27]. Mechanically, the laminar structure provides for the large deformations 

required during the cardiac cycle through tissue rearrangement by sliding or shearing between 

the myocardial laminae.  Electrically, it introduces discontinuities in the spread of activation 

through the myocardium.  The ventricular wall can be viewed as mechanically and electrically 

orthotropic based on three primary orientations; fibre, sheet and sheet normal.  Electrical 

propagation spreads fastest along the first of these directions, and slowest along the last [28]. 

 

 

Figure 1.6 : Schematic diagram of cardiac microstructure. Arrangement of laminae in the LV wall. A) 

Schematic of cardiac microstructure. Transmural segment (middle left) contains layers of tightly coupled 

myocytes. These layers run in an approximately radial direction, and there are circumferential and 

tangential muscle branches between adjacent layers. Orientations of muscle fibre axes are indicated. 

Cellular arrangement is depicted bottom left. Fine lines are the components of extracellular collagen 

matrix. B) Micrograph a midwall  specimen, cut parallel to the local myocyte axis, showing layered 

organisation of myocytes, branching of layers (arrow), and collagen fibres between adjacent sheets. C) 

Micrograph of midwall specimen cut perpendicular to the local myocyte axis. Perimysial CT weave 

surrounding myocardial sheets is evident. Reproduced from [25] 
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These layers were initially identified using traditional microscopy tools in tissue sections.  

However, with developments in research tools over the past decades, fibre and sheet and sheet 

normal orientations can now be imaged in the intact heart using diffusion tensor MRI [29-32]. 

 

 Activation 1.4.

Co-ordinated contraction of the heart relies on the spread of electrical excitation throughout the 

heart in the correct order at the correct time.  Cardiac myocytes generate and propagate 

electrical impulses (action potentials, APs) that are passed on from cell to cell without 

decrement as each cell actively regenerates the AP.  

The cardiac action potential 

Myocytes and other excitable cells are enclosed by a lipid bi-layer (membrane) separating the 

intracellular cytoplasm from the extracellular space.  The membrane contains proteins that form 

channels, pumps, and exchangers that are selectively permeable to different ionic species.  

Many of these ion transporters are voltage, time and concentration dependent, and can move 

ions either up or down their electrochemical gradients.  

The selective permeability of the membrane and the active transportation of ions in and out of 

the cell set the concentration gradient for the various ions and, depending on the conductivity to 

these ions, the transmembrane voltage.  The three most important ionic species in setting Vm 

are Potassium, Sodium and Calcium (K+, Na+ and Ca++). 

Ca++ concentration in the cell cytoplasm is very low due to the sequestration of Ca++ into the 

sarcoplasmic reticulum, while extracellular Ca++ is ~2 mM. The K+ concentration is higher inside 

the cell than outside (135 mM v 4 mM) while the Na+ concentration is low inside and high 

outside (10 mM v 145 mM). These concentration gradients (maintained by the Na/K pump) 

favour K+ moving out of the cell, and Na+ moving in.  Ionic movement is determined by the 

combined electrical and chemical (electrochemical) gradient for an individual ionic species. 

The Nernst potential is the point of equilibrium where the flux of ions through any channel 

driven by the transmembrane concentration gradient is equal and opposite to flux driven by 

transmembrane electrical gradient.  The Nernst Potential for K+ (EK+) in cardiac myocytes is 

~96 mV compared with those for Na+ (ENa+=~+50 mV) and Ca++ (ECa++=~+20 mV).  Resting 
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membrane potential (RMP) is close to the K+ Nernst potential due to the cell membrane’s 

permeability to K+ at rest through IK1 channels.  It does not reach this potential due to the 

smaller, but not negligible, movement of Na+ and Ca++ back across the membrane.  The RMP of a 

cardiac cell is ~-85 to -90 mV [3, 33]. Changes in the membrane permeability due to time and 

voltage dependent gating of ion channels is the critical process behind the ability of the cell to 

generate an AP [34]. 

The cardiac action potential for cells known as “fast” AP cells (atrial and ventricular myocytes 

and Purkinje fibres) has 4 phases (Phases 0-3) followed by a resting phase (Phase 4).  The ion 

currents responsible for each of the phases are shown in Figure 1.7 and described below. 

Phase 0: upstroke of the AP from threshold. When a stimulus rapidly depolarises the cell to the 

threshold membrane potential (~-55 mV) large numbers of voltage gated Na+ channels open, 

allowing an influx of Na+ ions, which drives the Vm towards the equilibrium potential for Na+.  

The size of the cardiac AP is ~110mV, from its resting Vm to its peak value (~+20 – 30 mV) [3].  

The Na+ channels have two voltage dependent gating properties. The first is an activation gate 

which is closed at low (negative) Vm. This gate is opened by the increase in Vm above threshold, 

and further increases in Vm continue to increase the open probability of the channel. The second 

is an inactivation gate, whose open probability is high at negative Vm and decreases as Vm rises.  

This gate is responsible for the rapid drop in permeability to Na+ after its initial rise due to the 

opening of the activation gates.  The slower kinetics of this gate in comparison to the activation 

gate allows a 1 – 2 ms time window for INa to rapidly depolarise the cell.   

The L-type Ca++ current can contribute to the upstroke. It has an activation threshold of -25 mV 

[35], and so activates after INa. It has a much slower inactivation gate which makes it important 

in slow depolarisation, as it carries the inward current after INa has inactivated [36]. 

Phase 1 is a period of early repolarisation due to the activation of the transient outward K+ 

channel Ito.  

Phase 2 is unique to the cardiac AP.  During this period the membrane potential remains in a 

depolarised state due to the balance between inward and outward currents.  The influx of 

positive Ca++ ions through the voltage dependent L-type Ca++ channels balance the outward K+ 

current carried by Ikr and IKs and the tail end of Ito.  In addition, the Na+ / Ca++ exchanger (NCX - 3 

Na+: 1 Ca++) contributes a net outward current during early repolarisation, but once Vm reaches 

its reversal potential (~-20 mV) it becomes a net inward current.  
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Phase 3 is dominated by the outward K+ currents that repolarise the cell, the rapid and slow 

delayed rectifier (IKr and IKs), and the inwardly rectifying IK1.  The former decrease as Vm returns to 

RMP, while the latter is a voltage dependent current that does not fully close (rectify) as 

repolarisation progresses, and maintains resting membrane potential in Phase 4 [3].  As cells 

repolarise, Na+ channels reset into their active but closed state, and the cells move from 

refractory state (where no AP can be elicited) through a relative refractory period (where 

gradually increasing number of Na+ channels become active) back to resting Phase 4 state. 

 

Figure 1.7 : Phases of a typical cardiac AP and the contributing ionic currents.  Depolarising inward (down) 

currents and repolarising outward (up) currents are shown, with the numbers representing phases of the 

AP. Reproduced from [37] 

AP shape can vary in cells taken from different regions of the heart as represented in Figure 1.8, 

and relates to the relative densities of ion channels in each region.  The SA node and AV node 

have very different shaped AP’s from atrial and ventricular myocytes due to their specialised 

function (SA node acts as the pacemaker of the heart while the AV node supports very slow 

conduction).  Nodal cells show slow rise of the AP (phase 0), carried mainly by Ca++ rather than 

Na+, that is responsible for the rapid rise in atrial and ventricular myocytes.  

Within the ventricles, myocytes show local variation in action potential duration (APD). APDs 

decrease from apex to base and, from endocardium to epicardium. These differences tightly 

couple repolarisation of the cells during normal activation. However, it has been speculated that 

under some circumstances, variation in APD will lead to dispersion of repolarisation and 
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refractoriness, and be potentially pro-arrhythmic [38, 39].  It must be noted, that the variations 

in APD, seen in isolated cell preps, are much smaller in the intact heart, presumably due to 

electrotonic coupling between cells in the heart that is lost when cells are isolated [40, 41]. 

 

Figure 1.8 : Action Potential shapes from different regions of the heart (from [42]) 

The cells of the SA node have an unstable resting membrane potential (contributed to by IKr, ICa,T, 

CICR, NCX, ICa-L and If).  Once the membrane potential reaches threshold, the SA node cells fire 

and begin the spread of activation through the heart described above. While AV node cells and 

Purkinjie fibres also exhibit diastolic depolarisation, the cells of the SA node have the steepest 

depolarisation slope, leading to the fastest intrinsic rate of discharge of any cells in the heart, 

and therefore the SA node overrides and entrains these slower pacemakers. 

The extracellular electrical potentials generated by the spread of APs throughout the heart can 

be measured on the body surface as an electrocardiogram (ECG).   These surface measurements 

integrate the sum of activation across the heart for each beat, but provide information on the 

timing, direction, and limited information about spatial location of activation throughout the 

cardiac cycle by the use of multiple leads across the torso.  A schematic of a classic ECG (from 

Lead II) is shown in Figure 1.9.   
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Figure 1.9 :  Schematic of an ECG 

Einthoven, who first measured and analysed the ECG, assigned the letters P, Q, R, S and T to the 

deflections which relate to electrical events of the cardiac cycle. The P wave relates to atrial 

activation, the QRS complex to spread of activation through the ventricles, and the T wave to 

ventricular repolarisation.  Atrial repolarisation is not observed, as ventricular activation hides it. 

The form of the ECG trace is dependent on the direction of activation relative to the recording 

and reference electrode (referred to as a “Lead”).  The use of multiple leads across the torso 

allows analysis of activation from a range of angles, and is an important clinical tool for 

identifying abnormalities in the hearts rhythm.  However, due to the integrated nature of the 

signal, ECG analysis from the body surface can only give limited information about the activation 

in localised regions of myocardium. 

Propagation of electrical activation though the heart 

Cable equation – 1D propagation 

Activation moves through the heart as a wavefront of depolarisation. In a single cell strand, the 

spread can be compared to the flow of current through an electrical cable.  Ions flow from an 

area of positive charge (depolarised cell) to an area of negative charge.  In a cell, the 

phospholipid membrane has a high resistance, and acts as a capacitor separating charge 

between the cytoplasm and the extracellular fluid. The resistance of the cytoplasm (ri) is much 

lower than the membrane (rm), so current flows down inside the cell, with only a small amount 

of leak current flowing out across the membrane, depending on the changing conductance of 

gated membrane ion channels.  The distance current will move passively in the system is 

described by the length constant ( of the cable equation [43]. 



Chapter 1:  Introduction 

14 

   √
  
  

 

The speed/velocity that the current flows down the cell is proportional to the membrane 

resistance and capacitance (cm) which give the time constant from the cable equation 

        

Velocity ( ) is also proportional to the membrane current (Im) which the cable equations do not 

represent. 

         

The membrane current is the flow of positive ions across the cell membrane during the upstroke 

of the AP.  This is dependent on the membrane potential, the ion concentrations inside relative 

to outside the cell, and the state of the Na+ and Ca++ channels.  The balance between the inward 

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

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

current from depolarised cells behind the wavefront is sufficient to rapidly depolarise the cells 

ahead of the wavefront to threshold potential, Na+ channels will open, the AP will be 

regenerated, and those cells become the current source driving the activation wavefront 

forward [35].  If there is a source to sink mismatch, CV slows, and eventually activation will fail to 

propagate.  The safety factor of conduction is the relationship between charge generated and 

charge consumed.  A safety factor of >1 indicates more charge is generated than consumed, and 

therefore conduction will successfully propagate [36]. 

2D spread of activation  

The activation wavefront in cardiac tissue is not a continuous smooth front, but is affected by 

1) active properties of cardiac cells (state of Na+ channels, refractoriness etc)  

2) spread of impulse propagation between cells (via gap junctions at intercalated disk) 

and  

3) cellular architecture (cell layers, fibre orientation and gap junction distribution) 

Gap junction distribution 

Activation spreads between myocardial cells via the large, low resistance channels formed by 

gap junctions.  The spatial distribution of gap junctions along with cell shape and orientation, 
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produces faster conduction in the direction of the long axis of the myofibres than transverse to it 

[7]. The gap junction distribution is characterised by the highest density of plaques located at the 

intercalated disk at the ends of cells that are orientated transverse to the myocyte long axis.  

There are fewer, smaller plaques located at intercalated disk on cell side branches forming 

transverse connections (see section above) [7].  Individual gap junction resistance is variable but 

at peak conductance (lowest resistance state), gap junctions formed by Cx43 have a resistance 

~1000x higher than that of the cell cytoplasm [44] resulting in local conduction delay which can 

be observed in single cell strands.  Experimental data of gap junction expression, in single cell 

strands and 2D cell culture experiments, has shown a tight link between CV and gap junction 

expression.  This has led to the view that reduction in number of gap junctions is the most likely 

cause of slow CV in ventricular myocardium [35, 45-47]. 

Cellular architecture 

Other aspects studied in the setting of cell cultures are the effects of structural anisotropy and 

discontinuities on propagation.  Structural properties of normal and diseased myocardium 

interact with the activation wavefront to produce local conduction slowing. In areas where there 

is a rapid expansion of the volume of connected myocytes, or sudden increase in the 

connectivity between myocytes, the balance of electrical current source to current sink is altered 

(source sink mismatch).  This slows CV as downstream cells take longer to reach threshold.  If the 

mismatch is large, and the current source insufficient to charge the adjacent cell membranes to 

threshold before Na+ channels inactivate, conduction block will occur. This is inherently a 

unidirectional slowing and block, as activation travelling from a large area of myocytes to a 

smaller area will produce an increase in CV as it enters the constricted area due to greater 

current density. Interestingly, a decrease in cell coupling in these areas increases the safety 

factor of conduction, as the downstream load on cells is reduced, reducing the “current sink”, 

supporting slow CV without block occurring. 

Branching structures provide a substrate for very slow, but safe conduction, by a mechanism 

termed the “push-pull” effect by Kucera et al. [48]. The decrease in current density, and 

corresponding slowing of CV at the point of branching (the “pull” of current into the side 

branches) is reversed once the branch has been activated and the increase in current density 

“pushes” the wavefront forward again. 

Wavefront Curvature 

Altered current load is also responsible for the change in CV with wave curvature, a convex wave 

will slow CV as there are more cells ahead of the wavefront than behind, increasing the current 
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load.  At some curvature, this current load will exceed the current source, and conduction will 

block.  This is known as ‘critical curvature’ [35].  Curvature of the fibres and sheets, and the 

presence of complex fibre orientations around vessels (pulmonary vein in the LA) and the 

junctions of cardiac chambers (septum) will all affect wave front curvature in the intact heart 

[49].  Related to wavefront curvature is the behaviour of an activation wave as it curls around a 

sharp anatomical obstacle (such as an inexcitable strand of CT).  At these structures the CV on 

the outside of the curve slows, and on the inside, increases.  However, the curvature of the 

wavefront cannot be infinite.  The critical curvature of an activation wave is the maximum 

degree of curvature that the wavefront can sustain without block.  If the angle of the object is 

greater than the critical curvature, the head of the wave can become detached from the 

structure, and there exists a point on the wavefront where three excitation states meet; excited 

(front of the wavefront), refractory (tail of the wavefront), and resting tissue (ahead of the 

wavefront).  This point is known as the ‘phase singularity’ [50] (Figure 1.10).  If this point of the 

wave completes a full circle without hitting the obstacle, or refractory tissue, cardiac arrhythmia 

can result (see following section).  

 

Figure 1.10 : Adapted from Fast and Kleber [49].  Detachment of an excitation wave from the sharp edge of 

an unexcitable obstacle. A) Isochronal map of activation spread with an interval of 5 ms.  B) Snapshot of 

activation at the moment marked by the asterisk in panel (A). The black colour shows the excited area 

defined by the activation of inward Na
+

 current. The grey colour shows the area in the refractory state as 

defined by Na
+
 current inactivation. Point P marks the “phase singularity”, defined as a point where 

excited, refractory, and resting states meet. The dashed line t shows the trajectory of the wave tip with the 

radius rp. 

Myocyte – Fibroblast Interactions 

Indirect evidence points to electrotonic coupling of myocytes and fibroblasts in normal and 

diseased myocardium causing slowing of conduction in areas of dense CT surrounding myocytes 

[51].  As above, much of this work has been done in cell cultures, and the effect on 3D spread is 
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uncertain.  Total cell numbers (myocyte < non-myocyte) means every myocyte in the heart is in 

close proximity to one or more non-myocytes. Kohl et al. [52] describe the possible arrangement 

of myocyte and fibroblasts and their effects.  The first is no electrical connection between 

myocytes and fibroblasts, with the latter acting as inexcitable obstacles, which increase 

pathlength of the activation wavefront as it must circumnavigate the object [53].  The second is 

that fibroblasts form gap junctions with a single myocyte, and act as current sinks, depolarising 

RMP and slowing AP upstroke.  In cases where there are limited myocyte numbers (such as 

nodal cells or strands of myocytes that transverse the infarct BZ) this effect may be amplified, 

and have the potential to cause local slowing of CV.  In cell culture studies (reviewed by Rohr 

[53]) coating myocytes in myofibroblasts depolarises RMP to close to threshold at -55 mV and 

slows conduction by ~35% [54].  This is speculated to affect the rate of depolarisation in SA node 

where fibroblasts form gap junction connections with pacemaker cells. Increases in RMP also 

trigger early after depolarisations and ectopic activity [53].  The third possibility is that 

fibroblasts form electrical bridges between otherwise electrically unconnected groups of 

myocytes.  In cell cultures, spread of activation has been observed between myocytes separated 

up to 300µm by myofibroblasts [55, 56]. At this stage there is little substantive evidence on 

fibroblast-myocyte coupling in native cardiac tissue [57]. However, if present, it would be 

expected to further slow CV in areas of dense fibrosis such as the infarct BZ.  

Propagation in intact hearts (3D) 

Studies carried out in cell cultures or isolated strands of cells have provided useful information 

about the behaviour of activation wavefronts in 2D sheets. However such methods are limited in 

their ability to look at behaviour in intact myocardium for 2 reasons: 1) cell cultures are 

essentially 2D sheets, rather than the complex 3D structures found in the heart and 2) the 

nature of cultured rat neonatal cells differs from that of fully differentiated ventricular 

myocytes. The former do not form proper ordered array of contractile proteins, all Na+ channels 

are concentrated at the cell ends but not in normal pattern of co-localisation with gap junctions, 

and the intercalated disk are not fully formed [58, 59]. 

 

Within tightly coupled layers of cells, the saltatory type conduction seen in thin cell strands is 

smoothed by lateral averaging of the activation spread [60]. Within layers, the myocardium 

essentially acts as an electrical syncytium, with fibre axis the determining factor governing the 

spread of activation.  However, the 3D laminar organisation of the myocytes, with relatively little 

electrical coupling across cleavage planes, introduces another structural axis in the myocardium.  
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Modelling studies [61] estimated a CV ratio of fibre to sheet to sheet normal of 4:2:1 and 

experimental studies have confirmed this [28, 62].  This does not affect the spread of the 

activation wavefront during normal activation in sinus rhythm where there is near simultaneous 

activation of the subendocardial myocytes via the Purkinjie network, and activation spreads 

from endocardium to epicardium transverse to the myocyte axis with in the laminae, but has the 

potential to affect the activation pattern during ectopic activity in the ventricular myocardium 

[28].  

Reduction in gap junction conductance in intact ventricular myocardium has shown that there is 

a much higher level of safety in gap junction expression in cardiac cells than predicted from cell 

culture studies.  It is now evident that in the normal heart, gap junction expression can be 

reduced without effect until levels drop to >20% [63-66]. Targeted knockout models have 

reported that a 50% decrease in Cx43 expression in ventricular myocytes produced no change in 

CV while complete knock out reduced CV by 96% [67]. At Cx43 levels below 20% of normal 

values, ventricular arrhythmias became prevalent [63-66]. Increasing the expression of gap 

junctions after infarction via injection of adenovirus carrying Cx32 provided no antiarrhythmic 

benefits, suggesting that decrease in connexin expression may not be the primary substrate for 

reentrant arrhythmia in this setting [68]. 

A proposed reason for the increase in safety factor in 3D tissue is the co-localisation of Na+ 

channels with gap junctions at the intercalated disk [69, 70]. Large numbers of Na+ channels 

located at the intercalated disk produce highly negative cleft potentials. Under normal coupling 

conditions, the negative cleft potential can slow CV, as it decreases the driving force for INa, and 

slows the AP upstroke [69].  However, under conditions of reduced gap junction conductance, 

the negative cleft potential can increase CV, by producing earlier depolarisation of the post-

junction membrane via “ephaptic transmission”. This is a mechanism proposed by Sperelakis et 

al. [71] where the electric field produced by the negative cleft potential produced depolarisation 

of the downstream cell.  Lin et al. showed, in computer models, that CV became less sensitive to 

gap junction conductivity when cleft potentials were taken into account [70]. 

A local decrease in gap junction conductance has been shown in 2D to increase the safety factor 

of conduction by reducing the current load on cells, supporting slow conduction [36].  In cardiac 

disease, where current-load mismatches are introduced by changes in architecture (the 

presence of fine strands of cells, increased fibrosis, and heterogeneously reduced gap junction 

conductance which is maintained in fibre direction but reduced laterally), the increased safety of 

slow conduction has been proposed to be a substrate in the maintenance of arrhythmia.  
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Experimental studies that combine decreased gap junction expression with  increased fibrosis 

show they interact to produce higher levels of arrhythmia compared to decreased gap junction 

expression or fibrosis alone [10, 65]. 

Restitution properties of myocardium 

Cardiac structure, activation wavefront and electrical properties of the myocytes interact to 

produce areas of functional block.  The interactions of structure and wavefront properties have 

been discussed above.  In addition, the electrical properties of myocytes can cause slow 

conduction and block. 

Regional heterogeneity in cellular electrical properties produce variability in repolarisation of the 

myocardium, so some cells will become active while others are still in a refractory state [72].  

During normal activation the spread is not sufficient to produce arrhythmia. However, there is a 

time known as the “vulnerable window” of repolarisation, where a premature activation will 

produce retrograde activation only, as the area ahead is still refractory while the area behind the 

tail of the wavefront has repolarised sufficiently to reactivate (for review see [35]).  This new 

activation wavefront can then circle around and reactivate tissue that was initially refractory, 

leading to reentrant activity.  Variability in repolarisation times can widen this time window, and 

increase susceptibility to reentrant arrhythmia. 

Very high heart rates can also cause block.  Increased BCL decreases INa+, which will eventually 

drop to the point where there is insufficient current to depolarise neighbouring cells to 

threshold.  The restitution properties of cells play a role in this. APD restitution is the 

relationship between diastolic interval (DI, the time between the end of one AP and the start of 

the next) and APD.  As DI decreases, so does APD, but the slope of the relationship can vary.  A 

steep restitution curve (ie large change in APD for small change in DI) is unstable, and produces 

APD alternans – beat to beat variability of DI and APD.  Heterogeneity in the restitution 

properties of cells can produce a dispersion of refractoriness, variable (discordant) alternans, 

partial block, and the formation of reentrant arrhythmias [73, 74].  

Reentrant electrical activation 

In a normal heart beat, the specialisation of the heart’s conduction system combined with the 

long refractory period of cardiac myocytes prevents re-excitation of the myocardium before the 

next beat from the SA node.  In some pathological states this normal pattern of activation is 

disrupted, producing cardiac arrhythmias.  These can be caused by activation initiated from a 
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site other than the SA node (ectopic beats) or disruption of the activation pathway.  Reentrant 

arrhythmia occurs when activation circles around an area of block within the heart wall 

(anatomical or functional) to re-excite the region of tissue where excitation initiated from.  If this 

process occurs in the ventricles it produces very high heart rates (ventricular tachycardia, VT), 

and can progress into VF.  Reentry and VF can occur in normal ventricular tissue if an 

appropriate trigger is present, but susceptibility is increased dramatically in many cardiac 

diseases. 

In 1913 the criteria for reentry was defined my Mines et al. [75]. Initial experiments involved 

activation circling around an area of anatomical block, but the criteria also applies to functional 

reentry. 

1) the activation pathway must travel in one direction around an inexcitable object 

(unidirectional conduction), and  

2) the pathlength (l) around the obstacle must be longer than the wavelength (, 

which is a product of the effective refractory period (ERP) and the CV (= ERP x CV), 

so that a region of excitable tissue is present ahead of the wavefront (excitable gap) 

as shown in Figure 1.11.  

Mines et al. also noted that unstable rotation occurred when  ~ l so that there is no fully 

excitable gap.  In this circumstance, the wavefront interacts with the tail of the previous wave, 

encountering tissue in relative refractory period, and that this slows CV.  Anything that 

decreases the wavelength (ie reduced CV or ERP) or increases the pathlength (eg fibrosis) will 

increase the likelihood of reentry. 

 

Figure 1.11 : Models of reentry (modified from [35]) 
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The “leading circle” hypothesis was proposed by Allessie et al. [76] as a mechanism for reentry in 

the absence of an anatomical obstacle, known as functional reentry. Instead of circling an 

inexcitable anatomical object (as described by Mines), activation circles a refractory core of 

tissue.  In this model, the head of the wavefront interacts with the relative refractory tail of the 

activation, so that no fully excitable gap is present.  The size of the circuit is determined by 

“critical curvature” of the wave-front. The core of the circuit does not activate, but is kept 

refractory by the passive spread of current from the surrounding activated tissue.  A 

characteristic of functional reentrant circuits are that the wavefront is not locked in space, but 

can meander through tissue.  CV at the head of the wavefront is variable, as activation is re-

exciting tissue in relative refractory period.  As APD varies throughout the heart wall, so does the 

state of the Na+ channels at different regions of the circuit.  This causes variability of CV, and of 

the pathway of the head of the wavefront.   

In addition to the criteria for reentry described above, initiation requires a trigger.  In 

experimental studies, this trigger is usually a premature stimulus applied at an appropriate time.  

Even in normal myocardial tissue, a premature beat in the vulnerable window of repolarisation 

can cause unidirectional block and initiate reentry.  In areas where there are sudden expansions 

in tissue dimensions, such as are found in the posterior LA around the pulmonary veins, or in the 

ventricular septum where the fibre angles change rapidly, there is an increase in the chance of a 

premature beat causing reentry [77].  In the presence of structural heart disease such as heart 

failure (HF) or MI, the increase in fibrosis changes the electrical loading on cells, and increases 

vulnerability to reentry.  In well-coupled tissue, this premature stimulus must depolarise a large 

number of cells to provide enough source current for successful propagation of activation.  In 

areas of reduced coupling, such as in the infarct BZ, the required number of cells decreases, 

increasing the likelihood of reentry being triggered by an ectopic activation in these areas [78].    

 Structural heart disease 1.5.

Structural heart disease, in particular MI and its complications, are a leading cause of death in 

the western world, accounting for 20 and 23% of deaths in US and NZ respectively in 2004 (WHO 

Global infobase). In NZ, 5% of the adult population is affected by ischemic heart disease 

(http://www.moh.govt.nz). Improved acute care has increased the chance of survival of an initial 

ischemic incident, and has concurrently increased the number of people with chronic structural 

heart disease.  In this population, the long term prognosis remains poor, and incidence of 

sudden death high [79].   
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General details of MI 

MI occurs when a coronary blood vessel becomes blocked, causing acute ischemia in the 

myocardium which it supplies.  Myocytes are particularly prone to ischemic injury because they 

have limited capacity for anaerobic metabolism.  The process of cell damage and repair is 

initiated rapidly after coronary occlusion. Four distinct time phases have been identified in the 

development and resolution of MI [80]. Acute ischemia, in the first minutes to hours after 

occlusion is characterised by cell dysfunction that is initially reversible, leading to irreversible cell 

damage within 20 minutes.  The necrotic phase encompasses hours to approximately 1 week 

post occlusion, and is characterised by inflammation and necrosis, and the beginnings of CT 

infiltration.  The fibrotic stage lasts ~1 week – months when replacement fibrosis is laid down, 

and the formation of scar tissue, wound retraction and wall thinning occurs.  Finally, the 

remodelling phase which continues over months to years, and involves changes to the 

myocardium adjacent to the infarct.  The timing of these phases is species dependent, resolving 

more quickly in smaller animals than larger animals including humans (Figure 1.12) [80] 

 

Figure 1.12 : Time course of infarct development in different species from [80] 

Three specific tissue regions areas are defined in relation to MI.   

