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Abstract

In this thesis, mathematical modelling, instruméata development and experimental
studies are combined to effect two advances insthdy of cardiac electrophysiology.
Firstly, we outline a method that will enable mitroictural information gathered using
extended confocal microscopy to be incorporated wihole heart models of electrical
propagation. A structured finite element technigseused to solve the bidomain
equations on a realistic representation of myoeardirchitecture. The effects of
intercellular gaps in the tissue on electrical pggdion, and the response of myocardium
to defibrillation-strength shocks, are examinedisltshown that myocardium is not a
transversely isotropic electrical medium as has\lveieely assumed. Instead it is most
appropriately viewed as orthotropic, with differeéctrical properties assigned to three
microstructurally defined orthogonal axes. It iscaconcluded that the intercellular
tissue gaps provide a likely mechanism for actoratf a critical volume of tissue during

defibrillation.

Secondly, a novel imaging system is presented whicbles transmembrane potentials
to be recorded simultaneously at multiple sitesugh the heart wall. While heart surface
optical recordings of transmembrane potential Heeen widely used in studies of normal
and pathological heart rhythms, it is difficult ébtain information about propagation
processes deep within the heart wall. A probe tcocied from optical fibers is used to
deliver excitation light to and collect fluorescenitom 6 tissue sites each spaced 1mm
apart. For individual channels, excitation is pded by the 488nm line of a water-
cooled argon-ion laser, while the fluorescence wbleage-sensitive dye is split at 600nm
and imaged into separate photodiodes for laterabigatioing. The system has been
sucessfully used to record intramural action pagésin the isolated rabbit heart and is
designed to be easily expandable to accommodatéiptauloptical probes. The
fluorescence collection volume of the fibre-opticolpe has been characterised in
rhodamine solution using two-photon microscopy. eJéh data are compared with
corresponding results obtained with two flat clehwptical fibres in solution and in

stained heart tissue. The results demonstrateghbagffective collection depth in cardiac
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tissue for our optrodes was 100um, but that thdefgendent on the type of optical fibre
used to fabricate the optrode.

These techniques developed in this research praviohesis for more systematic study of

the initiation and termination of reentrant el activity in the heart. Future research

that builds on the original findings presentedhiis thesis is discussed.
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Preface

The research outlined in this thesis comprises tvapor bodies of original work: (i)
development and analysis of a bidomain model ofctetal propagation which
incorporates accurate data about the microscopahitacture of the heart, (ii)
development and characterisation of a novel expmarial technique for measuring
transmembrane potential at multiple sites through heart wall. This work involved
three seperate studies which form the basis of swipis that are currently published,

submitted, or in preparation for peer reviewedrdfie journals. These are:

D.A. Hooks, K.A. Tomlinson, S. Marsden, |.J. LeGrice, A.Jll&u, B.H. Smaill, and
P.J. Hunter. Cardiac microstructure: implicationgr felectrical propagation and

defibrillating the heartin preparation for Circulation Research.

D.A. Hooks, 1.J. LeGrice, J.D. Harvey, B.H. Smaill. 2001 rarhural multisite recording
of transmembrane potential in the heBraphys. J81:2671-2680.

D.A. Hooks, D.A. Wardle, C. Soeller, 1.J. LeGrice, B.H. SrhaM. Cannell. Spatial
point response function of fibre optic probes deieed by two-photon microscopin
preparation forApplied Optics

These three manuscripts form the basis of chagte3sand 4, in this thesis. Additional
explanation and background information has beeedduthese chapters where this was
judged to be necessary. The work involved inputenfa number of people and this is
acknowledged in the authorship of the manuscripisither detail of the valuable
assistance which | have received is provided beloMowever, | was the principal
investigator in each of the three studies, cootdigaand directing most aspects of the

work.



Chapter 1provides an overview of the general field addreseettiis thesis. Chapter 2
presents the mathematical formulation of the bidaneguations used in a discontinuous
structural model of electrical propagation in theat. Results of the model in both
propagated and shock induced cases are examinedrarsmural volume image of the
left ventricle was obtained by Young et al. (1988) initial segmentation was done by
Scott Marsden as part of a final year project igiBeering Science. Together with Dr.
Karl Tomlinson, we developed a finite element tegha that enabled structural
discontinuities to be represented as no flux bodegavithin the context of a bidomain
formulation. Results of the model in both propadatad shock induced cases are
examinedChapter 3presents a novel method which utilises the volsgesitive dye di-
4-ANEPPS, and a novel recording system and pfop&ode)to make simultaneous
measurements of transmembrane potential throughofvéthe rabbit left ventricle. The
optrode concept was developed by myself, and DwidD&Vardle of the Physics
Department had input toward the overall desigrmefdptical systentChapter 4follows
with characterisations of the depth of fluoresceockection of the optrode and other
fibre based probes. Dr. Cristian Soeller gave utsion and advice on the two-photon
microscope. Finally, future directions for all astseof the work are presented@mapter
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Chapter 1

Introduction

The rhythmic and synchronised contraction of tharhes crucial in sustaining life. A
typical heart beat is driven by a wave of excitatichich starts at the sinoatrial node, and
propagates through the atria, atrioventricular pn&iekinje system, and, finally, through
the bulk of the ventricles. In almost all deathise tlast few moments of life are
characterised by a lack of spatial coherence ia fiibpagating wave. The study of
electrical propagation in the heart is motivatedhrge main concerns. Firstly, we seek to
understand how organised electrical propagatiorsustained in the healthy heart.
Secondly, we wish to explore how disorganised pgapan may eventuate. Finally, we
aim to deduce methods of restoring disorganisepgggation to its organised form.

Within this context, two distinct approaches haeerb used to study cardiac electrical
propagation. Computer modelling and experimentafliaa mapping are both used to
reconstruct the three-dimensional spread of etattactivation in the heart. Computer
modelling relies on high speed computers to sobmiocuum mechanics problems over
the geometry of the heart. On the other hand, aardiapping records time varying
potentials simultaneously at different locations thve heart. Both approaches are
necessarily informed ba priori knowledge of cardiac cellular electrophysiologyl af

anatomic factors that affect electrical propagatiba more macroscopic level.



2 CHAPTER 1

The remainder of this chapter provides a brief wesv of the field and outlines the

objectives of the research described in this thesis

1.1 Background
1.1.1 Cédlular Electrophysiology

The basis of the cardiac action potential is oatlinn a number of monographs and
reviews. For a more detailed account, the realezferred to Zipes & Jalife (2000). At
any instant in time, the potential difference asrdhe cardiac cell membrane is
determined by intra- and extra-cellular concentragiof potassium, sodium and calcium
ions and on the status of specialised channels daaly these ions across the cell
membrane. For the great majority of heart musells that are not spontaneously active,
the potassium ion channg} Icontributes most of the transmembrane permealilitest.
Hence resting membrane potential is approximat8@mV, which is close to the
potassium equilibrium potentialkEAt the potassium equilibrium potential the outtvar
potassium ion flux due to the chemical potentisddiggnt exactly matches an inward

potassium ion flux due to an electrical potentiadient.

Cellular activation is triggered when the membrpotential is reduced rapidly to around
-50mV. The voltage-dependent activation gates sf $mdium channels open allowing
sodium ions to enter the cell and depolarize thlensembrane (Fig. 1.1). This process is
terminated within a few milliseconds with inactivat of the sodium channels.
Depolarization is sustained throughout the prolonglateau phase of the action potential
because the efflux of potassium ions is reduceel fgrmeability of d; decreases with
depolarization) and is offset by inward currenkftlue to the voltage-dependent opening
of slow L-type calcium channels. The activatiord anactivation gates of the sodium
channels cannot be reset until membrane potemtilsl below -50mV and therefore the
cardiac cell is absolutely refractory (cannot bactvated) during the plateau phase of
the action potential. Repolarization is initiategdthe late opening of a further potassium
ion channel {, the delayed rectifier (Fig. 1.1). With the preggive resetting of sodium
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channels during repolarization activation becomessible and the cell is said to be

relatively refractory.

N2
. \
Vim
{mV) 0 3

lto L

Fig. 1.1Basis of the cardiac action potential

Top trace: a typical ventricular cardiac action gmial, with the five

phases of the action potential labelled. The ugstie phase 0, notch is
phase 1, plateau is phase 2, repolarization isepBaand resting potential
is phase 4. The lower traces depict the time csuo$ehe major ionic

currents involved in the development of the actotential. An increase
in the ionic current is shown as an upward deftectin the traces,

regardless of the membrane current direction.

[Based on: Sperelakis, N. and R.O. Banks. 199¢erksds of Physiology,
2" edn. Little Brown & Co. p253]
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1.1.2 A Functional Anatomy of Cardiac Electrical Propagation

Issues relating to the propagation of electricéivdyg in the heart will now be reviewed a
little more fully. Again the reader is referreddcsource such as Zipes & Jalife (2000)
for a more detailed outline.

Under normal circumstances, cardiac activationriged by the automatic activity of a
cluster of specialised cells within the sino-at(i@8A) node, located on the upper surface
of the right atrium close to its junction with tlseperior vena cava. These pacemaker
cells have a low density okil channels and exhibit an unstable membrane potentia
during diastole, thought to be due to the intecactf the delayed rectifiek ] an inward
leak of sodium ions via the Ichannel, activation of T-type calcium channels, aet
inward charge movement associated with activatibthe membrane sodium/calcium
exchanger (Lipsius et al., 2001). SA nodal celiseatcited when threshold is reached and

L-type calcium channels are opened.

Activation spreads through the atrial chambers\alacity of 1-2 m/s. The fibrous atrio-
ventricular (AV) valve ring prevents direct elecai coupling between atrial and
ventricular myocardium; the only pathway for vetitar activation is via the atrio-
ventricular (AV) node and AV bundle. Decrementanduction markedly delays
propagation through the AV node and bundle. Hlegtiactivation then spreads swiftly
through the interventricular septum via the His dien and right and left bundle
branches, while the endocardial surfaces of rightlaft ventricles are excited in a rapid
and co-ordinated fashion through the Purkinje fibretwork. This specialised
conduction system is characterised by relativepidrgropagation at 5-10 m/s, while

activation spreads through working ventricular neist a velocity of 1-2 m/s.

Activation is spread between heart cells via gagtgions. These microchannels connect
adjacent cardiomyocytes end-to-end, or side-to;sadd act as low-resistance electrical
pathways, allowing diffusion of the ions involvead the activation process from cell-to-

cell. Gap junction communication between cells aathe heart to function in a co-
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ordinated fashion, and has given rise to the tesyncytium” (Latin: syn together;
cytium cell) to describe both the structure and functbthe heart. In the healthy heart,
the spread of activation across cells is typiclyught of, and modelled as, a continuous
process. Gap junctional resistance is lumped tegetiith cytosolic resistance to give a
continuous intracellular space, and an associategicellular resistance. In various states
of ageing, disease, and ischaemia it is recogris&dactivation spreads throughout the
ventricles in a much more discontinuous fashiomgdly due to the uncoupling of
cardiomyocytes via gap junction block or degrada(i®pach and Dolber, 1986; Ellis et
al., 1995).

Cardiomyocytes vary in shape and size, dependinthein location and function in the
heart. Atrial myocytes are typically elliptical angeasure about 20ué. Purkinje cells
are significantly larger, at about 200x490. Ventricular myocytes are long and narrow in

shape and typically of dimension 100xib® As depicted in Fig. 1.2, ventricular

Fig. 1.2Myocyte connectivity

Schematic drawing of the connectivity of a groupcafdiomyocytes.
Cell-to-cell communication is via gap junctionsdted on intercalated
discs shown as light grey lines. Electrical propiagafrom a point

stimulus is faster along cells (blue line) tharoasrthem (red line).
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myocytes form networks in which the cell axes af aoint are aligned in a common
direction. Within a group of connected cardiomyesytthe elongated shape of the heart
cell favours more rapid activation along the ceisahan transverse to it. This is due to
the lower number of gap junctions per unit lengthtta wavefront must traverse in the
direction of the cell axis, together with the citous path of diffusion that is required for

a wavefront to travel transverse to the myocyts.axi

At most locations in the heart the dominant origataof cardiomyocytes is visible with
the naked eye. This orientation is often termebré&fiangle” (Streeter and Bassett, 1966)
and has been meticulously measured at closely 8gaaists throughout the ventricles of
the dog heart by LeGrice and co-workers (LeGric92). In a gross sense, fibres are
oriented parallel to the endocardium and epicardiand spiral around the heart. Fibre
angle varies smoothly through the ventricular wlbm around -75° below the
circumference at the epicardial surface to +75that endocardial surface. Although
cardiomyocytes were long thought to be uniformlyugled transverse to their
longitudinal axis, recent research has shown thttinvthe ventricles there are regular
planes across which myocyte-to-myocyte connectamesabsent (LeGrice et al., 1995;
Young et al.,, 1998). These so called “cleavage gdarreflect the organization of
ventricular myocardium as a branching, “laminarfusture, in which the average

thickness of cellular layers or "sheets" is 4-5 owes, or ~5Qm.

It has been widely assumed that propagation oftreat activity in the ventricles is
isotropic in the plane orthogonal to fibre direatiand, under these circumstances,
specification of fibre angle is sufficient to dedithe anisotropy of conduction velocity.
(Frazier et al., 1988). However, this assumpi®m@t odds with our current view of
ventricular myocardium as structurally orthotropit.seems reasonable to expect that
activation perpendicular to myocardial layers asrokavage planes should be slower
than activation transverse to the fibre directionthin layers. In other words, we
hypothesise orthogonal anisotropy of conductioroeigy in the heart that reflects tissue

microstructure. Structure-based electrical angt of this kind could play a significant
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role in the genesis of arrhythmia (see below),tbathypothesis has yet to be adequately
addressed.

1.1.3 Cardiac Arrhythmia, Fibrillation and Defibrillation

Under normal circumstances, cardiac electricalvatin is highly synchronised. There is
co-ordinated activation of the cardiac chambersigaspecialised conduction (Purkinje)
system and the heart exhibits prolonged and spyaliamogeneous refractory properties.
A defect in the synchrony of activation or repatation may alter cardiac rhythm (give
rise to an arrhythmia). Re-entrant arrhythmias arparticularly important class of

arrhythmia, in which the wavefront periodically eaters previously excited tissue. Re-
entry may lead to sustained tachycardia and compliegeneration of cardiac rhythm into
fibrillation.

The concept of re-entrant electrical activatioragsociated with the propagation of a
wavefront around some central obstacle. The nabirehis obstacle leads to a
classification of re-entry intanatomicor functionalre-entry. Anatomic obstacles which
may facilitate re-entry include blood vessels, iicfascars, or branches of the Purkinje
system. In functional re-entry, the wavefront prggias around a central region of
unexcited tissue which would nevertheless be aetivauring a normally propagated
event. Various mechanisms for functional re-enttyehbeen proposed, however current
thinking centres on the spiral wave model of reyenSpiral waves are continuously
rotating ‘spiral’ wavefronts. The centre of rotatics termed the spiral core, and whilst
this region is excitable, it remains unexcited dgrspiral wave rotation, due to the high
curvature of the wavefront at the spiral tip, whiekduces the amount of current available
to depolarize this region (Baxter, 1999). Spiralves are observed in a number of
excitable media, including slime moulds and the oBsbv-Zhabotinsky reaction
(Winfree et al., 1996). Three-dimensional spiraves are termed “scroll” waves, and
have cores which extend as lines (“filaments”) pace. These filaments may drift,
anchor to structural discontinuities, enlarge, brirkk. Filaments may also fragment,
giving rise to multiple daughter filaments (Gray998). This process may lead to
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multiple sustained re-entering wavefronts, or fiation, in which activation throughout
the ventricles proceeds in a chaotic fashion, autdination at the whole heart level is

lost.

Unidirectional

/ block

Fig. 1.3Model of the development of re-entrant arrhythmia

A propagating wavefront enters from above the dir@ropagation is
blocked on the right limb of the circuit by an isemic (hatched)
region, whilst propagation is safely transmittedvdothe left limb.
The wavefront re-enters the top of the circuit daling slow

propagation through the ischaemic region.