1. The ischemic or infarct zone (IZ), the area of myocardium supplied by the compromised 

coronary artery. 

2. The infarct BZ, the area adjacent to the IZ where the myocardium is not directly 

compromised by the blocked artery, but is affected both structurally and functionally 

during the infarct process by its proximity and coupling to the IZ.  The structure and 

location of the BZ depends on the collateral coronary circulation.  When the left anterior 
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descending (LAD) coronary artery is blocked in humans, rats and sheep, the infarct 

extends the full width of the ventricular wall and a transmural BZ is formed.  In the case 

of dog, a thin layer of cells survive on the epicardial surface of the infarcted region, 

forming a unique epicardial border zone (EBZ) [81].  

3. Distant myocardium, the remaining myocardium surrounding the infarct and BZ 

(sometimes called the normal zone (NZ)). 

Structural changes in the infarct BZ have typically been studied in animal models because human 

data is limited, particularly in the early stages of healing.  Each phase has specific structural and 

functional characteristics.  While the nature of ischemic injury is consistent across species, the 

effect of coronary occlusion varies between species.  This reflects both the different time frames 

for infarct development (related to species size) and the nature of the BZ, which is affected by 

the extent of co-lateral blood coronary circulation.  This is greater in dogs than sheep, pigs, rats 

or humans and the structural characteristics of the infarcts in these species differ as a result. 

In the late fibrotic stage, the BZ is stable, fibrosis is well advanced, but it is not yet complicated 

by HF. There is a significant incidence of VT associated with this late phase infarction, which 

corresponds from months to years in human [80, 82].  The infarct BZ is implicated as a substrate 

for VT in this phase, which is unrelated to acute ischemic incidents.  On the basis of this the 

infarct BZ has been a focus of study from both an electrical and structural perspective, at scales 

ranging from molecular to whole heart.  The following section will review the literature on this 

subject, and highlight areas where there is a lack of information available. 

Infarct and BZ structure 

Electrical properties and ion channels 

In the BZ of the late fibrotic stage infarct, AP properties are relatively normal.  Some changes in 

ion currents have been observed.  Peak ICa-L current is reduced, and INCX and INa are slightly 

increased [83-85].  Decreases in IKr and Ito have also been reported, correlating with slight 

increase in APD [86, 87].  However, at 14 days post MI in rat, RMP and AP upstroke are 

unchanged, with varied results for APD [81, 88, 89]. 

Cellular coupling and gap junction distribution 

Gap junction expression is heterogeneously reduced throughout the infarct BZ. Connexins, 

normally located only at the intercalated disks, are dispersed across the cell membrane of the BZ 

myocytes, in a pattern which starts to appear within hours of the initial infarct [90], and remains 
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in chronic MI [91].  This redistribution correlates with very slow conduction in this region despite 

near normal AP morphologies [5, 92].  It seems unlikely that lateralised Cx43 forms active 

channels because transverse CV is reduced in the BZ [93].  Studies of cell pairs from the EBZ of 

dogs, have shown that side to side gap junction conductance is decreased to as little as 10% of 

normal values in areas where lateralisation has occurred, with no change in gap junction 

conductance of end to end connections [94].  The decrease in lateral conductance is 

heterogeneous, with some regions showing no significant decrease.  In computer modelling 

studies these areas have been predicted to form a central common pathway of reentrant circuits 

in EBZ [95]. 

In the EBZ of canine infarcts 3-10 weeks post MI, there is a decrease in coupling of adjacent cells 

connected via intercalated disks from 11.2  1.0 to 6.5  1.3 cells.  The reduction is greatest in 

the number of lateral connections (75% decrease), with end to end connections reduced by less 

than a quarter (22% decrease) [5]. It has been argued by de Bakker and others, that this 

decrease in transverse connectivity between cells in the BZ is due to an increase in fibrosis 

causing separation of bundles of myocytes, especially in papillary muscle [1], subendocardial 

layers and Purkinjie fibres [96], and in the canine EBZ [97, 98].  The combined effect of reduced 

number of cells coupled side to side, and the decrease in conductance of lateral gap junctions, 

contribute to increased anisotropy in the infarct BZ. 

Myocytes and CT 

With the death of myocytes in the infarct due to ischemia and progression of necrosis, CT is laid 

down in replacement. Collagen fibres align in layers, with a similar transmural trend in 

orientation as the myocytes in normal myocardium with a smaller range of angles (± 30).  This 

pattern is observed after 2 weeks in rat and 6 weeks in dogs [80].  Collagen fibres running 

parallel to the myocyte fibre orientation extend into the myocardium adjacent to the BZ, 

increasing collagen density in this region from 6% to between 15 and 20% [5].   

Preserved bundles of myocytes, heavily surrounded by CT were observed in the subendocardium 

of human infarcts by de Bakker et al., ranging from single cells to bundles up to 800 µm diameter 

[99].  Ventricular myocytes and Purkinjie fibres were identified in similar bundles preserved in 

cats [96].  Peninsulas of myocytes have been observed projecting into and across the infarct [91, 

99], along with tortuous strands of viable tissue, and apparent islands of viable myocytes 

remaining within the infarcted zone [100, 101]. However, the limited spatial resolution of these 

studies cannot rule out fine connections between these islands of cells and other preserved 
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myocytes.  Smith et al. showed that some infarct zones were bridged by continuous strands of 

myocytes, coupled to one another by gap junctions, thereby linking healthy myocardium on 

either side. In some instances these bridges were no wider than a single myocyte [91]. 

Myofibre orientation 

Some disruption of myocyte orientation occurs in the BZ as CT is laid down.  Histological 

sectioning has shown areas of random disarray of fibre direction, and a flattening of the normal 

transmural fibre rotation [5, 81, 91].  Smith et al. [91] reported that disarray at the BZ extends 

approximately 5 cell layers from the IZ in human hearts and up to 20 cell layers in the EBZ of 

dogs [81].    

With the development of MRI imaging techniques such as diffusion tensor and late gadolinium 

enhancement, it is now possible to characterise the extent of fibrosis and myofibre orientation 

in the BZ in 3D [31, 102-105].  Of particular interest is the work by Sosnovick et al. who used a 

method called “diffusion spectrum MRI tractography” to trace fibre orientations within the BZ of 

infarcted rat hearts, and observed two populations of orthogonal fibres in the same voxels.  The 

fibre orientations were representative of those found in subendocardium and subepicardial 

regions in the normal heart. However at the limited spatial resolution available (0.27mm3) it was 

not possible to confirm if these were physically and electrically connected fibres, or were two 

separate fibre populations within the voxel area [102]. 

As this study exemplifies, the spatial resolution that can be achieved with MRI is not sufficient to 

identify the full extent of the cellular networks.  Detailed 3D reconstruction of the BZ at high 

resolution is needed to assess this. 

Activation through the BZ 

Alterations in structure and electrical properties in the infarct BZ predispose cardiac tissue to the 

formation of reentrant arrhythmia.  Activation maps from the BZ of chronic MI show small 

fractionated extracellular electrograms with long, stimulus site and rate dependent delays [106-

108].  All of which could be predictors of variable current load, long pathlengths, and altered 

activation pathways with ectopic stimuli in the BZ, indicating potential for unidirectional block. 
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Reentrant arrhythmia in chronic myocardial infarction 

Healed MI provides a substrate for potentially life-threatening reentrant arrhythmias. The 

structural and electrical heterogeneities that have been implicated in the initiation and 

maintenance of reentry in the BZ are  

1) tracts of preserved myocytes that project into and across the infarct,  

2) infiltration of fibrotic tissue into the myocardium surrounding the infarct,  

3) decoupling of adjacent myocytes in the BZ due to reduced expression of Cx43,  

4) alterations in myocyte ion channel expression, and 

5) dynamic instability as a result of non-uniformity of CV and APD restitution relations.  

All these factors give rise to slow tortuous conduction and unidirectional block [1, 109-111], but 

their relative contribution to the development of reentry in the BZ is unclear. 

Two models of reentry have been observed in the infarct BZ.  In the canine EBZ, reentry appears 

to be due to functional block, rather than anatomic block per se.  In this model of infarction, a 

“figure-8” pattern of reentry has been described, where lines of conduction block develop in the 

pseudo 2D layer of preserved epicardial cells overlying the infarct scar.  The lines of block form 

parallel to the myofibres [93] and have been linked with 1) regions of gap junction disruption 

and lateralisation of Cx43 [109], 2) decreased number of side to side intercalated disks causing 

reduced transverse conductance between cells [4] [94] and 3) areas of sudden expansion of the 

EBZ thickness [112]. Mechanisms can be attributed to increased anisotropy and current load 

mismatch. Multiple reentrant patterns can be observed in a single EBZ, that tend to surround a 

“central common pathway”, whose characteristics include having normal side to side gap 

junction conductance, and no sudden changes in tissue geometry [95, 113]. The causes of 

reentrant arrhythmia in human and other animal models are more complex due to the nature of 

the BZ, and have been related more directly to structural changes and anatomic reentrant 

circuits.  An EBZ does not form in human, sheep or rat MI. Instead, preserved myocytes in 

subendocardium, cell peninsulas and tracts running through the BZ, and infiltration of fibrosis 

into adjacent myocardium have been proposed as potential substrates for the development of 

block and reentry.  

In human, reentrant circuits have been partially mapped in the subendocardial, intramural and 

subepicardial regions of the BZ [99, 106, 114, 115]. Surface mapping studies show small 
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amplitude deflections in extracellular traces prior to earliest activation on the surfaces, which 

support the idea that reentry in the BZ includes transmural pathways with long activation delays 

[1, 99, 108, 116].  Intramural mapping of the BZ of chronic sheep infarcts by Engelman et al. have 

shown similar patterns of activation, small amplitude deflections in extracellular recordings 

within the infarct, and regions of tissue being reactivated on the far side of the infarct with long 

delays which are both rate and stimulus site dependant, and early activation recorded from 

some sites within the BZ [107].  

De Bakker et al. proposed that the conduction delays in the BZ are purely structural, and are 

caused by long, tortuous activation pathways.   In a study of papillary muscles from explanted 

human hearts with healed infarcts [108], an increase in pathlength was shown as activation 

travelled in a “zig-zag” pattern around long strands of fibrosis that infiltrated between parallel 

myofibres. This produced globally slow conduction, but locally normal CV’s.  Activation delay 

after premature stimulus in human MI has been shown to be stimulus site dependent, 

highlighting the anisotropic and heterogeneous nature of the BZ [106].  Branching structures 

within cell tracts and peninsulas of myocytes projecting into the IZ, have been predicted as a 

substrate for slow conduction and unidirectional block [117], but have not been characterised in 

detail in the setting of MI.  Clinically, increased structural heterogeneity in the infarct BZ 

identified by MRI is strongly associated with induciblity of VT [118], which points towards an 

anatomical substrate for reentry in the human infarct, and to the importance of the remaining 

viable myocytes in the development of these circuits. 

The role of changes in cellular electrophysiology and gap junctions in the susceptibility and 

maintenance of reentry in the BZ is unclear.  The presence of any alteration in ion channel 

density in BZ cells is debatable, as cells show near normal AP characteristics.  Changes in the 

patterns of connexin expression, and the decrease in side to side cell coupling is indisputable, 

increasing the anisotropy in the BZ, as does the infiltration of CT parallel to myofiber orientation. 

Burstein et al. [119] showed that increased fibrosis, rather than gap junction remodelling, is 

responsible for the increased susceptibility to AF in HF model, but this has not been tested in the 

BZ. The reduction in longitudinal gap junction density of 22% should not unduly affect CV, and 

indeed studies have shown preserved local CV in the fibre direction, despite global reduction of 

CV [1]. 

In summary, the BZ of an MI has been shown to be important in the initiation and maintenance 

of reentry, and there are many structural changes observed in the BZ that have the potential to 

be pro-arrhythmic.  How each contributes, to what degree they interact, and what trigger events 
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are necessary to produce reentry, remains elusive.  Saffitz sums it up  saying “… structural 

alterations in the diseased heart provide the “fertile soil” in which conduction disturbances 

inherent in the substrates may, in combination with transient electrical abnormalities, lead to 

reentrant arrhythmias…” [120]  

 

Progression to HF 

Healed MIs have features that are potential substrates for reentry and the progression to HF 

increases the risk of arrhythmia within these substrates. 

Structurally, HF is associated with an increase in interstitial fibrosis distal to the infarct BZ – 

including heterogeneous patchy fibrosis, thickening of collagen surrounding individual cells, 

between and within layers, and the disruption of laminar architecture [121].  Evidence shows 

that this form of fibrosis is a highly arrhythmogenic substrate [122]. There are alterations of gap 

junction distribution, decreased Cx43 expression, phosphorylation, and fewer gap junctions 

located at the intercalated disk [123].  Ventricular myocytes show increased APD but reduced 

transmural dispersion of APD [124], due to altered Ca++ and K+ currents (Ito, IK1 and IK) [86, 87, 

125-132].   

The overall effect of these changes on activation in HF is that CV in the fibre direction is 

maintained, but transverse conduction is reduced (similar to the BZ in MI), leading to increased 

anisotropy.  This increased anisotropy and the changes in APD which produce an increased 

dispersion of repolarisation lead to a high vulnerability to reentrant arrhythmia.  

 

 Activation mapping (electrical and optical) 1.6.

Critical to our understanding of cardiac electrical events, is the ability to record the spread of 

activation in the heart. The three most commonly used techniques are intracellular recordings, 

using microelectrodes that penetrate individual cell membranes (limited to single cell 

recordings), ECP mapping, and the use of voltage sensitive membrane bound fluorescent dyes. 
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Extracellular recordings 

Recording ECPs via electrodes placed on or within the heart wall gives information about local 

activation. In extracellular recordings the local passage of the activation wavefront shows as a 

steep negative deflection [133], and repolarisation as a wider, smaller positive deflection.  

Increased spatial resolution can be achieved by increasing the number of electrodes within an 

area.  However, ECPs are integrated over large tissue volumes as the space constant is relatively 

long (~1mm).  Because of this it can be difficult to separate local from far field effects, especially 

during repolarisation.  Distal events can be subtracted out by using bipolar recordings (the 

difference between 2 adjacent electrodes) rather than unipolar (the difference between a single 

electrode and the distal ground electrode).  The disadvantage of this is it reduces the number of 

unique recordings that can be made. 

Mapping of ECPs on the epicardial surface has been used extensively in cardiac research.  High 

density electrode plaques have been used to measure spread of activation in regions of the 

epicardium [134, 135].  The entire epicardial surface has been measured at lower spatial 

resolution using “socks” of electrodes, which are slipped over the heart [136-140]. 

Plunge electrodes that can be inserted into the heart wall have been developed to measure 

activation within the ventricular wall to give information on the transmural spread of activation.  

Initially these were single needles that were then developed to have multiple electrodes along 

their length [141-145].  Single needles can track transmural variation of activation and 

repolarisation, but are not sufficient to acquire information about the 3D nature of transmural 

wavefronts.  Arrays of needles have been used to overcome this problem [28, 62, 107, 146-148].  

When combined with sophisticated imaging techniques to locate the electrodes within the heart 

wall, and to define details of the myocardial structure, these can give valuable information about 

the spread of activation in relation to structure within the wall.  The resolution of these 

recordings has been limited to approximately 1 mm in the transmural plane (down the needle) 

and 4mm between needles. 

Endocardial mapping is of particular interest clinically due to the role of surviving endocardial 

fibres in arrhythmia after MI and role of pulmonary veins in the development and maintenance 

of AF [149, 150]. A variety of methods have been developed to compare electrograms measured 

on the epicardial surface and the ventricular cavity with body surface measurements, which are 

used in clinical cardiology to identify targets for ablation in reentrant circuits, including contact 

and noncontact mapping in the LV cavity [151, 152]. 



Chapter 1:  Introduction 

30 

Optical recordings 

Voltage sensitive (potentiometric) dyes, that bind to the cell membrane and change their 

emission spectra with membrane voltage, were first used to image spread of activation by 

Salzberg et al. [153] in squid axons, and since then have been used extensively in cardiac 

research (For review see [154]).  “Fast” probes are able to follow voltage changes in the scale of 

microseconds [155], and although they don’t provide an absolute measure of membrane 

potential, the relative change in fluorescence has been shown to be linear with change in 

membrane potential within physiological ranges [154, 156].  They have the advantage over 

extracellular recordings as a higher spatial resolution can be achieved.  However, they do show 

some far field effects, as the emitted fluorescence is collected from depth of ~1mm, and 

includes scattered light collected from the full field of view of the recording device.  Compared 

to extracellular recordings, the far field effects show a quicker drop off in intensity with distance, 

but have a low level effect from much further away (longer tail). This causes a blurred upstroke 

of the AP, showing rise times of ~10ms.  Comparisons of optical recordings with simultaneous 

intracellular measurement of Vm have shown that the point of maximum rate of change 

corresponds closely [157, 158].  

Optical mapping requires: tissue to be loaded with the potentiometric dye (the “fluorescence 

reporter”), a light source at the excitation wavelength, and an “optical detector” to record 

emitted fluorescence.  Detectors commonly used are CCD cameras or photodiode arrays.  They 

must be high speed and low noise due to the small shift in the fluorescence spectrum with 

membrane potential (low ΔF/F ratio).  Light emitting diodes (LEDs) provide a stable light source, 

and filters separate fluorescence emitted from the tissue from that which comes from the 

excitation light.  For this reason the excitation and emission spectra of the dye must not overlap 

[159].  

Di-4-ANEPPS is a fast response potentiometric dye developed by Loew et al. [155]. The emission 

response depends critically on excitation wavelength, and is a compromise between signal 

strength and the degree of modulation of fluorescence with membrane potential (Figure 1.13).  

Excitation of Di-4-ANEPPS at 532 nm produces the largest modulation in the emission spectrum 

with Vm.  (10% change in F per 100mV [159]), but a lower signal amplitude (and therefore signal 

to noise ratio) than is achieved by using a shorter wavelength excitation light (488nm as has 

been used previously in our lab). 
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Figure 1.13 : From Loew.  Emission and Excitation spectra of di-4-ANEPPS (before and after 120mV 

hyperpolarisation) [155] 

In cardiac research, optical mapping has been used to image activation wavefronts in cell 

cultures looking at delays at the intercalated disk in single cell strands [60], tissue expansions 

and branching patterns in patterned monolayers [44, 160].   In the intact heart, epicardial 

surface mapping has been used extensively to look at surface activation patterns in normal and 

pathological states [161-166], CV restitution and alternans, reentry, VT [167] and progression to 

VF [168-178], Defibrillation [167, 179-182], and activation wavefronts on the epicardial surface 

of infarcted hearts [183-187]. 

Intramural mapping using optical probes [188] and transillumination methods [189] are 

progressions in the use of optical mapping in the reconstruction of activation through the heart 

wall.  Optrodes, fine probes with multiple optical fibres, spaced ~1mm intervals along their 

length allows fluorescence imaging directly from within the heart wall, but like extracellular 

probes are limited in spatial resolution [146, 188, 190]. In transillumination techniques [191] an 

excitation light source is introduced into the LV and the emission is measured on the epicardial 

surface, and vice versa.  The collected fluorescence is weighted by the measurement of light 

attenuation through cardiac tissue, and integrated over both directions to produce a map of 

intramural activation [192].  The transmural spatial resolution is limited in this method, partially 

due to the integrated nature of the transmural signal, and partially due to the effects of photon 

scattering (see below).   

Direct optical mapping of the endocardial surface has to date been limited to small areas 

mapped using endoscopic techniques.  A “borescope” mounted to a CCD camera inserted into 

the LV cavity [193, 194] has acquired images of 80x80 pixels @800 Hz.  Using these techniques 
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to map on both the inside and outside of the LA Yamazaki et al. have tracked scroll waves on 

both epicardial and endocardial surfaces, and thus described transmural rotors in AF [195].   

Optical mapping is not without its limitations.  Penetration of excitation wavelength into the 

tissue and photon scattering of both excitation and emitted light decreases the ability to localise 

the source of emitted fluorescence.  Penetration is determined by the absorption of light, and 

this is wavelength-dependent. With optical mapping, fluorescent light is collected from tissue 

depths of more than 1 mm.  Light scattering is a 3D process, which further broadens the 

collection volume.  These processes have been identified as reasons for the slow AP upstroke 

observed in optical recordings of Vm compared to intracellular recordings [196]. 

The field of view of the collection device contributes to the spatial averaging of the fluorescent 

light recorded [196].  Tai et al. [197] showed that with a single optical fibre 100 µm in diameter, 

(excitation wavelength 488 nm, collection wavelength 532 nm), 80% of fluorescence was 

collected from a volume 170 µm deep and 105 µm in diameter.  However, a 2D photo detector 

such as a CCD camera has a much wider field of view, and therefore collects scattered light from 

a larger tissue volume. 

A relatively new imaging method using potentiometric dyes is 2-photon scanning microscopy, 

where epicardial / subepicardial activation has been image in rabbit hearts to a depth of 500 µm.  

2 photon microscopy has the advantage of also being able to resolve structure near the surface 

(<300 µm).  The estimated tissue collection volume was limited to 2 µm in the Z-plane (tissue 

depth), while this does not take into account photon scattering from areas outside the collection 

volume, the smaller field of view would reduce this compared that of a camera or optical fibre.  

The effect of photon scatter was observed with an increase in AP rise time as imaging depth 

increased, suggesting more blurring of local collection volume with a greater 3D volume for 

scatter to be collected from [198].  

Another major constraint of optical mapping in cardiac tissue is artifact introduced by the 

motion of the heart wall.  This can be reduced by mechanical restraint, or with the use of 

pharmacological agents such as 2,3 butanedione monoxime (BDM) or Blebbistatin.  However, 

these agents have been shown to affect the electrophysiology of the myocytes [39, 199].  

Motion tracking and image processing can reduce the artifact to some degree [200-203]. 
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 Computer modelling 1.7.

Image-based computer modelling provides a powerful means of investigating the effects of 

structure on transmural activation.  It is difficult to record the spread of electrical activation 

through the infarct BZ experimentally as surface recordings provide no direct information on 

what is happening through the wall, and intramural measurements lack spatial resolution [28, 

185].  Computer models integrate information at spatial scales from ion channels to whole heart 

structures. The degree of detail from each level depends on the scale of the model itself.   

2D models of cardiac structure have been widely used to study the effects of altered cellular 

properties and specific myocyte and CT structures. 2D models have demonstrated that non-

uniformly distributed inexcitable regions can give rise to electrical instability and reentry [111, 

204].   

3D models have been used to investigate activation in normal hearts, and determine the effect 

of: 1) ventricular anatomy, fibre direction and tissue anisotropy [61, 205-209], 2) reentry [210] 

and 3) defibrillation shocks [211].  A combination of averaged heart geometries obtained from 

histological sectioning, and structures imaged in individual hearts either using histological 

methodologies in small sections or obtained from MR images of whole hearts have been used as 

a structural base for these models [61, 212-214], and have highlighted the role of tissue 

discontinuities in the spread of activation throughout the normal heart.  

Computer models have also been used to investigate propagation through 3D infarct structures 

infarct and BZ geometries acquired from MRI imaging [112, 215-217].   

Computer modelling of activation through the EBZ of a canine model of infarct, show figure 8 re-

entry, similar to that observed in experimental studies.  They computed that functional lines of 

block form at edges of the EBZ where rapid expansion of surviving tissue occurs, with a central 

common pathway occurring in thinnest region of tissue overlying the infarct scar [215].   MRI 

images of the infarct BZ and surrounding ventricles in other mammal models have been used to 

generate 3D models of activation through the infarct BZ.  Using MRI structural information at 

~250 µm3 voxel resolution, generalised assumptions of cell properties changes were applied 

across the BZ, defined by the increased heterogeneous nature of the tissue in this region as 

imaged by the MRI.  Global reduction in ion currents, lateral coupling and connexin levels 

produced global slowing throughout region, in which conduction block and re-entry could be 

initiated[216].  These models, along with experimental studies, have shown that increased 
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structural variability in the BZ region increases the susceptibility to reentrant arrhythmia, but 

have not to date identified specific structures that contribute to this.  

A criticism that has been raised in relation to imaged-based computer modelling studies of 

cardiac electrical activation is that they have generally employed continuum techniques.  With 

this approach electrical properties are homogenised across scales ranging from 100 µm to 1 mm 

and represented as anisotropic but uniform within that range [218]. This cannot capture the 

complexity of the structural organisation at the cellular level, particularly in heterogeneous 

structures such as the infarct BZ [219]. 

A combination of experimental measurement and structure based computer modelling is a 

potentially powerful tool in investigating the effect of structural heart disease on activation, and 

development of reentry within the substrate of MI, but needs to be done at much higher 

resolution than has been achieved to date. 

 Summary of this study 1.8.

The literature review above highlights the need for detailed structural analysis if the infarct BZ in 

an animal model that does not develop an EBZ.  The canine EBZ has been the focus of many 

studies to date, but does not relate well to infarcts formed in the human heart due to 

differences in co-lateral coronary circulation.  Once more structural detail about the BZ has been 

obtained, this information can be used for highly detailed imaged based models of activation 

through the region, and characteristics that increase susceptibility to reentry identified.  

In this study we have carried out detailed imaging and systematically quantified BZ structure in 

3D at higher resolution than previously available.  This information was used to develop a 

structural based computer model of the infarct BZ, and the electrical propagation through this 

zone was investigated. 

We have also set up a corresponding experimental preparation that can be used to record 

electrical activation simultaneously on the epicardial and endocardial surfaces of a rat heart.  

This preparation will allow validation of the structural based computer models using 2 surfaces 

of the heart.  This is important due to the 3D nature of reentrant wavefronts and, in the setting 

of MI, the 3D nature of the infarct scar.  
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 Characterising Structure of the Infarct Chapter 2.

BZ 

2.  

 Introduction 2.1.

A combination of experimental measurement and structure based computer modelling is a 

potentially powerful tool in investigating the effect of structural heart disease on activation.  

The development of accurate models requires the acquisition of high resolution images from 

which different features of the heart tissues can be characterised. Because of the inherently 3D 

nature of the spread of activation through the heart especially, of particular interest to this 

study, in the infarct BZ, the imaging must be able to track features in 3 dimensions.  

Previous studies have used MRI imaging to acquire 3D structural information [112, 215-217].  

These models have shown that increased structural variability in the BZ region increases the 

susceptibility to reentrant arrhythmia, but have not to date identified specific structures that 

contribute to this due to their relatively low spatial resolution. 

Detailed models of activation through 2D structures have been developed from 2D histological 

images, alongside experimental imaging of activation in pseudo 2D cell cultures [44, 160].  These 

have added much to the knowledge of how activation spreads in through individual structural 

features such as sudden expansions or reductions in tissue volume, branching structures, and 

wavefront curvature.  However they do not tell us how these structures may act together to 

increase susceptibility to arrhythmias in the presence of structural heart disease. 

Our lab group has developed an extended volume confocal imaging technique to create pseudo-

3D volume images of tissue structure.  The basis for this technique is the ability to accurately 

align overlapping imaging planes acquired using a confocal microscope from tissue fixed in either 

resin or wax for stability. Images are acquired at high (1 µm) resolution, in a series of images in 

the X-Y plane (using a 50% overlap to maximise image registration).  This is repeated at depths 

separated by 1 µm until the image quality is reduced (the depth this occurs at depends on the 

tissue being imaged).  The top of the sample is then milled to a depth 2-3 image planes less than 

was acquired, and the process repeated.  The overlap of 2–3 planes in the Z direction allows 

alignment of the separate confocal image stacks [220]. 
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Image segmentation techniques are key to developing structure based models. Myocardium is 

identified and separated from inert structures such as CT, blood vessels and cleavage planes, and 

to identify how these structures are connected.  Sands et al. developed semi-automated 

processes in LABVIEW that enables structures to be segmented based on image intensity and 

edge continuity [220]. The segmented image then forms a template to be used for modelling 

[221]. 