Figure 1.3 shows a schematic model for the devedmprof re-entry. In addition to a
central obstacle, re-entrant arrhythmias requiyea (triggering event (ii) unidirectional
block and (iii) an appropriate circuit length. Tinggering event may be of varied origin.
Automaticity may develop out of usually non-autommdtssue during ischaemia. For
example, partial depolarization caused by ischaepmedisposes Purkinje fibres to
automaticity due to a pacemaker current (Opie, 199Barly and late after-
depolarizations in ventricular myocytes due to loagtion potentials or excessive

catecholamine levels may also act as a triggerté@ancy and Rudy, 1999).

Unidirectional block may be caused by asymmetiycditpressed conduction, which is

common in diseased hearts. For example, infarctsscantain regions of sparsely
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coupled cellular tracts, where conduction in orreation may be blocked due to current-
to-load mismatches (Rohr et al., 1997).

For a re-entrant circuit to become established itecessary for any one region within
the circuit to recover from the absolute refractperiod before the wavefront may re-
enter that region. The region of fully recoverss$ue ahead of the wavefront is termed
the “excitable gap”. Reducing the excitable gapome approach of anti-arrhythmic
pharmacological therapy. A large excitable gapatslitated by a long circuit length, or
by slowed propagation through the circuit. There amany mechanisms by which
propagation may be slowed. One of the most singplechaemia induced depolarization

leading to partial inactivation of fast sodium chals within the circuit.

The most effective means of quickly restoring oederctivation to the heart during
fibrillation is the application of a large potentgradient (~10V/cm) across the heart for a
brief (~10ms) period. One of the earliest succéassas of such electrical defibrillation
(cardioversion) was made by Claude Beck in 1947that Case Western Reserve
University (Paradis et al., 1996). Today, the impdéle cardioverter-defibrillator is
recognised as one of the most important meansréreption of sudden cardiac death.
However, the mechanisms by which a shock appliethéoheart restores synchronous
activation are still largely unknown. There is eande that for defibrillation to be
successful a large volume of tissue distant frore #hock electrodes must be
simultaneously reset (Trayanova, 1999). An undedstey of how such “far-field”
stimulation of tissue occurs is critical if theie#icy and efficiency of defibrillation is to
be improved.

1.1.4 Cardiac Mapping

Electrical Mapping:

Experimental cardiac mapping may be defined asdikeipline in which the spatio-

temporal variation of electrical activity in the dre is reconstructed from potential
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recordings. In many ways cardiac mapping is a reafigld. It is rather sobering to

realise that the first systematic mapping of atitbraon the dog ventricle was completed
by Sir Thomas Lewis in 1915 (Shenasa et al., 1998)eover, as early as 1914, much of
what we know about re-entrant propagation had @yrdseen published (Mines, 1914,
Garrey, 1914). For instance, it had been shown Hwih unidirectional block and

involvement of a critical mass of tissue were reegiifor the development of re-entry,
and that re-entry could occur without the involvaimef an anatomical obstacle. Many of
these early observations were made with no moraisitigated an instrument than the
naked eye. Later, the mapping of extracellular ppmdéwaveforms on the heart began in
earnest, forming the basis of cardiac electricappinay. Many years were devoted to
understanding and interpreting the extracelluldioacpotential. Early on Lewis wrote

the perceptive comment on the extracellular paaéntaveform: “There are deflections
which result from arrival of the excitation processmediately beneath the contacts
[electrode]; ... there are also deflections which gieded by the excitation wave,

travelling in distant areas of muscle” (Lewis, 1915 1953, Durrer et al. were the first
to use transmural plunge electrodes to reconsthectactivation sequence in isolated
human hearts. Measurements were made from as nm&a7@& intramural terminals,

which is heroic even in terms of current technasgiEarliest epicardial breakthrough of
activation was shown to usually occur on the R\Wvabthe insertion of the anterior

papillary muscle, 20-25ms after the start of vendar activity.

The first clear demonstration of functional re-grdame from Allessie et al. (1977) who
used dense surface electrode arrays to map thadspfectivation on the atrial surfaces.
They introduced the “leading circle concept” oinétional re-entry, in which a re-entrant
circuit exists in the smallest possible pathwayhstltat the wavefront is just able to

excite relatively refractory tissue ahead of it.

During the late 1970s and early 1980s Spach anslazkers laid the foundations for the
bidomain model of electrical propagation, by inigsing the relationships between
transmembrane and extracellular potentials (Spachalg 1979). Moreover, the

relationship between structural discontinuity sashage-induced side-to-side uncoupling



INTRODUCTION 11

of myocytes, and extracellular potential measurdémemas the subject of several studies
(Spach et al., 1986).

The effect of fibre rotation through the ventriauweall on propagation was studied with
dense plunge electrode arrays by Frazier et aBgj19t was concluded that following
point stimulation, activation isochrones were ¢itigl, with the major axes of the ellipses
oriented along the mean fibre direction betweenpidging site, and the recording plane.
This is consistent with the assumption that condacin myocardium is transversely

isotropic.

Eighty years since the inception of cardiac eleatrimapping, multisite recording of

extracellular potential still forms the basis of shoardiac mapping both experimentally
and clinically. Conventional electrical mappingheifjues have a number of limitations
however. Extracellular recordings reflect the imgtgd effects of ionic currents over a
relative large volume of tissue. As such, distdatteical events are often difficult to

distinguish from near events, and a combinatiordisfant and near events leads to a
fractionated extracellular electrogram in which tbeal activation time is difficult to

discern. The timing of repolarization is also ditfit to assess in extracellular recordings.
Additional limitations arise from the requirementlimit tissue damage associated with
high density plunge electrode arrays. Finally, @eflular potential cannot be recorded

during a defibrillating shock because of the vaghHield strengths applied.

Optical Mapping:

Over the past ten years extracellular potentialethasardiac mapping has been
supplemented by “optical mapping”, in which highsakution optical recordings of
transmembrane potential are made on the surfacdbeoheart. This technique has
provided new insights into the mechanisms of fiatibn (Gray et al.,, 1998) and
defibrillation (Efimov et al., 1998). Hearts araisied with a voltage-sensitive fluorescent
dye which exhibits a linear fluorescence respomsehanges in membrane potential

(Fluhler et al., 1985). Traditionally free spacades have been employed to image the
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fluorescence emitted from the surface of the heatd CCD or photodiode arrays, or

photomultiplier tubes.

There have been several land-mark studies whiche hatilized optical mapping.
Amongst these was the first demonstration of spuae re-entrant propagation in the
heart (Davidenko et al., 1992). Also of significanwas the visualisation of virtual
cathode and anode regions during shock applicatiathe epicardial surface (Knisley,
1995). Both of these studies sought to confirm ghesence of phenomena which had

been previously predicted in theoretical modelsastliac propagation.

Beyond the heart surfaces

Despite extensive use of optical mapping in cardigthm laboratories over the last 10
years, our knowledge of the mechanisms of re-enahythmia and fibrillation is still
insecure. Electrical activation can be recordedhwigh spatial and temporal resolution
at the heart surface. However, re-entrant arrhyahand fibrillation are three-dimensional
events that involve relatively large tissue volumaes surface activation patterns do not
fully reflect the intramural processes that underlhese rhythm disturbances. The
possibility of extending optical techniques beyaondasurements of epi- or endo- cardial
potential is one of the most exciting challengest ttemains for optical mapping. The
ability to access transmembrane potential at sig=p within the heart wall is clearly of
enormous interest. The ‘Holy Grail' of cardiac magp would be to record
transmembrane potential throughout the entire tdmeensional beating heart, although

the laws of physics make this an extremely difigubposition.

Wavefronts of mechanical deformation have been mapp three-dimensions using
tagged MRI, and these maps may be used as sumofateelectrical activation
(Augenstein, 2001). The maps offer relatively paemporal and spatial resolution
however, and require several cardiac cycles foorsttuction. Moreover, electrical
activation can be but loosely linked to the myddibstrain fields that tagged MRI

produces.
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The past decade has seen an explosion in the usafoical microscopy in the biological
sciences, which has revolutionised the depth résalwf fluorescence indicators. This
has made it possible to study tissue structurd@mction in three dimensions. Moreover,
two-photon microscopy, a close analogue of confogatroscopy, is becoming
increasingly popular amongst biologists. In prifejgonfocal or two-photon microscopy
could be used to track cardiac electrical activatat sites below the surface of the
epicardium, using voltage-sensitive dyes. Both lnése techniques, however, have
limited depth penetrations, and are hence inap@@ras a means of detecting
transmembrane potentials deep within myocardiunme #cthniques rely on detecting
photons which have escaped from the tissue mash &scape is limited to shallow
depths due to photon scattering and absorptioncolmfocal microscopy the pinhole
configuration limits placement of the detector tee tsame side of the tissue as the
illumination. Two-photon microscopy does not requa pinhole, and conceivably the
detector can be placed in any direction from tlesu. Indeed, one may wish to
completely surround the tissue with detectors teateany photons which make it to the
tissue surface and beyond. Unfortunately, howetls, two-photon excitation effect
itself, whereby two photons of long wavelength (6Q@Om) combine to excite a

fluorochrome, is limited also to shallow depthgdisgue (se€hapter 4.

It has been suggested that a possible approaatctoding transmembrane potential at
multiple sites through the heart wall would be & intense illumination, and a form of
optical tomography (Holden, 1998). Optical tomodmapas been used to reconstruct the
three-dimensional spatial organisation of rotatiegoll waves in chemical media
(Winfree, et al., 1996). In this context, spatiatigations in the opacity of the medium to
visible light provides a means of reconstructingcietion waves by filtered
backprojection. Myocardium is much less transpatiean the gel medium used in these
experiments however. As with confocal microscopgtaming sufficient signal from
deep layers of myocardium is the major obstackaiapproach. The basis of a standard
filtered backprojection technique is the ability pooject a shadow of a semi-opaque
sample onto a detector array by transilluminathmg sample with parallel beams of light
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from several directions. The profile of the shadowensity recorded from a two-

dimensional sample may be expressed as

u(x,y)ds

P(@t) = (1.1)

o]

whereg is the angular direction of the projectians the position within the shadow s
the spatially varying attenuation coefficient oéteampleS is the straight line of light
travel through the sample, ahds the intensity of light incident on the samplsing the
shadows of the sample recorded from many direct@nsans-illumination, one may
reconstruct the sampféx,y) (Russ, 1995). A three-dimensional sample, reptedeby
f(x,y,z)may be similarly reconstructed by simply stackengumber of two-dimensional
reconstruction$(x,y). It is conceivable that tomography could be agptie imaging, in
three-dimensions, the excitation processes in nigaga. Such a technique would either
require the use of dyes which undergo light absampthanges with response to
membrane potential (e.g. dye RH-155; Molecular Bsolmc.), or the backprojection of
fluorescence images from, say, di-4-ANEPPS. By gidinorescence probes, some
degree of spatial depth resolution is possible frmmojection in only one anglep)
(Baxter et al., 2001), whereas this is not the ed@te absorption dyes. Tomography with
fluorescence dyes would necessitate a new methdzha{projection which took into
account this single angle spatial information. ®@a dther hand, absorption dyes are as

yet untested on the heart.

Baxter et al. (2001) showed that trans-illuminatadrright ventricular myocardium is a
viable approach to imaging fluorescence from degpinvmyocardium. They used di-4-
ANEPPS in combination with both trans-illuminati@md epi-illumination to gather
signals that could be assigned with weightingsdptld ranges in their right ventricular
slab preparation. For example, it was estimatetd@®%o of their trans-illumination signal
originated from a 4mm thick layer of myocardium,ando the illuminated surface.
Without combining trans-illumination with opticabrmography, however, this spatial
resolution in the axis through the heart wall isyvpoor, and images have a very high

degree of spatial blurring both in this axis, aatkfally in the plane of the epicardial
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surface (Baxter et al., 2001). It may be possibledrrect some of the lateral spatial blur
in the activation sequences of Baxter et al. wifiprapriate use of deconvolution
techniques (Pawley, 1995). Tomography and decotieoliare both processes which
degrade signal-to-noise ratio of an image — thigl®rent in their capacity to improve
spatial resolution. Unfortunately, it seems unik#at further reduction in fidelity of the

trans-illumination signals presented in Baxterle¢2001) could be tolerated.

In summary, although cardiac mapping experiments Hzeen carried out for over 80
years, there remain several limitations in termshef data able to be gathered in these
experiments. In order to make further advance iis field, a robust method for
visualising and reconstructing excitation in thdeensional tissue is required. The
candidate methods discussed, namely MRI, confoa@abstopy, and optical tomography
all offer such limited efficacy as to motivate angaetely new approach. Optical fibres
offer the ability to carry excitation light to, arftlorescence from, tissue sites deep
within the ventricular wall of the heart. By usisgch fibres, the problems of scattering
and absorption of the voltage-dependent signal thmit the utility of confocal
microscopy, tomography, and trans-illumination tyfeechniques in tracking three-
dimensional propagation might be overcome. The ldpweent and characterisation of a
novel fibre-optic based experimental technique tobp transmembrane potential at

multiple sites through the heart wall was undemgK&ghapter 3)

1.1.5 Computer Modelling

Over the past decade, there has been a paradidginfrem experimental to computer
model based analysis of propagation in the hedmé [arge effort required to perform
experiments under controlled conditions, the plaldimits of recording apparatus such
as electrode size/density/impedence, the diffieslof making experimental recordings
without altering the physiological processes undeamination, and the inability to
experimentally alter just one component of the erows range of variables present in a
piece of tissue, have all contributed to this stA& computers have grown in capacity

and speed, it has become practical to obtain thireensional solutions to the equations
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governing electrical propagation over the entirergetry of the heart. The outputs of
such models are an experimentalist's dream. Anyabkr in the model may be
interrogated at any point in the solution domatrarey time. Further, any parameter input
to the model may be adjusted, and the effect on rttelel solution examined.
Interpretation of computer model results must akvasoceed with caution, however, as
models are inevitably a gross simplification of thege complexity of biological systems.
Current research sees experimental results bewd) tossuggest appropriate frameworks
for mathematical models, as well as suitable paramalues for input to these models.
In turn, the models provide feedback to experimenwtak, allowing experimenters to
direct their investigations toward aspects of caitisignificance to the model outcome,

and to carry out work verifying model based prédits.

The theoretical basis for interpretation of cardmapping experiments currently rests
with the bidomain model. The bidomain model of @Egation approximates cardiac
tissue as two interpenetrating domains — the iranal- extra- cellular spaces. The concept
was first proposed by Schmitt (1969), and matheraktformulations of bidomain
models began in earnest in the late 1970’s ang &0% (Spach et al., 1979; Geselowitz
et al., 1982; Plonsey and Barr, 1987). Much earlgrkwconcentrated on exact
mathematical solutions to the equations in simglif(often cylindrical) domains. The
bidomain model has now been well validated in a lbemof experimental studies (see
Henriquez, 1993 for review). The current statehsf &rt is large scale solutions to the
bidomain equations over anatomically realistic getsies, using numerical techniques

such as finite elements and finite differences, fasticomputers (Sands, 1996).

The bidomain framework describes diffusion of ioms both extracellular and
intracellular spaces, and leaves access for addltcellular level models to describe the
ion flux across the cellular membrane. These arsefitable” models which describe the
membrane kinetics of the cardiomyocyte. Such “iauirent models” fall into two broad
categorieshiophysicalor simplified models. Biophysical models attempt to describe all
the behaviour of a myocyte. They tend to be largd aomplex, requiring much
computational resource to solve. Simplified modefa to reproduce the key features of
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the more complex models, such as activation orvergo with a minimum of parameters.
These models are small and fast to solve, but @trelerived directly from physiological

observation.

Two different ionic current models are utilizedths thesis: a modified version of the
Beeler Reuter (BR) model, and a cubic model ofvattin. Firstly, the BR model (Beeler
and Reuter, 1977) is one of the most simple biophilg based ionic current models. It
describes four ionic currents: a sodium inward enfrry,, a calcium inward currerg,, a
background potassium currelgy, and a plateau potassium currént Hence the total
transmembrane currehd, is the sum of these four components:

ion l Na

+1, 1

Ca K1

1y (1.2)

The BR model also carries a description of intdatzl calcium concentration [G3;.
Hodgkin-Huxley type rate equations are used to rilgsdhe kinetics of the various

currents. For example, the sodium current is desdrby

Ina = (InaM°Nj + Gac) Vi = Ena) (1.3)

where gy, is the maximum sodium channel conductargg,c is a steady-state sodium

conductanceky, is the sodium reversal potentiddy, the membrane potentiah) is an
activation variable, and andj are inactivation variables. The time course ofaldesm,
h, andj are described by first-order differential equasionith membrane potential

dependent rate constants.

Activation can also be modelled in a simpler fashigsing a single polynomial to
describe the upstroke of the action potential. Ghieic model of activation fits a cubic
function to the activation process, but does nstdee repolarisation, and hence cannot

be used for studies of re-entrant arrhythmia. Téreegal form of the model is

lion = Evm[l—\\//—m](l—://—m] (1.4)
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where g,, is a conductance equal to the slope of the culpiction at the originV, is the

threshold potential, and, the plateau potential.

The Auckland Heart Model

The Auckland Bioengineering Research group hasldped a realistic finite element

model of cardiac anatomy which incorporates dedailformation about ventricular

geometry and myocyte architecture from dog hedtiisn{er et al., 1997; LeGrice et

al.,1995). The Auckland heart model has been useseleral research groups world-
wide to study cardiac activation (Holden, 19983%sues currently being addressed in
whole heart simulations include the spatio-tempogablution of fibrillation, and

progression of activation during and following deillation.

Fig. 1.4Activation modelling on the Auckland Heart Model

The heart model is shown from anterior (left) angdtprior (right) aspects,
with pink surfaces representing the epicardium, aed surfaces the
endocardium. A propagating wavefront is shown asesurface coloured
gold. Reproduced with permission from: TomlinsonAK2000. Finite
element solution of an eikonal equation for exmtat wavefront
propagation in ventricular myocardiumPhD Thesis, University of
Auckland
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The Auckland Bioengineering Research group has essfglly used a bidomain

approach with this anatomic model to simulate th@pagation of electrical activation
throughout the right and left ventricles (Fig. 1.Bjior to this, a simpler “monodomain”
model was used in simulations. This model limitsaigtion of ion fluxes to intracellular

and transmembrane compartments by setting theceltriar potential to be uniformly

zero. The monodomain model is not suitable for ysway) defibrillation, as current

cannot be applied to the extracellular domain. nalgsis of propagation, however, the
monodomain model provides a reasonable estimatbeofesults obtained with a full

bidomain model (Buist, 2001).

From global geometry to microstructure

There are ongoing deficits in aspects of computedeting of electrical propagation in
the heart. At present the fibrous and laminar &echire of the heart is incorporated into
the model by a continuous description of fibre aittet angle matched with an
orthotropic conductivity tensor for both intra- aexitra- cellular domains. However, the
relationship between observed microstructural d@ropy and electrical activation
remains uncertain. Whether in fact the heart behamnean electrically orthotropic
fashion, or whether propagation is isotropic in phene orthogonal to fibre direction is
contested. Moreover, the extent to which a contimunodel can provide an adequate
description of the effects of local structural distnuities is unclear. There is an urgent
need for more detailed investigation of these issp@rticularly within the context of
electrical propagation from an ectopic stimulus eggponse of the heart to defibrillation.
These effects are studied in detail @hapter 2 of this thesis. For this purpose,
combination of extended confocal microscopy to nstact tissue volumes at high
resolution (Young et al., 1998), and finite elemembdelling, promises to open an
entirely new field of research. Combination of #éschniques was investigated, and the
results bear significance for functional modellistudies in a number of biological
organs.
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1.2 Summary

The motivation for embarking on the research oatimn this thesis was to understand
the influence of cardiac structure on normal andoaimal electrical propagation in the
heart. From the discussion in this chapter, gvglent that complimentary use of 3D
electrical mapping and computer modeling is necgssamake major advances in the
area, particularly within the context of arrhythmiéibrillation and defibrillation.
However, it is also clear that existing electrinapping methods and computer models
of cardiac electrical activation have significargfidiencies which must be addressed

before significant further progress can be made.

In particular, it is necessary:

(1) To determine the extent to which microstruatudiscontinuities influence the
propagation of normal and abnormal electrical pgapan in the heart, and to
develop realistic and computationally tractable hrods for incorporating these
effects into models of cardiac electrical activatio

(2) To develop new techniques for mapping threeedisional intramural electrical
activity in the heart. Ideally, this methodologiosild faithfully reproduce the
cardiac action potential, address relatively sntisdue volumes, be minimally

invasive and capable of scaling to a relativelgéanumber of channels.

These requirements define the objectives of thearet described in this thesis. The
modeling section of the thesi€hapter 2)describes results of significance to the
biological function of the heart, whilst the expeental sectionChapters 3 and 4)
develops a new technique which promises to yieldhé&r insights into myocardial
function in the future.
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Influence of the discontinuous
laminar organisation of
cardiomyocytes on electrical
propagation and response to
cardioversion

(submitted tcCirculation ResearchFebruary 2002)

Abstract

Extended laser scanning confocal microscopy haantljcbeen used to reconstruct the
discontinuous laminar organisation of cardiomyosytea block of rat left ventricle. The
confocal data allowed delineation of intercellutéefts or cleavage planes which coursed
through the tissue block. This study describes nitefielement model of electrical
propagation which permitted the accurate incorpmmadf the structural discontinuity
apparent in the tissue reconstruction. The effetthe cleavage planes on propagation
from focal activation in the midwall, and on thespense to a defibrillation-strength
shock were examined. It is concluded that the lamamganisation of myocytes may lead
to orthogonal anisotropy of electrical propertié®at microstructurally defined axes. In
addition, structural discontinuity gave rise to gbex polyphasic extracellular potentials,
and asymmetric propagation from a focal activatibaring application of shock, the
cleavage planes acted as a substrate for far dtettulation, which was responsible for

activation of the bulk myocardium within the ducetiof the applied current.
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2.1 Introduction

There is now a considerable body of evidence frowerde sources to suggest that
cardiomyocytes are arranged in a discontinuousnanfashion throughout the right and
left ventricles of the heart. Sections cut from Weatricles reveal extensive intercellular
clefts (see Fig. 2.1), particularly in the midwedlgion (Robb and Robb, 1942; Fenesis,
1943; Weitz, 1951; Hort, 1960; Spotnitz et al., 4p7Thick longitudinal ventricular
sections have a layered appearance due to the ousneteavage planes between
myocyte laminae, which run radially across the wa#nesis, 1943; Weitz, 1951; Hort,
1957; Hort, 1960; Spotnitz et al., 1974). Work eatrout in our laboratory (LeGrice et
al.,, 1995; Young et al., 1998) has confirmed mydcan to be a branching sheet
structure, rather than a branching syncytium ($tresnd Bassett, 1966).

The implications of various forms of structural abstinuity for both electrical
propagation, and the myocardial response to caedsomn, have been investigated in a
number of studies (Fast and Kleber, 1995; Fastlet1898; Gillis et al., 1996;
Krassowska et al., 1990). Neonatal rat myocyteucedt have been used to determine the
effects of discontinuous structures on propagat&ncity (Kucera et al., 1998), and the
safety of conduction (Rohr et al., 1997). Furthemndhe development of “secondary
sources” of excitation during defibrillation: thelependence on discontinuity (Fast et al.,
1998), and their evolution during shock has beewrstigated (Fast et al., 2000). It has
been suggested that discontinuity provided byteetlell gap junctional coupling, as well
as collagenous septae, and blood vessels may lmetanpin the activation of a critical
mass of tissue during shock application (Trayand®86; Fast et al., 1998; Gillis et al.,
1996; Trayanova, 1999; Gillis et al., 2000).

To date however, understanding of the role thefetsf have in a structurally accurate
representation of intact three-dimensional myocandihas remained elusive. In the
present study, this question is approached usiagabls of computer modelling. This is

necessary due to the lack of an experimental tgaerable to examine three-dimensional
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Figure 2.1Laminar architecture of porcine ventricular myocanch

(A) Photograph of a 20m thick section of myocardium. Tissue slice has
been left to dry for ~1hr after cryo-sectioning alow separation of
adjacent myocyte laminae. Circular holes in sectaward the epicardial
surface (right side) are blood vessels. Thereegmns within the midwall
where adjacent pockets of myocyte laminae lie imagonally opposed
orientations. Note the thin section allows fine ailebf the laminar
structure to be resolved (compare (B) below). (B)uIn frozen section
depicting the laminar architecture at more coaeselution. The myocyte
laminae orientation may be assigned by automatetbv@lacement (red
lines) across the image (Hodgets, 1996) to allowidrditting of a
mathematical model of the laminar structure (Le&rit992). Scale bars

indicate 1mm.

electrical events at high resolution. This chaptiesscribes a model of electrical
propagation solved in a structurally discontinudasnain, which accurately represents
the measured three-dimensional microstructuresstié taken from the free-wall of the
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rat left ventricle. The governing equations are ltidomain equations, which have been
well validated in a number of experimental studies review see Henriquez, 1993). The
model is used to address the hypotheses that i(¥)prapagation from a focal activation

can only be accurately described by a discontinunadel of the myocardium, (2) that

the laminar organization of myocytes determinequeielectrical properties in three
microstructurally defined directions at any pomtmyocardium, and (3) that intercellular
clefts, or “cleavage planes” provide a substrateskErondary source formation during

defibrillation.

2.2 Methods

2.2.1 Structural Representation

A block of rat left ventricular myocardium, of dim&on 0.8 x 0.8 x 3.01lmm was imaged
using the technique of extended confocal microsqdfoung et al., 1998). The raw data
consisted of a total of 5.06x3.6ubic voxels, each with 1.ff sides. The data revealed
the complex three-dimensional branching lamina@aoigation of ventricular myocytes.
For further analysis, the volume was reduced tdaeksof 18 transmural images each
with square pixels of side dimension 4.9 One of these images is shown in Fig. 2.2.
These images were used to reconstruct the threendional geometries of the
intercellular clefts, or cleavage planes (LeGritale 1995) which coursed through the
tissue volume, separating myocyte laminae. A ndtwok bilinear finite elements
(Zienkiewicz and Taylor, 1994) describing the ckege plane geometries was generated
from the image stack by manual assignment of elémedes to regions devoid of
myocyte-to-myocyte connections. Each finite elensganned a distance of 47 in the

z direction (see Fig. 2.2), which was the distanesvben successive images in the stack.
In total, 1,540 elements, and 2,803 nodes wereinetjdor the accurate geometrical

description of the cleavage planes (Fig. 2.2).
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Figure 2.2 Structural representation of the cleavage planengeivies
Upper: reconstructed volume of rat left ventricular frgal myocardium.
Middle: transmural slice from the reconstructed volumewshg a
complex network of cleavage planes which coursevéeh myocyte
laminae.Lower: the bilinear finite element geometrical descriptaf the
cleavage planes through the entire rat tissue plaatt a smaller midwall
subsection. Myofibre orientation is shown on thé €ppi), and endo-

(endo cardial surfaces
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2.2.2 Discontinuous bidomain mode formulation

The bidomain model describes cardiac tissue asistorgs of two inter-penetrating

spaces: the intracellular and extracellular doméitenriquez, 1993).
The governing equations for the active bidomain ehade:

i, +C, 0V, /ot=0.(G'0(g+V,)) (2.1)
-0.(G'DV,) =0. ((G' +G°)0@) +i,,, (2.2)

whereVyis the transmembrane potentidl, the extracellular potentiat,, the membrane
capacitanceijo, the transmembrane ionic current per unit volunmal ig,p, the current
applied from an external source to the extracellleanain. If we define three orthogonal
unit vectorsa,, &, anda, such thata is parallel to the myofibres (longitudinab is
transverse to the fibres but in the plane of myedgminae, and, is normal to these
laminae, the conductivity tenso@ andG®of Egs. 2.1 and 2.2 may be described by:

T T

_ g 0 0 & e O 0 |l&
G' :[al a; an] 0 g O atT G*® :[al a; an] 0 gg O atT (2.3, 2.4)
0 0 Jin anT 0 0 Jen anT

whereg, gi, gin are the effective intracellular, amg, get, Qen the effective extracellular
conductivities in the three microstuctural direngo(Hunter et al., 1997). The common
bidomain model formulation (Muzikant and Henriqud£98; Entcheva et al., 1998;
Knisley et al., 1999) treats each domain as a coath, and simulations are made with
the assumption of isotropic intracellular condutis transverse to fibre direction (g

= gin), Without consideration of cleavage plane obsiomst to intracellular current flow.
A solution to the bidomain equations was soughticiwvtallowed the accurate spatial
representation of cleavage planes, in order toyapmhditions of zero intracellular flux
across these planes. A Galerkin finite elementtgwiito the active bidomain equations

was made on a mesh of trilinear elements, as edtlh®low.
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In the following analysis we change notation fag thembrane potential frol, to v for
clarity. Equations (2.1) and (2.2) are coupled, bath must be solved at every time step.
First we deal with equation (2.1). Rather than sg\v?2.1) directly, the finite element

method forms the weighted residual

j(D.Giuvm.simcpe—cmav/at—iion)mg:o
Q

(2.5)
whereo is a weighting function.
Using the Green-Gauss theorem,
J.D-GiDvmdQ:—J‘(GiDv)-DmdQ+J‘Dv-GinmdF
(2.6)
ID-G‘ D,wdQ = —J.(Gi Og,) - DmdQ+chpe - G'neodr”
(2.7)

Q r

we may reduce the order of derivatives in (2.5)mfrovo to one 1§ is the outward
pointing normal to the domain boundary). Substiyt{2.6) and (2.7) into equation (2.5)

we obtain

—I(Giuv).umn—jcmg—:mn =

Q Q

—J.Dv-GinwdF —fmcpe.einmr +Iiionmg +I(Gimcpe)-mmd9
(2.8)

The finite element method dissects the large swiutiomain into a number of smaller
elements. The functiongx) and ®@¢(x) are represented by storing global nodal values of
these variables/{, @." (nodal index(n)4.total number of nodes)Within each element

an element-local coordinate system is definéd Ipterpolation orbasis functions are
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used to interpolate the functions over the dondaiilere we usérilinear Lagrange basis

functions, such that(x(&)) =v"¢"(&) (2.9), andg(x(£)) = @"¢w"(¢) (2.10), where

W (€1€283) = 1-&)(1-&,)(1-&5) W2 (&,8,83) =& (1-&,)(1-&3)

W3 (E,8,85) = (1-&,)E,(A-E5) P (818283) =&18,0-83)

W*(818283) = 1-&1)(1-E2)E5 We(€18285) =8, (1-85)85 (2.11)
W7 (8,8,85) = (1-&,)E 85 P2 (§18283) = 818,83

There is no attempt to ensure continuity of denaain thev and &, fields, as would be

achieved with the use of higher order cubic Herrbésis functions.

The Galerkin finite element method puis-y™. Substituting (2.9) and (2.10) into the
LHS of equation (2.8) gives

() i 0X;
Q Q

LHS = J.G' oY) W™ 4 J.ma(";tt"n)wmds}

- i 0" 08, ap™ 08y ngym

- VZJ.G”E)E ox; 084 Ox; I - Z( ) J.mlIJlIde
(2.12)

where J is the Jacobian of the transformation fromcoordinates tof coordinates.

Equation (2.12) may be written more simply

LHS=Kv+M (ﬁ) (2.13)
dt

whereK andM are known as the global stiffness and mass matrespectively, andis

a vector of global nodal unknown transmembrane mi@tis. All that remains is to

discretise the time domain to approximetdt. In doing so, (2.13) becomes

LHS = K[ev'+1+(1 o)y’ ]+M( - i) (2.14)

whered is a weighting factor satisfyin@< 6 <1, andi indicates the" time stepAt. For

6=0.5 the method is known as tl&rank-Nicolson-Galerkirmethod and errors arising
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from the time discretisation method aB¢Dt’). Equation (2.14) may be rearranged to

separate terms il tandy' as
LHS = K|M +6AtK |v* - M -@-g)atk |v' (2.15)

We now deal with the RHS of equation (2.8). Term&y be re-written as

2.16
J.iion(")dQ = iionnzv‘-q"nq"m‘]df :Liion ( )
¢ Q

Q

whilst term 4 becomes

4 2.17
J.(G'D(pe)- OwdQ = Ko, ( )
Q

Substituting (2.15), (2.16), and (2.17) into (2.8)d approximating., and @, by their
values at thé" time step, we may write

4 4 . ‘ . . 2.18
[M+0atk]y'™ = [M - @-60)AtK ]! +Kgp,' +Lig, —J‘DV-G'nwdF —J.Dcpe-G'noodF (2.18)

where the final two integral terms are equal tcozerthe case of Neumann (no-flux)
boundary conditions. We may use the conjugate gradnethod to obtain a solution to
the above system of equations \fi*. Having obtained thdi+1)™ solution to the

transmembrane potential, we now use this fieldhengolution of equation (2.2). Forming

the weighted residual, and using the Green-Gaessd¢m as above, we form an equation

from (2.2) which is similar in form to (2.8)

f (G' +G°*)0g,)- DwdQ =

Q

—J.(GiDv)- DodQ +J.iappwd(2 +J-Dv-GinmdF +J-|](pe-(Gi +G®)noodr”

which may be written in the form
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(2.19)

Qp, ™ — Ko™+ Li gy +JDV-Ginmr +jl](pe . (G' +G®)nwdr

where

- L ege ) OB 08k 0" 08y
Q—ZQLI(G 1 +G%) 5 x, 3, ox Jdg
Q

As in (2.18) the boundary integrals are equal t@ zender boundary conditions of zero-
flux, and the conjugate gradient method may be tigembtain the solution to the field
@e.