Pope et al. [121] used this extended confocal imaging technique to look at structural changes to 

the CT with age in rat.  Hooks used a similar technique to look at the laminar structure of the 

ventricular wall, and developed a structural based computer model of transmural spread of 

activation.  This work identified that there are three principle directions of the spread of 

activation in the ventricular wall related to fibre, cross fibre and sheet directions, rather than 

previously theory that only fibre and cross fibre direction were important.  This highlights the 

influence of myocardial structure in propagation through the wall, and the importance of high 

resolution imaging in identifying these structures [62]. 

The aim of this study was to image a transmural section of the infarct BZ in rat, and to use these 

images to develop a structurally accurate computer model of the spread of activation through 

the BZ. 

Extended volume confocal imaging and image segmentation was carried out in the infarct BZ for 

two rat hearts.  However, detailed structural analysis and modelling was completed in only one 

of these, with the second being used for conformation of the structural detail observed in the 

full analysis.  This was due to the imaging region of the second heart (which was the first to be 

imaged and reconstructed) not providing a full transmural section of the BZ to analyse, with only 

limited regions of the epicardium and endocardium included in the image volume.  
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 Surgical procedures 2.2.

All surgical procedures 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 (NIH publication 

No. 85-23). Myocardial infarcts were surgically induced in two adult male rats (one Sprague-

Dawley and one Wistar).  Rats were anesthetised and maintained with isoflurane and air using 

positive pressure ventilation. The heart was exposed via a left-sided incision between 4th and 

5th ribs. The left anterior descending coronary artery (LAD) was ligated close to its origin with a 

suture passed through the myocardium around the artery.  The chest was closed in layers, and 

the animal was allowed to recover. Local anaesthetic (Marcain) was injected into the chest wall 

prior to closure.  A class 1a anti-arrhythmic (Lignocaine) was given every 2 hours up to 8 hours 

post-operatively, to reduce the risk of sudden death from VF. 

Fourteen days after surgery, the rats were anaesthetised with CO2 and killed by cervical 

dislocation. The chest cavity was opened, and heparin (100 IUkg-1) was injected into the LV, and 

allowed to circulate for ~1 minute.  The heart was then rapidly excised with the ascending aorta 

intact and immersed in chilled (4°C) normal saline solution, and then mounted on a gravity-fed 

Langendorff perfusion apparatus. The coronary circulation was perfused with room 

temperature, oxygenated Krebs-Henselite solution (In mM: NaCl 118; KCl 4.75; MgSO4 1.18; 

KH2PO4 1.18; NaHCO3 24.8; Glucose 10, and CaCl2 2.5) until clear of blood and the heart had 

started beating.  The perfusate was then switched to picrosirius red (PSR) dye (Sirius Red F3BA 

(Pfaltz and Bauer, CT, USA) 0.1% and picric acid 99.9%) for two hours at ~0.25 mlmin-1. The heart 

was fixed with Bouin’s solution (saturated aqueous picric acid 71.4%, formalin 23.8% and glacial 

acetic acid 4.8%) perfused for 15 minutes, then immersed for 7 days [222].  

Following fixation the atria were removed and 6% agar was injected in the ventricular cavities.  

The heart was aligned base apex in a rectangular mould that was also filled with agar.  This was 

allowed to set to stabilised the ventricles, which were then sliced into 1 mm thick equatorial 

rings using a microtome. Base and apex of each slice was photographed at 8 μm2 pixel resolution 

using an 8.4 Megapixel Canon 1D Mark II digital camera (Canon Inc., Tokyo, Japan) equipped 

with the MP-E 65 mm macro lens.  

The serial images were segmented into PSR stained and unstained regions, registered manually 

and reconstructed in pseudo 3D (see Figure 2.1) so that infarct size and location (identified as 

unstained area) could be visualised. 
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Figure 2.1 : A) Photograph of a single short axis ring cut through midsection of the ventricles.  B) 

Reconstruction in 3D of the 10 short axis rings identifying stained tissue (yellow) and unstained tissue 

(white). 

 

Slices were then immersion stained (PSR for a 14 days then Bouin’s for 7 days) to stain the 

infarcted region not accessed by previous perfusion staining. The tissue was dehydrated in a 

graded ethanol series, embedded flat (by fitting between two perspex guides weighted to keep 

flat) in SPURR’s resin (Protech C035) and polymerised for 20 hours at 60˚C.  

 Image acquisition and processing 2.3.

High resolution extended volume images were acquired using a purpose built system described 

in detail elsewhere [220].  Briefly, this system consists of a modified confocal laser scanning 

microscope (TCS4D, Leica Microsystems AG, Wetzlar, Germany) with a Krypton-Argon Laser 

(Omnichrome, CA), a high precision 3-axis translation stage (Aerotech, Pittsburg, PA) and a 

specialised milling device (SP2600 ultramill, Leica Microsystems).  All equipment was mounted 

on an anti-vibration table and controlled from a central computer using custom-written 

software.  

Resin blocks were fixed to the stage and a series/montage of overlapping 512 x 512 pixel frames 

were acquired at 1 µm2 resolution using a 20x objective (HC PL APO 20x NA 0.70, Leica). Steps 

involved in the image acquisition process are illustrated in Figure 2.2.  Initially, scout images of 

the upper surface of the ventricular slice were obtained (2.2A).  A transmural region containing 

the infarct border was then selected, and an extended volume image acquired as follows: 
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overlapping images of the selected region were taken in the X-Y plane (overlap 50%, 4 to 8 line 

scan) this series of images was acquired at a series of focal (Z) planes at 1 μm spacing to a depth 

at which the limits of acceptable image quality were approached. The block was then moved, via 

the translation stage, to the ultramill and the upper surface was planed to 2-3 µm less than the 

maximum imaging depth. This process was repeated and overlapping optical sections in the 

series were used to maintain Z-axis registration (2.2B).   In one heart, a small sub-volume was 

imaged at 0.5 μm resolution using a 2x zoom on the same 20x objective lens (see Figure 2.4).   

 

Figure 2.2: The Imaging Process A) Scout image of the short axis slice cut 4 mm from the LV apex and 

viewed from the apex.  B) Steps in assembling the image volume. Individual confocal images 512 x 512 

pixels @ 1 µm
2
 pixel resolution (a) are overlapped and montaged to form a registered extended image 

plane (b).  This process is repeated for successive depths at 1 µm intervals to form an image stack (c).  The 

upper surface is then removed, and sequential stacks are acquired and assembled to reconstruct and 

image volume (d).  
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In normal PSR stained myocardium, good optical sections can be obtained at depths up to 50 µm 

below the block surface [220].  However, dense PSR staining of the extensive fibrosis in infarct 

and BZ leads to rapid attenuation of fluorescent emission with depth in these regions, shown in 

Figure 2.3, and as a result the maximum imaging depth was limited to 7 µm steps, greatly 

increasing image acquisition time.   

 

Figure 2.3 : Attenuation of fluorescence in infarct regions with imaging depth 

Image sections were acquired in different orientations in each sample. In the prototype heart, 

the images were acquired in the short-axis plane (the same as the scout images) with Z in the 

base - apex direction.  Because of the curvature of the heart, especially at the junction of the 

infarcted and normal tissue, this image plane limited the true transmural section we imaged.  In 

the second heart, after the scout image was obtained in the short axis plane, the heart was 

realigned on the imaging rig so that images were acquired in the epicardial tangent plane with Z 

in the transmural direction.   

Image processing 

Image processing was subsequently employed using software custom-written in LabVIEW 

(National Instruments: www.ni.com). Images were aligned using an automated cross-correlation 

procedure.  Adjacent stacks in the Z plane were aligned using the closest correlation of images 

on 2 consecutive Z stacks and the overlapping image sub-volumes were assembled to form the 

complete 3D image.  

Images were enhanced using a wavelet-based de-noising procedure that preserved key image 

features and 3D deconvolution (for details see Sands et al. [220]). Histogram equalisation was 

used to correct for attenuation of intensity with imaging depth. Volume images were rendered 

and visualised using Voxx (http://www.nephrology.iupui.edu). Final reconstructed image 

volumes were 4.1 mm3 and 5.6 mm3. 

 

 

http://www.ni.com/
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Image segmentation 

The image volume was down-sampled to 2 µm3 isotropic voxel dimension for image 

segmentation and subsequent image processing. Key morphologic features were identified in 

the orthogonal 2D sections most closely aligned with the epicardial tangent plane. For one heart 

this was in the imaging plane, for the other, the assembled image volume was digitally re-sliced 

in the epicardial tangent plane prior to segmentation. 

Segmentation was done on batches of 50 image planes due to computational restrictions.  

Initially a conservative 3D region growing algorithm was used to select continuous areas of 

specific image intensities (see below).  These selections were then manually corrected in each 

image plane using a 2D region growing algorithm. This was necessary as the histogram intensity 

correction did not completely correct of the intensity drop off with depth that occurred more 

rapidly in the regions of dense collagen than anywhere else. 

Viable myocytes, collagen, extracellular space and regions of necrotic tissue were segmented on 

the basis of intensity (8-bit), texture and continuity using custom software written in LabVIEW. 

The results of this segmentation were viewed by an operator and corrected manually where 

necessary. This process is illustrated in Figure 2.4.  Viable myocytes, identified on the basis of 

intermediate image intensity (50 - 120) are also characterised by continuous connected cell 

membranes and, at higher resolution, the existence of intercalated disks and ordered striations. 

Fibrosis was readily identified as connected regions of high image intensity (121 - 255), while 

necrotic tissue was differentiated as relatively substantial low intensity regions (>50) containing 

collagen strands. The 3D segmentations were used in subsequent image based analysis. 

 

Figure 2.4 : Segmentation of the structural characteristics of the infarct BZ A) Typical full resolution sub-

section from image volume adjacent to infarct. B) Segmented version of A. Normal myocytes are blue, 

collagen is yellow, necrotic tissue is pink and vessels are green. C) Normal myocytes are characterised by 

continuous cell membranes and ordered striations at 0.5 µm
3
 resolution.  
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 Describing structure 2.4.

The analysis outlined in the remainder of this section used the 2 µm3 voxel resolution images, 

but full resolution images were used to validate segmentation techniques.   Unless otherwise 

stated, these procedures were implemented in MATLAB (7.1, The Mathworks Inc., Natick, MA, 

2010). 

Computing fibre and sheet (image texture) orientations in 3D 

Local directions of structural features were estimated throughout the tissue volume using the 

full image subset (unsegmented).  Estimates of the intensity gradient at every voxel were 

defined with respect to x, y and z coordinates of the image volume to generate a local structural 

tensor, in a similar analysis to that used to identify fibre and sheet direction in MRI image 

volumes [223]. 

The eigenvectors of this structural tensor characterise local principal structural directions. The 

eigenvector paired with the smallest eigenvalue (the weakest gradient direction) corresponds to 

the fibre direction, whereas the eigenvector associated with the strongest gradient direction is 

normal to the cleavage planes that separate layers of myocytes (sheet normal).  The third 

(intermediate) vector is aligned to the sheet direction. 

The components of the structure tensor were constructed initially from the down-sampled 

volume image (2 µm3 voxels) and were then progressively smoothed to reduce spatial 

frequencies to 4, 8, 16, 32 and 64 µm3 voxels.  This analysis enables us to quantify the spatial 

scales over which key structural features change through the image volume and provides a basis 

for determining the discretisation necessary to capture this variation in image-based models of 

cardiac electrical activation. Figure 2.5 presents the transmural variation in myofibre orientation 

at 6 sites within and adjacent to the infarct BZ at spatial scales ranging from 4 µm to 64 µm, 

resolution. The smooth transmural rotation of fibre orientation from epicardium to endocardium 

that is evident at 16 µm resolution is preserved at 64 µm, but is obscured by the local scatter 

that is present at 4 µm and 8 µm resolution. 
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Figure 2.5 : Myofibre orientations estimated by eigen-analysis of structure tensors at varying frequencies 

and spatial locations. Transmural myofibre orientations at sites: 1, in preserved myocardium adjacent to 

infarct; 3, in infarct BZ; and 5, in infarct. Analysis frequencies correspond to 4, 8, 16, 32 and 64 µm 

resolution 

Topology preserving dilation of surviving myocardium mask 

Analysis of the segmented myocytes suggested that cross sectional area of the myofibres are 

underestimated. Fixation and tissue processing associated with embedding cause cell shrinkage 

[220], and secondly, the PSR stain which was used, binds primarily to collagen and produces 

intense fluorescence flare that can overshadow the lower level autofluorescence used to 

identify surviving myocytes [222].  This issue will be most prevalent in areas where there were 

thin strands of preserved myocardium surrounded by dense collagen such as we observed in the 

infarct BZ. 

To correct for this, a “topology preserving dilatation” method was applied to the segmented 

mask.  The algorithm added a 1 voxel dilatation at the boundary of the segmented mask without 

bridging or filling existing gaps - therefore preserving all key features of the myocardium. This 

operation increased the volume of the segmented 3D mask by 8.0%, and the total tract cross 

sectional area (see section later in methods) by 11.5%, shown in Figure 2.6. 
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Figure 2.6 : Topology preserving dilatation scheme applied to rat MI tissue shown in single 2D planes taken 

from the image stack in 3 different base/apex locations. The voxels added by the dilation are shown in red. 

The original segmentation is in black. A) Slice 50 of 330 (base-apex direction). B) Slice 150 of 330. C) Slice 

250 of 330.  Simulations of electrical activation (see Section S2.4) performed before and after the topology 

preserving dilatation showed almost identical activation sequences except through the sparsely connected 

networks of myocytes in the border zone transitions. In those regions, electrical activation computed using 

the dilated segmented mask was able to move through the sparsely connected networks, whereas prior to 

the dilation block occurred. The topology preserving dilation serves to increase the functional safety of the 

resulting electrical activation models. 

Computing volume and connectivity distributions 

To quantify the structure of the infarct BZ in terms of myocyte volume and connectivity, 

segmented masks of myocyte (Figure 2.7B) and all tissue (myocyte, CT, and necrotic tissue) 

(Figure 2.7C) were used were used to allow comparison between myocyte volume and total 

tissue volume. In the myocyte mask, voxels not connected to the main tissue region were 

removed (~1% total myocyte volume).   

 

 

Figure 2.7:  Masks A. Mid stack (165 of 330) confocal image of rat MI border zone. B. Segmentation of 

surviving myocardium on same layer. C. Tissue volume (myocardium and CT) segmentation on same layer 

A theoretical sphere with radius of 5 voxels (0.01 mm) was constructed for each voxel, in each 

mask, and the myocyte volume within the sphere and the surface area of the sphere that 

consisted of myocyte was computed (Figure 2.8). To account for the curvature of the sphere 
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compared to the cubic voxels, the contribution of the edge voxels were weighted as shown in 

Figure 2.8B and C). 

 

Figure 2.8: Spherical weight filter applied using convolution to all voxels in a segmentation. A. The sphere 

of diameter 11 voxels placed in the context of a small region of myocardium segmentation. The current 

voxel in this example is indicated in green. B. The volume weight refined region and the coarsened volume 

weight distribution. C. The surface area weight refined region and the coarsened surface area weight 

distribution. Note that due to the surface curvature within a voxel the weight contribution to the surface 

area from a given voxel space can be greater than 1. 

Following application of the weighted sum filters, the myocardial and tissue volume and surface 

area data was smoothed using a binomial filter from the original 2 µm to 4, 8 and 16 µm 

resolution.  

Defining the MI border 

The distribution of connectivity and myocyte volume measures were used to define the interface 

between BZ and normal myocardium (NZ).  The process is illustrated in Figure 2.9.  The image 

volume was bundled into 100 x 100 x 100 µm3 sub-volumes. Median values for connected face 

area (2.9A) and volume fraction of viable myocytes (2.9B) were computed for each sub-volume. 

The resulting values were smoothed using a 3 x 3 x 3 moving average filter. Both measures 

distinguish between infarct and surrounding preserved myocardium. However, a fuzzy C-Means 

clustering algorithm [224] employing both measures was used because it provided a more 

discrete separation between the two regions than was achieved using a simple threshold 

segmentation based on surface area connectivity or volume alone (2.9C). A small region 

containing normally connected myocytes surrounding a major epicardial blood vessel was 

identified within the infarct BZ, but this was identified as infarct for the purpose of defining the 
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infarct border (Figure 2.9D).  Similarly small regions in normal myocardium at the edges of the 

block where connectivity was artifactually reduced were reclassified manually. A 3D boundary 

surface was defined in 3D (2.9E) and mapped back onto the original data set. The connectivity 

index of each block was plotted against distance to the BZ boundary, and a smoothed fit was 

computed for a 10x sub-sampled dataset (~35,000 points) using a Savitzky-Golay least-squares 

smoothing for non-uniformly spaced data [225] with piecewise linear fitting over 1001-point 

windows (see Figure 3.3). 

   

Figure 2.9 : Defining the infarct border based on the network description of structure.  A) Median 

connectivity index of each block in 100µm (5 x 5 x 5 blocks) subvolumes in one plane B) Median volume of 

each block in each subvolume C) Separation of normal tissue (red) from border zone (green) defined by the 

fuzzy C means algorithm E) 3D representation of the separation of NZ from BZ. 

Fibre tract cross sectional area  

A measure of local fibre tract cross-sectional area was computed throughout the image volume 

(at each of the nodes of the network model described in Section 2.5).  The 3D segmentation of 

surviving myocardium was resampled onto image stacks (25 × 159 × 159 voxels, 

0.050 × 0.318 × 0.318 mm3) centred on the sample point and transverse to the local fibre 

orientation. The dimension 0.05 mm was chosen as being approximately half the length of a 
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typical rat LV myocyte [226]. The segmented voxels in the sample stack that were physically 

connected to the voxel at the sample point were retained and projected onto the middle 159 × 

159 pixel plane of the stack. The effective fibre tract cross-sectional area was the sum of 

segmented pixels in this plane. 

 An image based model of the infarct border zone 2.5.

To investigate the effects of structure on the spread of electrical activation through the infarct 

BZ, a 3D computational model was constructed from the processed tissue images based on a 

novel network description of the myocardium, and a reaction-diffusion model of the electrical 

activation spread.  Development of the computer modelling was carried out by Dr Mark Trew.  It 

is described in brief below. 

Describing the surviving myocardium as a discrete network of volumes 

and connections 

The surviving myocardium segmented from the image volume was reduced to a 3D network of 

nodes with associated volumes and edge connections (calculated from the analysis shown in 

Figure 2.8).  Figure 2.10 below shows a visualisation of this network description in a small area of 

the BZ (Figure 2.10B).  The image volume was tessellated into a mesh of conforming voxel units 

(Figure 2.10C). The volume location for each voxel unit was determined as the centre of myocyte 

mass. The edge connection area was determined by the area on the surface of each unit which 

was connected to myocyte area in the adjacent unit, and the centre of each of these surface 

areas was found, and defined as the representative edge location between units (Figure 2.10D).  

The network connection lengths were the distance between the nodal locations (centre of mass) 

of each unit, via the representative edge location.  Multiple separate fibre tracts through a voxel 

unit were treated as independent network components.  Fibre and sheet orientations were 

overlaid onto the network description (Figure 2.10E). 
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Figure 2.10: Network mesh for subregion of the image block. A) Location of subregion. B) 3D segmentation.  

C) Network model showing nodes and edges. D) Network model showing volumes assigned to each node 

and edges scaled to reflect relative cross-section. E) Fibre and sheet orientations projected onto network. 

Modelling electrical loading and activation in the discrete network 

Activation was simulated on this network description of myocyte arrangement in a series of 1D 

equations / solutions using a finite volume discretisation of the reaction-diffusion monodomain 

equation (Equation 1) [209]. 

 

    
   

  
  (      )     (     )  Eq. 1 
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The model parameters were set assuming normal electrical properties of surviving myocytes 

using Luo-Rudy dynamic (LR-d) membrane model [227]. 

 

   is the membrane potential,  

   the nominal cell surface area to volume ratio, (200 mm-1) 

   specific membrane capacitance (0.0112 µF/mm2) 

  an effective bulk electrical conductivity tensor, transverse isotropy at the 

cellular level, with orientations measured from the eigenvectors. 

  fibre,   = 0.1368 mS/mm 

sheet    = 0.0583 mS/mm 

sheet-normal ,    = 0.0583 mS/mm 

   the membrane current per unit area (this is conventionally positive for 

current flowing across the membrane from within the cell), and 

   is a stimulating transmembrane current. 

The set of electrical conductivities was derived from Hooks et al. [62] and unpublished 

observations from the same authors.  The time steps used in the model was 0.005 ms.  

The activation was constrained to discrete locations (nodes) and conductivity constrained to 

discrete directions (links between nodes) of specific size / resistance as shown in Figure 2.11. 

 

 

Figure 2.11 : Components of a generic network node-edge-node connection 
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Stimuli trains 

Repetitive stimulation at 300 ms BCL was imposed at sites within the BZ and normal tissue.  

Following 10 preconditioning beats, an S2 stimulus was applied at progressively decreasing 

coupling intervals (CI) until complete activation block occurred.   

Activation sequence paths through the network and completing the 

circuit 

Activation path calculations were based on activation time rather than shortest path through the 

image volume due to the loading effects on tissue introduced by the variability in myocyte 

volumes and surface area between nodes of the network.  They were constructed by blocking 

together adjacent nodes with the same (or within 1 time step) activation time, and the central 

node of the block identified.  Nodes adjacent to the block with an activation time 1 step 

removed from the previous were also blocked together, and a pathway was constructed 

between the central points of each adjacent block (Figure 2.12A). 

 

Figure 2.12 : A. Activation sequence pathlines. Blocking similarly activated nodes to form a representative 

activation path through the network. B. Linking together otherwise unconnected start (S) and end (E) 

nodes to complete a circuit for studying reentry. C. Morphologically identical but delayed action potentials 

along the path from S to E. D. The link from the epicardium (S  to the endocardium (E) with a delay of 

120 ms used to asses reentry. 

To simulate reentry in the sampled tissue block, it was necessary to complete the circuit in the 

BZ in region outside of the imaged area.  The otherwise unconnected start (epicardial) and end 

(endocardial) nodes were linked, with a fixed delay of 120 ms (Figure 2.12B and C).  This delay 

was chosen to support reentry in the block (see Figure 3.15 below). 
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Conduction velocity 

Conduction velocity was computed using gradient of activation time at each node, the norm of 

the activation time vector was inverted to give CV at each node (based on Trew et al. 2005 

[214]). 
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 High-Resolution Three-Dimensional Chapter 3.

Reconstruction of the Infarct Border Zone: 

Impact of Structural Remodelling on Electrical 

Activation 

3.  

 Introduction 3.1.

Healed myocardial infarcts provide a substrate for potentially life-threatening reentrant 

arrhythmias [228].  Structural and electrical remodelling in the infarct BZ can give rise to slow 

conduction, unidirectional block and rate-dependent electrical instability after MI, which 

increases the probability of electrical reentry.  Factors that have been implicated include 1) 

strands of surviving myocytes surrounded by dense fibrosis that provide tortuous conduction 

pathways within the infarct BZ [1, 99], 2) decreased lateral connections between myocytes [5] 

and altered gap junction distributions [109] in the peri-infarct region, and 3) changes in 

transmembrane ion channel expression adjacent to the healing infarct that reduce conduction 

velocity and delay repolarisation during infarct healing [83, 229].  

 Cardiac magnetic resonance imaging (MRI) has been used to characterise the extent of the peri-

infarct region and the distributions of preserved myocytes and fibrosis within it [102, 230].  The 

former is a powerful independent predictor of mortality after MI [230], while it is argued that 

heterogeneous organisation of myofibres and fibrosis within the BZ provides a further indication 

of arrhythmic risk [231]. The 3D topology of surviving myofibre tracts adjacent to healed human 

infarcts has been reconstructed at a relatively coarse scale from serial histologic sections [1]. 

However, experimental investigation of the effects of this structural anisotropy on electrical 

activation in the infarct BZ is problematic: surface recordings [232] provide little direct 

information on intramural electrical propagation, while the spatial resolution that can be 

achieved with plunge needle arrays is limited [28, 185].  

Image-based computer modelling provides a powerful means of investigating the mechanisms 

by which structural anisotropy influences electrical activity in the infarct BZ [215].  Two 

dimensional computer models have been used widely for this purpose and show that non-

uniformly distributed inexcitable regions can give rise to electrical instability and reentry [111, 
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204].  To date, though, comparable 3D models have only investigated the influence of infarct 

and BZ geometries acquired with relatively low resolution MRI [112, 215]. 

In this chapter, we describe a study in which the myocytes and CT adjacent to a healed rat 

infarct have been imaged and reconstructed in 3D at high resolution. This has enabled us to 

analyse and quantify the topologic characteristics of surviving myocyte strands in the infarct BZ 

more comprehensively than has previously been possible. These data have also been used to 

develop an image-based computer model of electrical activation in the infarct BZ, which 

demonstrates how structural heterogeneity in the peri-infarct region provides a substrate for 

unidirectional propagation, rate-dependent regional slowing and conduction block. 

 Methods 3.2.

These methods are described in detail in Chapter 2, and presented here in brief. 

Surgical procedures and tissue preparation 

All surgical procedures 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 (National 

Institutes of Health publication no. 85–23). An MI was surgically induced in 2 adult male rats by 

permanent ligation of the LAD artery near the origin. Fourteen days post infarction the hearts 

were excised, fixed with Bouin’s solution, and stained with picrosirius red. Ventricles were sliced 

into 1 mm equatorial rings, dehydrated, and embedded in resin. 

Image acquisition 

Extended volume confocal images of the transmural infarct BZ were acquired at 1 µm3
 voxel 

dimension using a purpose-built system. These data were processed and aligned as described by 

Sands et al. [220]. Total image volumes were 4.1 mm3
 and 5.6 mm3

 (Figure 3.1). 

Image segmentation and network construction 

The image volumes were down-sampled to 2 µm3
 voxel dimension for image segmentation and 

subsequent image processing. Key morphological features were identified in the epicardial 

tangent plane. Normal myocytes, collagen, extracellular space, and necrotic tissue were 

segmented on the basis of intensity, texture, and continuity (Figure 2.4). Local myocyte volume 
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and tissue connectivity indices were calculated at each voxel by applying filters of radii 5 voxels. 

Myocyte voxels not connected to the main tissue region were removed (~1% total myocyte 

volume). The interface between BZ and normal myocardium was defined by applying a fuzzy C-

means clustering algorithm that separated these regions on the basis of connectivity and 

myocyte volume distributions (Figure 2.9B). The total volume of viable connected myocardium in 

the infarct BZ’s were 1.07 mm3
 and 1.73 mm3. Network descriptions of the structures were 

generated using 3D masks of surviving myocytes. Myofiber orientations were calculated using 

structure tensor analysis and mapped onto the network.  

Activation modelling 

Activation was simulated on this network description of myocyte arrangement using Luo–Rudy 

dynamic (LR-d) membrane model [227], assuming normal electrical properties and transverse 

isotropy at the cellular level. Repetitive stimulation at 300 ms BCL was imposed at sites within 

the BZ and normal tissue. Following 10 preconditioning beats, an S2 stimulus was applied at 

progressively decreasing CI until complete activation block occurred. Reentry was investigated 

by closing the circuit around the infarct via a pathway that introduced fixed time delay, but 

conserved AP morphology. 

 Results 3.3.