Disruption of cellular connections across cleavaganes was achieved by the
uncoupling of adjacent nodes and application of Neumann boundary condition
O¢;-n=0onT (where¢, =v+¢,.), along internal boundaries of the intracellidpace.
A two-dimensional example is illustrated in Fig3&, where a discontinuity described in
space by one-dimensional linear elements (yellowes) is introduced into a bilinear
element mesh in the intracellular domain, resultm@ piecewise square approximation
to the original discontinuity. No-flux boundarieseashown in red (Fig. 2.3A). In a
similar fashion, the present three-dimensional ystuded a two-dimensional bilinear
element description of discontinuity to disruptiértear mesh. This process is illustrated
in Fig. 2.3B, where a cross-section through thimédr element network (yellow lines) is
superimposed upon the transmural slice of Fig. Pt resulting regions of uncoupled
nodes are shaded in green, whilst the inset sh@affurx boundaries as red lines as in
partA of the figure.

The exact criterion for the uncoupling of adjacantles is outlined below. The nodal
points of the trilinear finite element solution rmeare indexed by (n=1.total number of
node$. Thex locations of the four nodes of a single cleavadgafinite element may be
written asx, x?, x3, x*. Projection in directiorx; (i=1..3) of solution mesh node poimt

was made onto each cleavage plane element inTtheé positions (in terms of the local
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coordinates of the cleavage plane finite elemehthe projected points (indexed Ipy

were calculated as follows:

—5+4/8% =4\
g = [ 220 7Y whemzo

2\
(2.20)
-Y whena=o0
o
where
A=0G7 =x 00 = = x G xt) - (Xk2_Xkl)(le_xiz_xj3+xi4) )
o= (an_Xkl)(le_sz_xj3+xj4) - (Xjn_le)(xkl_xkz_xk3+xk4) >
+ (sz—le)(ka—xkl) - (xkz—xkl)(ij—xl-l)
Yy = (st_le)(xkn_xkl) - (st_xkl)(xjn_le) /
(k=131 #]#K
(an_xkl) - (sz_xkl)zlp (2.21)

Ezp =
3.1 1__.2 _.3..a4
(X =X) + (X =X " =%+ )EP

Two adjacent node pointg andn, were disconnected where the following conditions
were satisfiedo<¢g,? <1and 0<&,P <1 (ie. the projected poimt lay within the cleavage
plane element boundary) and (n,)-x (p)[x (n,) -x (p)]<0 (ie. the two adjacent node
points straddled the cleavage plane). EquatiorZ0)fand (2.21) may be readily derived

from rearrangement of the basic finite elementrpakation equatiornx, =y"x,".

A finite element solution of the bidomain equatiomas used in preference to a finite
difference approximation (Keener, 1988), as therhun condition could be maintained
exactly at all internal intracellular boundariesthwa minimum number of degrees of
freedom. Two sets of bidomain simulations were iedrout to investigate both the
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response of the tissue to propagation followinghpetimulation(Part I, below) and the
response to cardioversiofPart Il). In both parts the results of the discontinuous
structural model described above were comparedutlysorthotropic continuous model,
which incorporated a continuum description of bdtk transmural variation of fibre
orientation and cleavage plane angle. Hereaftesetliwo models are referred to as the
discontinuous and continuous models respectivebth Bnodels incorporated a linear
variation of fibre angled) through the ventricle wall based on angle measargs from

the confocal data, giving

a(x) = 083x-128 (radians; see Fig. 2.2 for directionxdf (2.22)

The assumption thaj; = gi, was applied across the entire domain in the distoots
model, since any possible anisotropy of condugtitriinsverse to the fibre direction was
implicitly modelled by the inclusion of the cleawaglane discontinuities. The continuous
model incorporated the following cubic approximatiof the transmural variation of

cleavage plane angie(defined in Hunter et al., 1997),

B(x) =-0.0892¢ + 05595 - 0.8114x + 0.8669 (radians) (2.23)

and the assumptiog: = gi, was relaxed in order to best approximate the diswoous

solution.
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Figure 2.3 The discontinuous finite element method

(A) The discontinuous finite element method. Theloonain model
describes two domains which co-exist in space -rttracellular (lower
plane) and extracellular (upper plane) domains. Acahtinuity
represented by the yellow lines is introduced thi intracellular domain
by the uncoupling of adjacent nodes. Regions ofoupled nodes are
shown in green. No-flux boundary conditions areligppat the perimeter
of each domain, as well as internally in the intthdar domain (red
lines). (B) Superimposed upon the tissue slicei@f E2 is a cross-section
through the bilinear element description of cleavaanes (shown in
yellow) with the corresponding regions of uncoupleables (shown in
green). Inset shows sub-region at higher magnifinatwith red lines

indicating internal no-flux boundaries as in part A
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2.2.3 Part|: Propagated response

The bidomain equations were solved over a domatenelng to the limits of the
confocally imaged rat tissue volume. The transmamércurrent was described by a
simple cubic model (Hunter et al., 1975) to redoomputational expense. In this model,
transmembrane ionic current is a cubic functiortrahsmembrane potential, with the
function defined by three parameters: resting, sihoéd, and plateau membrane
potentials. The model does not describe any offéhéures of repolarisation, and can
therefore only be used to study activation procesdeumann boundary conditions were
applied along all external boundaries in both icetlular and extracellular domains, and
®, was measured relative to positiprF3,y=0,z=0.8}, (see Fig. 2.2). The myocardium
was stimulated via application of transmembraneeturat the centre of the domain, and
the propagated response followed in time, until &dtivation of the volume (~18ms).
The discontinuous model was solved on a mesh dorgi®f 483,840 nodes. In
comparison, the continuous model required only 8®%,8odes. Solution time for the
discontinuous model was ~85hrs CPU time when ryghmin 8 processors of an SGI
Origin 2000 computer, comprising 32 MIPS R10000 GRiifs running at 250MHz. For
comparison to the results of the discontinuous e Fig. 2.5)gi, in the continuous

model was set at the valyg,""™

) which minimised thems difference between the
continuous and discontinuous solutions. For theimigation therms difference in

solutions was plotted agairggt, and a cubic function fitted to these data.

2.2.4 Part I1: Shock-induced response

A defibrillation strength shock was applied for 1Owhuration across the tissue volume.
Constant current was applied to the extracellu@nain over the epicardial (cathodal)
and endocardial (anodal) surfaces of the slab, witifiorm density (14mA/cA). This

induced a large-scale extracellular potential gnatof approximately 1V/mm across the
ventricle wall. During the shock, the transmuradt(epi- or endo- cardial) boundaries of
the rat tissue volume acted to re-distribute curbetween the extra- and intra- cellular

spaces, due to the oblique angle of approach ahgfuryte laminae to these boundaries.
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Figure 2.4 Extension of the rat image volume

Extended domain used Rart Il to reduce boundary effects in the vicinity
of the cleavage planes. Regions outside of theralerdt tissue volume
incorporate a continuum description of the transthwleavage plane
angle variationgi,""" is applied in all yellow regions to best match the
conductivity anisotropy present in the central oegi The transverse
isotropy assumptio; = gi, was applied elsewhere, consistent with the
observation that there is a much reduced densitfeaivage planes in the

subepi- and subendo-cardial regions.
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To distance the boundary effects from the cleaydaee region, the domain usedHart

| was expanded as shown in Fig. 2.4. The goal wadlder continuity of current at the
transmural boundaries. A continuum descriptionhef tnyocyte laminae was included in
the region outside the rat tissue volur(muter region) whilst the discontinuous
description remained in the central region (Figd)2The optimised cross-laminar
conductivitygi,""* determined irPart | was applied to the midwall portion of toeter
region (region shown in yellow in Fig. 2.4), in orderliest eliminate any discontinuity in
conductivity anisotropy between regions, whilst thgsumptiong; = g (transverse
isotropy) was applied elsewheg,""™ was only applied across the mid-wall section to
account for the relative sparsity of cleavage pdaimethe subepi- and subendo- cardial
regions. The simulation utilised the Drouhard-Rgeemodified Beeler-Reuter ionic
current model (BRDR) (Beeler and Reuter, 1977; bewd and Roberge, 1982) which
included the revisions of Skouibine et al. (1999)e modifications aimed to stabilise the
model at the high transmembrane potentials whickelde during shock application.

Solution time for the 10ms shock was ~12 hours @Rid.

2.25 Model parameters

The necessary conductivity parametexs,g:, G, anddet Were selected according to the
ratio suggested in the review by Roth (1997). Thewiew is of experimental
determinations ofi, Gi, G, and get Which do not pay due attention to the laminar
structure of myocardium (Clerc, 1976; Weidmann, @9Kléber and Riegger, 1987;
Roberts and Scher, 1982). It is not immediatelprclghether the suggested valuegypf
should be applied tg; or gi, in our model. Review of the experimental protoassd in
determining this parameter, however, suggestswieashould apply literature values for
gi directly tog;; in our model, leavingj, as a free parameter. This is because estimates of
gir have been based on potential recordings from tinaces of various preparations,
where cleavage plane discontinuities are absehtmédlel parameters are given in Table
2.1.
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Parameters Value
General
dil 0.263S/m
Oit 0.0263S/m
On variable
el 0.263S/m
Oet 0.1087S/m
Oen 0.1087S/m
Cm 10° mF/mn4
cell surface-to- 0.2 x 10°
volume ratio
resting -85mV
Cubic Model
plateau \, 15mV
threshold \4, -75mV
membrane 0.4 x 10 mS/mrh
conductivity
BRDR model
Ena 50mV
ONa 0.04mS/mrh
ONaC 0.3 x 10* mS/mrh
s 0.9 x 10* mS/mrh

2.3 Results

231 Partl

The activation sequence following point stimulatedrthe centre of the rat tissue volume
is shown for the discontinuous and continuous n®aofeFig. 2.5 (A and B respectively).

Transmembrane potentials are mapped on seven plaregyh the heart wall at 2.7ms
time increments following stimulation. The discontbus propagation around the
cleavage plane obstacles is evident in Fig. 2.9fnfthe irregularity in isopotential lines

(black lines). Important qualitative differencestvioeen the two models are apparent.
Firstly, activation in the discontinuous model iankedly asymmetric about the site of

stimulation in its early stages. Specifically, caripg both models at 5.4ms, activation
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A (discontinuous) B (continuous)

Figure 2.5Comparison of models

Discontinuous model (A) and continuous model (B)vation sequences:
transmembrane potentials are mapped on seven equEted surfaces
through the rat tissue volume. Isopotential linésSmV intervals are

shown in black. Point of stimulation is shown wikie red dot at centre of
volume. The cleavage plane obstacles in (A) leadhahly discontinuous

and initially asymmetric form of propagation.
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proceeds preferentially upward in the discontinuounedel, whereas activation is
symmetric about the point of stimulation in the womous model. Secondly, the
insulating boundaries formed by cleavage planesvaihe frequent juxtaposition of fully

depolarised and non-depolarised tissue regionsl&&ens of Fig. 2.5A for an example).

The ability of the continuous model to reproduce ¢fiobal pattern of excitation is clear

MIN ysed in the continuous model shown in

in Fig. 2.5B. The conductivity parametgy
Fig. 2.5B was that which minimised thens difference between the continuous and
discontinuous solutions over the 18ms requiredfddlr activation of the tissue block.

gn""™N was determined to be 0.0Xgiving the ratiogi/gi,""™ of 2.44, and a minimised

rms difference of 5.2mV between the two models. In dpémisation procedure values
of gn were applied uniformly over the block in the cootbus model. It was apparent
however that there were less cleavage planes isuhepi-and subendo-cardial regions
compared with the midwall, indicating that the \@hfg;,'* may be an over-estimate of
conductivity normal to myocyte laminae in the midiwAccordingly, excluding the final

6ms of propagation, (where the wavefront entereguuland subendo- cardial regions),

MIN

from the optimisation procedure acted to reduce ¢benputed value ofy, — to

0.008/m (gi/gin "™ = 3.25, minimisedms difference = 4.95mV).

It is well recognised that non-uniformity of wavefit propagation may lead to complex
polyphasic (fractionated) extracellular potentiacardings (Spach and Dolber, 1986;
Steinhaus, 1989; Ellis et al., 1995). To inveseg#te possibility of fractionation in
extracellular recordings from ventricular tissugtracellular potential waveforms were
plotted at 28 sites throughout the rat tissue velufhe signals from the discontinuous
and continuous models are shown in Fig. 2.6 (upperlower panels respectively). All
signals are referenced to the po{r&3,y=0,z=0.8} and hence approximate unipolar
recordings that might be obtained in real tissuee distance of each recording location
from the central site of stimulation is given b tsignal colour (red indicating close, and
blue indicating far; see Fig. 2.6 legend), whils¢ ¥ andz coordinates of the recording
locations are shown above the traces in parenth8se®ral observations can be made

from these traces. Firstly, nearly all signals fréme discontinuous model show some
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degree of fractionation. The degree of fractiomat@ppears highest in signals recorded
closest to the site of stimulation, a view whichc@nsistent with the activation maps
shown in Fig. 2.5. Secondly, it is evident that tloevnstroke duration (time over which
signal derivative is negative) of signals recordkxe to the stimulus site is considerably
longer in the discontinuous model, than in the ior@us model. Downstroke duration
was measured by the time required for the downsttolchange from 90% to 10% of its
maximum amplitude. The mean duration across red yatidw signals was 7.25 and
2.8Ims for the discontinuous and continuous models raspdg. A comparable
difference in transmembrane potential upstroke tchmgmeasured by the time required
for the upstroke to change from 10% to 90% of iesximum amplitude) was not seen at
the same recording locations (mean times were &232.77s for discontinuous and

continuous models).

Traditionally the time of maximum negative slop&/{may Of @ unipolar extracellular
recording is used to pick the time of activatianhee site of measurement (Spach et al.,
1972). In the fractionated recordings of Fig. 21&ré often exists two distinct regions of
similar negative slope. To test the ability of “my to discern local activation time, we
compared the time at “Max (open circles, Fig. 2.6) with the time of maximpwsitive
slope of the transmembrane potential recording ftbensame site (closed circles, Fig.
2.6). The two markers of activation are shown arhdeace where time differences were
greater than the interval used in the slope caliomg0.1ms). Local time of activation
was correctly assigned by SWx in all but two traces of the continuous model. fEhe
were comparatively more cases of inaccurate asgghm the discontinuous model, but

in only two cases was the error greater than 0.6ms.
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Figure 2.€ Extracellular potential signals

Plots of extracellular potential versus time foe ttliscontinuous model

(upper panél and continuous modelofver pane). Signals are grouped

according to theiry, z locations (shown in millimeters, in parentheses

above traces). Within each group, the distance fitmrecording point to

the central stimulus site is noted by signal col¢sge legend). Open

circles indicate the activation time defined by theximum negative slope

of the extracellular potential signal, whereasdsolicles indicate the local

activation time defined by the maximum positive pglo of the

transmembrane potential signal from the same Witeere the open circle

is not visible it is co-incident with the solid clie. The time scale is the

same for both upper and lower panels, however thengial scale varies,

as indicated by the scale bars.
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232 Partll

The activation sequence during the shock delivevatie discontinuous model is shown
in Fig. 2.7A. Transmembrane potentials are mapped single planezE0.4mn) at each
time step, and the colour spectrum scaled to eadigyinguish depolarised from
hyperpolarised regions. Numerous secondary sowtextivation are formed on the
endocardial side of the cleavage plane discontewiitThese secondary sources are
responsible for activation of the bulk myocardiunthim the 10ms duration of the
applied shock. The results may be compared to thosened when the transmural shock
is applied to a continuous model (Fig. 2.7B). Irstbase, the optimised cross-laminar
conductivity gi,""N determined inPart | was applied uniformly throughout the model
volume, with the same cleavage plane descripticad s in the continuous model of
Part I. Fig. 2.7B shows that the transmembrane potemaies smoothly in the
continuous model, and most of the tissue volumeanmesnhyperpolarized during the
shock.

The results of the two models may be further exachinFig. 2.8 shows the three-
dimensional architecture of secondary sourceseardtbcontinuous model, 2.5ms into the
shock period, by plotting surfaces on which transimene potential is equal to —60mV.
Fig. 2.9 plots transmembrane potentials along @ drawn through the centre of the
reconstructed tissue volume (from epi- to endodican), for both discontinuous and

continuous models, at 6ms into the shock. In thaply the full range of transmembrane
potentials present in the tissue volume is evid@he transition from depolarised to
hyperpolarised regions is smooth in the continumelel. An activation wavefront

moving away from the depolarised epicardium is tedaat ~1mm depth (Fig. 2.9). It is
clear from figures 2.7-2.9 that cleavage planeafisouities facilitate the synchronous
activation of a large volume of myocardium durinigosk application through the

formation of localised (secondary) regions of depshtion.

It is interesting to note that the largest regionsecondary depolarisation in the

discontinuous model arises at the junction betwagwall and sub-endocardial regions
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(see Fig. 2.7A, 4ms), where there can be maxintastrgbution of current from intra- to

extra-cellular spaces due to the lack of furthecdintinuity towards the endocardium.

2.4 Discussion

Cardiac excitation and contraction have been ssbtdés modelled on global

representations of cardiac anatomy for a numbgeafs in our laboratory (Hunter et al.,
1997). In this study the well established finiterebnt numerical solution technique was
extended to investigate how excitation processesdcoe influenced by structure at a
much finer level. To obtain an accurate represemtaif the ventricular microstructure

for use in the model, it was necessary to imagargel volume of myocardium at high
resolution. A block of rat ventricular tissue wasjgentially imaged and milled to build
up the large volume of data required (Young et 8998). The data confirmed the
growing body of literature pointing to a laminaganisation of myocytes throughout the
ventricles. Application of the bidomain equatioostte finite element representation of
the microstructure yielded interesting insightsoinhe effects that the discontinuities

associated with myocyte laminae have on excitation.

This study contributes two observations of primamnportance to cardiac
electrophysiology. Firstly, it is evident that myodium may not be electrically isotropic
transverse to myofibre direction, as has been tmifo assumed in past studies.
Secondly, we have observed that the discontinuassociated with myocyte laminae
may be of primary importance in the mechanisms hiclvfibrillation can be terminated

by application of shock to the heart.
24.1 Implicationsfor Propagation
Based on pictures of myocardial structure, and oreasents of the pathlength a

propagating wave might take to traverse cleavagmegd, our group has previously
conjectured that myocardium may demonstrate orthaiganisotropy of conductivity
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B 4 B

2ms -120mV 20mvVv

Figure 2.7Response to cardioversigA) Discontinuous model. (B) Continuous model.
Progression of activation during the 10ms of agpbbock. Transmembrane potentials

are mapped on a single plane (z=0.4mm) at 2ms immements following onset of

shock. The colour spectrum is scaled to emphagisadaries between depolarised and
hyperpolarised regions, and does not cover therfube of potentials within the area
shown. In part (A) the black lines depict the clger planes discontinuities, and vertical
white lines indicate boundaries between the ortdpitrand transversely isotropic regions

of the model.
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Figure 2.8 Response to cardioversierdiscontinuous model
Three-dimensional view of secondary sources at 2.51to the shock.
Isopotential surfaces at -60mV are drawn throughioeitissue volume.
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Figure 2.9 Transmembrane potential profile comparison — disicmous
and continuous models

Plot of transmembrane potential versus tissue déptation along axis,
see Fig. 2.7) for both models. Potential variesdinlg in the continuous
model, and much of the tissue remains hyperpoldrizen the
discontinuous model cleavage plane obstructionmttacellular current
flow lead to multiple inflections on the potentalofile, and depolarised

regions exist throughout most of the tissue volume.
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(LeGrice, 1992). Pathlength measurements do noieher, take into account the
possibility that direct stimulation of myocardiumaynoccur across cleavage planes due
to current flows in the extracellular domain. Irctfaa wavefront may traverse a gap
between two completely disconnected intracellufzaces by such electrotonic effects.
The propensity for this form of propagation incesgswhilst the delay of propagation at
the gap reduces, with reduced extracellular comdtyct Under physiological
extracellular conductivities however, the delaysigficient to slow propagation in the

MN was 3.25 for

direction normal to myocyte laminae. Our calculatedio gi/gin
propagation in the midwall. Pathlength measurembate previously suggested a ratio
of propagation velocities/c, of 2 in the midwall (LeGrice, 1992). To compare dbe

results we use the relationship (Plonsey and Ba88).

— { gen + gin J[ getgil ]
n gengin gel + git (224)

and find that we measure/c, to be 1.68. It is expected that direct stimulatin

o0 ‘ﬁo

myocardium across cleavage planes via current fiothe extracellular domain would

act to reduce the degree of anisotropy estimatetherbasis of pathlength alone. Of
course it must also be remembered that the patiiengasurements were carried out in
two-dimensional dog heart tissue sections (LeGrid92), whereas the present study

uses a three-dimensional representation of rat argaam.

In addition to conduction velocity anisotropy, weect discontinuous propagation in the
ventricle to be indicated by a number of other meas Polyphasic extracellular
potential waveforms have previously been obsermelduman ventricular tissue (Durrer
et al., 1954), human atrial pectinate muscle bundfancreased age (Spach and Dolber,
1986), and in infarct border zone or ischaemicaegiof myocardium (Gardner et al.,
1985). Our results indicate that extracellular rdotgs from sites close to a midwall
focal stimulation, in healthy ventricular tissueaynalso exhibit complex multiple
inflections. These recordings may also show a mmecluced rate of downstroke than
previously expected. These two characteristics leag to inaccurate assignment of the

local time of activation based on the maximum niegatlerivative of the extracellular
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signal. Attempts have been made to use more oflihpe information contained within
an extracellular potential recording in order tdetimine activation time more precisely
(Di Persio and Barr, 1987; Ganapathy et al., 1885 et al., 1996). The disadvantage of
these approaches is that they rely on a priori kedge of tissue parameters such as
action potential shape and electrode to tissueamtst together with interstitial and

intracellular resistivities.

We also expect that the discontinuous structurethef ventricle will give rise to
preferential directions of propagation followingimostimulation which may lead to a
wavefront which is asymmetric about the site ahsiation. Such propagation is likely to
be particularly important in the early developmeht wavefront from a site of ectopic
activation in the ventricle. We have commencedimiabry studies to investigate the
presence of the above indicators of discontinuouspgmpation, utilising arrays of
extracellular plunge electrodes in an experimepigl heart model. Preliminary data
indicates a high level of correspondence betweemtbdel predictions and experiment
(seeChapter 5.

2.4.2 Implicationsfor Defibrillation

Over the past decade, a multitude of mechanismghigh an applied shock to the heart
may alter transmembrane potential have been eleclddhere has been a concerted
search for the mechanisms through which shock dufibrillation may permit the
simultaneous resetting of a considerable volumengbcardium. This study presents
striking evidence that myocardial cleavage planscattinuities may in fact be a
dominant factor in facilitating such synchronousetting of myocardium. Our view of
how defibrillation works, and how it should be ately modelled is likely to be

changed on the evidence presented here.

The term “virtual electrode” is now common jargosed to refer to any site of shock-
induced transmembrane potential change distant thensite of current injection. It has

been shown that virtual electrodes may be indugedrnequal anisotropy of intra- and
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extra- cellular spaces (Sepulveda and Wikswo, 198ipfibre curvature (Trayanova
and Skouibine, 1998), fibre narrowing (Sobie et &4B97), spatial inhomogeneity of
intra-cellular volume fraction (Fishler, 1998), awmdscontinuity associated with gap
junctions (Trayanova, 1996) and inter-cellular tddFast et al., 1998). Any geometrical
condition which induces current redistribution asothe cell membrane during
stimulation will lead to formation of a virtual efieode. The present day challenge is to
ascertain how all these mechanisms impact on thigyabf a shock to terminate
fibrillation.

It may be asserted that the most important fornstafctural discontinuity in terms of
cardioversion is the inter-laminar cleavage plarw,the gap junction. Modelling studies
of gap junction induced virtual electrodes haveidattd spatial fluctuations in
transmembrane potential of a few millivolts (Tragea, 1996), however these
“sawtooth” patterns have not been seen experimgntidspite considerable effort (Gillis
et al., 1996). There is further previous evidenmethe assertion. Frazier et al. (1988)
measured the threshold required for diastolic adhgoint stimulation in the midwall,
during diastole to be 0.8V/icm. Krassowska et al9() were forced to assign
discontinuity at the level of bundles of myocardidires rather than gap junctions to
match this value in their discontinuous syncytiaddal of myocardium. The present
structural model incorporates transmural fibre ttotg unequal anisotropy, as well as
structural discontinuity. Under conditions of umifofield stimulation, it is the cleavage
plane discontinuities which are responsible for thetivation of the bulk of the
myocardium within the duration of the shock. Iteispected that a shock applied to the
body surface will induce a relatively uniform curtedensity field within the
myocardium. The shock field from an implantabledoaverter-defibrillator (ICD) is
likely to be less uniform, however, and the relatiele of structural discontinuity in this
form of far-field stimulation remains to be invegtied. In the setting of non-uniform
field stimulation, unequal anisotropy between intrad extra-cellular spaces can by itself
generate virtual electrodes in the form of a dogebshape of polarisation, with adjacent
regions of opposite polarisation (Sepulveda andswik 1987). It is interesting to note

that the experimental studies confirming theseepadt (Wikswo et al., 1995; Knisley,
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1995) have been carried out on the epicardial esariaf the heart, where coupling
between myocytes is increased with respect to idevall, and large inter-cellular clefts
are absent. Whether a dog-bone pattern of polasizé in fact visible at all deep within

the midwall during non-uniform field applicationmains to be seen.

As with the propagation section of this study, duld be desirable to be able to observe
far-field stimulation effects in a three-dimensibrexperimental model. Currently no
technique is available that is able to map transbmane potential at sufficient resolution
through large volumes of myocardium to achieve. thtee development of a transmural
probe able to record transmembrane potentials déem myocardium (se€hapter 3
may Yyield experimental information on these proesssalbeit at a lower spatial

resolution than the scale of discontinuity involved

2.4.3 Limitations of the study

The most severe limitation of this work stems fribra restricted volume over which the
cleavage plane geometries could be imaged. TheHerighe rat tissue volume from epi-
to endo- cardial surfaces was 3.75 times its widthich resulted in the propagating
wavefront reaching the transmural extents of tlssug block in the early stages of
propagation from the central stimulus site (see Eif§). The presence of the transmural
boundaries acts to reduce the available pathsagagation around the cleavage plane
obstacles, in turn enhancing the effect of the wvelga planes on the slowing of
propagation. As a result it is likely that we hal#ained an over-estimate gfgi," for
this tissue block. The boundary effect does notydwer, change our overall conclusion
thatgin< g; the effects of this anisotropy can be seen irtehdency of earliest activation
to skew towards the edgé€g=0, z=0) and (y=0.8, z=0) on the epi- and endo-cardial

surfaces respectively (see Fig. 2.5A).

It is evident from Fig. 2.2 that some cleavage ptaextended across the full width of the
reconstructed rat tissue volume. Study of largelumes of tissue will allow us to

reconstruct the full extent of single cleavage ptarand may vyield further insights into
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the possible role of the laminar organisation oboyes in providing a substrate for re-

entrant activity under conditions of depressed caetidn.

Initially Part Il of the study was carried out using just the rasué volume. The
transmural boundaries acted to redistribute curbttveen intra- and extra- cellular
spaces to an extent that obscured the secondargesoaf activation at the cleavage
plane discontinuities. In order to reduce thesendauy effects and better approximate
the behaviour of tissue within an intact ventricleyas necessary to enclose the cleavage
plane region with a region were cleavage planentat®n was represented by a
continuous description. Ideally, we may wish torexee the effects of cleavage planes
on defibrillation by establishing a re-entering wlwent within the discontinuous model,
and examining the conditions required for termwratof re-entry. However, both the
volume of imaged rat tissue, and the computatiexgense of such a model (with our
current computing resources) precluded this appro@cquisition of the extended
confocal image was highly labour intensive, andider to image larger volumes of
tissue in reduced time we are currently developimgutomated approach to this imaging

process.

As indicated in Fig. 2.3A, the finite element mod®de a piecewise cube approximation
to discontinuities in the intracellular space. Trepresentation gave rise to the artifact
that the gaps between adjacent myocyte laminaehadume which was determined by
the resolution of the finite element mesh. For eplamin the discontinuous model of
Part | a total of 483,840 nodes were used, giving trdmelement dimensions of 0.014 x
0.017 x 0.017mm. This resulted in ~11% of the totakcellular domain being removed
from the solution (assigned as “gap space”). Isuggested from studies of collagen
volume fraction in normal rat ventricle that conimee tissues may constitute
approximately 3-4% of the total ventricular volurfWeber et al., 1990). Not all of this
collagen volume would be expected to lie betweemayte laminae. Thus our model
may over-estimate the fractional volume of the gagisveen myocyte laminae. Further
refinement of the mesh used, however, was proldliyecomputational time.
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Interestingly, there is growing evidence that diretectrical communication between
myocyte and fibroblast cell populations in the saioal node may be important in
regulation of heart rate (Kohl et al., 1999). Owudy does not consider any possible role

of such connective tissue cells in directly trarting current between myocyte laminae.

A further assumption of our model is that extradall conductivity is isotropic
transverse to myofibre direction (ige=Qgen). The close relationship between myocyte
and collagen networks (Young et al., 1998) sugdisisthe extracellular space is likely
to exhibit orthogonal anisotropy along the samerasituctural axes as its intracellular
counterpart. The model gave no means of testirsgateidiction, however.

The application of this work to the human hearturegs experimental quantification of
cleavage plane geometries in healthy and diseasedhin hearts. To date no such
analysis has been carried out; we base our unddistpof the laminar organisation of
myocytes from measurements taken from rat (Young.et1l998), dog (LeGrice et al.,
1995), and pig hearts (unpublished observations).

2.4.4 Conclusions

We have shown that the discontinuous laminar osgdioin of myocytes in the ventricle
has important implications for electrical propagatiand cardioversion. Our structural
finite element model indicates that the laminaramigation may define orthogonally
anisotropic conductivities about microstructuradlgfined axes. Furthermore, we have
shown effects of the structural discontinuity oogagation from a focal activation in the

midwall, and on an applied defibrillation-strengtiock across the ventricular wall.



Chapter 3

Intramural multisite recording of
transmembrane potential in the
heart

(printed in similar form irBiophysical Journgl2001, 81:2671-2680)

Abstract

Heart surface optical mapping of transmembranenpale has been widely used in
studies of normal and pathological heart rhythnm] defibrillation. In these studies,

three dimensional spatio-temporal events can oselyirteerred from two dimensional

surface potential maps. We present a novel opsigslem which enables high fidelity
intramural recording of transmembrane potentialsprabe constructed from optical

fibres is used to deliver excitation light to, aoallect fluorescence from, 7 positions,
each 1mm apart, through the left ventricle waltref rabbit heart. Excitation is provided
by the 488nm line of a water-cooled argon-ion laSé&e fluorescence from each tissue
site is split at 600nm, and imaged onto separabéodiodes, for later signal ratioing. The
optics and electronics are easily expandable torantodate multiple optical probes. The
system was used to record the first simultaneouasorements of transmembrane

potential at a number of sites through the intaetrbwall.
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3.1 Introduction

The first intramural recordings of cardiac eledtiactivation were made by Durrer and
Tweel (1953). They used purpose-built hypodermicedie probes, with which
extracellular potentials were measured at siteacplihe needle, via ultra fine wires
introduced through its lumen. Their technique haxes been used by a number of
investigators (Selvester et al., 1970; Kerber et #994; Sands et al., 1999). By
increasing the number of needles inserted throlgthéart wall, the transmural spread of
electrical activation has been mapped in three dsmoas, revealing details of normal
and arrhythmic propagation (Chen et al., 1988;iEra al., 1988; Arnar et al., 1997).