Structural features of the infarct BZ 

Key structural features of the MI and surrounding myocardium are presented in Figure 3.1. Wall 

thinning and scar formation are evident in the short axis scout image (Figure 3.1A). In the 3D 

reconstruction of the infarct BZ (Figure 3.1B) dense scarring is interspersed with regions of 

cellular necrosis in which replacement fibrosis is clearly still in progress. Additional features of 

note include apparently normal myocytes surrounding a large vein in the subepicardial region 

adjacent to the infarct and a network of myocytes ~5 cells thick surrounded with collagen on the 

endocardial surface.  At the interface with the infarct, sheets of collagen project into the 

adjacent normal myocardium. 
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Figure 3.1 : Structural characteristics of the infarct BZ A) Scout image of the short axis slice cut 4mm from 

the LV apex and viewed from the apex.  B) Three-dimensional reconstruction of the BZ also viewed from 

the apex.  Collagen is indicated by high image intensity (white/yellow) and myocytes by lower intensity 

(red/brown).  The dimensions of the image volume are 2.99 x 2.68 x 0.70 mm
3
 (5.6 x 10

9
 voxel).  The 

marker ● at the bottom right indicates the basal subepicardium and is used as a fiducial reference in 

subsequent figures.  

The distribution of surviving myocytes and fibrosis in the infarct BZ can be seen more clearly in a 

typical full resolution sub-section from the image volume in Figure 3.2. Muscle layers distant 

from the infarct are separated by cleavage planes that contain perimysial collagen. Adjacent to 

the infarct boundary, however, dense bands of collagen penetrate between and within muscle 

layers, while myocytes, necrotic cells and collagen are interspersed in a region that contains a 

plexus of apparently patent blood vessels.   
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Figure 3.2 : A typical full resolution sub-section from image volume adjacent to infarct. 

Myocyte volume and connectivity 

The 3D mask of preserved myocytes segmented from the image volume was analysed to 

quantify the cellular coupling (connectivity) and the fraction of total tissue volume occupied by 

myocytes. Figure 3.3 is a three dimensional reconstruction of the mask with the normalised 

connectivity field rendered on it. The layer of preserved myocardial cells surrounding the large 

epicardial coronary vessel is evident and the subendocardial network of surviving cell tracts 

adjacent to the infarct is more apparent when the surrounding collagen is removed.  Groups of 

myocytes penetrate the infarct BZ and tortuous strands, as fine as 1 cell thick, pass through it 

connecting adjacent normal myocardium to surviving subendocardial and subepicardial cell 

layers (see exploded subvolumes 2 and 3).   

The connectivity field distant from the infarct (subvolume 1 in Figure 3.3A) shows layers of highly 

connected myocytes (indicated by bands of red) 3 to 4 cells thick that are separated by cleavage 

planes. We observed limited coupling across cleavage planes although adjacent layers branch 

and interconnect. Within the BZ, this laminar structure is lost and coupling between cells in 

surviving muscle tracts is reduced (subvolumes 2 and 3).  Figure 3.3C, summarises the 

connectivity between adjacent myocytes relative to distance from the interface between normal 

myocardium and BZ tissue. In the former, connectivity is typically high, although a scattered 

subpopulation of lower values reflects reduced lateral coupling due to the laminar arrangement 

of myocytes within this region. There is a characteristic change in the distribution of connectivity 

which drops markedly over 200-300 µm at the interface of infarct BZ and normal tissue.  Scatter 

within the BZ is due to structural heterogeneity and, in particular, to the existence of preserved 

cell tracts within this region, which are surrounded by CT and extracellular space.  The 
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connectivity does not reflect the decrease in myocyte volume directly, as connectivity is only 

represented for volumes containing myocytes. Over the same distance across the BZ interface 

the total viable myocyte volume fraction, presented in Figure 3D, decreases abruptly from ~0.8 

to ~0.1. 
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Figure 3.3 : Myocyte connectivity and volume in the infarct BZ and surrounding normal myocardium. A) 3D 

reconstruction of mask of preserved myocytes with normalised connectivity field rendered on it.  Exploded 

views of representative subvolumes in normal myocardium (1) and infarct BZ (2 and 3) provide a clearer 

view of cellular connectivity within these regions. B) The interface between normal myocardium (red) and 

infarct BZ (green) defined on the basis of myocyte volume fraction and connectivity. Normalised 

connectivity (C) and myocyte volume fraction (D) are plotted with respect to distance from infarct BZ 

interface throughout imaged volume.  Distributions at each relative location are represented in gravy 

scale, with mean values (smoothed) in red. The fiducial marker ● in 3A indicates the basal subepicardium. 

Fibre orientation 

Regional changes in myocyte volume and connectivity occur together with altered myocyte 

orientation. In Figure 4, we present myofibre orientation with respect to a midwall 

circumferential plane at 6 representative transmural cores. The ordered transmural myofibre 

rotation characteristic of normal myocardium is progressively disrupted across the BZ and, 

within the infarct, fibre angles are dominated by surviving subepicardial and subendocardial 

myocytes, which maintain orientations ~90° to the circumferential plane.  

 

 

Figure 3.4 : Myofibre organisation adjacent to the infarct. A) Transmural fibre orientation defined with 

respect to midwall circumferential plane shown in green B) sampled transmural cores at sites in NZ, BZ and 

IZ. C) Fibre angle distributions at these sites. D) Transmural fibre angle distributions averaged at 2 sites 

each in NZ, BZ and IZ, plotted as functions of relative wall thickness. The fiducial markers ● in A and B 

indicate the basal subepicardium. 
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Structural analysis of the prototype heart 

As noted in the methods section – detailed analysis and modelling was only carried out on a 

single heart, while imaging had been completed on two hearts.  The imaging region of the initial 

heart did not provide a full transmural section of the BZ to analyse, with only limited regions of 

the epicardium and endocardium included in the image volume.  

The scout image of this heart shows the same features as reported above; wall thinning and 

dense scarring, interspersed with regions of cellular necrosis.  Areas of myocytes surrounded by 

dense collagen appear in the sub-epicardial and sub-endocardial regions of the infarct, and 

through the midwall at the edge of the infarct in the BZ region.  Sheets of collagen project from 

the infarct into the adjacent myocardium. 

Tissue volume analysis of the prototype heart (Figure 3.5) showed a very similar pattern to that 

described above.  Due to the orientation of the image volume, the distances from the BZ 

interface are small, but the sharp drop off from ~0.8 to less than 0.2 over 200 µm at the 

interface, is comparable in both hearts. 

 

Figure 3.5: Tissue volumes determined from images of a prototype infarcted rat heart. A. Distribution of 

tissue volume index in space. B. Tissue volume index as a function of distance from the border.  

Similarly, the fibre orientations, while none provide a full transmural view, show more deviation 

from the normal rotation in the IZ than the NZ (Figure 3.6).  What is not observed in this heart is 

the lack of midwall orientations within the IZ, although this is hard to interpret due to the nature 

of the imaging not showing full transmural sections for analysis. 
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Figure 3.6 : Variation of fibre angle across portions of the prototype heart wall. A) Locations of samples 1-5 

and the normal zone NZ to IZ. B) Fibre orientations across samples 1-5. C) Fibre angles variation across the 

wall moving from the NZ to the IZ. 

Modelling electrical activation in the infarct BZ 

The extent to which structural remodelling in the infarct BZ affects electrical propagation was 

investigated by simulating activation on a network representation of the preserved myocardium 

in Figure 3.3A employing LR-d membrane dynamics. Uniform, axially anisotropic electrical 

properties (anisotropy ratio 2.3:1) were assumed throughout.  The network electrical activation 

model was paced at 300 ms BCL for subepicardial and subendocardial stimuli.  

Figure 3.7 demonstrates the effect of stimulus site on 3D electrical propagation in the infarct BZ 

for the last of 10 repeated stimuli at a BCL of 300 ms.  Two tracts through the BZ between 

midwall and subepicardium are identified (1 & 2).  With subendocardial stimulation (Figure 

3.7B), activation blocks at a site of abrupt tissue dilation in tract 1 and propagates into the 

subepicardial BZ via tract 2.  On the other hand, with stimulation from the subepicardial BZ 

(Figure 3.7C), conduction blocks in tract 2, but propagates into the midwall through tract 1.  

The time course of activation is presented in the videos M1 and M2 on the included DVD. These 

movies clearly show multiple activation pathways, wavefront collision, activation delays and 

block. 

These observations demonstrate that tracts through the BZ provide a substrate for stimulus site-

dependent unidirectional block.  Average CV in the tissue volume was 0.4 ± 0.2 ms-1 for 

subepicardial, subendocardial and midwall stimulus sites. 
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Figure 3.7 : Electrical activation in the infarct BZ. A) Ten cycles of activation were simulated at CI = 300 ms, 

and the results below are from the final cycle in this stimulus train. B) Activation time for a subendocardial 

stimulus (red sphere), viewed from the basal (L) and apical (R) sides. C) Activation time for subepicardial 

stimulus in the same views.  Activation time is saturated at 24 ms. Total activation time is 21 and 26 ms for 

subendocardial and subepicardial stimulus respectively. Lines of block are represented by red and white 

lines. The fiducial marker ● indicates the basal subepicardium. 
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Activation pathways 

Figure 3.8 presents representative activation pathways and activation times for the two stimulus 

protocols shown in Figure 3.7. For subendocardial stimulation (Figure 3.8A) there was 

convoluted propagation around the BZ with relatively uniform spread through the bulk of the 

midwall tissue adjacent to it. Similar behaviour occurs with subepicardial stimulation (Figure 

3.8B), but propagation spreads along a different pathway. These processes are reflected in 

Figure 3.8C, where the total volume of depolarised tissue is presented as a function of time.  

Three distinct phases are evident for subendocardial stimulation. The first phase reflects 

activation of the subendocardial BZ (~7 ms), the second activation of normal myocardium 

adjacent to the infarct, and the third activation of the subepicardial BZ (~5 ms), with a total 

activation time of 21 ms.  For subepicardial activation, the distribution of activation times 

follows a similar pattern, albeit in the reverse direction.  In this case, however, the time taken to 

traverse the subepicardial BZ is relatively long (~15 ms) giving rise to a total activation time of 

26 ms.  Activation path-length for subepicardial and subendocardial stimulation were 6.01 mm 

and 6.88 mm, respectively. Total activation time is greater for subepicardial than subendocardial 

stimulation, despite the fact that total path-length is shorter. This demonstrates that the 

prolonged activation times seen with stimulation in the infarct BZ are a result of both tortuous 

propagation pathways and time delays along those paths. 
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Figure 3.8 : Representative activation pathways and activation time distributions for data presented in 

Figure 3.7. A) Stimulation in subendocardial BZ. B) Stimulation in subepicardial BZ. These results 

demonstrate tortuous stimulus site-dependent activation pathways in the infarct BZ.  C) Total activated 

tissue volume as a function of time for both stimulus sites. Total activation times for subendocardial and 

subepicardial BZ stimuli were 21 ms and 26 ms, respectively. As in previous figures, the fiducial marker ● 

indicates the basal subepicardium distant from the infarct. 
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Activation pathlengths 

Representative activation sequence pathlines (unsmoothed) were determined for all nodes in 

the network, along with the shortest distance paths from every network node to the stimulus 

site. The ratio of the two pathlengths are summarised for subepicardial and subendocardial 

stimulus sites in Figure 3.9. This figure shows that all the representative activation paths are 

significantly longer than the shortest path through the network. This is stimulus site-dependent 

with the paths resulting from a subendocardial stimulus showing the greatest increase 

compared to the shortest path. This corresponds to what can be seen in Figure 3.8 where the 

representative pathways are convoluted. 

 

Figure 3.9: Percentage increase in actual activation path length verse shortest network path for 

subepicardial and subendocardial stimuli. 

Rate dependent delay 

Susceptibility to rate-dependent time delay and block within the infarct BZ was investigated by 

challenging the model with a single S2 stimulus immediately after 10 preconditioning beats at 

BCL = 300 ms.  The CI between S1 and S2 was reduced progressively until block occurred and 

results are presented in Figure 3.10.  For subepicardial stimulation, there is a pronounced time 

delay at CI = 300 ms across a region less than 100 µm (~1.6 mm from the stimulus site - Figure 

3.10A and B).  Delay in this region increases progressively as CI is reduced, and block occurs here 

at CI = 185 ms.  There is also less pronounced slowing at two other points: one at the junction of 

the BZ and normal midwall tissue (at ~3 mm in Figure 3.10A & B), and the second within the 

subendocardial BZ (~5.4 mm).  With subendocardial stimulation, activation follows the green 

path. Regional slowing is again evident at CI = 300 ms, but it is spread over a wider region at the 

interface between subendocardial BZ and normal myocardium (between 1 and 2 mm from the 

stimulus site - Figure 3.10A and C).  Activation delay increases across this region with reducing 

CI, and conduction block occurs at CI = 156 ms. Total activation time for the cycle immediately 
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preceding block increases to 35 ms and 31 ms for subepicardial and subendocardial BZ 

stimulation, respectively. Propagation failure occurred at CI = 147 ms with stimulation from 

normal midwall myocardium adjacent to the infarct (not shown). 

 

Figure 3.10 : Spatio-temporal features of rate-dependent conduction slowing and block in the infarct BZ. A. 

Plan view showing pathways along which regional slowing and block occur during subepicardial and 

subendocardial stimulation (red and green respectively). Distances along the paths are indicated; are 

indicated in mm. Action potential upstroke and the initial phase of the plateau are plotted as 3D time-

series over a 30 ms interval following B) subepicardial and C) subendocardial stimulation along red and 

green paths, respectively. The fiducial marker ● indicates the subepicardium. 
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Activation delay and fibre tract cross-sectional area 

Fibre tract cross-sectional areas are rendered as a 3D colour map on the circumferential-

transmural plane in Figure 3.11A. The effective cross-sectional area of connected myocyte 

bundles in the normal ventricular myocardium adjacent to the BZ is very large, whereas tracts of 

surviving cells within the BZ are characterised by a marked reduction in cross-sectional area to as 

little as 300 mm2.  Note that the cross-sectional area of human epicardial myocytes transverse to 

the fibre direction is on the order of 400 mm2 [233] and in the rat is on the order of 200 mm2 

[226]. In the BZ, therefore, there are regions where fibre tracts consist of only 1 or 2 myocytes. 

This is reinforced by the cross-section frequency distribution of Figure 3.11B. Variations in cross-

section along the representative activation paths given in Figure 3.8 and Figure 3.10 are strongly 

related to activation delay and block, as shown in Figure 3.12.   

 

Figure 3.11 : A) Distribution of fibre tract cross-sectional areas on the circumferential-transmural plane 

(apical view).  The effective cross-sectional area is rendered as a 3D colour map. B) Frequency distribution 

of cross-sections. 

The data presented in Figure 3.12 corresponds to stimulation at a BCL = 300 ms for both 

anterograde and retrograde activation (that is in the directions of both block and successful 

propagation) for the red and green paths shown in Figure 3.8 and Figure 3.10 (through regions 1 

and 2 in Figure 3.8). Anterograde block along both pathways occurred in regions where there 

was a transition from a sparsely connected myocyte network to a larger volume of well-

connected myocytes (Figure 3.12A and B). With retrograde propagation through region 1 in the 

subepicardial BZ, propagation delay occurred at a point where the tract narrowed to form a 

single fine strand of myocytes and cross-sectional area was abruptly reduced. Elsewhere 

conduction velocity remained relatively uniform (c.f. activation time slope in Figure 3.12C). The 

action potential in this region was characterised by a slow rising foot (see Figure 11B) indicating 
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a focal deficit in the inward current necessary to bring downstream myocytes to threshold. This 

contrasts with delays observed at the interface between subendocardial BZ and adjacent normal 

myocardium with retrograde activation along the second (green) pathway. Here, delay was 

distributed across a region where a sparsely connected network of myocytes expanded into a 

larger volume of well-connected myocytes (Figure 3.12D).  

Finally, rate-dependent delay and block that occurred with retrograde propagation along both 

pathways also exhibited different characteristics (Figure 3.10).  Along the red pathway, delay 

increased progressively at the same point as CI was reduced and block occurred at CI=187 ms.  

On the other hand, the region of delay along the green pathway broadened with reducing CI. 

 

Figure 3.12 : The impact of fiber tract cross section (red, green) on activation delay (blue). The red and 

green paths are those shown in Figure 3.8 and Figure 3.10. A) Activation moving from a sub-epicardial 

stimulus. Significant delay is associated with the rapid drop in cross section between 1-2 mm. This is the 

point of block for a premature stimulus at a CI of 185 ms (Figure 7). B) Activation moving from a sub-

endocardial stimulus. Delay and block are associated with rapid increases in cross section between 1-2 mm 

and 4-5 mm. Retrograde activation is seen to the right of the block. C) Activation moving from a sub-

epicardial stimulus. Block is associated with a rapid increase in cross section between 3-4 mm. Retrograde 

activation is seen to the right of the block. D) Activation moving from a sub-endocardial stimulus. Delay is 

associated with the rapid increases in cross section between 1-2 mm. This is the region of block for a 

premature stimulus at a CI of 156 ms (Figure 3.8). 
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APD dispersion with fixed cycle length pacing and premature stimulation  

APD dispersion for the 10th cycle of activation at BCL = 300 ms was minimal; 6.9 ms and 12.5 ms 

for subendocardial and subepicardial BZ stimulation respectively.  These APD distributions are 

shown in Figure 3.13. The longest APDs occurred at sites of block or slowed activation. The 

shortest APDs occurred on epicardial and endocardial boundaries (distant from the site of 

stimulation) where electrotonic loading is less than other regions. For a subepicardial stimulus, 

tissue adjacent to the endocardial surface in the NZ has shorter APDs than the same region for 

an endocardial stimulus, as activation progresses differently through the region in both cases. 

With subepicardial stimulation, activation collides with the boundaries in that region, whereas 

for subendocardial stimulation, activation progresses parallel to the boundary.  

 

 

Figure 3.13 : APD distributions for 10th beat at 300 ms BCL pacing. A. Endocardial stimulus. B. Epicardial 

stimulus  
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Premature stimuli were administered at varying CI after a preconditioning train of 10 cycles at 

300 ms BCL to ascertain the interval at which block occurred. Transmembrane potential profiles 

during normal pacing and for premature stimuli at CIs immediately prior to block and at block 

are shown in Figure 3.10, for both subendocardial and subepicardial stimuli. Figure 3.14 shows 

the distributions of APD for premature stimuli at CIs just prior to block. As expected, APD 

decreases as CI is reduced, but APD dispersion is almost twice as great immediately prior to 

block than at CI = 300 ms (see Figure 3.13).  

Beat-to-beat APD alternans were not observed at either stimulus site during repeated cycles of 

activation at 300 ms BCL. 

 

Figure 3.14 : APD distributions for a premature beat following pacing at 300 ms BCL. A) Endocardial 

stimulus with S2 CI of 157 ms. Block occurs at CI 156 ms. B) Epicardial stimulus with S2 CI of 186 ms. Block 

occurs at CI of 185 ms. 
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Simulating reentry 

We investigated conditions under which unidirectional block and conduction delays provide a 

substrate for reentry. A virtual link was created between the subepicardial BZ and the 

subendocardial BZ to complete a circuit. The link had a fixed delay, sustained reentry required a 

time delay of 120 ms. The model was paced with a subepicardial stimulus train at reducing CI 

until block occurred at CI = 157 ms (Figure 3.15).  Beat 1 is the last beat prior to block and 

activates the tissue in the counter-clockwise direction (basal view). Electrical activity progressing 

through the link from the subepicardium encounters retrograde activity from the 

subendocardium and collision occurs.  Collision and block (cycles 1 & 2) were followed by 

reentry (cycle 3), which approached steady state from cycle 5. 
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Figure 3.15 : Sustained electric reentry in the infarct BZ.  A stimulus train with reducing CI was applied to 

the subepicardial BZ (red sphere).  The subepicardial and subendocardial BZ were coupled at the network 

boundary via a path (dashed line) that imposed time delay but preserved AP morphology.  The top shows 

AP traces at subendocardial BZ (red), midwall (green) and subepicardial BZ (blue) sites indicated by arrows 

on beat 1.  The lower panel shows activation fields for beats 1-6.  Beats 1 and 2 are paced with a CI = 

157 ms, then, following unidirectional block reentrant activation occurs in beats 3 – 6.   
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Movies 

Three movies are included with this thesis on a DVD. 

M1. This movie shows activation spreading from a subendocardial pacing site for the 10th beat in 

a train of beats at 300 ms BCL. It corresponds to Figure 3.7A. Of note is delay through the 

network of myocytes connecting the subendocardial BZ region to the better coupled NZ region, 

block at one tract connecting the NZ to the subepicardial BZ (1 in Figure 3.7A) but activation 

passage through the alternative path connecting the NZ to the subepicardial BZ (2 in Figure 

3.7A). 

M2. This movie shows activation spreading from a subepicardial pacing site for the 10th beat in a 

train of beats at 300 ms BCL. It corresponds to Figure 3.7B. Of note is delay and block through 

one network of myocytes connecting the subepicardial BZ to the NZ (2 in Figure 3.7B) and 

extended delay, but no block, through the alternate narrow tract connecting the subepicardial 

BZ to the NZ (1 in Figure 3.7B). Also noteworthy is the fast conduction pathway penetrating deep 

into the NZ following activation spreading through the narrow tract. 

M3. This movie shows the initiation of sustained reentry through the border zone following 

subepicardial pacing at reducing CI.  It corresponds to Figure 3.15. A virtual link was created 

between the subepicardial BZ and the subendocardial BZ to complete a circuit. The link had a 

fixed delay of 120 ms. Subepicardial Pace 1 is the last beat prior to block and activates the tissue 

in the counter-clockwise direction (basal view). Electrical activity progressing through the link 

from the subepicardium encounters retrograde activity from the subendocardium and collision 

occurs. Subepicardial Pace 2 at a CI of 157 ms blocks in both paths out of the subepicardial BZ, 

however, the virtual link causes activation in the refractory subendocardium and this leads to 

sustained reentry in the clockwise direction (basal view). Four beats of sustained reentry are 

shown in the movie.  
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 Discussion 3.4.

Structural features of the infarct BZ 

In this study, a discrete transmural infarct in the rat heart was imaged using extended volume 

confocal microscopy at voxel dimensions of 1 µm3.  As a result, we have been able to reconstruct 

the 3D arrangement of viable myocytes and collagen in the infarct BZ at much higher resolution 

than has previously been reported.  Morphologic analysis of these tissue volumes confirms the 

existence of extensive tracts of viable cardiomyocytes in the infarct BZ.  A network of preserved 

cells, heavily surrounded by fibrosis, extends across the endocardial surface of the infarct, while 

a layer of surviving subepicardial cells was observed at the margins of the infarct and 

surrounding patent superficial veins that pass through it.  Finally, tracts of myocytes penetrate 

the infarct, some forming tortuous connected pathways. Lateral coupling of cells within these 

tracts and the extent of transmural myofibre rotation are both progressively reduced within the 

BZ. We have simulated the spread of electrical activation using a structure-specific network 

model constructed from connected myocytes and have demonstrated path- and direction-

dependent activation delays, as well as slow rate-dependent unidirectional conduction in the 

infarct BZ in the presence of normal cellular electrical properties. These results demonstrate that 

structural remodelling alone in the infarct and infarct BZ provides a substrate for reentrant 

arrhythmia. 

The structural remodelling revealed here in the infarct BZ is consistent with previous qualitative 

observations. Studies in infarcted human and dog hearts have shown that the Purkinje fibre 

network is preserved on the endocardial surface of the infarct [234] together with an underlying 

layer of ventricular myocytes [99].  Layers of preserved myocytes adjacent to the cavity surface 

and surrounding intramural blood vessels have been reported in infarcted human papillary 

muscle by de Bakker and co-workers [1]. Peninsulas of viable tissue surrounded by dense 

collagen have been observed within the BZ of both human and sheep infarcts and tortuous 

strands of myocytes that extend through the BZ to link separated regions of viable myocardium 

adjacent to the infarct have also been noted [91, 101]. Preservation of myocytes in these regions 

is presumably due to diffusive pathways for oxygen delivery either from the LV cavity, or from 

patent circulatory components that traverse the BZ.   
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Myocyte volume and connectivity 

A key feature of this study is that we have quantified the arrangement of viable myocytes within 

and adjacent to the infarct. In order to do so, we have developed new tools, including a novel 

network analysis that enables us to characterise the 3D topology of connected cell tracts in the 

BZ, and the extent of physical coupling within those tracts. Myocyte volume fraction and 

connectivity both drop abruptly over ~250 µm at the interface of normal and BZ tissue (see 

Figure 3.3).  Myocyte connectivity was determined for viable myocytes only and is therefore not 

simply related to volume fraction. Instead, the reduction in connectivity reflects decreased 

lateral coupling that is a direct consequence of structural remodelling. In the normal LV, 

ventricular muscle cells are arranged in branching layers [25] with extensive transverse coupling 

between myocytes, whereas preserved myocytes in the infarct BZ form thin strands surrounded 

by collagen in which transverse coupling may be limited to one or two adjacent myocytes (See 

Figure 3.11). These findings are consistent with data presented by Luke and Saffitz [5] for the 

border of healed canine infarcts 3-10 weeks after coronary occlusion, who showed that the 

length profile of cells connected via intercalated disks altered anisotropically with side-to-side 

connections reduced by around 75% but relatively little change in end-to-end connections.  

Fibre orientation 

Marked changes in myofibre orientation were another feature of the BZ. The transmural 

variation of fibre orientation in the myocardium adjacent to the infarct was consistent with 

previous studies in normal rat hearts [121]. However, there was increasing disorder in fibre 

orientation at the border of the infarct, with two distinct populations identified in the BZ that 

coincide with subepicardial and subendocardial fibre orientations in the adjacent myocardium. 

This may be due to the fact that myocytes in these regions are more likely to be preserved and, 

after wall thinning, occupy a relatively greater fraction of the BZ. In this study, local myofibre 

orientation was estimated from spatial gradient variation. Some uncertainty must be attached to 

the orientations estimated in the midwall BZ because there are few viable myocytes in this 

region. However, our observations are comparable with those made by Sosnovick et al. [102] 

using diffusion spectrum-MRI, and the higher resolution of our imaging method has allowed us 

to reconstruct the spatial separation of the two fibre orientation populations more precisely. 

There is compelling evidence from in vivo experiments, computer modelling and patterned cell 

culture studies that the structural anisotropy quantified here provides a substrate for slow 

propagation, conduction block and electrical instability. Such studies have shown that: 1) dense 

fibrosis and tortuous strands of viable myocytes in the infarct BZ give rise to slow "zig-zag" 
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conduction [1], 2) "source-sink" mismatches due to multiple branching tissue strands [48] or 

sudden tissue expansion [160] can cause substantial conduction slowing and unidirectional 

block, and 3) anatomic obstacles and abrupt changes in fibre direction can generate rate-

dependent “vortex shedding” and reentry [50].  Recent modelling studies have also shown that 

fibrosis can cause activation delays and rate-dependent electrical instability, increasing the 

likelihood of reentrant arrhythmia [111].   

Less clear is the extent to which factors such as electrical remodelling at a cellular level, altered 

gap junction expression and interactions between myocytes and fibroblasts may contribute to 

these processes in healed myocardial infarcts.  In the BZ of sub-acute canine infarcts, peak Na+, 

Ca++ and K+ currents are reduced, producing decreased CV and APD prolongation [83, 131, 229].  

If replicated in the chronic infarct, such changes would exacerbate reductions in CV and increase 

the probability of block, as demonstrated in a modelling study by Decker and Rudy [235].  

However, most studies have reported normal resting membrane potential and AP upstroke in 

the BZ of chronic infarcts, with varied results for APD [81, 88, 89]. Changes in the distribution of 

the gap junction protein Cx43, have been observed at all stages of infarct healing. In normal 

ventricular myocardium, Cx43 is located only at the intercalated disks, but in sub-acute infarcts it 

is dispersed across the lateral cell membrane. In the dog heart, preserved end-to-end coupling 

between myocytes was observed 3-10 weeks post-infarction, but there were fewer side-to-side 

connections [5].  However, Cx43 expression remains lateralised in healed human and sheep 

infarcts [91, 100].  The direct effects of the changes in gap junction distribution in infarct BZ 

remain uncertain. It seems unlikely that lateralised Cx43 forms active channels because 

transverse CV is reduced in this region [93].  

Modelling electrical activation in the infarct BZ 

In this study, we are able to test the contributions of structural remodelling, independent of any 

cellular electrical changes, by simulating the spread of electrical activation in a structurally 

detailed computer model of the infarct BZ and surrounding normal myocardium, assuming 

normal cellular electrical properties.  We have elected to investigate the rate-dependence of 

activation spread within this context and have used LR-d cell membrane dynamics [227] to 

provide a biophysically-based representation of APD and CV restitution.   An important outcome 

of these simulations is the finding that structural remodelling in the infarct BZ gives rise to 

unidirectional propagation and substantial stimulus site-specific activation delays.  This is 

evident in Figure 3.7, where activation can propagate between midwall and subepicardial BZ 
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through two separate tracts of surviving myocytes.  With subendocardial stimulation, activation 

propagates through one of these tracts, but blocks at the other; this pattern is reversed with 

subepicardial stimulation. CV slowing is seen in the subendocardial and subepicardial BZ in both 

cases, although the extent of these delays varies with stimulus site (Figure 3.8C).   

Activation Pathways 

Tortuous conduction pathways contribute to the observed activation delays.  Long complex 

pathways through the infarct connect midwall to subepicardial and subendocardial BZ (see 

Figure 3.8). In addition, surviving cell tracts along the subendocardial surface, surrounded by 

dense collagen, form a network with relatively sparse lateral coupling. These give rise to zig-zag 

patterns of activation clearly evident in the videos of activation (Movie 1 and 2). Similar 

observations have been made by de Bakker et al. in infarcted human papillary muscle [1]. Finally, 

propagation around the infarct boundary is near normal to muscle layers, which is inherently 

slow because electrical coupling across the clefts that separate myolaminae occurs via muscle 

bridges [28].  In the infarct BZ coupling between adjacent layers is further reduced by infiltration 

of thick bundles of collagen projecting from the infarct into the space between myolaminae.  

Activation delay and fibre tract cross-sectional area 

Activation path length provides only a partial explanation of the propagation delays observed in 

the infarct BZ. This is demonstrated by the fact that total activation time is longer for 

subepicardial than subendocardial stimulation, even though path length is shorter (~6 mm 

verses ~7 mm).  We see conduction slowing in regions along these paths in both cases, however 

in the former case, delays were particularly prolonged at one site (see Figure 3.10).  Delay 

occurred where there are rapid changes of myocyte tract dimension.  This is due to current 

source-load mismatch, a mechanism that has been extensively studied by other workers [160] 

and is inherently unidirectional in its effects.  

Rate dependent delay 

Rate-dependent block occurred at sites where delay was most evident. The increased probability 

of block in regions with low safety factor is predictable since current supply decreases as CI is 

reduced, as a result of CV and APD restitution.  However, differences in activation dynamics at 

these sites (see Figure 3.10) provide further insight into mechanisms through which structural 

remodelling can give rise to source-load mismatch. With subepicardial stimulation, there is a 

long activation delay between points 100 µm apart along the representative propagation 
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pathway, which at this point is constrained to a very narrow tract. The delay is characterised by a 

slow rise to threshold, followed by a rapid AP upstroke. With decreasing CI, the delay increases, 

but the upstroke remains rapid (Figure 3.10B). This pattern is consistent with low electrotonic 

coupling along the tract. Conduction block occurs at a CI of 185 ms when cells within the tract 

fail to reach threshold.  In contrast, with subendocardial stimulation, block was associated with a 

progressive reduction in AP upstroke velocity with decreased CI.  This occurred over a distance 

of ~1 mm along the propagation pathway in a region of tissue dilatation at the interface of BZ 

and normal tissue (Figure 3.10C).  Here, conduction block occurs at a shorter CI (156 ms) and is 

due to current source load mismatch that is a result of myocyte volume expansion.  The 

correspondence between activation times and tract cross-section along these paths is evident in 

Figure 3.12. 

APD dispersion with fixed cycle length pacing and premature stimulation  

Minimal but increasing APD dispersion was observed with decreasing CI.  This was most 

pronounced in regions of activation delay, such as the networks of surviving myocytes in the 

subendocardial BZ.  There is evidence that rate-dependent APD dispersion and APD alternans 

give rise to electrical instability in the presence of patchy fibrosis [111].  However, neither 

contributes to the rate-dependent block observed in this discrete infarct.   

Reentrant activation 

We have demonstrated that structural remodelling in the infarct BZ can provide a dynamic 

substrate, which produces the conditions necessary for electrical reentry.  These include 

stimulus site-dependent unidirectional conduction with long activation delays and rate-

dependent block. We have observed delays of up to 35 ms in our image-based model along 6 to 

7 mm path lengths at the border of a very small infarct.  Finally, we have shown that these 

features can give rise to sustained reentry when the circuit around the infarct was closed and a 

further time delay of 120 ms was introduced (Figure 3.15).  This is equivalent to a wavelength for 

reentry of 27 to 31 mm if it is assumed that the observed delays were replicated around the full 

circuit, or ~60 mm assuming CV through the auxiliary circuit to be normal. It should be noted 

that the wavelength for reentry is directly related to the effective refractory period and, for the 

well-established LR-d membrane model that we elected to use, this is significantly longer than in 

rat or mouse hearts and shorter than in human hearts. However, the activation delays and 

unidirectional block observed here reflect source-load mechanisms that involve cellular 

architecture and apply across species. On this basis, we hypothesise that structural remodelling 
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can provide a dynamic substrate sufficient to support electric reentry in the absence of cellular 

electric remodelling.  However, changes in gap junction distribution and the cellular electrical 

remodelling that occurs in heart failure for instance [236] would certainly amplify such effects. 

Furthermore, the processes that trigger rate-dependent block and reentry (early and late after-

depolarisations, autonomic dysfunction, etc.) cannot be explained by structural remodelling 

alone. 

Limitations 

This study was carried out in relatively small transmural segments, comprising healed infarct, BZ, 

and surrounding normal myocardium, from 2 rat hearts only. Specimen dimensions, number of 

hearts studied, and species were influenced by the time taken to acquire and process volume 

images at such high spatial resolution and to model electric activation on them, but each 

introduced limitations. The dimensions of the rat heart prevented us from mapping intramural 

electric activity in the BZ, and we were therefore not able to compare model predictions with 

corresponding experimental data. Specimen dimensions and artificial boundaries also precluded 

initiation of reentry wholly within the image volume and likely reduced the numbers of possible 

alternative pathways around sites of block. Despite this, we have been able to demonstrate 

reentry by extending the image-based activation model, and the examples of directional and 

rate-dependent delay and block reported here did not occur on, or near, the artificial 

boundaries. That said, it will be necessary to study a larger number of hearts before robust 

statements can be made about the probability of observing structural substrates for reentry in 

the infarct BZ.  A further limitation is the animal model used and the extent to which the results 

translate to large animal hearts, in particular, to human heart disease. We reiterate that the 

structural mechanisms responsible for delay and block in this study likely apply across species, 

and it seems reasonable to expect that their potential contribution to reentry would be greater 

with increased heart size and infarct dimension. The occlusion infarct studied here was more 

discrete than the reperfusion infarcts that are most commonly observed clinically. A final 

technical issue is that image quality was degraded by flare produced by PSR fluorescence in 

areas of dense collagen [222].  While we were able to identify myocytes, the volume of 

preserved strands of myocytes running through the BZ was likely underestimated in the 

segmentation process. Error introduced by this artifact was mitigated by using a topology-

preserving dilation operator that added an additional voxel at most to myocyte tracts. 
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 Conclusions 3.5.

In this study, we have produced unique data sets, in which tissue structure in the BZ and normal 

myocardium adjacent to a healed MI have been reconstructed in 3D at 2 µm3 voxel dimensions. 

The infarct BZ was characterised by tracts of preserved myocytes with markedly reduced lateral 

coupling that, in some cases, form continuous pathways across it. We have used image-based 

modelling to demonstrate that these pathways exhibit direction- and rate-dependent delay and 

block. Activation delays are not uniformly distributed along these pathways, but instead are 

associated with specific regions in which there are rapid changes in tract cross-section. We 

conclude that these mechanisms together with tortuous activation pathways provide a dynamic 

substrate for reentry. 
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 Development of a novel preparation Chapter 4.

for recording electrical activity on the epicardial 

and endocardial surfaces of the LV 

simultaneously 

4.  

 Introduction 4.1.

The image-based computer modelling study described in the previous chapter and elsewhere 

[237] provides new insights into the mechanisms through which surviving strands of 

myocardium in the BZ adjacent to a healed myocardial infarct could initiate and sustain 

reentrant arrhythmia. To validate these predictions, it is necessary to compare the predicted 

electrical properties of the BZ with systematic experimental observations employing a suitable 

animal model.  The rat was viewed as most appropriate here, because our computational 

analysis was based on detailed 3D reconstructions of the infarct BZ in this species.  

Electrical activation has been mapped on the epicardial surface of isolated small animal hearts 

directly, using multi-electrode plaques to record ECPs [66, 134, 135, 238] or optically, employing 

membrane-potential sensitive fluorescent dyes [154]. However, the rate-dependent conduction-

slowing and block that gave rise to reentry shown in Chapter 3 occurred along intramural 

pathways within the infarct BZ.  It is important to capture key features of this electrical 

behaviour. Epicardial surface potentials alone are not sufficient for this and because the rat 

heart is small, it is difficult to use plunge needle arrays to characterise intramural ECPs, as has 

been done in large animal hearts [28, 62].  While it might possible to map electrical activity on 

the endocardial surface of the ventricles using multi electrode arrays, it is difficult to achieve the 

electrode contact necessary due to the complex curvature and trabeculation of this surface.  

A number of optical techniques have been used to make inferences about intramural cardiac 

activation. For instance, simultaneous optical mapping of endocardial [193, 194] and epicardial 

surfaces of specific atrial regions has enabled rotors to be detected and visualised [195]. Related, 

though more sophisticated, techniques have been used to reconstruct intramural activation in 

the LV [192]. In this trans-illumination approach, optical dyes are sequentially excited from 

epicardial and endocardial surfaces of the LV, while fluorescent emission is recorded 

continuously from both. These recordings are then used together with the known light 
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attenuation in cardiac tissue [191] to "deconvolve" the fluorescent emission from different 

intramural regions. Unfortunately, the transmural spatial resolution that can be achieved with 

this method is limited.  

In this chapter, we describe a novel in vitro preparation in which optical mapping of the 

endocardial surface of the LV is combined with multi-channel recording of epicardial ECPs.  An 

advantage of this approach is that there is no "cross talk" between these different measures of 

electrical activity.  Baxter et al. [191] showed that the spatial decay constant of light in cardiac 

tissue is ~1 mm at a wavelength of 520 ± 30 nm. The fluorescent emission acquired with 

epicardial or endocardial optical mapping is therefore collected from a greater tissue volume 

than initially thought, and this blurs the upstroke and increases the width of optical APs [158].  It 

is precisely this process that is exploited with trans-illumination method outlined above. 

However, in thin-walled cardiac structures such as the atria, or the ventricles of small hearts, 

fluorescent emission excited by endocardial excitation may complicate the interpretation of 

epicardial optical maps (and vice versa) unless appropriate steps are made to correct for these 

effects.   

One disadvantage of optical imaging is motion artifact. This is caused by movement of the heart 

with respect to the fixed photo-detector array causing optical signals from a number of positions 

to be intermingled over the cardiac cycle [239].  Studies have tried to remove the effect of 

motion artifact through the use of physical restraints [240] and electromechanical uncoupling 

agents such as BDM [241, 242] or Cytochalasin [243]. Although uncoupling agents reduce motion 

they also alter cardiac electrophysiology at the concentrations required to block contraction 

[244]. A more recent excitation-contraction uncoupler, blebbistatin, has shown less effect on 

electrophysiological behaviour [245], although studies suggests that it still has significant effects 

in some species [246].  Ratiometric dyes have also been utilised to remove artifact and although 

this technique removes the motion signal, spatial stability is still not achieved [190, 200].  This 

study has used a novel post image processing method to remove motion artifact and spatial 

variability from optical mapping data using an image registration algorithm [247].  

Our experimental preparation allows us to record electrical activation with high spatial and 

temporal resolution from epicardial and endocardial surfaces of the LV, simultaneously.  

Furthermore, we are able to stimulate from exact locations within the extracellular recording 

array without losing optical data. 
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The post-experimental signal and image processing effectively removed much of the motion 

artifact from optical recordings of electrical activity in cardiac tissue. The resulting ability to 

make reliable measurements without relying on chemical or physical motion suppression 

methods will positively influence on-going use of cardiac optical mapping. 

 Experimental set-up 4.2.

A schematic representation of the experimental set up is shown in Figure 4.1. In brief, the 

endocardial surface of the LV free wall of a retrogradely perfused rat heart was exposed by 

cutting adjacent to or through the inter-ventricular septum avoiding major vessels. Coronary 

perfusion of the ventricles was largely unaffected by this procedure.  The recording complex 

included an optical mapping system (light sources, filters and video camera) and an extracellular 

electrical mapping system (multichannel electrode array and acquisition equipment).  The heart 

was mounted in a bath with the epicardial surface of the ventricles in contact with the 

extracellular electrode array and the endocardial surface imaged with the video camera.  The 

experimental set up was laid out on an optical table (Newport Corporation, Irvine, CA) that 

minimised the effects of vibration. Key components are outlined in greater detail in the 

subsections that follow. 
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Figure 4.1 : Experimental setup consisted of an optical mapping system (LED excitation light, high pass 

filter and a CCD-Camera), an extracellular electrical mapping system (multichannel electrode array and 

UnEMAP acquisition equipment) and a tissue perfusion and support system laid out on an optical table. 

Isolated heart preparation 

Mapping studies were carried out using isolated perfused rat heart preparations. The coronary 

circulation was perfused retrogradely via an aortic cannula with oxygenated Krebs-Henseliet 

solution (containing in mM NaCl 118, KCl 4.75, MgSO4 1.18, KH2PO4 1.18, NaHCO3 24.8, Glucose 

10, CaCl2 2.5).  Two methods were used: A constant perfusion pressure with the reservoir 1 m 

above the heart (Figure 4.2A) or a constant rate perfusion (13ml.min-1), using a dual channel 

micro-perfusion pump (Figure 4.2B).  Bubble traps were incorporated in both systems and glass 

was used wherever possible to minimise diffusive oxygen loss.  Heat exchangers were employed 

in the perfusion line and tissue bath to regulate perfusate temperature. 
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Figure 4.2 : Langendorff retrograde perfusion systems. A) Constant perfusion pressure set up (the 1 m head 

corresponds to a perfusion pressure of 73 mmHg). B) Constant perfusion rate (13 ml.min
-1

) via a dual 

channel micro-perfusion pump supplied from separate glass reservoirs. 

The cardiac chambers were transected to expose the endocardial surface of the LV.  Cut lines 

were chosen to preserve as much of the coronary circulation as possible.  Two approaches were 

used.  In the first, (Figure 4.3A & B), the LA and LV were cut along the septal wall with a pair of 

fine dissection scissors, and opened up along the base of the LV.  In this case, the circumflex 

artery was transected adjacent to the septum, near its distal end.  With the second approach 

(Figure 4.3C & D), an initial cut was made through the pulmonary artery to open up the RV, and 

continued through the septum to expose the endocardial surface of the LV cavity with the LV 

free wall intact. 
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Figure 4.3 : Two methods used to expose LV endocardial surface of the rat heart.  A) Schematic showing 

location of cuts through posterior LV wall adjacent to septum. B) Corresponding view of LV endocardial 

surface in an isolated perfused rat heart preparation. C)  Schematic of cuts through pulmonary vein, RV 

and septum (not shown).  D) Corresponding view of LV endocardial surface in an isolated perfused rat 

heart preparation illuminated with 2 green LED arrays. 

Organ bath 

Figure 4.4 shows the main components of an organ bath assembly developed to support the 

isolated rat heart in a temperature-controlled environment and to enable simultaneous optical 

and extracellular mapping studies to be carried out.  It consists of a backing plane with a multi-

electrode plaque at its centre surrounded by a thick layer of silicon (Figure 4.4A).  The perfusion 

cannula was supported so that the free wall of the LV was resting on the electrodes. Cardiac 

tissue was pinned to the silicon to stabilise the heart and improve electrical contact. A bath 

(Figure 4.4B) was then attached to the backing plane which sealed it. The bath was filled with 

Krebs-Henseliet solution, which was maintained at a set level. The temperature of this bathing 

solution was regulated with a counter-current heat exchanger in the base of the bath. The three 

glass windows in the tissue bath enabled the heart to be illuminated from both sides and viewed 

from the front by the CCD camera. The backing plane was attached to a 3-axis micro-

manipulator, which allowed the assembly to be positioned appropriately within the camera field 

of view.  
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Figure 4.4 : Assembly of organ bath. A) Backing plane showing the multi-electrode plaque surrounded by 

thick layer of silicon. The heart was supported by positioning the perfusion cannula in the clamp at the top. 

B) Removable half hexagonal bath with built in heat exchanger. The windows allow the heart surface to be 

illuminated (from the sides) and imaged (from the front).  The backing plane (and bath) was attached to a 

3-axis micro-manipulator, which allows the heart to be positioned in the optical mapping system.  

The heart was orientated with the epicardial surface of the LV against the electrode array, and 

endocardial surface facing towards the CCD camera (see Figure 4.5).  A guide was used to pin 

back the flaps of the RV and septum to expose the endocardial LV surface for optical imaging 

and to hold the epicardial surface against the electrodes.     

 

Figure 4.5 : Typical view of heart preparation mounted in organ bath. In this case, the endocardial surface 

has been exposed by cutting through RV and septum. A deformable guide pinned to the silicon layer 

slightly compresses the cut edges improving contact between epicardial surface and electrode plaque (not 

visible).  



Chapter 4 : Experimental Preparation 

88 

Extracellular mapping system  

Multi-electrode array 

ECPs were mapped with a solid flat multi-electrode plaque in which fine silver electrodes, each 

~0.5 mm apart, were arranged in a 20 x 20 array (see Figure 4.6).  This was fabricated as follows. 

Four hundred insulated silver wires, 60 µm diameter (California Fine Wire Company) were each 

threaded through a short section of vinyl tube (0.5 mm and 0.2 mm outer and inner diameters, 

respectively).  Wires and vinyl spacers were assembled in rows of 20 in a perspex guide and fixed 

with cyanoacrylate adhesive. Individual wires were passed through a 20 x 20 array of holes in a 

perspex armature and drawn tight to maintain appropriate order. The wires in each row were 

enclosed in a flexible nylon tube and soldered to a separate connector. When all 20 rows were 

assembled, the armature was removed, and wires and spacers were suspended vertically in a 

cylindrical mould containing SPURR’s low viscosity embedding resin (Polyscience, Inc).  Two 

hours were allowed for resin to fill the spacer tubes by capillary action. The resin was then 

polymerised at 60°C for 24 hours. The distal end of the resin block was ground back to expose 

the electrodes and polished to ensure that the surface was flat.  The junction between resin 

block and tubing was encapsulated in Sylgard (Dow Corning® 184 Silicone Elastomer) providing a 

flexible, yet strong, base.  

  

             

Figure 4.6 : Construction of multi-electrode plaque.  A) Rows of 20 silver wires (60 µm diameter) were 

assembled in a 20 x 20 array with each row enclosed in a flexible nylon tube. The array was embedded in 

epoxy resin.  B) The surface of the plaque (left hand side in A) was ground flat to expose the 20 x 20 array 

of electrodes. 
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To check the wiring of each individual electrode, the plaque was immersed in a saline bath and 

current was passed through each of the wires in turn. Electrolysis generated hydrogen bubbles 

at connected electrodes. This was used to associate connector pins with individual electrodes 

and to ensure that there was no cross-talk between electrodes. The location of each of the 

electrodes in the array was characterised by photographing the surface of the plaque (8 µm2 

pixel resolution). The wires were segmented out on the image, and their centre coordinates 

were determined using a custom-written Labview program (see Figure 4.7). 

 

Figure 4.7 : Location of electrodes in mapping plaque.  A) Photograph of electrode array. B) Centre of 

individual electrodes estimated from segmentation of A. The overall dimensions of the array were 10.1 x 

12.17 mm
2
. 

Acquisition system 

ECPs were acquired using a 448 channel electrical mapping system (UnEMAP, Uniservices Ltd, 

NZ).  This consisted of seven cards, which contained 64 high input impedance differential 

amplifiers, each with a 0.05Hz high-pass filter, programmable gain (10-1000) and programmable 



Chapter 4 : Experimental Preparation 

90 

low-pass filter (5Hz-50kHz). These were interfaced with seven 64 channel acquisition cards (PXI 

6071E, National Instruments Inc; 12 bits, up to 1.25MHz) that were incorporated into a 

computer control system (PXI 1000, National Instruments Inc).  The acquisition system was 

electrically isolated and driven by an external personal computer.  It provided the capacity for 

unipolar stimulation via individual electrodes and bipolar stimulation via pairs of electrodes 

interfaced with separate cards; stimulus range ± 10V.       

Unipolar ECPs were acquired in all cases. The electrode array was connected to the acquisition 

system via a relay box and potentials were measured with respect to a 1 cm2 silver-plated 

reference electrode placed at the bottom of the bath, away from the heart. 

Testing the ECP mapping system 

To test the ECP mapping system, the electrode plaque was immersed in a saline bath.  A current 

dipole was set up near the midpoint of the array by connecting positive and negative terminals 

of an external stimulator (Grass Technologies; SD9) to adjacent electrodes.  The stimulator 

provided a wider range of voltages and currents than the UnEMAP stimulus output. Potentials 

were recorded at all electrodes except, for technical reasons, along the line in which the bipolar 

stimulus was applied. 

To determine the accuracy with which potentials were recorded using the mapping system, the 

potentials measured across the array were compared with predicted potential field in the plane 

of the electrodes, modelled as follows:  
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)   Equation 4.1 

 

E(x,y) is the potential in the plane of the electrodes, (x1, y1) and (x2, y2) are dipole source and 

sink locations,  I is source / sink current and σ is the resistivity of the bathing fluid.  This estimate 

assumes that current is constrained to flow only in the volume in front of the plane of the 

mapping array.  

The difference between predicted and observed potentials at each electrode location in the 

array was estimated for a given value of σI/2π.  This parameter was adjusted to minimise the 

sum of the root mean square of this difference.  
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Figure 4.8 : Testing the ECP mapping system. A) Predicted potentials for current dipole at electrodes 

indicated in white.  Contours represent 2mV steps.  Colour map saturated at a max of ± 64 mV.  In B) and 

C) respectively, measured (  ) and predicted (line) potentials are compared from the rows of electrodes 

immediately above (B) and below (C) the row containing the stimulus site. 

 

In Figure 4.8A the best fit predicted potential field is presented as a colour map with contours 

appended.  Also shown are x,y positions for rows of electrodes either side of the stimulus.  In 

Figure 4.8B & C measured potentials are compared with predicted potentials at each of these 

sites.  These results demonstrate the excellent match between theoretical and measured 

potentials across a wide dynamic range.  Across all electrodes the root mean square difference 

per electrode was 0.365 mV.  The theory slightly overestimated the potentials at the periphery 

of the array, likely reflecting the fact that current is not constrained at the boundary of the 

electrode plaque and hence total flux in this region is lower. 
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Optical mapping system 

Components of the optical mapping system are shown in Figure 4.1, and include 2 light emitting 

diode (LED) arrays and a CCD camera with lenses and filters. The di-4-ANEPPS loaded into the 

heart was excited by two cooled green LED sources directed through the side glass windows in 

the organ bath. These were constructed by fixing an array of four 10W LEDs (LedEngin LZ4-

00G110, dominant wavelength 525 nm) at the centre of a small reflector shield (Figure 4.9).  

Each LED array was equipped with a heat sink, cooling fan, 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 by a shutter that was opened during 

image acquisition only, to reduce photo bleaching.   

 

 

Figure 4.9 : LED array (LedEngin LZ4-00G110) showing reflector and 550 nm short-pass filter.  This 

assembly is mounted on a cooling fan and screened from the heart by an electrically actuated shutter. 

Emitted fluorescent light was acquired with a high frame-rate, charge multiplying CCD camera 

(Photonics Cascade 128+) controlled by V++ software (Digital Optics Ltd).  Excitation light was 

removed with a long pass filter (565 ± 10 nm) and 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 of ~12 x 

12 mm2. Sequences of 2000 images (128 x 128 pixels, 16 bit resolution) were recorded at 

407.5Hz.  A frame synchronisation signal generated by the camera and was input to the UnEMAP 

system for temporal alignment of optical and ECP recordings. 

The spectral responses of different components of the optical system are illustrated in Figure 

4.10, below. Light from the LED arrays (spectrum shown in green) excites fluorescence from 

membrane-bound di-4-ANEPPS in the illuminated cardiac tissue (emission spectrum shown in 

LED Array 

Reflector 
Shield   
 

Filter 

Cooling fan 
(behind) 
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purple). Excitation light is removed by the 565 nm long-pass filter on the camera lens (spectral 

response in orange).  

 

Figure 4.10 : Measured emission spectra for LED arrays (green) and quiescent heart loaded with di-4-

ANEPPS (purple) and compared with the transmission spectrum of the barrier filter used to separate 

excitation light and fluorescent emission (orange). 
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 Experimental protocol 4.3.

All procedures were performed according to the guidelines of the University of Auckland Animal 

Ethics Committee.  Male Sprague-Dawley rats (n = 12, 250 - 300 g) were anesthetised with 

Isoflurane and killed by cervical dislocation.  The chest cavity was opened. Heparin (0.1 ml.kg-1, 

100 IU.kg-1) was injected into the LV and allowed to circulate for approximately 30 seconds.  The 

heart was then rapidly excised with the ascending aorta intact and immersed in chilled (4°C) 

physiologically buffered saline (PBS).  A stainless steel cannula was secured in the aorta, 

mounted on a perfusion apparatus and the coronary circulation was perfused with warmed, 

oxygenated Krebs-Henseliet solution.  Once spontaneous contraction had resumed, the heart 

was fixed to the backplane of the organ bath so that the posterior wall of the ventricles was in 

contact with the multi-electrode plaque.  

The coronary circulation was loaded with 5 x 10-2 µmols of membrane potential sensitive dye di-

4-ANEPPS (Molecular Probes) at 1 µmolL-1 in room temperature oxygenated Krebs solution. 

Epicardial surface staining was checked by eye and the dyeing process was repeated if it was 

markedly patchy or of low intensity. For Langendorff perfusion, the dye was added slowly to the 

perfusion line whereas, with the micro perfusion pump, it was introduced at 13 ml.min-1 through 

the second channel.  Staining was carried out prior to transection of the ventricular wall, as the 

cut surfaces were found to take up excess dye and saturate recordings from the uncut surfaces. 

Finally, the heart wall was cut as outlined in section 4.2 and pinned to the silicon layer in the 

backing plane of the organ bath to increase contact between the electrode plaque and epicardial 

surface of the ventricles, while exposing the endocardial surface of the LV.  

Epicardial ECPs were recorded at each of the stages above.  Data were acquired in sinus rhythm 

and during external bipolar pacing with constant current stimulation (duration 2 ms) using a 

restricted set of adjacent electrodes within the array. A minimum of 20 beats were captured in 

each recording. The stimulus current was set to just above capture threshold to minimise the 

stimulus artifact. Pacing rates ranged from 200 to 250 bpm.   