There are problems, however, in relating extratallpotential signals to underlying
cellular electrical activity. Extracellular signalepresent the integrated effects of
membrane currents over a relatively large volumd distinguishing near from far
electrical events is often difficult. As a consegeee activation and recovery, the two
most basic characteristics of propagation, canmotidentified reliably at the site of

recording for conditions other than uniform propawga(Steinhaus, 1989).

Over the past two decades, optical measuremerarmdrnembrane potential has provided
an increasingly attractive option for cardiac efeal mapping studies. Optical mapping
has distinct advantages over extracellular teclesguForemost is the ability to

interrogate cellular propagation directly by imagitransmembrane potentials. With
optical mapping it is possible to achieve high spaesolution. It is also possible to map
potentials during the application of defibrillatisgocks to the heart, when conventional
electrical measurement techniques cannot be used.date, however, optical

measurement of transmembrane potential has beesaéntirely restricted to the heart

surfaces. The ability to access deeper propagatiocesses has in general been limited
by scattering and absorption of the voltage-depeinfleorescence signal (Girouard et
al., 1996). Recently, electrical activity insidardiac muscle has been visualised via

fluorescence measurements made in a trans-illurmmatode (Baxter et al., 2001). This
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technique currently offers a low degree of spagablution through the wall of the heart

however, and is not applicable to the study ofdnkeeart preparations.

We have developed a novel optical system for meaguntramural cardiac action
potentials. Our main objectives were to record nemfar membrane potentials at sites
with transmural separation comparable to extralzellneedle probes, using a system
which could readily be expanded to map the 3D sburdaelectrical activation through
the ventricular wall. These objectives were methwvilte design (i) of a robust, small
diameter, optical probe (optrode) able to delivad aollect light deep within tissue and
(i) of a modular (scalable) recording complex dalpeof simultaneous measurement of
fluorescence signals and extracellular potentiBigal wavelength collection of di-4-
ANEPPS emission was used to reduce light sourcgeramd motion-related artifact, in a

ratiometric fashion similar to that reported by &ley et al. (2000).

3.2 Methods

3.21 Optics

A schematic representation of the optical systemiven in Fig 3.1A. Excitation light
(488nm) from a water-cooled argon ion laser (Speletrysics; model 165) was delivered
to separate tissue sites via a fibre optic conddnich terminated in a purpose-built
optical probe(optrode) Fluorescence collected from each site returneduth the
"tissue" conduit and was split into two frequen@ntls. Long and short wavelengths
were routed to discrete photodiodes via separhte fiptic "detector” conduits. Aspects
of the optical design are similar to the tissuduwel imaging system of Rohr and Kucera
(1998).

Each conduit consisted of 7 optical fibres. Thesrewpacked in hexagonal bundles
toward the centre of the optical system to optinueepling of excitation light into the

tissue conduit and fluorescence emission into gteatior conduits. The central ends of
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the fibre optic conduits are subsequently refetceds the “tissue bundle” and “detector
bundles A and B”.

The tissue bundle was formed within an SMA fibréioponnector (Thorlabs Inc.), and

mounted in a multimode fibre coupler (F-91-C1-Twypert Corporation) which allowed
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Figure 3.1 The optical recording system

(A) Schematic overview of the optical layout. Sexttfor detailed
description. L1 and L2, focal length 50mm and 80gonverging lenses;
OBJ, 10x microscope objective; DM1 and DM2, 520rmmd &00nm long
pass dichroic mirrors; EM1 and EM2, 600nm and 520lmmg pass
emission filters; EM3, 600nm short pass emissidterfi S, shutter; BS,
beam steerer. (B) Schematic of the coupling of rdgoence from the
tissue bundle to a detector bundle. The fibredhefdetector bundles have
an increased ratio of core:outer diameter whiclkide@ greater coupling
efficiency and easier alignment. For simplicity tigective lens has been
omitted. (C) Schematic overview of the system etguts. Design is
based around the three units: OMAP, UNEMAP, PXé (&t for details).
Arrows to and from the computer represent datatiama digital control

lines respectively.
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XYZ positioning as well as rotation about the bundéntral axis. The detector bundles
were mounted in fibre optic positioners attachetraoslation stages (FP-1, Model 426;
Newport Corporation) for accurate placement. The fates of all fibre bundles were

manually polished.

Light from the laser was coupled into the tissuade by the lenses L1 and L2, a 520nm
long-pass dichroic mirror (DM1) and a 10x microseabjective (OBJ). Beam diameter
was varied, to ensure optimal coupling to tissuadbes of various dimensions, by
adjusting the distances L1-L2, and L2-OBJ. Thederand objective were positioned so

that the laser beam was in all cases collimatddeaface of the tissue bundle.

The tissue bundle was imaged onto the detectorlesinda the objective OBJ. Return
fluorescence was split by the 600nm long-pass dichmirror (DM2) and further band-
limited by the emission filters EM1(>600 nm) and EMM3 (520-600nm). Each
detector fibre terminated with an SMA connector émupling to the photodetection

system.

Optimal mapping of the tissue bundle image ontodétctor bundles was achieved as
follows. The optrode was immersed in a fluorescattion and the rati@Ai/ZB; was
monitored continuously - Aand B are the fluorescence levels recorded through
individual fibres of detector conduits A and B. dHy, detector bundle B was fixed in
position, and detector bundle A was adjusted toimae ZA/ZB;. Detector bundle B
was then moved, with bundle A fixed, until the eattached a minimum. The use of this
ratiometric approach in the alignment procedurebksth us to reduce errors due to

bleaching of the fluorescence signal and laser pdiwetuation.

Cross-talk (defined as the fraction of total detdctiuorescence power from any tissue
fibre detected by photodiodes not assigned to fthe¢) was used as a measure of the
effectiveness of optical coupling in the systemealtly, there should be one to one
mapping between tissue fibres and associated detistes. However, cross-talk may

arise from the diffraction limitations of the objee lens, different bundle geometries, or
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from bundle misalignments. Cross-talk could notilgdse determined with the optrode
attached to the tissue bundle. A join was therefatded to the tissue conduit with a
series of SC-SC fibre connectors (Thorlabs Inc.jhst cross-talk could be evaluated by

reverse illumination of individual fibres in thessue conduit with a laser diode.

A
%% glass micropipette

bevelled fibers
J  terminate at 1mm
intervals

C

excitation
beams emerge
normal to the
longitudinal axis
of the fiber

Figure 3.2The optrode

(A) A schematic of the tissue implantable optrodet(drawn to scale).
Seven optical fibres are arranged in a hexagomalaand terminate at
1mm intervals. All fibres are enclosed in a glasgrapipette. Light

emission is from the side of the fibres by totaeinal reflection off their

bevelled ends. (B and C) Photographs of the optiedede and end-on
views. Optrode is immersed in a fluorescing rhodemsolution. The

green halo surrounding the optrode in (B) is causgdeflection of the

beam which propagates into the page. For illusegburposes only three
of the seven optrode fibres carry excitation lightale bar at top of Part B

indicates 2mn

3.2.2 Optrode

The distal end of the tissue conduit formed therami®. The buffer coatings of the
conduit fibres were removed at the optrode endethuce their size. Fibres were then

hexagonally arranged, and terminated at 1mm inteifag. 3.2). The end of each fibre
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was polished at 40to its longitudinal axis to produce total internaflection of
excitation light and collected fluorescence at thite. A glass-air interface is required for
total internal reflection, and for this reason thbres were loaded into a glass
micropipette plugged with epoxy resin at its tihis construction also adds strength to
the probe and aids in cleaning following experirserftibres were oriented so that
excitation light was emitted radially from the aple: the principal direction of emission
(and collection) for successive fibres being sejedray 60 to minimize reflective losses
at the micropipette surfaces. The micropipette puidked manually to a gradual taper to
ease insertion into the tissue. The total diamefethe optrode was approximately
400um. Fig. 3.2 shows the pattern of illumination ob&l when three of the seven
optical fibres of the optrode were illuminated dgriimmersion in a dilute solution of

sulforhodamine B.

3.2.3 Optical Fibres

Separate tissue conduits were fabricated in orderompare the performance of two
different types of optical fibre: GIF62%Thorlabs Inc) and F-MCB-T (Newport Corp).
FT-1.0-EMT fibres (Thorlabs Inc) were used for tetection conduits. Specifications
for all three optical fibres are given in Table A.water-clear optical epoxy (Epoxies
Etc..., Cranston, RI) was used to bond the hexagprmdcked fibre bundle at the
proximal end of the tissue conduit. Non-transpaeguxies did not remain intact when

exposed to the intense laser beam.

The outer diameter of the detector fibres detersithe magnification required to match
the image of the tissue bundle to the detector leund principle, alignment safety
factors, and imaging efficiency should be increasketissue fibres with a small core to
outer diameter ratio are mapped onto detector dilovigh a much larger core to outer
diameter ratio (see Fig 3.1B). On the other hane efficiency of coupling of excitation

light into the tissue bundle will decrease markeiflgore to outer diameter ratio is

1 GIF625 is a standard communication graded indere fi
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reduced. The buffer coating of the proximal enddhaf GIF625 tissue fibres and the
detector fibres (but not the F-MCB-T tissue fibres)s removed over the first 2100mm in
order to achieve appropriate core to outer diametigos (see Table 3.1). The ratio for
the F-MCB-T fibre was most appropriate with the fbufcoating left intact. However,
leaving the buffer intact on this fibre lead to am&seen contamination of the tissue
fluorescence with fluorescence from the buffer wwat In order to overcome this
problem whilst retaining the desired ratio, onle tlirst 2mm of the buffer was etched
from the F-MCB-T fibres. This shifted the buffeudirescence away from the focal plane
of the large core fibres. The etching was carriatl with concentrated sulfuric acid at
140°C.

Bundle Name Type Diameter im) Core:outer Excitation Cross-talk
diameter efficiency mean (SD)

core cladding buffer ratio (%) (%)
tissue GIF625 graded index 62.5 125* 250 0.5 4 1.79 (1.47)
F-MCB-T step index 100 110 140* 0.71 26 0.39 (0.13)

detector FT-1.0-EMT  stepindex 1000 1035* 1400 0.97

Table 3.10ptical fibre specifications and characteristics

The various optical fibre types and their spectfaas. GIF625 (Thorlabs
Inc.) and F-MCB-T (Newport Corp.) were the fibremled in the tissue
conduits, while FT-1.0-EMT was used in the detectmmduits. The fibre
outer diameter (*) was the cladding diameter inesawhere the buffer
coating was removed. Use of F-MCB-T enabled greaecitation
pathway efficiency. Cross-talk for the F-MCB-T bilmevas lowest due to

its more regular bundle geometry.

3.24 Signal acquisition and processing

The acquisition system consists of three moduleslesrated in Figure 3.1C. In the

photodetection module, SMA connectors were usetbtple detector fibres directly to

photodiodes (S2386-44K; Hamamatsu Photonics) mduitecolumns on the front
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panels of the unit. The photodiodes were connectedirrent-voltage converters (gain =
10° V/A), (OPA121KU; Burr-Brown).

The photodetection system was interfaced with atirobbnnel signal conditioning
complex (UNEMAP; Auckland Uniservices Ltd, Aucklgndwhich provided

programmable gain (1 to 1100), and a 5-pole prograbte low-pass filter (50Hz -
4950kHz). Optical signals were low-pass filterecb@®Hz to prevent aliasing. Optional
high-pass filtering (0.05Hz) was available for tteczording of extracellular potential

signals.

Data was acquired with 16 bit resolution at 1.2kplr channel using a National
Instruments™ PXI acquisition system. This consistédour 64 channel PXI-6031E

acquisition cards in a PXI-1000B chassis controtigch master SGI 02 (Silicon Graphics
Inc) computer workstation. Data acquired by the Bydtem was transferred to the SGI

workstation for further processing and display.

A model of each recorded signal may be construaseillows:

tissue sigal +fibresignal = aV_O)I)VH)C(t) + AQVHCE) + vI(t) 3.1)

where V() is the membrane potential(t) the laser intensityV(t) the volume of
recording,C(t) the concentration of fluorochrome, am@3, andy are constants. The fibre
signal was small in comparison to the tissue sigmadl arose from laser light reflected
off the polished tissue bundle (a small fractiomwich leaked to the detectors), and fibre
generated fluorescence. Prior to an experimentctmstanty was determined for each
channel with the optrode held in air. The laseensttyl(t) was monitored continuously
with a single photodiode (see Fig 3.1A). This relang of laser power typically showed
peak to peak fluctuations of up to 1.1% of totakelapower. The recording was scaled
and used to subtract the fibre signal componemn feach recording made in the heart
tissue. Subsequently, the pair of signals geneirfateal each recording site (520-600nm,

and >600nm) were ratioed as below:
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signal _ 1OV OCH[oVin(t) +By] 3.2)

signalratio = —
signah, 1OV OCO[aVi(®) +Bo)

Provided the bleaching characteristics of eachasigre the same (that thkeandf terms
of Eqn 3.2 are time-independent constants), thaeasigatio may be reduced to a function

dependent oW(t) and constants only.

3.25 Experimental preparation

The optical recording system was tested on Langé#rperfused rabbit hearts (n=3). All
procedures were approved by the University of Aaiglll Animal Ethics Committee
under approval #N805. New Zealand White RabbitS {Zkg) were anaesthetised with
saffan and their hearts rapidly excised. Heartsewgerfused with Kreb's solution
containing (in mM) NaCl 120, KCI 4.7, KIRO, 1.2, MgSQ 1.2, D-glucose 11, NaHGO
25, CaC} 1.8, bubbled with 95%/5% ALO,, at an aortic pressure of 100mmHg, and a
temperature of 3T. The heart was stained with recirculating di-4E28PS at 20M, for

10 minutes and left to equilibrate for a furtherribhutes. The optrode was then inserted
into the free wall of the left ventricle (LV) at aangle (approximately 20to the
epicardium) which allowed all recording sites tolbeated intramurally. Each optrode
fibre delivered 10mW excitation power to the he#sue. In order to investigate the
efficacy of signal ratioing in the reduction of naut artifact, recordings were made with
and without the addition of 2,3-butanedione monif2,3-BDM, 15mM) to the
perfusate, in two hearts. All recordings in thedtieart were made with 2,3-BDM. The
heart was paced at the base of the right venticle5 times threshold during recordings,
and the electrical function of the heart was maetiousing a bipolar epicardial electrode

placed as close as practical to the optrode imsesiie.
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3.3 Results

3.3.1 System Efficiencies

The major losses in the excitation optical pathweagurred at the face of the tissue
bundle. Fig. 3.3 shows a segment of the tissuelbulhminated by the laser beam. The

beam intensity has a 2D Gaussian density distohuti

f(r)= 1 e_g(éjz
210° (3.3)
where r is the radius from the centre of the beamdo is the standard deviation (SD) of
the beam intensity profile. The fraction of thegliabeam which falls on the fibre cores of

the tissue bundle can be estimated by evaluatgtegral

j f (r)drrd® (3.4)

between the limits set by the fibre dimensions.

This equation was numerically evaluated with insmeg beam standard deviations.
Results for the F-MCB-T fibre bundle are preserntedrig 3.3. As expected, the total
efficiency of coupling of the laser beam to theuis bundle reduces as beam diameter is
expanded, while the uniformity of coupling to adven fibres in the bundle is increased.
Efficiency is defined as the percent of total Igsewer incident to the bundle that may be
coupled into the fibre cores, whilst uniformity defined as the ratio of average power
carried by the outer fibres to the power carriedthsy central fibre. Coupling efficiency
for the outer fibres of the bundle, peaks at a b&nhof approximatelyl0O0um, and this

is the beam SD currently used. The total loss séi@ower associated with coupling into
the tissue bundle and propagation through thedi$itwes can be measured directly for
this beam SD. Results are shown as single dataspioiriFig. 3.3. It is evident that there
are significant losses, additional to those dudltoination of non-core parts of the

tissue bundle. A major fraction of this loss isely due to degradation of the surface
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polish at the face of the bundle, caused by the @iwhing of the F-MCB-T fibre buffer.
Theoretical losses through the fibres themselves law (0.014dB/m). The overall
efficiency of the excitation pathway, including $es through the coupling lenses, is
shown in Table 3.1, for both types of tissue fibltés seen that use of the F-MCB-T fibre
considerably increases the excitation efficiencyhef system, and for this reason it was
the fibre used in all animal experiments.

3.3.2 Fibrebundlealignment

The low cross-talk for both GIF625 and F-MCB-T tissbundles (see Table 3.1)
indicates precise bundle-to-bundle imaging. Furtieee, for both fibre types, the
detector bundle alignment procedures outlined éMlethodssection produced optimal

alignment of every fibre within the bundles.

3.3.3 Fluorescence collection characteristics of the optrode

We characterised the depth over which fluorescevae collected in a single optrode
fibre, with the optrode placed in a rhodamine sohutin order to ascertain whether an
optrode fibre would integrate fluorescence fromnailar volume as a flat-cleaved fibre.

The protocol used is shown schematically in FigA3.Both the flat-cleaved fibre and

the optrode were mounted on micromanipulators, tal fluorescence signal level

detected through the fibres was recorded as theg meved away from either the base
or side (Fig. 3.4A) of a cuvette. Recordings weseduto reconstruct the graph of Fig.
3.4B. The graph indicates that an optrode fibre m#grate fluorescence from a similar
volume as its flat-cleaved counterpart, despitectiveed surfaces in the optical pathway
of the optrode. The characteristics of both optradd flat-cleaved fibre were predicted
reasonably by the theoretical model of Zhu and ¢ap{1992) (see Fig. 3.4B).
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Figure 3.3 Coupling the laser beam into the tissue fibre bandl

(A) The Gaussian distribution of laser beam intgnssuperimposed on
the tissue fibre bundle. (B) Transmission chargsties for the F-MCB-T
fibre bundle. Curves represent the results of nigakintegration of the
laser beam intensity profile. As the beam SD igaased from 1jam,
coupling efficiency to the central fibre diminishesilst coupling to the
outer fibres increases, to peak at a SD ofyb@0Data points show the
transmission efficiencies as determined by fibradbe input and output

beam intensity measurements.
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Figure 3.4 Depth collection characteristics of optrode in rlamdine

(A) Schematic showing the experiment to determiree depth collection
characteristics of a flat-cleaved fibre, and anrage fibre. Both were
immersed in a fluorescing rhodamine solution cor@diin a cuvette and
moved away from the cuvette boundary in a seriegeys. (B) Resulting
plots of relative fluorescence signal versus depth fluorescence
collection, for GIF625 fibres. The experimental s@w@ments for both
flat-cleaved fibre and optrode fibre are shownnglwith the theoretically
derived curve (solid line) for the flat-cleaved réb(Zhu and Yappert,
1992).
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3.34 Directionality of the optrode

The assumption that the F-MCB-T fibre optrode isuaidirectional sensor (ie.
fluorescence is collected at each fibre positimmfrone side of the optrode only), was
tested. The motivation for this test arose from abservation that as the core:cladding
ratio increased in the optrode fibre (compare GH688d F-MCB-T fibres), the exiting
beam became less directional and “clean”. A sid@febevelled fibre of type F-MCB-T
(Newport Corp.) was held in position by a holdePK~CA, Newport Corp.) allowing
only rotation about its central axis (Fig. 3.5). dustom made stage allowed the
positioning of a second single mode flat-cleavédxlefiat any point in an annulus about
the bevelled fibre. Firstly the bevelled fibre delied light which was sampled in space
by the flat-cleaved fibre. The flat-cleaved fibreasvrouted to a photodiode, and the
detected power recorded at a numbe® ahdg positions (see Fig. 3.5) to obtain a map
of excitation efficiencylg(8,¢@ of the optrode fibre. Subsequently the coupling was
reversed such that the flat-cleaved fibre deliveligdt which was sampled with the
bevelled fibre, generating the complementary magadhection efficiencyl(6¢@. The
normalised fields were multiplied together to obtan illustration of the relative spatial
fluorescence collection efficiency of the optrodaréd. The maps of(6,9), (6@, and

1 (6,¢ are shown in Fig. 3.6A, B, and C respectively.dih de seen in this figure that
the bevelled fibre demonstrated more directionafitgxcitation than in collection. Fig.
3.6C indicates, however, that the optrode fibréndeed a unidirectional sensor. It is
likely that in generation of the excitation mapupbng of the laser to the multimode
fibre only excited low order modes of the fibreadéng to a more directional field than in
the collection case. To test this prediction a medexmbler would need to be added

within the length of the multimode fibre, and telds reconstructed.
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Figure 3.50ptrode directionality characterisation

Schematic of the set-up used to characterise thied®pfibre directionality
of recording. The bevelled fibre is free to rotateout its central axis. A
second flat-cleaved fibre can be rotated aboutbiheelled fibre whilst
always pointing toward its end. Each fibre is usdtdrnately to deliver

and collect light (see text for details).
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Figure 3.6Bevelled fibre fluorescence collection directiobali

(A) Map of excitation efficiency of the bevelled fibobtained by using
the bevelled fibre for illumination and the flaealved fibre for detection.
(B) Map of collection efficiency of the bevelled fibrebtained by
reversing the coupling used in A. (C) Map of thedurct of excitation and
collection efficiencies, illustrating the spatiahnation of fluorescence
collection efficiency of the optrode fibre. Noteetluse of a logarithmic

colour scale for all images.

3.3.5 System noise

System noise was characterised by varying theidracif laser power delivered by a
single fibre to a fluorescent solution. Signal lewas the total fluorescence detected, and
the RMS noise on this signal was determined. In Big, RMS noise is plotted as a

function of the mean signal level. The dark noisthe system (RMS noise at zero signal
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level) was 0.004mV. The system noise was charatiterof shot noise (noiggs oc

Vsignal) over a small range, before being determibgdthe laser noise (noisgs

oc signal). The fitted line for a laser noise limitegstem in Fig. 3.7 indicates RMS laser

noise of 0.27% of the signal level. The operatiogts of the system when using 10mwW
excitation power delivered to the stained hearparations are shown by white and grey
arrows for the 520-600nm and >600nm wavelength ctlet® respectively. The
illumination power of 10mW is similar to that usidthe laser scanning optical mapping

system of Knisley and Baynham (1997).
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Figure 3.7 Noise characteristics of the system

Examination of the RMS noise to mean signal leettronship for the

optical system (note log-log scale). At high siglealels the system noise
becomes dominated by laser noise, and increasengxtitation power to

the tissue does little to enhance SNR further. dperating points for

10mW excitation power in stained heart tissue &@ve by the arrows

(white arrow for the 520-600nm detectors, and gmegw for the >600nm

detectors).
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3.3.6 Animal experiments

In all rabbit hearts tested, high fidelity membrapetential dependent signals were
recorded. Typical raw signals obtained with a carabon of both ratiometry and 2,3-
BDM (15mM) are shown in Fig. 3.8A. Their beat aygd counterparts are shown in
Fig. 3.8B, along with the cardiac electrogram. Tiaofedepolarisation was measured in
the optical signals by the time at d\gt and always lay within the activation complex

of the cardiac electrogram. For the recording shawfig. 3.8 activation times had a

i
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Figure 3.8 Membrane potential-dependent signals

(A) Raw membrane potential dependent signals obdthiwith both
ratiometry and 2,3-BDM (15mM). Baseline drift ofethsignals is on
average 78% of the upstroke amplitude over thix Seeording. (B)
Upper trace: beat averaged (16 beats) cardiac@dgam recorded close
to the optrode. Lower six traces: Beat averagedbgiis) optical signals.
Average signal to noise ratios are 42 and 165 fi¢ical signals in (A) and

(B) respectively.
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spread of 6ms (mean spread was 7.2ms across @l #xperiments). Action potential

upstroke durations as measured by the time reqtorettie upstroke to change from 10%

to 90% of its maximum amplitude were 941354ms (meatSD) for Fig. 3.8 recordings,

and 5.822.75ms (meatiSD; range 1.9ms to 11.52ms) over all recordingsiftioe three

experiments. Typically upstrokes were fastest s ehrly stages of an experiment (data
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Figure 3.9Effects of 2,3-BDM on the signals

All traces represent beat averaged data (16-20s)e@he uppermost
(grey) traces are cardiac electrograms. (A) Loweaeds: pairs of optical
signals (>600nm (top) and 520-600nm (bottom)) fréimee optrode

recording sites without the addition of 2,3-BDMtte heart. (B) Ratioed
signals from (A), showing a clear action potentipktroke followed by

substantial motion artifact. (C) pairs of opticagrals from three

recording sites with 2,3-BDM. Average signal togeoratios are 47 and 7
for wavelengths >600nm and 520-600nm respectivebe Figure 3.8B

(CH3-5) for the ratioed signals from (C).



INTRAMURAL RECORDING OF TRANSMEMBRANE POTENTIAL 73

not shown). Baseline drift in the ratioed signalsv.40.47% per second of recording
(mearxSD), whilst the action potential upstroke consétltl.86:0.88% of the ratio
(mearxSD) over all experiments. For the analysed experiméhe central fibre of the

optrode was not used in recording.

Where 2,3-BDM was not added to the perfusate, thie-ratioed voltage-dependent
signals were lost within large motion-related sighectuations (Fig. 3.9A). The ratioing

of these signals yielded visible action-potentipstnokes which could be identified by
their fast rate of rise, and their timing relatieethe cardiac electrogram. However, the
signals still contained large motion artifacts (F3g9B). Where 2,3-BDM was added to
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Figure 3.1( Decay of signal quality with time.

Plot of SNR against total duration of the experim®uata represents the
mean and standard deviation SNR across all sixodetrrecording
channels. The cumulative laser exposure time (mfodpwing each
recording is shown alongside each data point. Thpgeode placements
(Sites 1, 2 and 3) were made during the courséefekperiment. Total
laser exposure of the tissue was 2.9, 0.9, andnlites at the respective
sites. The heart was first stained with di-4-ANEP&Sime zero, then

restained at t=90mins with the optrode left insrteits first position.
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the perfusate, the non-ratioed signals again coadlwvisible motion artifact (Fig. 3.9C).
Ratioing these signals (see Fig. 3.8A) appeareglitanate motion artifact completely,
and reduced the level of noise which was commoalltchannels, by rejection of the

fluctuations in laser power.

The time dependency of signal quality was examinetdsingle heart, and is summarised
in Fig. 3.10. Recordings were made from a singleoole which was inserted at three
different sites during the course of the experim&NR was calculated as the ratio of
action potential amplitude to the RMS noise betwaetion potentials. SNR is plotted
against the duration of the experiment, noting twenulative laser exposure time
following each recording. At each optrode insertsite there is a decay in signal quality,

this decay being most gradual for the first site.

3.4 Discussion

We have shown that it is possible to record higlelity membrane potential dependent
signals from multiple sites within the heart walling a fibre-optic based recording
system. To obtain reliable signals, uncontamindtgdnotion-related artifact and light
source noise, it was necessary to employ a comlaipptbach using both ratiometry and
the electro-mechanical decoupling agent 2,3-BDMtHhée approach by itself eliminated
motion artifact completely, due to the large degréenovement in the preparation, and
the relatively small collection volume of the ojti¢ibres. Ratiometry typically improved
SNR ten fold by rejecting light source noise. Thgnals obtained by this method have
slow baseline drifts of magnitude similar to thesported by Knisley et al. (2000), and
signal to noise ratios rivalling those of spatiallyeraged CCD video recordings of
membrane potential from the heart surface (Baxtemlg 1997). Action potentials
measured with the optrode typically had upstrokeations which were comparable to
those obtained with photodiode array based suidatieal mapping systems operated at

low magnification (surface pixel area of 0.3R)r(Girouard et al., 1996).
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In order to assess the robustness of the recotdatoique, signal quality was monitored
over the course of an experiment. Signals couldelcberded for at least an hour at the
initial site of optrode insertion. Gradual deteaibon of signal quality was observed,
which could be attributed to either laser lightundd bleaching of the voltage-sensitive
dye, or cell death around the optrode, or some aaatibn of these factors.

Experiments indicated that there were only sligffecences in the fluorescence
collection depths of flat-cleaved fibres and theptrode fibre counterparts, indicating

that both types of fibre geometry may integrateféiscence from a similar volume.

3.4.1 Limitations of the present study and recording technique

There are a number of limitations to this studjatesl to both the preparations used, and
optical mapping in general. The LV wall thickne$sh® rabbit hearts was 3-4mm, which
did not allow the optrode to be inserted perperdrcto the epicardium. Accordingly, it
was not possible to estimate the depth of eacle filpr after insertion, so analysis of
transmural differences in action potential morplglés not possible from the present
data. Application of the optrode to larger heanperiments will allow such a study, as
well as the simultaneous introduction of multiplptrodes and/or combinations of
optrodes and extracellular plunge electrodes inéolfV. Although spreads in activation
times amongst the optrode fibres were seen inaak€, use of a single optrode at any one

time did not allow the characterisation of a dil@etof propagation.

Accurate, time-independent calibration of the agdt®ignals in terms of mV changes in
membrane potential was not possible as evidencetthdglow drift in baseline of the
ratioed signals. The reason for this drift was fdeter decrease in green emission of the

dye compared with red emission, over time, as shoyinisley et al., (2000).

The fluorescence depth collection characteristicanooptrode fibre were examined in a
dilute solution of rhodamine. To what extent thdlemtion depth is altered in the
presence of a scattering and absorbing mediumasiamyocardium is the focus of future

investigation.
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3.4.2 Extracdlular potential mapping

For many decades multisite recording of extracatlybotentials was the only tool
available to investigate patterns of electrical pagation at the whole heart level.
Reconstruction of cellular propagation from exttldar potentials @) relies on the
assignment of fiducial markers, within the extradal recordings, which correspond to
cellular activation and recovery at the recordiitg. sTypically the maximum negative
slope (intrinsic deflection) of a unipolar recorgliaf @ is picked as the time of activation
(Spach et al.,, 1972), and the maximum positive eslap the time of repolarisation
(Steinhaus, 1989). Assignment of these markerstivagion and repolarisation is based
on studies of ideal propagation in uniform domaien-ideal conditions that introduce
errors in the times assigned by the fiducial markeclude changes in the uniformity of
activation sequence, propagation through regionsiasf-uniform coupling resistance
and/or non-uniform membrane properties, changeshé shape of action potential
depolarisation and repolarisation, and the addiobmlistant events (Steinhaus, 1989).
Under these conditions, errors in estimating regd#ion times, in particular, may be
large (Steinhaus, 1989). Attempts have been madsdanore of the shape information
contained within an extracellular potential recaglin order to determine the parameters
of cellular propagation more accurately (Di Peraimmd Barr, 1987; Ganapathy et al.,
1985; Spach et al., 1979; Ellis et al., 1996). disadvantage of these approaches is that
they rely on a priori knowledge of tissue paranset®ich as action potential shape and
electrode to tissue distance, together with inteaktnd intracellular resistivities. The
problem of how best to define cellular events fremtracellular recordings remains
unresolved. Despite inherent uncertainties, 3D nisttactions of activation have been
carried out with extracellular potential recordingsing the intrinsic deflection to mark
depolarisation at the recording site. Indirect meas of repolarisation such as maps of
refractory period duration have been used in thiigeensional studies of re-entry, where

knowledge of both activation and recovery procegserucial (Chen et al., 1988).
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3.4.3 Optical mapping of transmembrane potential on the heart surfaces

Over the last 20 years, transmembrane potentiath@rsurface of the heart have been
imaged directly by use of voltage-sensitive dyescukate maps of repolarisation have
been recorded on the heart surfaces (Efimov €1396). In addition, it has been possible
to study the electrical effects of defibrillatiomdapacing. For instance, recent optical
mapping studies have demonstrated that inhomogeseit post-shock transmembrane
polarisation may lead to defibrillation failure {Ebv et al., 1998), which occurs as a
result of re-entrant propagation about a shockéeduphase singularity. To date,
however, transmural heterogeneities in action gi@lemorphology and repolarisation
times have not been well characterised. The resenk of Baxter et al. (2001) offers
promise of visualisation of phase singularitiesitransmural sense, although the trans-
illumination technique used suffers limitationswrespect to both spatial resolution, and
signal quality, particularly in thick ventricularrgparations. It has been shown in
modelling studies that phase singularities indudegd shocks from implantable
cardioverter defibrillators (ICDs) may also occur the mid-myocardium, and as
filaments in three dimensions, with orientationpeleent on the local tissue architecture
(Entcheva et al., 1998). Routine experimental Jisaaon of such processes in three

dimensions would represent a major advance in @alectrophysiology.