Simultaneous electrical and optical recordings were made from the epicardial surface of intact 

hearts from 8 rats, and epicardial and endocardial ventricular surfaces of Open cavity 

preparations from 12 rats.  Epicardial ECPs were acquired at 2 kHz per channel (bandwidth 0.5 - 

500 Hz; 12-bit resolution).  Optical data were acquired as records of 2000 sequential video 

frames at 407.5 Hz. Experiments were conducted at a bath temperature of 34±2˚C.  Details of 

the procedures carried out in individual experiments are summarised in Table 1. 
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RAT# INTACT HEART OPEN CAVITY PREPARATION Bath 
Temperature 

(˚C) 
 ECP 

MAPPING 
OPTICAL 

MAPPING 
TRANSECTION 

SITE 
ECP 

MAPPING 
OPTICAL 

MAPPING 

RAT1   LV FREE WALL   33 

RAT2    LV FREE WALL   32 

RAT3   LV FREE WALL   34 

RAT4   LV FREE WALL   35 

RAT5   LV FREE WALL   34 

RAT6   LV FREE WALL   34 

RAT7 *  RV / SEPTUM   32 

RAT8 *  RV / SEPTUM   32 

RAT9 *  RV / SEPTUM   32 

RAT10 *  RV / SEPTUM   33 

RAT11 *  RV / SEPTUM   37 

RAT12 *  RV / SEPTUM   37 

Table 1 : Types of recordings made in each experiment.  Sinus and paced recordings were made in each 

condition except denoted by *, where only sinus recordings were made.  Bath temperature was measured 

at the heart. 
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 Performance of the experimental preparation. 4.4.

Extracellular potential mapping  

ECPs were pre-processed in the UnEMAP program.  A 50 Hz notch filter was applied where 

signals were contaminated with mains frequency noise. Individual ECP records were then beat 

averaged to improve signal to noise ratio and any baseline offset was removed. Signals were 

aligned in time on the maximum negative slope of each beat, and averaged across 20 beats (see 

Figure 4.11).  Others have shown that any blurring introduced by averaging can be minimised by 

careful temporal alignment, meaning the process does not alter activation time or maximum 

downstroke velocity [248]. 

 

Figure 4.11 : Temporal averaging of ECP signals.  A) Sequential cycles are extracted from a typical ECP 

record for heart in sinus rhythm (see vertical lines). The maximum negative derivative for each activation 

complex is identified. B) Individual cycles from (A) are overlaid with the maximum negative derivative 

aligned. Base-line offset has been removed from each. C) Averaged activation complex derived from the 

cycles in (B). 

Typical ECPs acquired in sinus rhythm and during pacing are presented in Figures 4.12 and 4.13, 

respectively.  Local activation gives rise to a rapid downstroke in the ECP. The ECP deflections 
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associated with activation are referred to here as the activation complex. Typically, these may 

consist of an initial upward deflection followed by a rapid downstroke with a slower return to 

baseline.  The morphology of the activation complex depends on the directions that activation is 

propagating with respect to the electrode and differs markedly between sinus rhythm and paced 

beats. Repolarisation is a slower process than activation and it produces a slow, low-amplitude 

positive deflection on the ECP trace. This is identified as the T-wave in ECG classification and this 

convention will be used here also.  Activation complex amplitude (peak positive voltage minus 

peak negative voltage), downstroke width (peak positive time minus peak negative time) and 

maximum slope of the activation complex ( ̇max) (normalised to amplitude) were calculated for 

each record. 

 

Figure 4.12 : Typical unipolar extracellular electrogram in sinus rhythm, normalised potential as a function 

of time. 

 

Figure 4.13 : Typical unipolar extracellular electrogram during ventricular pacing, normalised potential as a 

function of time. 
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Stimulus artifact 

Stimulus artifact presented some difficulties when analysing activation complex morphology in 

paced beats.  As seen in Figure 4.13, pacing gave rise to a rapid deflection in measured potential, 

but the return to baseline could be much slower and in some cases obscured key features in the 

recorded activation complex (see Figure 4.14). The stimulus artifact was greatest close to the 

pacing electrodes, but slow recovery was most pronounced and presented the greatest 

problems where contact between extracellular electrodes and the heart was poor.  

 

Figure 4.14 : Stimulus artifact in neighbouring surface electrodes during bipolar ventricular pacing.  Slow 

recovery of potential immediately after stimulation modulates shape of activation complex. Activation and 

repolarisation times can be identified in traces e43 and e46, but not in e40 which is near the edge of the 

array, where contact between electrodes and the heart surface was poor. 

The explanation for the slow decay of the stimulus potential is thought to be as follows. In the 

presence of high source resistance, constant current stimulation via UnEMAP produces large 

output voltages that perturb the connected common line for each of the differential amplifiers 

on the UnEMAP input card (or cards), giving rise to a voltage offset for each input channel.  The 

potential decay likely reflects resetting of the high-pass filters on the input cards (time constant 

~3s) or may be due to stray capacitance in the presence of very high input resistance. 

Contact between tissue and electrodes and activation complex amplitude 

The magnitude of activation complexes recorded across the array varied considerably. This is 

evident in Figure 4.15, where typical data are presented for intact and cut hearts in sinus 

rhythm. In the intact heart (Figure 4.15A) the amplitude of the activation complex was generally 

highest in the middle of the array and tapered off towards the edges. In Open cavity 

preparations (Figure 4.15B), the amplitude of the activation complex is more uniform, but 
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27mV 

26mV 

1mV 

1mV 

nonetheless greatest toward the base and attenuated toward the apex of the LV. Maximum 

potential deflections were very similar in both cut and intact hearts. In general, activation 

potential magnitude was reduced in regions where there was no direct contact between tissue 

and electrode array because of curvature of the heart surface. In addition, there was increased 

scatter in the duration of the activation complex in such low amplitude regions (see Figure 4.16).     

 

Figure 4.15 : Typical variation of activation complex magnitude across array in sinus rhythm for A) intact 

heart and B) Open cavity preparation.  The left-hand panel shows the epicardial surface of the intact heart 

and ventricular endocardial surfaces of the Open cavity preparation, respectively. The square represents 

the location of the array behind the cardiac tissue. Corresponding activation complex magnitudes are 

shown in the right-hand panel. Measured potentials are < 1mV for regions in black.   

B 

A 
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Figure 4.16 : Duration of activation complex as a function of activation complex amplitude. Typical results 

showing all recordings made in sinus rhythm from 3 hearts.  Records from both intact and Open cavity 

preparation for 3 hearts have been presented (scatter >1 standard deviation away from the mean product 

of activation width and activation amplitude has been removed from the chart for clarity). 

The magnitude of recorded ECPs may be influenced by the volume of the underlying cardiac 

tissue activated and the electrical coupling between that tissue and the electrode. In this case, 

the observed variation in activation complex magnitude is most likely due to the latter. While 

the input impedance of amplifiers in the UnEMAP system is very high (thereby minimising the 

effects of electrode source resistance), this cannot correct for attenuation that occurs as a result 

of current leakage via the bathing solution as illustrated in Figure 4.17.  Where there is close 

physical contact between electrode and heart, the potential seen by the electrode will be very 

similar to that at the heart surface (ie V
'
1 = V1). On the other hand, V

'
3 < V3 as a result of shunting 

of current into the bath, where the resistivity is significantly less than for heart tissue. A further 

consequence of this current leakage is that V
'
2 is influenced by the surface potentials V2 and V3, 

and V
'
3 likewise. It should be noted that the electrical schematic in Figure 4.17 seeks to represent 

a continuous 3D process as a discrete 1D formulation. Nonetheless, it provides some insight into 

the problems associated with potential measurement on the heart surface. 
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Figure 4.17 :  Schematic diagram of the effects of contact between multi-electrode mapping plaque and 

heart surface on measured ECPs.  Current leakage via bathing solution in space between plaque and heart 

surface is represented as simple resistance pathways. 

From the analysis above, it follows that curvature of the heart can lead to attenuation of 

measured ECPs, but also to potential "blurring" and consequent loss of spatial resolution as a 

result of current leakage.  The data presented in Figure 4.18 is consistent with this view. Here, 

the magnitude of the activation complex is greatest on the left-hand side of the array and is 

markedly attenuated on the right (Figure 4.18A), indicating that there is poor contact between 

electrodes and heart surface in the latter region. Stimulation from the centre of the array (Figure 

4.18B), gives rise to the expected pattern of activation spread on the left-hand side, but 

apparent activation is near synchronous over much of the right-hand side which could occur only 

if conduction velocity was unrealistically high (>3 ms-1). Restriction of the activation maps to 

electrodes with activation complex magnitudes >1 mV produces more robust results and this 

was done throughout this study.    
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Figure 4.18 : Effects of electrode contact on activation time maps. A) The spatial variation in activation 

complex magnitude indicates that there is poor contact between electrodes and heart surface on the right-

hand side of the electrode plaque B) Activation time map estimated for all electrodes. C) Activation time 

map excluding electrodes with activation complex magnitudes <1 mV.  In B) and C) the white circle indicate 

the approximate stimulus site. Typical data from Open cavity preparation in rat 4 made at 35˚C.  .   

ECP results  

In this subsection, we present results from 95 ECP data sets acquired from eight rat heart 

preparations processed to minimise error resulting from the sources described above.  Unless 

otherwise stated, data are presented as mean ± standard deviation (SD).  

Activation time and conduction velocity 

Activation time was calculated from the epicardial ECPs as the time of the maximum negative 

derivative of the activation complex.  This has been shown to correlate closely with the 

maximum positive derivative of the upstroke of transmembrane potential of local cells [249].   

To estimate fibre and cross fibre direction and related conduction velocities, best fit ellipses 

were fitted to activation time contour maps generated from all epicardial paced data sets, for 

both the intact heart and the Open cavity preparation.  The contour maps were generated by 

interpolating activation time from each data point using a 5 point Gaussian interpolation, at 

0.5 ms intervals.   

The ellipses that showed a steady spread of activation away from the central electrode, typically 

from 1 ms after earliest activation to ~10 ms, were averaged.  The long axis of the ellipse was 

designated as the principal axis of activation (PAA).  The CV was calculated by the distance 

between each ellipse along the PAA, and perpendicular to this. Prior to 1 ms, the CV is unsteady 

in the fitted ellipses as the initial point of activation is uncertain in space, and as activation 

spreads away from the stimulus point it becomes variable due to 3D processes occurring.  CV 

A                    B    C 
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ratios were calculated from the ratio of CV along the long axis of the ellipse and the short axis as 

estimates of fibre and cross fibre direction respectively. 

  

Figure 4.19 : Activation time maps from the epicardial surface after bipolar stimulation with an average 

ellipse fitted to 0.5 ms contours for A) an intact heart preparation and B) an Open cavity preparation.  

Stimulus site was located at the centre of the ellipses (and varied between records).   

 CV (ms
-1

) CV ratio PAA (˚) 

Intact Heart 0.43 ± 0.13 2.00 ± 0.16 0.03 ± 4.00 

Open cavity preparation 0.53 ± 0.08 2.04 ± 0.31 -29.5 ± 11.1 

Table 2: Conduction velocity, CV ratio and PAA for the epicardium and endocardium of the Open cavity 

preparation after epicardial bipolar ventricular stimulation. Data are presented as mean ± SD. 

Average CVs were calculated at 0.43 ± 0.13 and 0.53 ± 0.08 ms-1 for the intact heart, and Open 

cavity preparation respectively, with CV ratios of 2.00 ± 0.16 and 2.04 ± 0.31.  These show 

consistent data across experiments and between the two different preparations, as well as good 

correspondence to CVs and CVRs calculated from ECPs reported by others in small animal 

preparations [238].  The CVs are slightly slower than have been measured in large animal models 

(~0.7 ms-1) at body temperature [28, 107]. A slight decrease in CV may reflect the lower 

temperatures used in our studies (~34 ± 2˚C compared to 37˚C).  Anisotropy ratios of 2:1 in fibre 

to cross fibre direction correspond well to those quoted in both small and large animal studies 

[28, 62, 238].  

 

A           B 
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Activation recovery interval 

The activation recovery interval (ARI) has been used to estimate regional APD from extracellular 

electrograms.  ARI is estimated as the difference between activation time (minimum derivative 

of potential during activation) and repolarisation time.  Three possible measures of 

repolarisation time can be extracted from extracellular electrograms 1) maximum derivative of 

potential during the upstroke of the T wave 2) the peak of the T wave, and 3) minimum 

derivative of potential during the downstroke of the T wave (see Figure 4.20).   

 

Figure 4.20 : ARI measurements from a sinus beat 

In Table 3 below, we compare estimates of ARI derived from all 3 measures of repolarisation 

time from the epicardial surface in 8 experimental preparations (95 data sets).  The data has 

been separated into those acquired in the intact heart preparation prior to transecting the 

ventricles and those acquired after the LV cavity was exposed (Open cavity preparation). 

 

Sinus Rhythm Epicardial LV Pacing 

Intact Heart (n=10) 
Open cavity 

preparation (n=29) 
Intact (n=18) 

Open cavity 
preparation (n=38) 

ARI 1 (ms) 8.5 ± 3.8 9.9 ± 4.0 10.3 ± 3.5 10.9 ± 3.9 

ARI 2 (ms) 14.4 ± 5.1 15.6 ± 3.7 14.3 ± 3.2 16.8 ± 2.8 

ARI 3 (ms) 16.2 ± 5.4 17.4 ± 3.9 17.9 ± 3.3 18.2 ± 2.8 

Table 3 : ARI estimates from 8 experiments (n= number of data sets analysed) for sinus rhythm and 

epicardial LV pacing.  Repolarisation time in ARI 1 is estimated from the maximum positive rate of change 

in potential during the T wave, in ARI 2 from the maximum potential, and in ARI 3 from the maximum 

negative rate of change in potential during the T wave. Data are presented as mean ± SD. 
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In the rat ECP, there is little separation between the activation complex and the onset of the T-

wave. This is reflected by the very early RTs identified using ARI 1.  ARI 2 and ARI 3 are both 

significantly longer than ARI 1. ARI 2 appears to be the more robust measure, showing 

marginally less variability than the derivative-based estimate ARI 3 (see Table 3 and Figure 4.21). 

 

Figure 4.21 : Activation time (as difference from earliest activation time) verse ARI1, 2 and 3 for recordings 

taken in sinus rhythm from an intact and Open cavity preparation of the same heart (see Table 3 above). 

Optical mapping 

Optical measurements of transmembrane potential were made on the posterior epicardial 

surface of the LV prior to exposing the endocardial surface of the heart, while ECPS were being 

measured from the anterior epicardial surface of the LV.  After cutting the heart to expose the 

endocardium, optical recordings were made from the endocardial surface of the LV while ECPs 

were recorded on the adjacent epicardial surface.  Typical results and analysis are described 

below. 

Fluorescence images  

The intensity of fluorescence measured on the surfaces of the heart varied across the images, 

and between epicardium and endocardium.  This is partially due to uneven staining with the 

fluorescent dye di-4-ANEPPS and partially due to the curvature of the heart producing slight 
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variation in the illumination of the tissue (especially on the endocardium where there was 

shadowing from the cut edges). 

Figure 4.22 below shows the variation in background fluorescence intensity across the epicardial 

surface in a typical experiment. These images present the uncalibrated output of the CCD 

camera (16-bit range) and the background intensity in this frame varies from 4500 to 24900 

arbitrary units (au) (average 15075 ± 2570 au). 

   

Figure 4.22: Background fluorescence intensity of epicardial surface of di-4-ANEPPS stained heart. The 

right-hand panel is a pseudocolour representation of the monochrome image at left. Colours range from 

blue (10,000 au) to red (20,000 au). 

Background fluorescence intensity was lower and less uniformly distributed on the endocardial 

surface than on the epicardium in all experiments. More features of the myocardium could be 

identified on the endocardium, the surface trabeculae took up more dye, and were less 

shadowed, and thus stood out from the wall behind them.  In Figure 4.23 below, there is a high 

level of staining on the cut surfaces of the papillary muscle compared with surrounding tissue.  

The background intensity of this image varies from 4295 – 17274 au (average 7785 ± 1539 au).    
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Figure 4.23 : Background fluorescence intensity of LV endocardial surface of di-4-ANEPPS stained heart. 

The right-hand is a pseudocolour representation of the monochrome image at left. Colours range from blue 

(7,000 au) to red (17,000 au). 

With the spread of electrical activation across the heart surface, there is a reduction in 

fluorescence emission as cell membrane depolarisation modulates the emission properties of 

membrane-bound di-4-ANEPPS. Time series signals constructed by averaging the fluorescence 

intensity recorded in three 5 x 5 pixel regions are presented in Figure 4.24.  Depolarisation is 

clear in all three as an abrupt reduction in fluorescence, which recovers relatively quickly.  

However, in each signal, background emission appears to vary to different degrees throughout 

the cardiac cycle, interfering with our capacity to characterise the morphology of the optical AP.  

The source of much of this artifact is movement of the heart surface with respect to the fixed 

imaging plain of the camera throughout the cardiac cycle as a result of contraction.  Thus, the 

increased intensity immediately after activation in top panel in Figure 4.24 is most likely 

explained by the movement of a region of heart surface with more intense background 

fluorescence emission into the 5 x 5 pixel field across which the signal is averaged.  On the other 

hand, sustained reduction in intensity after activation in the lower panel probably reflects a net 

shift of background fluorescence out of the image field addressed. This artifact would be 

expected to be exacerbated with endocardial mapping because of the high level of non-

uniformity of the background fluorescence (shown in Figure 4.23). 
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Figure 4.24 : Time series signals constructed by averaging the fluorescence intensity recorded in three 5 x 5 

pixel regions. In (B), characteristics of artifact caused by contraction are highlighted in blue and activation 

is indicated by dashed red line.  

Activation time and APD estimates 

The key measures of interest from our preparation were activation time and APD. In the raw 

data, modulation due to electrical activation varied across regions. For instance, for the 

epicardial mapping study in Figure 4.22, average fractional fluorescence (ΔF/F) during activation 

was 2.7 ± 0.8% (range 0.3-5.2%), while for the endocardial study in Figure 4.23, average ΔF/F 

during activation was lower, 1.5 ± 0.9% (range 0.1-5.6%). Signal-to-noise ratio (SNR) was further 

and markedly reduced by artifact, which limited the number of pixels at which activation time 

and APD could be defined. 

 

Figure 4.25 : Activation time (A) and APD90 (B) calculated from raw optical signal from the endocardium of 

the rat heart shown in Figure 4.23. 
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Figure 4.25 shows activation time (A) and APD90 (B) calculated from a raw optical data set.  It can 

be seen that activation time could be identified at <50% of the pixels.  The absence of an 

identifiable rapid decrease in fluorescence intensity that identifies the AP upstroke in individual 

pixels could be due to poor staining, shadowing of the tissue reducing the illumination excitation 

light intensity, a high level of noise overriding a low signal or because there is no activation in 

some regions (eg the bottom left region of the image which is outside the region of the heart).   

The APD90’s calculated at the pixels where activation could be identified were highly variable in 

the raw data (ranging from 20–200 ms).  This variability is in the most part due to motion artifact 

and low SNR.   

Artifact correction 

Traditionally in experiments using optical mapping motion has been supressed by the use of 

either mechanical restraint or the use of mechanical uncouplers such as BDM or blebbistatin.  

Due to the effects of such chemical agents on the electrical function of the heart [146, 246], we 

chose not to use either BDM or blebbistatin.  Some mechanical stabilisation was provided by the 

rigid cannula in the aorta and by pinning the heart to a backing plate either through the apex 

(intact heart) or at the cut edges (Open cavity preparation). However, this did not completely 

eliminate motion of the heart wall.   

We developed an image processing technique that allows us to remove the motion artifact on 

our optical images after completion of each experiment.  Artifact caused by contraction was 

minimised in two main steps. First, we corrected for the motion of the heart with respect to the 

camera by applying image registration on a frame-by-frame basis to stabilise key features in the 

acquired image series.  Residual artifact was then subtracted from the resultant signal at each 

pixel using appropriate temporal filters.  Image and signal processing were carried out using 

custom-written Matlab applications (The Mathworks Inc, Natick, Mass, USA).  Processes are 

described in detail below. 

Image stabilisation  

The background fluorescence emitted by most hearts stained with membrane-bound dyes varies 

regionally, due to anatomy, non-uniform staining and depth of field of the imaging system 

(Figure 4.26A).  This non-uniform background fluorescence contributes to artifact when the 

heart moves relative to a fixed imaging plane, but also provides features that can be tracked and 

used in motion correction. To stabilise images on this basis, it was necessary first to estimate the 
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signal component associated with background fluorescence at each pixel, ie, the modulation due 

to membrane depolarisation, and remove it prior to the correction process.  

 

 

Figure 4.26 : Optical imaging and motion correction process. A) A typical normalised signal intensity image 

obtained from the system. B) The raw temporal signal from a single pixel in A with identifiable features 

overlaid. C) The low frequency component filtered from B which is used to correct for in-plane motion. The 

typical location of a reference image is indicated. D) The motion corrected signal. Residual artifact in the 

signal is identified by filtering. E) The final signal used for APD analysis with residual artifact subtracted 

from the signal. 

The multi-scale filtering process used to estimate background fluorescence exploits the temporal 

differences between the activation and contraction. The upstroke of the AP is abrupt and its 

duration is relatively short, whereas motion due to contraction occurs throughout the cardiac 

cycle and is characterised by lower frequencies (Figure 4.26B). Several calculations were applied 
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to F, the relative fluorescence acquired at each pixel. 1) Signal gradients were used to find the 

initial point of maximum gradient and the peak of the activation signal. 2) The number of frames 

between the initial point and the peak provided a pre- and post-peak section, over which the 

signal was replaced by a linear segment (Figure 4.26B). 3) A Savitsky-Golay high-pass filter was 

applied to the resultant signal (Figure 4.26C). 

Estimated background images were then deformed frame by frame to best match a reference 

image using a non-rigid 2D image registration method that is described in detail elsewhere [247, 

250]. Pixels in the moving image M are displaced by net "forces" associated with corresponding 

intensity differences in the reference image R and with gradients in both M and R.  Horizontal 

and vertical displacements of the pixels,    and    are given by 

         ((
  

(  
    

 )        
 )  (

  

(  
    

 )        
 ))  (Equation 4.2) 

           ((
  

(  
    

 )        
 )  (

  

(  
    

 )        
 ))          (Equation 4.3) 

where  

             

and m and r are intensities at that pixel in moving and reference images, respectively. The 

vectors (  ,   ) and (  ,   ) are the corresponding gradients and  is a force weighting factor 

that enables the user to control the balance between rapid and accurate registration. 

Displacements were calculated iteratively and each update was followed by regularisation of the 

field using a Gaussian filter with a variance of   , which reduces noise and preserves geometric 

continuity.  

In this work, a diastolic reference image was chosen with estimated background intensities 

midway between maximum and minimum (Figure 4.26C). The force weighting factor,  = 6 

(obtained by experimentation) provided a good compromise between efficiency (n < 200 

iterations) and accuracy over all experimental data.  

Minimisation of residual artifact  

Typically, residual artifact remained after image stabilisation, as shown for a typical pixel in 

Figure 4.26D, possibly due to registration error or out-of-plane displacements during the cardiac 

cycle.  Residual artifact was removed by identifying low frequency baseline variation, as outlined 
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previously. This was subtracted to recover activation signals with a stable baseline, in which 

repolarisation could be reliably identified (Figure 4.26E). 

Measures of artifact correction effectiveness   

Two metrics were used to assess the effectiveness of artifact correction: (a) the extent of pixel 

displacement in image series before and after image stabilisation, and (b) SNR before and after 

processing steps.  

The "motion" in each raw image series was obtained directly from the registration algorithm; 

displacement vectors were accumulated at each pixel and the Euclidian distance between 

starting and finishing locations were determined. The registration algorithm was applied again 

after image stabilisation to estimate residual displacements at each pixel.  

SNR is defined as AP magnitude divided by the amplitude of low frequency background variation 

(see Figure 4.26B). The latter was identified at each pixel in an image series prior to image 

registration, as well as before and after residual artifact correction, providing an SNR estimate at 

each stage of the correction process.  

Estimation of activation time and APD 

The onset and peak of optical APs were identified during artifact correction (see Figure 4.26B). 

Activation time was estimated as the time point at 50% of AP upstroke amplitude.  APD was 

characterised by finding the closest temporal location to the targeted APD level (eg APD50 – 50% 

of activation amplitude and 50% repolarisation amplitude) on either side of the AP peak, and the 

time difference between was recorded(Figure 4.27).  APD25, APD50, APD70 and APD90 were 

measured at every pixel and were averaged over all cycles.  

 



Chapter 4 : Experimental Preparation 

113 

Figure 4.27: Action potential duration measurements.  APD25 = duration at >75% of signal amplitude, APD50 

= duration at >50% of signal amplitude, APD70 = duration at >30% of signal amplitude and APD90 = 

duration at >10% of signal amplitude. 

Effectiveness of artifact correction 

The effects of image stabilisation over a typical experimental time series are illustrated in Figure 

4.28. A typical endocardial intensity feature, initially centred on the cross hairs in Figure 4.28A, 

clearly moves within the imaging field before stabilisation, but remains well-registered 

afterward. Maximum displacements across the field before and after image stabilisation are 

presented in Figure 4.28B & C, respectively.  Pixel motion throughout the image series, initially 

0.23 ± 0.11 mm in the raw images, is substantially reduced to 0.07 ± 0.03 mm after stabilisation. 

Pixel displacement distributions before and after image stabilisation for all 8 hearts (18 data 

sets) are represented in Figure 4.28D. Median and upper-quartile values were considerably 

reduced and motion was decreased in 92% of pixels, by as much as 0.95 mm.  
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Figure 4.28 : Motion before and after correction. A) Movement of intensity features relative to a fixed point 

in space (cross-hairs) at a sequence of times before and after motion correction in one heart. B) Maximum 

(over time) motion values (mm) before correction over the 12 × 12 mm
2
 optical field of view in one heart. 

C) Maximum (over time) residual motion values (mm) after correction over the 12 × 12 mm
2
 optical field of 

view in the same heart. D) Distributions of all pixel movements before and after correction in the 18 data 

sets analysed. This Box-and-Whisker plot presents the median, upper and lower quartiles, as well as the 5 

percentile range. 
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Figure 4.29 : Qualitative example of the spatial variation in motion artifact around a typical endocardial 

intensity peak (highlighted) and the effective correction of the final signal. 

Signals from four pixels adjacent to an endocardial region with high intensity gradients are 

shown in Figure 4.29, before and after artifact correction. While activation can be detected in 

most of the raw signals, repolarisation is completely masked by substantial artifact. This artifact 

was markedly reduced by image stabilisation and residual artifact was further reduced by the 

final filtering step.  Over all 18 data sets, image stabilisation enabled activation to be detected in 

7% more pixels than in the raw data. 
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Figure 4.30 : The impact of the motion correction procedure on signal to noise ratio. A) Raw signal SNR in 

one heart (the scale is saturated at 2). B) Motion corrected signal SNR in the same heart. C) Motion 

corrected and filtered signal in the same heart. D) The motion corrected and filtered SNR at a colour scale 

spanning the data range. E) Distributions of raw signal and motion corrected and filtered SNR for all 18 

data sets considered. Mean values were significantly difference (p < 0.0001).  This Box-and-Whisker plot 

presents the median, upper and lower quartiles, as well as the 5 percentile range. 

Figure 4.30 shows the impact of different stages in the artifact correction process on pixel SNR. 

For a typical image series in one heart, SNR was distributed across the range 0 to 2 for most 

pixels (Figure 4.30A). After image stabilisation, considerably more pixels had an SNR ≥ 2 (Figure 

4.30B), while most were ≥ 2 after residual artifact was filtered (Figure 4.30C). SNR across this 

image series after artifact correction is presented in Figure 4.30D; it is 7 ± 2 and ranges from 0 -

 14. Corresponding values for SNR for all 18 datasets value before and during artifact correction 

are summarised in Figure 4.30E.  
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Figure 4.31: Spatial sequence of activation times on the endocardium of a typical heart. A) Activation time 

distribution from the raw signal. B) More complete activation time distribution following motion correction 

and filtering. The red arrow tracks the activation spread. 

 

Figure 4.32 : Spatial distribution of APD90 on the endocardium in one example heart. A) APD extracted from 

the raw signal where AP features could be identified. B) APD extracted from the motion corrected signal 

where AP features could be identified. Note that there are more points where an AP can be identified 

compared to A, although artifact is still present, reflected in the residual unphysiologically long APD values. 

C) APD extracted from the motion corrected and filtered signal. Note the change in time scale. 

Artifact correction increases the number of pixels in an image series at which activation time 

was identified and APD can be estimated, and reduces the scatter of these estimates. This is 

illustrated by the data in Figure 4.31, mapping activation time before and after correction and in 

Figure 4.32, showing APD90 for a typical image series at each stage in the artifact 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 4.32A). Following image stabilisation, APD90 was estimated at 

37% of pixels and the average value was 66.1 ± 38.6 ms (Figure 4.32B). Minimisation of residual 

artifact 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.  

Data for APD25, APD50, APD70 and APD90 over all 18 data sets are summarised in Table 6 in the 

following section. These include APD estimates for epicardial and endocardial surfaces of the 
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ventricles during sinus rhythm and ventricular pacing. The APD values for the epicardial datasets 

were generally slightly smaller than that of the endocardial datasets. The paced APD durations 

were all larger than the sinus datasets except for APD90.  

Results 

In the following parts of this section on optical mapping, we describe the results for 18 optical 

data sets from eight rat hearts that were processed to minimise artifact due to contraction. 

Unless otherwise stated, data are presented as mean ± SD. 

Activation time and conduction velocity  

Following image registration and filtering of residual artifact it was possible to estimate 

activation time in 53 ± 22% of pixels in the imaging frame.  These were connected and lay on the 

cardiac surface.  Average activation time (relative to earliest activation) on LV epicardial and 

endocardial surfaces are presented for sinus rhythm and epicardial pacing in Table 4. Each of the 

activation time results is significantly different from each of the others (p < 0.0001, unpaired T-

test). Thus, activation appears to be completed more rapidly on the endocardial than the 

epicardial surface and occurs more rapidly in sinus rhythm than in ventricular pacing, all 

unsurprising results. 

  Epicardium  Endocardium 

 Sinus Paced Sinus   Paced 

Activation time 

(ms) 
10.0 ± 4.6 15.3 ± 4.4 6.2 ± 5.6 10.8 ± 6.3 

Number of 
samples  

16528 17708 26659 41429 

Table 4: Activation times on epicardial and endocardial surfaces of the LV. Data are presented as mean ± 

SD. 

CV and CV anisotropy were estimated as presented for the ECP data in the previous section, and 

shown in Table 5. Firstly, optical maps were down-sampled by averaging intensity across a 5 x 5 

pixel subdomain so that optical and ECP data could be compared directly. CVs and PAA were 

then estimated by fitting ellipses to activation time contour maps generated from epicardial 

paced data sets. 
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  Epicardium Endocardium 

CV (ms
-1

) 0.70 ± 0.11 0.86 ± 0.23 

CV ratio 2.1 ± 0.50 1.60 ± 0.34 

Table 5: Conduction velocity and CV ratio for the epicardium and endocardium of the Open cavity 

preparation after epicardial bipolar ventricular stimulation. Data are presented as mean ± SD. 

Action potential duration 

Data for APD25, APD50, APD70 and APD90 over all 18 data sets are summarised in Table 6. These 

include APD estimates for epicardial and endocardial surfaces of the ventricles during sinus 

rhythm and ventricular pacing.  

  Epicardium  Endocardium 

 Sinus Paced Sinus   Paced 

APD25 (ms) 10.3 ± 6.6 14 ± 5.9 13.2 ± 5.5 13.5 ± 6.1 

APD50 (ms) 26.1 ± 7.6 26.9 ± 6.7 27.5 ± 7.1 26.5 ± 7.6 

APD70 (ms) 36.4 ± 8 36.3 ± 7.6 37.3 ± 7.8 37.6 ± 8 

APD90 (ms) 49.1 ± 7.7 46.4 ± 9.1 48.0 ± 8.8 49.4 ± 8.8 

Number of 
samples  

16528 17708 26659 41429 

Table 6: Variation in APD measures for sinus and paced beats for optical imaging on epicardium and 

endocardium. Data are presented as mean ± SD. 

Overall there is little qualitative difference between these results. While the effects of pacing are 

not clear cut, it appears as expected that APD is slightly longer on the endocardial surface than 

the epicardial surface in sinus rhythm (p < 0.001, for the averaged APD data).  However, it should 

be noted that in comparing epicardium with endocardium, we are comparing an intact heart 

preparation with an Open LV cavity preparation. The fact that there is little difference in APD 

between the two reinforces confidence that cutting the LV wall in the Open cavity preparation 

has not had irreversible electrical effects. 

Integration of optical and extracellular mapping data 

Simultaneous optical and ECP mapping records were acquired in eight rat hearts, and these data 

will now be compared.  In four hearts, ECP and optical maps were recorded from the epicardial 

surface of the intact heart, in sinus rhythm and during epicardial pacing.  In the remaining four 

hearts, the LV cavity was exposed immediately after perfusion of di-4-ANEPPS and optical maps 
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were recorded from the endocardial surface, while ECP recordings were acquired from the 

adjacent epicardial surface.  

As stated previously, optical records were subsampled after artifact correction at 5 x 5 pixel 

resolution (~500 µm2 pixels) to ensure that the spatial resolution of ECP and optical data was 

matched, allowing the same analysis tools to be used for both data sets.   

Conduction velocity 

Fibre and cross fibre direction and related conduction velocities were calculated for the optical 

data sets in the same way as presented the section above for the ECP measurements.  Best fit 

ellipses were fitted to activation time contour maps generated from all epicardial paced data 

sets, for both optical and ECP recordings.  CV and CVRs were calculated and PAA estimated on 

both surfaces of the heart and were compared below.  

 

Figure 4.33 : Spread of activation in the epicardium during bipolar pacing recorded with the optical system 

(A) and extracellular electrode array (C).  Activation times are normalised to earliest activation on each 

surface (red), and all contours are 0.5ms.  The difference between earliest activation at the site of stimulus 

and earliest activation observed by the optical system was ~12 ms.  The ellipses show the principal axes of 

activation. These are expected to align with local fibre and cross fibre directions. 

 

Conduction Velocity (ms
-1

) CV ratio 

Optical ECP Optical ECP 

Intact heart  

(ECP  and optical both epicardium) 
0.70 ± 0.11 0.43 ± 0.13 2.10 ± 0.50 2.00 ± 0.16 

Open cavity preparation  

(ECP : Epicardium, Optical : Endocardium) 
0.86 ± 0.23 0.53 ± 0.08 1.60 ± 0.34 2.04 ± 0.31 

Table 7: Conduction Velocity and CV ratio for the epicardium and endocardium of the Open cavity 

preparation after epicardial bipolar ventricular stimulation. Data are presented as mean ± SD. 

A    B     C 
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A comparison of the CV measured along the fastest axis of activation, and perpendicular to this 

in the intact and Open cavity preparations show no apparent difference in either CV or CV ratio 

between the two preparations.  Epicardial CV measured from ECP maps appear slightly faster in 

the Open cavity heart compared to the intact heart (0.53 ± 0.08 compared to 0.43 ± 0.13); the 

CV ratio is ~2 : 1 in both cases. 

Optical estimates of CV were greater than those from ECP maps in all cases. It is assumed that 

this is related in part to the fact that epicardial pacing was applied through the extracellular 

electrode array. Therefore the optical recordings were always distal to the site of stimulation, 

whereas the ECP recordings always contained the stimulus site, and due to the influence of the 

Purkinjie fibre network on CV on the endocardial surface.   

Alignment of ECP and optical recordings in time and space 

ECP signals and optical signals were aligned in time by feeding the time-stamp input from the 

camera into the UnEMAP system so that the timing of each camera frame could be registered.  

This enabled the difference in activation time calculated for the first beat of every ECP and 

optical record to be determined.  

Signals were aligned in space by registering the known x,y location of every electrode with an 

optical image of the electrodes taken at the end of every experiment.  These were then mapped 

back onto the optical records. 

 

Earliest activation time 
difference (Optical – ECP)  

(ms) 

Average ECP 
activation time (ms) 

Average optical  
activation time (ms) 

Sinus Paced Sinus Paced Sinus Paced 

Intact heart  

(ECP and optical both epicardium)  

-2.4 ± 0.7 -12.4 ± 10.3 6.7 ± 
3.0 

16.9 ± 
7.9 

5.5 ± 
2.6 

14.1 ± 
5.7 

Open cavity preparation  

(ECP : epicardium, Optical : endocardium) 
5.9 ± 5.4 -15.2 ± 8.6 

5.1 ± 
3.2 

10.3 ± 
4.7 

9.6 ± 
6.4 

7.6 ± 4.1 

Table 8 : Comparison of activation time between optical recordings and ECP.  Difference in earliest 

activation time was calculated as initial optical activation time – initial ECP activation time.  Average 

activation times were calculated across the entire electrode array or optical image. 

Temporal alignment of the system enabled us to assess the activation time difference between 

the two surfaces mapped. In all cases during sinus rhythm, the earliest activation time was 



Chapter 4 : Experimental Preparation 

122 

recorded on the anterior surface of the LV, followed on average 2.4ms later by the posterior 

surface (Table 8 and Figure 4.34). 

 

Figure 4.34 : Activation maps of the epicardial surface in sinus rhythm A) optical mapping of activation 

time on the anterior surface of the heart, B) anatomical features of the anterior surface, C) ECP mapping of 

activation time on the posterior surface.  ATs are measured from earliest activation on each surface, 

difference in earliest activation time (red) was 1ms (ECP first).  Contours are 0.5 ms. 

As expected, in the Open-cavity preparation during sinus rhythm, the endocardium activated on 

average ~6ms prior to the epicardium (Table 8 and Figure 4.35).  Given that the rat heart wall is 

~3mm thick, this is consistent with a transmural conduction velocity of ~0.5ms-1.  The high 

standard deviation here is due mainly to one recording which showed early epicardial activation 

at the base of the heart.  It is assumed that this was atrial rather than ventricular activation, as 

the spatial alignment of the electrodes to the camera in this case was shifted towards the atria. 

 

Figure 4.35 : Sinus activation in the Open cavity preparation measured from A) endocardial surface and C) 

epicardial surface.  The time between earliest activation (red) on the endocardial surface (on the 

ventricular septum) and breakthrough on the epicardial surface at the apex of the LV was 12.4 ms.  

Activation time difference between earliest breakthrough on the epicardium, and the endocardial surface 

directly adjacent (indicated by the red asterix in A) was ~5ms.  Contours are 0.5 ms. 

During epicardial pacing, the average difference in earliest activation time was ~15 ms between 

earliest activation near the pacing site on the epicardium and breakthrough onto the 

endocardium.  Assuming 3mm wall thickness, this gives a transmural CV of only 0. 2ms-1, much 

A         B                C    

A                  B                   C  
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slower than that observed during sinus rhythm.  There is variation in the activation time 

difference from 6.4 ms to 27 ms, giving a transmural activation velocity range from 0.1 to 

0.45 ms-1. 

Bipolar epicardial ventricular pacing: principal axis of activation 

From the ellipses fitted to calculate CV the PAA was computed.  It has been demonstrated that 

this aligns closely with the fibre orientation [28].  These were fitted on both the epicardial and 

endocardial surface.  In the data sets we analysed, PAA varies between -15.7 and 80.9˚ on the 

epicardial surface, and 35.8 and 136.9˚ on the endocardial surface (with respect to 

circumferential direction). 

 

Principal Axis of activation  

(˚ from horizontal) 

Optical ECP 

Intact heart  

(ECP  and optical both epicardium) 64.8 ± 21.9 0.03 ± 4.00 

Open cavity Preparation  

(ECP : Epicardium, Optical : Endocardium) 
88.4 ± 43.03 -29.5 ± 11.1 

Table 9: PAA calculated from the anterior (ECP) and posterior (optical) epicardial surfaces in the intact 

heart, and on the anterior epicardium and the LV free wall endocardium in the Open cavity preparation. 

Data are presented as mean ± SD. 

The variability in the PAA calculated from the optical images was high.  As noted above with CV, 

these measures were all made distal from the stimulus site, and may reflect the influence of the 

fast conduction network.  The activation also appeared to follow physical features in some 

images, in the lower panel of Figure 4.36, the optical activation spread follows the cut surface of 

the LV septum before spreading around the apex.  Better information is needed on the fibre 

orientation and structural features of the surface regions we are imaging from for future studies.  
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Figure 4.36 : Spread of activation on the endocardial surface (A) and epicardial surface (C) during bipolar 

pacing from the electrode array, recorded with the optical system and extracellular electrode array 

respectively.  Activation times are normalised to earliest activation on each surface (red), and all contours 

are 0.5ms.  The difference between earliest activation at the site of stimulus and earliest activation 

observed by the optical system was on average ~15 ms.  The ellipses show the principal axis of activation 

and perpendicular to this as an estimate of fibre and cross fibre direction.  The upper and lower panels 

show two separate experiments and highlight the variation in PAA observed across the data set. 

Comparing APD and ARI on the epicardium 

A comparison of APD measure from the optical data set taken from the posterior epicardial 

surface  with ARI calculations from the anterior epicardial surface of the heart are presented in 

Table 10 below for all epicardial data sets (4 data sets), sinus rhythm (2 data sets) and epicardial 

pacing (2 data sets). 

Optical ECP 

APD25 11.3 ± 5.5 ARI(positive T wave) 9.4 ± 3.8 

APD50 26.5 ± 7.0 ARI(Peak T wave) 16.4 ± 4.6 

APD70 37.1 ± 7.5 ARI(Negative T wave) 19.4 ± 4.7 

Table 10 : Comparison of APD and ARI from the epicardial surface of the rat heart.  Data is combined from 

recordings made in sinus rhythm and during epicardial pacing (n = 4). Data are presented as mean ± SD. 

Table 10 demonstrates that the correspondence between APD and measures of repolarisation 

time derived from ventricular electrograms is somewhat tenuous. ARI calculated from the 

activation time to the positive derivative of the T-wave correlated most closely with our optical 

measure of APD25, although it was shorter by ~17%.  ARI calculated from the peak of the T-wave 

and the negative derivative of the T-wave were longer (by 45% and 72% respectively) than 

APD25, but shorter (by 38% and 27%) than APD50.  APD70 and APD90 (not shown) are significantly 

A            B           C 
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longer than any of our measures of ARI.  The difference between APD and ARI were similar in 

both sinus rhythm and epicardial pacing, showing that stimulus type does not influence ARI.  

The comparison of ARI with APD is confounded in the rat heart by the shape of the AP, with 

rapid early depolarisation, and no plateau.  In large animals, comparisons between APD and ARI, 

suggest that the peak positive derivative of the T-wave (our AR1) correlates best with local 

repolarisation, and the minimum second derivative of the ECP correlates to APD90 measured 

with intracellular electrodes [251].  The very short ARIs we measured reflect the fact that rapid 

repolarisation occurs much earlier in the rat AP than in larger animals. 

 Discussion 4.5.

The prototype experimental preparation described in this chapter has allowed us to 

simultaneously record ECPs from the epicardial surface, and optical potentials from the 

endocardial surface, of the LV.  As a result we have been able to map activation times on these 

two surfaces and compare the spread of activation and measures of activation duration on both.  

Here we will consider the reliability of the data obtained, and the long term utility of this 

approach. 

The experimental preparation 

Two methods were used to expose the surface of the LV cavity of the rat heart.  In the first, LA 

and LV were opened along the edge of the inter-atrial and inter-ventricular septae and along the 

base of the LV.  In the second, an initial cut through the pulmonary artery, to open the RV, was 

continued through the inter-ventricular septum to expose the endocardial surface of the LV 

cavity. Disadvantages of the first approach are that the distal end of the circumflex artery was 

transected, reducing coronary perfusion pressure, and the LV free wall was also cut. In the 

second, the major coronary arteries were preserved and LV free wall remained intact. As a 

result, there was better contact between the epicardial surface of the heart and the extracellular 

recording array and exposure of the endocardial surface of the LV free wall was improved. A 

disadvantage was that curvature of the LV endocardial surface was greater and as a result it was 

difficult to focus the video camera across it.  Despite these qualifications, both preparations 

proved viable with no obvious deterioration in function over the 2 hour or more duration of a 

typical experiment. 
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Comparisons between ECPs measured on the epicardial surface before and after opening the LV 

cavity demonstrate that the spread of activation from a point stimulus was very similar in both 

cases, with no significant differences in axial CV or CV anisotropy. However, there were 

qualitative differences in epicardial activation spread in sinus rhythm between intact heart and 

Open cavity preparations within and between experiments. No doubt this occurs because 

opening the LV cavity transects the Purkinje fibre network and interferes with the normal 

programmed spread of activation in sinus rhythm.  Despite this, rapid spread of activation was 

maintained in sinus rhythm in every preparation.   

Epicardial potential mapping 

The recording system 

In this study we opted for high resolution recording of ECPs on the epicardial surface because 

the interpretation of optical signals recorded simultaneously from epicardial and endocardial LV 

surfaces can be complicated by cross-talk from deeper regions. That is, fluorescent emission 

excited by light penetrating the relatively thin rat LV wall from the epicardial surface can "blur" 

optical potentials acquired on the endocardial surface and vice versa.  ECP mapping on one 

surface removed this problem and provided the option of applying stimulation from a wide 

range of different sites from the high density extracellular electrode array. However, ECP 

mapping introduced a number of problems in this setting and these are summarised below. 

The inherent curvature of the epicardial surface of the rat LV (even when the LV cavity was 

exposed) meant that it was difficult to achieve uniform tissue contact with the flat, solid multi-

electrode plaque. As the distance between electrode and epicardial surface increases, spatial 

resolution is progressively lost.  The activation complex becomes blurred and the magnitude of 

the unipolar ECPs is reduced and is increasingly dominated by far field electrical events.  To 

correct for this, we discarded ECPs with activation complex amplitudes < 1mV. Typically, 10 - 

15% of signals were rejected from recordings made during sinus rhythm and 10 - 30% from 

epicardial pacing recordings. 

In addition, we also found it difficult to reliably stimulate the heart from the epicardial surface 

using the multi-electrode plaque. One contributing factor was the relatively small cross-sectional 

area of our 64 µm diameter silver wire electrodes. However, members of our group have 

successfully paced pig [28]  and sheep [107] hearts using epoxy plunge needles containing the 

same size electrode wires.  This indicates that the impedance of the epimysium (the CT layer 
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that surrounds the heart) also plays a role. Stimulation was sometimes unsuccessful and ECPs 

were often degraded by large stimulus artifact when external pacing was achieved, reflecting 

high resistance between electrodes and LV myocardium. 

Improvement of the contact between electrodes and heart surface would increase the epicardial 

surface area over which reliable ECPs could be acquired. Attempts to improve electrode contact 

by flattening the exposed surface with a glass plate proved unsuccessful, because the 

compressive forces necessary restricted perfusion in some regions, leading to impaired electrical 

function and increased incidence of ventricular tachyarrhythmias, without providing a significant 

difference in our ability to stimulate via the electrode array. An approach used by other workers 

has been to fabricate flexible multi-electrode arrays that are fixed to the heart surface.  Macchi 

et al. used a manufactured a flexible array using a Tulle mesh with regular spaced fibres that 

fitted as a sock over the epicardial surface, holding electrodes in place [134].  However, due to 

the nature of our experimental preparation, a simpler alternative may be to construct rigid 

electrode plaques that better match the complex curvature of the epicardial surface of the LV, 

but still allow the endocardial surface to be exposed. 

While improved contact between electrode plaque and heart will increase the reliability of ECPs 

measured from the epicardial surface, our results demonstrate that it will not solve the problem 

of stimulation. In this case, the best option would be to use fine bipolar needle electrodes that 

can be inserted via the array to apply electrical stimulation at well-defined locations and at 

known intramural depths.  A further outcome of this approach would be to reduce stimulus 

artifact magnitude which can impact on the accuracy of activation time identification.  

Epicardial activation and repolarisation 

Despite the limitations listed above, we were able to map activation times on the epicardial 

surface of the LV in sinus rhythm and during epicardial pacing, in intact hearts and hearts in 

which the LV cavity was exposed.   Average epicardial CV was 0.53 ± 0.08 ms-1, and anisotropy 

ratio (CVmax/CVmin) was 2.04 ± 0.31.   The maximum CVs are slightly slower than reported for the 

pig and dog (0.5 - 0.8 ms-1) [28, 107], but are consistent with values reported in the small rodent 

hearts of a similar age (maximum CV of 0.55 ± 0.034 ms-1 and anisotropy ratio of 2.03 ± 0.16 in 3-

4 month old mouse) [238].  The slightly slower CVs that we have recorded may reflect the fact 

that this is an in vitro preparation and perfusate temperature was 34 ± 2˚C, slightly lower than 

normal body temperature. 
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In larger mammals, where the activation complex and T wave are separated by an identifiable 

quiescent S-T segment, modelling studies and experimental comparison between 

transmembrane potential and local ECPs have shown that the maximum derivative of the T wave 

prior to its peak has the closest correlation local repolarisation (measured as minimum 

derivative of the AP downstroke) [133, 251, 252]. However in the rat, the rapid early 

repolarisation phase of the AP means there is no defined S-T segment, and therefore no 

separation between the positive derivative of the end of the activation complex and that of the 

upstroke of the T wave.  This is true of both the global ECG measured from the rat heart, and 

from local ECPs.   

Other investigations have suggested the width of the T-wave relates to the transmural 

dispersion of repolarisation, with the peak of the T-wave indicating repolarisation of the 

epicardium [38, 253].  It has also been predicted in a simulation study of cardiac activation that 

the minimum second derivative of the ECP correlates to APD90 measured with intracellular 

electrodes [251].  None of these measures have been confirmed in the rat. Because the AP for 

the rat heart is relatively triangular, there is wide variation between APDs estimated with 

intracellular electrodes for different extents of repolarisation. Nonetheless, it appears that the 

ARIs estimated here are significantly less than APDs reported for rats.  Of the measurements we 

compared ARI 1 corresponded most closely to APD25 and ARI 3 was closest to, but shorter than, 

APD50.  This issue will be considered in more detail when we discuss the comparison between 

optical and ECP mapping data. 

Optical mapping system 

Motion correction of optical signals 

This study has shown that post-experimental image processing can effectively remove artifact 

due to contraction from optical recordings of electrical activity in cardiac tissue, using the 

combination of temporal filtering and motion correction with an image registration algorithm.  

We were able to reliably measure activation time and APD from both the epicardium and 

endocardium of the rat LV without the need for chemical or physical motion suppression.  As 

mentioned above, the desirability of recording APs in the absence of electromechanical 

uncouplers is that they all impact on tissues activation to some degree [146, 246], while physical 

restraint can have adverse effects on perfusion of the myocardium. 
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The large intensity gradients seen as a result of non-uniform staining on the ventricular surfaces 

proved to be an advantage in post processing of motion artifact, as edges of features were easily 

identified. The intensity gradient-based image registration algorithm was able to track these high 

contrast areas and use their displacements for image stabilisation, thereby improving SNR.  In 

regions with more uniform staining (such as on the epicardial surface), the non-rigid image 

registration approach remained quite effective for image stabilisation, but the improvement in 

SNR was not as pronounced.  However, under these circumstances signal levels were generally 

higher in the first place.    

SNR was used as a quantitative measure to compare the motion and signal components before 

and after correction.  An SNR value of 1 represents an optical signal consisting of half motion and 

half AP signal (with the assumption that all other signal other than the AP was the motion 

artifact). Correction did not alter the AP signal amplitude, therefore improvements in SNR 

following correction (shown in Figure 4.31E) signifies a reduction in motion artifact amplitude.  

The correction process revealed signals that could be used to calculate APD at a greater number 

of points than was possible from the raw signal (Figure 4.32).  Using the filtering techniques 

along with the registration algorithm it was possible to find APD values at 8% (~23000) more 

pixels in each image after correction. In addition, the degree of scatter in the APDs was reduced 

considerably. Artifact causes APDs to be artificially lengthened or shortened depending on the 

direction of motion with respect to intensity of fluorescence (refer to Figure 4.24).  Correction 

led to a reduction in APD variability of ~10 fold (± 45.8ms to ± 4.7ms for APD90 in one data set; 

see also Figure 4.32). Table 6 shows the APD variability after correction.  The trends for APD25 - 

APD90 are as expected, with APD90 showing greatest scatter.  Because this measurement made 

relatively close to the AP base-line after repolarisation, it will be most affected by baseline 

instability. Despite this, APD values are consistent with previous studies and show minimal 

spatial variance.  Corrected APDs on epicardial and endocardial surfaces and for paced beats and 

sinus were within one standard deviation of each other, suggesting that the correction 

procedure is both robust and effective.  

Epicardial APDs reported by others for rat LV range for APD50 from 23 ± 7ms [254] to 39 ± 6ms 

[183] ([255] 33.4 ± 1.2 ms, [256] 36 ± 1ms).  Our recorded values for APD50 fall within this range, 

albeit at the shorter end.  Values of APD80 and APD90 between 58 and 90 ms have also been 

reported for rats [185, 254]. These are significantly longer than the values of APD90 that we have 

estimated after correction, suggesting that the algorithm removed to use low frequency residual 

artifact may a little too radical.    
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Conduction velocity and PAA measurements 

Our estimates of CV on the LV epicardium obtained using the optical system were similar to 

those measured by others on the rat epicardium using similar methods.  Ding et al. reported CVs 

of 0.70 ± 0.09 ms-1 [183], while Mills et al. found CVs of 0.61 ± 0.1 ms-1 [185]. These CVs were 

measured as activation spread from a central stimulus site of stimulation and propagation is 

known to be slower under these circumstances due to the short radius of curvature of the 

wavefront [35]. In contrast, our optical measurement were made some distance from the site of 

stimulation (ie on the LV posterior epicardium when stimulation was applied on the LV anterior 

epicardium) allowing more complete development of the activation wavefront. This could 

account for marginally greater estimates of epicardial CV in our study.   

The CVs that we measured on the endocardial surface of the LV were faster than those 

estimated for the epicardial surface (0.9 ms-1 compared with 0.7 ms-1). While we have been 

unable to find comparable data from other groups for the endocardial surface of a rat heart, 

these results are not entirely unexpected.  Firstly, a wavefront propagating transmurally (as is 

the case here) will appear to have a high CV and a smaller CV ratio when it initially breaks 

through on the endocardial surface. Secondly, it has been demonstrated in the human heart 

[257] that endocardial activation is more rapid and more uniform than elsewhere in the 

ventricles due in part to the subendocardial distribution of the specialised conduction system. It 

is likely that the electrical properties of trabecular muscle on the endocardial surface [258] also 

contribute to this difference.   

CV ratios on the LV epicardial surface were 2.1:1 ± 0.5, consistent with those reported for other 

species [28, 192]. The extent of CV anisotropy was less on the endocardial surface (1.6:1 ± 0.30) 

and possible reasons for this are given in the paragraph above.  Finally, the estimated 

orientation of the PAA aligned with the direction of the principle myofibre bundles on the 

epicardial surface and with the trabecular bundles on the endocardial surface.   

Comparison of ECP and optical mapping 

In general, simultaneous ECP and optical mapping provided complementary and consistent 

activation time distributions. CVs for the former were generally less than for the latter and likely 

reasons for this have already been discussed, although CV ratios on the epicardial surface were 

very similar for both methods (see table 7).  Activation time differences between the regions 

addressed by these different mapping systems provided useful information and PAA estimates 
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obtained with both matched observed local myofibre orientations, although this was not 

checked quantitatively.  

APD25, APD50, APD70, and APD90 were calculated from optical measurements of the epicardial 

surface prior to exposing the endocardial LV in 4 experiments.  This allowed us to directly 

compare ARI with APD measured simultaneously on the epicardial surface. Results from these 

comparisons show that none of our  measures of ARI relate to any of APD25-90 that we calculated, 

nor do they agree with previous relationships between APD and ARI quoted for large animal 

studies [133, 251, 252].   

The nature of the rat AP, with no plateau and the most rapid drop in Vm happening soon after 

the peak of depolarisation, means that the measures that are comparable in other species do 

not hold true for rat.  All estimates of ARI are likely to be short in the rat due to the rapid early 

depolarisation and lack of plateau period.  Issues that we had with identifying all measure of the 

T-wave were similar to those previously reported for global rat ECGs, namely, separating the T-

wave from the activation complex, and identifying the peak of the T-wave [259].  In some ECP 

records there were multiple peaks, while in others there was no discernible T wave, with 

potential returning to baseline with no overshoot.  Where there was broad flat T-wave 

morphology, the peak was influenced by the level of noise on the signal.  The level of variability 

in ARI was similar independent of what measure of repolarisation time was used (maximum 

positive derivative prior to the peak of the T-wave, the peak of the T-wave, or the maximum 

negative derivative after the peak).   

It is theoretically possible to compute the APD duration that relates to our measurements of ARI 

indirectly (~APD30 - APD40 for peak T-wave and negative t-wave derivative), but the reliability of 

this is questionable. 

Of the measures we analysed, APD25 correlated most closely with ARI measured from the 

maximum positive derivative of the T-wave, which has been used in other species as an indicator 

of repolarisation time.  However in our recordings of rat ECPs, it was difficult to accurately locate 

this point, due to the lack of separation between activation complex and repolarisation.  The 

difficulty with using this traditional measure of ARI in this experimental set up highlights the 

issues with the accuracy of measuring local repolarisation via ECPs, especially in the rat where 

the shape of the AP is short, and without the plateau phase of activation seen in mammals.  T-

wave peak and T-wave maximum negative derivative were similar in both pattern and scatter, 
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with the T wave peak occurring ~3ms before the maximum negative derivative.  Both measures 

were longer than APD25 and shorter than APD50.   

Comparisons between ECPs recorded on the epicardial surface and APs measured on the 

endocardial surface mean little because of a) the different methods of acquiring signals and b) 

the different surface of the heart, unless a useful comparison between APD and ARI can be 

inferred from the simultaneous epicardial optical and ECP recordings.  However, the optical 

records show a significant difference between epicardial and endocardial APD in sinus rhythm 

(p < 0.0001, unpaired t-test), with the longest APDs recorded on the endocardium, and shorter 

on the epicardium.  This trend is consistent with the well reported transmural APD gradient from 

endocardium to epicardium [260], although the difference seen in our records are less than 

those reported elsewhere for the rat [261].  The paced APDs were larger than the sinus datasets 

(p < 0.0001). 

 Conclusions and future directions of the experimental set up  4.6.

The prototype experimental set up described above incorporates a number of promising 

techniques. The experimental preparation proved stable, we were able to record electrical 

activation from both surfaces and the motion correction method has proved itself to be a 

promising approach which recovers accurate AP morphology in the presence of substantial 

motion artifact.  However, further refinement of the experimental set up is required before it 

can be used for systematic studies of the spread of activation on both surfaces of the heart 

simultaneously, and to provide adequate data to compare experimental results to our computer 

modelling studies. 

Most of these issues relate to the use of two different methods to measure surface activation, 

our inability to accurately compare measures of APD estimate from extracellular recordings, and 

our lack of structural information on the epicardial surface.  We also need to develop methods 

to correct for photon scattering that occurs with optical imaging.  Potential solutions to these 

issues, and future direction of the methodologies presented here will be discussed in Chapter 5 

in conjunction with the work from Chapters 3 and 4 to provide an overview of the future 

direction of the whole study. 
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 Discussion Chapter 5.

5.  

 Overview  5.1.

The research presented in this thesis extends our understanding of the structure of the infarct 

border zone, and how electrical activation spreads through this region and develops a strong 

tool combining electrical mapping, structural imaging and computer modelling in a small animal 

model of MI.  

The principle objectives of the research described in this thesis were: 1) to characterise the 

structure of the myocardial infarct BZ at high resolution using a rat coronary occlusion model 2) 

to describe the spread of activation through BZ using structure-based computer modelling, and 

3) to develop an experimental preparation that could be used to validate our structure based 

computer modelling results. 

The outcomes from objectives 1) and 2) were published in 2012 in the American Heart 

Association journal Circulation Research [237] (see below).  The article includes a substantial 

methods supplement that forms the basis of Chapter 2, while the main body of the article has 

been amplified in Chapter 3. The findings provide important new information about the 

arrangement of surviving myocytes, necrotic cells and CT in the BZ adjacent to a healed 

myocardial infarct, as well as a more complete understanding of structural and biophysical 

factors that give rise to the conduction delays and block in this region, which provide a substrate 

for reentrant arrhythmia.   

Chapter 4 outlines the development of a novel isolated Langendorff-supported rat heart 

preparation, in which electrical activation was mapped simultaneously on both the epicardial 

and endocardial surfaces of the LV.  Epicardial ECPs were recorded using a high spatial resolution 

multi-electrode array while endocardial activation was reconstructed using optical mapping. 

While this prototype experimental approach incorporates a number of promising and innovative 

features, further refinement is required before it can be used for systematic validation studies. 

In the remainder of this chapter, I will discuss the outcomes of each of the 3 objectives listed 

above, with appropriate consideration of limitations of this work. The chapter is completed by 

an outline of future work motivated by this research.  
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 Reconstruction and quantification of 3D structure in the 5.2.

infarct border zone 

In this project, we have for the first time, acquired extensive volume images at high spatial 

resolution of the BZ and normal myocardium adjacent to healed rat infarcts and have 

reconstructed the 3D arrangement of myocyte, necrotic tissue, blood vessels and CT throughout 

this region.   

To achieve this outcome it was necessary to adapt some of the techniques previously used in our 

laboratory for extended volume confocal imaging of cardiac tissue [121]. To achieve uniform 

staining with PSR, hearts were first perfusion fixed and stained, then cut into serial short axis 

slices and finally immersion stained for 7 days. This ensured even staining of the collagen in 

poorly perfused regions of the infarct BZ.  The density of collagen and associated PSR staining in 

the infarct BZ leads to rapid attenuation of the relatively low intensity autofluorescence of the 

surviving myocytes. To minimise this "shadowing" effect, total imaging depth (steps between 

each milling cycle) was restricted to 5-7µm.  Image segmentation required the development and 

refinement of a range of semi-automated segmentation tools, based on image intensity, texture 

and continuity. Segmentation was checked visually and corrected where necessary on the basis 

of histological features. Additional filtering was also required to adjust for the intensity variation 

between successive images not entirely corrected by intensity equalisation across the image 

stacks.   

The key findings of the high resolution imaging and 3D reconstruction of the BZ were: the infarct 

BZ was characterised by thin layers of surviving myocytes across the endocardial surface and in 

some regions of the epicardium near the edges of the infarct. Thin intramural tracts of preserved 

myocytes projected into the BZ and in some cases, formed continuous pathways across it from 

endocardium to epicardium.   Lateral coupling between adjacent myocytes decreased abruptly 

across the interface between infarct and surrounding surviving myocardium.  Normal patterns of 

transmural myofibre rotation were disrupted in infarct BZ due to necrosis and infarct 

contraction.   

It is necessary to acknowledge the limitations of this work. Firstly, our current image acquisition 

and segmentation methods are time-consuming.  It took several months to process and 

reconstruct tissue organisation in individual specimens.  As a result, it was possible to process 

only two hearts. This reinforces the need to develop higher throughput imaging and image 

segmentation techniques.  Secondly, the total coronary artery occlusion experimental model 
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used in this work produces relatively compact transmural infarcts, which are now much less 

common, clinically. The widespread use of reperfusion therapy (percutaneous transluminal 

coronary angioplasty and administration of thrombolytic agents) in acute MI limits infarct extent 

and gives rise to more diffuse patchy fibrosis [262]. Chronic occlusion/reperfusion infarcts, as 

developed by our group in a sheep experimental model [107], would provide a more realistic 

structural substrate.  Finally, our staining and embedding techniques precluded immuno-

histochemical labelling of Connexin 43 gap junctions, in the specimens studied. Therefore, our 

estimates of lateral coupling are based on macroscopic connection between adjacent myocytes 

rather than direct measures of gap junction coupling.  

 

 An image-based model of electrical activation in the infarct 5.3.

border zone 

The segmented image volumes generated in this research are a unique dataset, which has 

enabled the 3D arrangement of surviving myocytes to be characterised throughout the infarct 

BZ.  A novel network representation of myocytes in the BZ and adjacent surviving myocardium 

has been extracted from these data; myocyte orientation and coupling are specified throughout 

the region, together with the volume of connected myocytes. This provides an efficient 

structure-based platform for modelling electrical activation in the infarct BZ.  In these computer 

models, we assume that the active electrical properties of surviving myocytes and the electrical 

coupling between connected myocytes both remain normal. As a result, the computer model 

probes the effects of structural remodelling in the infarct BZ only. 

Our structure-based computer modelling demonstrates that the spread of electrical activation 

through surviving tracts of myocytes that pass through the infarct BZ exhibits direction- and rate 

-dependent delay and block.  Activation delays are not uniformly distributed along these 

pathways, but instead are associated with specific regions in which there are rapid changes in 

tract cross-section.  This model exhibits increased pathlength and "zig-zag" conduction as 

described by de Bakker et al. [1], but also shows the importance of source-to-sink electrical 

mismatch, which occurred as a result of abrupt changes in the dimensions of surviving myofibre 

tracts in the infarct BZ.  This caused substantial local rate-dependent activation delay and 

unidirectional conduction block, on top of the tortuous activation pathways, resulting in slow 

global activation spread. We conclude that local CV slowing and/or unidirectional conduction 
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block together with tortuous activation pathways, provide a dynamic substrate for reentry in the 

infarct BZ.   

These data are also consistent with experimental findings from the BZ of sheep hearts with 

chronic infarcts [107].  In the sheep, pacing from intramural electrodes located in the infarct BZ 

gave rise to stimulus-site dependent local activation delays, but uniform propagation spread and 

normal CV in tissue surrounding the infarct. This suggests that the substrate for activation delay 

is structural rather than changes in BZ cellular electrical properties. Intramural pacing from 

within the BZ region gave rise to low amplitude ECPs, long activation delays (up to 70 ms), and 

apparent spatial displacement of coordinated depolarisation. Delays were amplified by 

functional instability introduced by increased pacing rate and/or premature stimuli.  These 

observations are qualitatively similar to our findings in the rat infarct BZ model.  However, initial 

activation delays in the sheep were more variable and highly dependent on stimulus location, 

with multiple breakthrough sites recorded for individual infarcts.  When VT was induced, 

mapping showed that the infarcted sheep hearts were capable of supporting different reentry 

circuits.  All of these findings point towards multiple tortuous pathways of myocyte tracts 

through the BZ region, which are affected by source-to-sink electrical mismatch and together 

contribute sufficient delay in the entire heart to sustain reentry.  

Clinical studies support the idea of a structural basis for reentry in the  infarct BZ, as MRI imaging 

shows that heterogeneity of an infarct scar increases the likelihood of VT, and is a better 

indicator of risk of VT/VF than infarct size [122].  This heterogeneity reflects patchy fibrosis with 

more extensive tracts of surviving myocytes in the BZ able to support multiple activation 

pathways.  

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) interaction in the BZ.  These issues are discussed below.  

Cellular electrical remodelling  

The extent of cellular electrical remodelling in the chronic MI BZ is unclear. In the early stages of 

ischemia and sub-acute infarction peak Na+, Ca++, and K+ currents are reduced, producing 

decreased CV and APD prolongation [83, 131, 229].  If replicated in the chronic infarct, such 

changes would exacerbate reductions in CV and increase the probability of block, as 

demonstrated in a modelling study by Decker and Rudy [235].  However, most studies of chronic 

infarction have reported no changes in RMP and AP upstroke with varied results for APD [81, 88, 

89].   Experimental work in our lab group [107] has shown normal conduction in the myocardium 
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surrounding the infarct BZ, and delays at the BZ which can be explained by the structural 

characteristics of this region. 

Gap junctions and Na+ channels 

Changes in the distribution of the gap junction protein Cx43 have been observed at all stages of 

infarct healing, but direct effects of the changes remain uncertain. It is unlikely that lateralised 

Cx43 forms active channels because transverse CV is reduced [93], and there is a 75% reduction 

in side-to-side cell connections [81] in the BZ region.  Axial CV slowing due to reduction of Cx43 

density at the intercalated disks only occurs when Cx43 is decreased by >80% [63].  Reductions 

of up to 60% in Cx43 have no effect on CV [63, 67].  In the setting of structural heart disease, 

heterogeneity in the spatial distributions of Cx43 may be important, in that some regions in 

diseased hearts could reach the threshold of Cx43 depletion at which impaired impulse 

propagation provides a substrate for reentry, while other regions remain within the normal 

range [6]. 

Recent studies have focused on the role of Na+ channels in maintaining CV in the presence of 

decreased Cx43.  Na+ channels are concentrated at the intercalated disk of myocytes co-localised 

with gap junctions.  It has been proposed that this allows the spread of activation via ephaptic 

transmission [71, 263], whereby the density of Na+ channels at the intercalated disks produce a 

negative potential in the narrow cleft space between the active (pre-junctional) and non-active 

(post-junctional) myocyte, driving the post-junctional membrane to threshold potential, and 

producing "saltatory" spread of depolarisation from cell to cell.  1D computer models have 

shown that this type of coupling stabilises CVs under conditions of both low and high gap 

junction conductance, providing a biophysical basis for the observation that CV is relatively 

insensitive initially to reduced Cx43 coupling [69, 70].  

Fibroblasts  

Structural heart disease of all types is characterised by an increase in CT.  The infiltration of CT 

disrupts connections between cells (especially side to side) generating barriers to the spread of 

activation.  This leads to discontinuous or "zig-zag" activation, as well as altered source-sink 

relationships, all of which can cause reduced global CV.  

We have not addressed the potential role of fibroblasts in changing the electrical loading on 

myocytes directly.  While not excitable cells, fibroblasts and myofibroblasts have a negative 

resting membrane potential that is maintained by ion channels and pumps [264].  In healthy 

myocardium, coupling between fibroblasts and cardiomyocytes is limited [265]. During scar 
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healing and infarct retraction, the fibroblast phenotype is changed and myofibroblasts are 

formed. Myofibroblasts express contractile protein -smooth muscle actin and higher levels of 

Cx43 than fibroblasts [266, 267]. The extent to which myofibroblasts remain in the healed 

infarct, their degree of coupling with myocytes and influence on CV in the infarct BZ are all 

uncertain, reflecting the limited experimental data in each of these areas [268]. Cell culture 

studies of neonatal cardiomyocytes and myofibroblasts have shown that myofibroblasts form 

gap junction connections to myocytes, and produce a density-dependent reduction in myocyte 

RMP and slowing of CV [54].  Miragoli and co-workers [54] also showed that activation can 

spread through myofibroblast networks over distances >300µm in cell cultures.   

Computer models have been used to investigate potential effects of electrotonic coupling 

between cardiomyocytes and fibroblast/myofibroblast networks in more detail [269-271]. These 

studies suggest that fibroblast/myofibroblasts could act as both a current source to adjacent 

cardiomyocytes at rest, reducing myocyte RMP, and as a current sink during activation, 

decreasing APD [269-271]. However, the degree of modulation depends on 

fibroblast/myofibroblast electrophysiology and the extent of coupling between cardiomyocytes 

and adjacent fibroblast/myofibroblast networks, with a high level of coupling needed to produce 

significant changes in activation. While these modelling studies demonstrate potential effects of 

myofibroblasts on conduction in structural heart disease, evidence for this in the intact heart is 

not compelling.  Myofibroblast expression is increased in heart failure and we would expect 

relative CV slowing due to this to be comparable in all directions.  This is not the case. CV is 

preserved in the fibre direction in heart failure, but is markedly reduced transverse to this [124]. 

 

 Mapping epicardial and endocardial electrical activity in a 5.4.

small animal preparation 

The final objective of this research was to establish a small animal experimental preparation that 

could be used to validate our structure-based modelling results and progress toward this end 

was described in detail in Chapter 4.  

The preparation included a number of novel features. A Langendorff-supported, Open LV cavity 

rat heart preparation was developed that allowed simultaneous electrical mapping of the LV 

endocardial surface and corresponding epicardial surface. An organ bath, which enabled optical 

mapping to be carried out with the heart immersed in buffered Tyrode's solution at physiological 
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temperatures, was also constructed.  A purpose-built high-density extracellular electrode array 

(20 x 20 electrodes at 0.5 mm spacing) was incorporated into the organ bath so that epicardial 

potential maps could be acquired at the same time as optical maps.  

We chose not to use electro-mechanical uncouplers. BDM, in particular, affects the electrical 

properties of the myocardium [146] and high concentrations of BDM were needed to block 

contraction of the rat heart in preliminary experiments. While, blebbistatin has less impact on 

cardiac electrical function, some effects have been reported recently [246]. We also elected to 

limit the extent of mechanical restraint in our preparation. As a result, it was necessary to 

establish robust methods for correcting artifact in optical mapping data caused by contraction 

and the motion of the heart throughout the cardiac cycle.  

The artifact correction procedures developed for this purpose were surprisingly successful. The 

use of a non-rigid image registration enabled pixel locations to be stabilised throughout the 

cardiac cycle, and filtering of residual artifact on a pixel-by-pixel basis improved SNR by an order 

of magnitude. Application of these tools allowed activation time to be identified with more 

precision and at a greater number of pixels in the presence of very high levels of artifact. More 

important, they made it possible to extract optical action potentials in which variability of 

standard measures of repolarisation time was markedly reduced.  In particular, it was sufficiently 

robust to demonstrate clearly differences in APD and AP morphology between epicardial and 

endocardial surfaces of the rat heart.   

We have successfully mapped electrical activity simultaneously on epicardial and endocardial 

surfaces of the rat LV for the first time as far as we are aware. However, there are a number of 

technical limitations that need to be resolved if this approach is to be used more widely. One 

reason for using the extracellular array was to enable us to pace the heart from a wide selection 

of sites on the ventricular surface. Unfortunately, stimulus source resistance was typically too 

high to achieve this consistently. This was due to the small diameter of the electrodes and the 

resistance of the epicardial layer. It was also exacerbated by poor physical contact in some 

regions between heart surface and electrode array in some regions as a result of ventricular 

curvature.  Therefore it was not possible to pace from all regions and, where this was achieved, 

the high stimulus voltages needed often produced excessive stimulus artifact.  A second issue 

was obtaining reliable estimates of repolarisation time. While robust techniques have been 

developed for estimating repolarisation times from the electrocardiogram and ventricular 

electrograms in man and large animals [248], these do not apply to the rat, where the AP does 
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not exhibit a plateau phase. Under these circumstances, derivative measures did not provide 

consistent measures of repolarisation time when compared with optical potentials.   

This study has also not sort to correct for the effects of photon scattering in the optical 

recordings.  Photon scattering is a 3D process, with the collection volume spreading ~1mm both 

in plane and through tissue depth [272].  This has been identified as the reason for the slow AP 

upstroke observed in optical recordings of Vm compared to intracellular recordings [196].   

Interpretation of optical recordings of activation needs to take into account  the effect of photon 

scattering and imaging depth, and if/when these can be resolved, can provide useful information 

about transmural activity, as well as surface activation [157], as has been the case with the 

trans-illumination approach [189, 191, 192]. 

Photon scattering has been modeled in studies by the photon diffusion equation, using fluorescent 

photon density, photon diffusivity and photon absorption coefficient averaged through tissue, with 

boundary conditions at each surface of the simulated tissue [273].  These photon transport models 

look at both the penetration of excitation light as well as the return of emitted fluorescence to the 

collecting device. 

An advance on the initial models of photon transport is the “Stochastic Monte Carlo (MC) 

simulation” developed by Bishop et al. [274].  This model takes into account scattering 

properties of different tissue media (ie vessels or cleavage planes filled with perfusate verses 

myocytes within a tightly coupled tissue layer).  This approach needs to be combined with 

detailed structural data, but used in combination with experimental studies and detailed 

histological or high resolution MRI imaging, is a promising tool for modelling where collected 

photons are originating from within the tissue.  This would be especially necessary in the setting 

of infarct and other forms of SHD due to the increased infiltration of connective tissue, which is 

more scattering than myocyte tissue.    

Two approaches can be used for this, 1) the “forward problem” where the scattering simulation 

is applied to modelled activation to then compare directly with measured optical APs, or 2) the 

reverse approach where a correction is applied to measured optical APs to correct for the effects 

of photon scatter [273]. 

Applying these approaches to our simulation results and optical imaging records would allow us 

to gain an understanding of how the two relate, and to validate our model and experimental 

results against each other. 
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 Future Directions 5.5.

The aim of this research was to establish a detailed understanding of how the structure of the BZ 

surrounding a healed MI effects the spread of electrical activation, using a combination of 

electrical mapping, high resolution 3D structural imaging and image-based computer modelling.  

With further development, the techniques developed here should provide a platform for 

studying how the fibrosis associated with MI and other cardiac pathologies influences electrical 

rhythm. 

Our computer models of the rat infarct BZ were based on volume images of a transmural LV 

segment that contained part of the infarct and surrounding normal myocardium.  Due to the 

time required to acquire and process volume images with our current imaging system, it was not 

possible to carry out equivalent image-based simulations in the whole heart or even throughout 

a complete infarct and surrounding myocardium. While we were able to demonstrate the 

existence of two intramural pathways in the infarct BZ volume that we characterised, which had 

the biophysical characteristics necessary to support reentry, experimental studies by our group 

with a sheep infarct model [107] suggest that several more such circuits would be present 

through the entire infarct BZ.  Furthermore, the tissue volumes studied were not sufficiently 

large to support a reentrant circuit. To extend our current work, we need to image the whole BZ 

and surrounding myocardium or (ideally) the entire ventricle of a heart with a chronic infarct. To 

make imaging such large tissue volumes at high spatial resolution a realistic option, there is a 

requirement for much higher throughput systems for image acquisition. A novel imaging system 

designed to meet these specifications is currently being commissioned by our research group, 

but it will also be necessary to develop efficient image segmentation procedures to ensure that 

the volume of image data collected is processed in a timely fashion. 

While the prototype experimental approach described in Chapter 4 incorporates a number of 

promising and innovative features, further refinement is required before it can be used for 

systematic studies of the spread of activation in different settings. 

The use of ECP mapping on one surface was decided for three reasons 1) at the time we only 

had 1 camera available for optical mapping, 2) it reduces the interference in mapping between 

two surfaces [191] and 3) it enabled us to stimulate directly from within the electrode array.  

However, the issues encountered with the high-resolution extracellular array (degradation of 

signals, stimulus artifact and inability to characterise repolarisation) suggest that dual optical 

mapping would have been the better option. It would allow direct comparison of epicardial and 
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endocardial APD, and structural information would be available for both.  Fiducial markers could 

then be used to identify the exact location of imaging on the two surfaces. Optical mapping 

would also enable motion to be tracked on both surfaces rather than just the endocardium. This 

is the likely path that we will take with this preparation in future studies, along with the use of a 

stimulus needle that would allow stimulation at different transmural depths in the preparation 

as was done in large hearts by Engleman et al. and Caldwell et al. [107, 146].  The location of the 

stimulus needle could then be mapped optically.   

On-going work with optical imaging will require further development of tools for correcting for 

photon scattering, as discussed above.  These would be needed to be applied in order to 

interpret the optical data, with the possibility of developing this to track intramural activity as 

well as surface activation.   

Practical methods for reducing the effect of photon scattering is to only stain the heart surfaces, 

thereby reducing the depth of tissue that fluorescence is being collected from.  Techniques for 

immersion staining would have to be adapted to allow staining of the endocardium as well as 

the epicardial surface.  However, this would mean losing the ability to map any potentially 

intramural pathways that may still be picked up with traditional perfusion staining.  The use of 2 

photon laser scanning techniques developed by Pertsov et al. [198, 256, 275, 276] reduces 

scatter by focusing the excitation fluorescence to a specific depth, thereby reducing the tissue 

volume illuminated, and collected from.  They also use a shorter wavelength excitation light 

would also effectively reduce the collection depth as its penetration into tissue is reduced. 

The use of the rat as an experimental model in this setting has advantages and disadvantages.  It 

is a small heart, with an LV wall thickness of ~3mm and this reduces the image volumes 

necessary for its full or partial reconstruction. Experimentally, it is easier to support small hearts 

using Langendorff perfusion and to test frequency-dependent behaviour without metabolic 

compromise. There are also well established rat models of MI and HF [277, 278].  However, the 

electrophysiology of rat cardiomyocytes is quite different from those of large hearts, with a 

much shorter AP, no plateau, and variation in the frequency-dependent behaviour, which makes 

it harder to relate experimental results to human pathological conditions.  A possible 

compromise is to use the rabbit.  While still a small animal model, its heart is significantly larger 

than the rat, its electrophysiology is more comparable to human [279].     
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Once these issues have been resolved, the future direction of this study would be to use these 

tools to look at the role of fibrosis in the spread of activation under normal and pathological 

conditions as an extension of our work on the infarct BZ.   

One area of particular interest to our lab group is progression to HF either after MI, or as a result 

of other forms of cardiomyopathy.  The development of HF increases the risk of reentrant 

arrhythmia, ventricular fibrillation and sudden cardiac death [64, 106].  The structural substrate 

for reentry in the setting of HF has features in common with the infarct BZ; increased fibrosis, 

tortuous conduction and source-to-sink mismatch. In HF, however, fibrosis is more widely and 

diffusely distributed throughout the myocardium.  Impulse propagation is characterised by 

increased anisotropy, with marked rate-dependent slowing in the transverse direction [124].  In 

HF, APD alternans occurs at much lower rates than in normal myocardium [124] and this can 

give rise to regions of block and initiation of reentry.  This is of considerable interest as 

repolarisation alternans is a predictor sudden cardiac death [280, 281].  

Some of this behaviour is similar to that observed in our model of the infarct BZ. However, in the 

model, we have seen rate-dependent axial (rather than transverse) propagation delay and block, 

without low-frequency APD alternans.  We hypothesise that these differences are a due to the 

distributions of fibrosis in chronic MI and HF. 

Propagation in the presence of fibrosis has been shown to depend on both the amount of 

fibrosis and its texture [122].  Fibrosis may be interstitial, compact, patchy, or diffuse [106].  

Compact or discrete fibrosis such as in dense scar tissue at the centre of MI is the least 

arrhythmogenic type of fibrosis as it does not contain enough excitable tissue for activation to 

propagate through it.  In rare occasions, reentry may form around an area of compact fibrosis (ie 

circulating around the outside of an infarct) however, this is uncommon.  Interstitial fibrosis 

surrounds myocytes, and an increase causes a loss of side-to-side fibre coupling, decreased 

transverse CV and increased anisotropy. This and “patchy fibrosis” (patches of collagen 

distributed across a wide range of spatial scales) can cause large conduction delays because of 

zig-zag conduction between the various bundles and is most vulnerable to arrhythmias [1].  This 

type of fibrosis commonly observed at the border of infarct scars, we have shown in to cause 

changes in source-sink relationships in this setting as well as increased path length, leading to 

rate dependant block [237].  Diffuse fibrosis, which can be present along with patchy fibrosis in 

HF, has limited effect on pathlength but produces a linear decrease in CV with the percentage of 

fibrosis, and shows frequency dependant wave break and spiral wave formation, increased the 

cycle length of reentrant arrhythmias and suppressed spiral breakup into fibrillation [111, 282].  
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The presence of fibrosis may also increase the likelihood of successful propagation from an area 

of ectopic depolarisation due to a decrease in coupling, lowering the electrical load on cells, 

increasing the safety factor of propagation [283].  

All types of fibrosis may play a role in propagation in the setting of structural heart disease, 

especially in the context of HF in the presence of MI.  The role of distribution and type of fibrosis 

on the risk of arrhythmia needs to be investigated using accurate representation of the structure 

and interaction of myocardium and fibrosis, in either an experimental setting or using computer 

modelling in structurally accurate tissue volumes, or both. This forms the basis of the objectives 

of our lab group in on-going and future studies. 
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