3.4.4 Optical mapping with fibre optics

Our optical recording system is based around tleeofi$ibre-optics to deliver excitation
light to, and collect fluorescence from, the tisswéh the principle aim of extending
optical recordings of transmembrane potential tessivithin the heart wall. Previous use
of fibre-optics in the measurement of cardiac actipotentials is documented
(Krauthamer et al., 1991; Neunlist et al.,, 1992;aithamer et al., 1994). These
investigators used single optical fibres to measotage-dependent fluorescence signals
on the heart surfaces. Recently, a multisensorisitign system has been developed
where a plague of fibres is placed on the heaffasey allowingin vivo recording of

surface propagation (Dillon et al., 1998). Whilgtls approaches enable the heart to be
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placed remotely from the recording apparatus, #Hisy compromise one of the principal
benefits of optical mapping, namely the absencénaflware devices contacting the
myocardium. The greatest advantage of using filpecs, is the potential to make
intramural optical measurements, and hence movee@ doser to three dimensional
reconstructions of membrane potential. For suchsomesnents to be made, a robust,

implantable, multi-fibre optical probe was required

Optical mapping with large numbers of optical fibnequires efficient coupling of the

exciting light source into the fibre-optics in orde deliver reasonable excitation power
to many tissue sites simultaneously. This presamsoblem when small diameter fibres
are used. Of the optrode fibres compared in thiglystthe optimal efficiency of the

excitation pathway was greatest (26%) for the F-MCBfibres. Based on 10mW

exciting power at each optrode fibre site with selibres per optrode the maximum
number of optrodes that could be used with a 5Wrlas18. Similar numbers of plunge
electrodes have been used in 3D extracellular mgpgiudies (Frazier et al., 1988; Arnar
et al., 1997). The optical equivalents of thesdisgwill usefully complement the

extracellular potential data already available.

In summary, a novel method for obtaining high-figelintramural recordings of

transmembrane potential has been developed. Wadini@ use this system to map
transmembrane potential directly in three dimersiorolumes of myocardium. The
benefits include direct assessment of propagatitdrow extrapolation from extracellular
potential data, and the ability to carry out stgdieto the three dimensional effects of

defibrillation.

2 Because of its hard polymer cladding, the F-MCBbfe is also stronger than the

GIF625 fibre.
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Spatial point response function
of fibre optic probes determined
by two-photon microscopy

(in preparation foApplied Optick

Abstract

The region of space to which light is delivered /androm which light is collected
(spatial point response function or SPRF) by aefibptic probe has been determined
using a new technique based on two photon micrgscdpne advantage of the new
technique is that it is applicable to probes emkddd biological media, as well as those
immersed in liquids. The SPRFs of some conventibbee probes are determined in a
nominally non-absorbing, non-scattering liquid @hmine solution) and an absorbing,
scattering biological tissue sample (fluoresceiaingtd heart tissue), and the results
compared. The SPRF has also been determined foptaode fibre (se€hapter 3 in

fluorescein solution.
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4.1 Introduction

The use of fibre optic probes to deliver lightamd/or collect light from, a sample under
investigation has wide application in many discipB. In physiology, for example, such
probes can be inserted into the heart and usedkttace information about action
potentials with minimal damage to surrounding tes@idooks et al., 2001). The region of
the sample to which light is delivered and/or frammich light is collected by the probe is
called the spatial point response function (SPR#/Y, is of interest in many applications.
The SPRF depends both on the probe design andotloalgoroperties of the sample in
which it is embedded. Theory relating the fibregpaeters and optical properties of the
medium to the SPRF for the case of non-scatteriegiancan be found in Zhu and
Yappert (1992). In the same paper, the authoss@isvide experimental verification of
the theory by making measurements on fibre probesersed in liquid. For fibres
embedded in scattering media, a theoretical cdlonleof the SPRF is much more
difficult and, thus far, the SPRF of fibres embetlde such media has been determined
only by experiment (Shim et al.,, 1999). One draskbaf the existing experimental
methods for determining SPRF is that they are aegble only to probes immersed in
gases and liquids. Since, in physiology as welbther fields, probes are embedded in
biological (composite) media, and, since the SPRpedds in part on the optical
properties of the medium, an experimental methodhe determination of the SPRF for
probes embedded in biological media is highly @ds&. Such a method (the “2P”
method), based on two photon microscopy (Pawle95)]9s the main subject of this

chapter.

The organisation of the chapter is as followSection 4.2gives a brief review of the
theory of SPRF, as expounded in Zhu and Yappe82)lSection 4.3jives a description
of the 2P method. IiBection 4.4the SPRF in non-scattering media of a standatd fl
cleaved communications fibre is determined usinth tbe 2P method and the method
described in Zhu and Yappert (1992). The resuliined using the two different
methods are in good agreement, providing experiah@anfirmation that the 2P method
is valid. InSection 4.5the 2P method is used to determine the SPRF oftypes of



FLUORESCENCE DEPTH COLLECTION CHARACTERISTICS 81

fibre probe, when embedded in an absorbing, scaftdriological tissue sample (heart
tissue). Comparison of the results with those iobth for the non-scattering media
allows the effect of scattering on the SPRF tortferied. Finally, ifSection 4.6ve aim
to characterise the SPRF of the optrode describE€thapter 3 using the 2P method.

4.2 Theory

The fluorescence signalF collected by an optical fibore from a small volurd¥ is

described under the assumption of axial symmetr{Zby and Yappert, 1992)

dF(x,r) =nKl.(x,r)l.(x,r)dv (4.2)

where n and K are parameters proportional to the fluorescencantgun yield and

absorptivity of the fluorochrome respectively,is the collection efficiency of the fibre

(O<Ic<1), Icthe intensity of the excitation beam, afMan annular volume given by

dV =2nrdrdx (4.2)

wherer is the distance from the central axis of the fikkpplying the assumption that
l((Xr) = aldxr), wherea is a constant, an expression for the fluoresceodlected by

the fibre which originates within a distancéom the fibre face can be readily formed as

F(X) = 2ran Kf (x) (4.3)

where

f(x):jjlc(x,r)zrdrdx (4.4)

The relative fluorescence sign&gf collected within the same distancérom the fibre

face may then be defined as
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FO) - f(¥ (4.5)

M = Fo) = o)

Re(X) may thenbe used to characterise the SPRF of the fiBpecifically, an effective
depth of fluorescence collectiogy, defined as the distance from the fibre face athlwh

Re= 0.5 may be used to comp&ecurves.

4.3 The 2P method for determining the SPRF

Two-photon excitation of fluorochromes arises frima simultaneous absorption of two
photons that combine their energies to cause &sitiam to the excited state of a
fluorophore. Because 2P absorption requires twaqusofor each excitation, its rate
depends on the square of the intensity of the &xait beam. In a 2P microscope, the
focused excitation beam of infrared wavelength [safficient intensity to excite
fluorochromes only in a small region at its foclibus 2P microscopy allows spatially
resolved excitation of fluorochromes at points wita volume (Pawley, 1995). To assess
the SPRF of fibre probes embedded in biologicalimatbvel use of a 2P laser scanning
microscope was made. In a 2P laser scanning mmpesthe point of fluorochrome
excitation is scanned rapidly throughout an imagitane, and the fluorescence at each
point detected in synchrony to the scanning byaagohultiplier tube (PMT). Use of such
a microscope allowed us to map the collection iefficy I(x,r) of an optical fibre by
using the microscope optics for excitation, andfthee for fluorescence collection (Fig.
4.1). In each case the fibre was routed to the ascmpe PMT for detection. The
microscope excitation point spread function indésathe resolution of fluorochrome
excitation at each scan position, and was 1.4 #M03.(FWHM; x andz directions) for
the 10x (NA 0.3) objective lens used. The imagitenp of the microscope was adjusted
to intersect the centre of the optical fibre by masging the collected fluorescence signal.
Using the 2P technique, the collection efficiencyfiles of two different types of flat
cleaved fibre were examined in both solution andrthéssue, and used to reconstruct
Re(x). A step index 100m core fibre (F-MCB-T; Newport Corp.), and a gradeadiex
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laser scanning
two-photon microscope

Figure 4.1 Schematic of the two-photon microscopy set-up

The microscope objective lens (OBJ) is used tovdelexcitation light

(750nm) to the sample, and the resulting fluoresees collected by the
optical fibre. The sample is either a solution lobfescein (1ImM), or a
block of fluorescein stained heart tissue. The giigm filter (F) reduces
direct coupling of the excitation light to the pbotultiplier tube (PMT).

Inset shows the beam of excitation light and regieer which two photon
excitation of the fluorochrome occurs. The beamdanned rapidly in a
plane through the sample to generate a map ofctilteefficiency for the

fibre.
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62.5um core fibre (GIF625; Thorlabs Inc.) were used.lEflore was secured to a glass
slide mounted on the microscope stage (Fig. 4.&LoRlings were made first with the
fibre bathed in a solution of fluorescein (1mM)derive the solution SPRF, and then
with the fibre inserted into a block of fluorescéirmM) perfusion stained heart tissue, to
derive the tissue SPRF. An overlay of a transmitigit image of an optical fibre
inserted into tissue and the corresponding 2P inadgeollection efficiency acquired
immediately after, is shown in Fig. 4.2A, to demoate the technique. Scan time for a
single 256x256 pixel 2P image was typically 8s, #r&image signal to noise ratio was
improved by averaging over 128 images. Averagedyenavere further processed with
application of a 3x3 pixel median filter, followebdy a threshold to remove the
background level. A typical processed image is shawFig. 4.2B. The radius was
calculated for each pixel as the minimum distamoenfthe pixel to the image axis of

symmetry, and used in the discrete summation taiof{k):

X 256 2 4.6
109=3316(00) 1) (4.6)

The polynomial
d=a+b/x+c/x2+d/x3 (4.7)

was fitted to thé(x) data using a least-squares linear fit, and tgemptotea of the fitted
curve used to speciff{o). R=(X) could then be derived from the rafix)/f(«). Mean

square error of the normalised polynomial fits wefrerder 10.

4.4 Validation of the 2P method

Re(x) was determined experimentally for a flat-cleavdB@25 fibre in solution by use of
the protocol described i8ection 3.3.3(Zhu and Yappert, 1992; Hooks et al., 2001).
Briefly, the fibre was used to both deliver exddatlight to, and collect the resulting
fluorescence from a dilute (@8) rhodamine solution contained in a cuvette. The

fluorescence signal level detected through thesfiisas determined as the fibre was
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Figure 4.z Two-photon image reconstruction

(A) Overlay of a transmitted light image of an agtifibre inserted into
stained heart tissue, and the corresponding mapligiction efficiency of
the fibre obtained with the 2P microscope. Theefibnters the field of
view from the left of the image. (B) Image of thallection efficiency of
an F-MCB-T fibre placed in fluorescein (1mM) sotumj following
averaging, filtering, and thresholding. An axissyimmetry is manually
assigned to the image, and the radius of a piXellzded as the minimum

distance from a pixel to this axis..

moved away from the base of the cuvette, in a s@ielqum steps. Data was used to
plot Re(x), and the plot compared to that obtained with ther&®hod described above.
Both sets of data are graphed in Fig. 4.3A, aloitg the theoretical model d#=(x) for
this fibre, developed by Zhu and Yappert (1992)thBoethods yielded results consistent
with the theory, with the 2P method giving the elstsdescription of the model.

For the 2P method to be valid, it is important tihat level of fluorescein used to stain the
tissue samples does not significantly alter theuBsdecay constant for light at the
emission wavelengths of fluorescein (peak emisgianelength = 520nm). The staining

concentration (1mM) was chosen to obtain 2P imagéssue with a reasonable signal-
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to-noise ratio, with the same concentration of fhscein being used in the solution
experiments. The effects of fluorescein concemnatn the solution 2P results were
tested: a 10 fold dilution to the solution was maaled R-(x) re-calculated. Fig. 4.3B

showsRg(x) for the two fluorescein concentrations (1ImM antihtM). There appears a
small shift in theR: curve to the right following the dilution, indieat by a 10% increase
in Xef. The direction of shift i is consistent with a shortening of the decay @orsh

the concentrated solution.

4.5 SPRF of two fibre types in solution and tissue

The 2P maps of collection efficiency in solutiorddrssue, for fibre types GIF625 and F-
MCB-T are shown in Fig. 4.4. It can be seen in kewhution and tissue images that the
smaller core diameter fibre (GIF625) has a moredraecline in collection efficiency

than does the larger core fibre (F-MCB-T). Of iesris the slight “flaring” of the

GIF625 fibre profile, which presumably is indicaiwf its graded index construction.
The SPRF of both fibres become considerably shedt@ipon insertion into heart tissue.
Plots ofRx(x) for the two flat-cleaved fibres in solution ansstie are shown in Fig. 4.4B.

The corresponding values xf are tabulated in the legend.

4.6 SPREF of the optrode in solution

The SPRF of an F-MCB-T fibre optrode (8kapter 3 immersed in solution, was also
examined. The optrode collection efficiency mappresented in Fig. 4.5A as one
longitudinal and three cross-sectional slices. ®ptode beam appears to be essentially
conical and of similar shape to that of the flatasled F-MCB-T fibre. A volume image
(256x256x100 pixels) of collection efficiency wased to determindR-(x) for the
optrode, relaxing the assumption of axial symmetiythe collection field which was
used for the flat-cleaved fibre analyses above.
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Figure 4.3Validation of the two-photon method

(A) Comparison of the GIF625 fibre solution coliect volume as

determined by the cuvette and two-photon proto@oid, theoretical analysis.
(B) Effect of fluorescein concentration on resultstained for the GIF625
fibre in solution with the two-photon microscopeal\fes ofxg (distance at

which Re = 0.5) are shown in the legend.
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Figure 4.4 SPRF for two types of fibre in solution and tissue

(A) Reconstructions of collection efficiency forethitwo fibre types in

solution and tissue. The collection depth of bdthefk is reduced in tissue.
(B) Plots of relative fluorescence signals versokection distance from
the face of the fibres, derived from the images(A). Values of Xes

(distance at whicRe = 0.5) are shown in the legend.
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Figure 4.5B redraw®:(x) for the flat-cleaved F-MCB-T fibre in solution,oalgside
Re(x) for the F-MCB-T optrode fibre, and tl#(x) theoretical model for the flat-cleaved
geometry of this fibre. There is remarkable sinijatbetween all curves. Similar
correlation between the SPRF of GIF625 flat-cleazed optrode fibres was reported in
Chapter 3

A tissue collection volume of either optrode filmauld not be directly assessed using the
2P method because the 2P effect could only be pemtwithin a distance limit of
~20Qum into the tissue. The optrode device has a dian#tdOQum, and is thus too
bulky to position in tissue on the microscope stdgeconstructions of SPRF in tissue
can only be made where the probe geometry allowgipoing of the probe fibres close

to a microscope slide; this is the major drawbddke method.

Given the high degree of correlation between thRFSBf flat-cleaved and optrode fibres
in solution demonstrated here anddhapter 3 one may assume that the optrode SPRF

in tissue is also similar to that of its flat-cleaMibre counterpart.

4.7 Discussion

This study has made novel use of 2P microscopgdonstruct the SPRF of fibre probes
in biological media. The study aimed to characteti®e depth of fluorescence collection
of various optical fibre probes, and to investig#te effects that a scattering and
absorbing biological medium would have on this tept collection. In the two fibre

types examined, the effective depths of collectbithe optrode were reduced in tissue
by more than one half of their values in solutidhere are several limitations to the 2P
technique for determining SPRF, and some cautiomaisanted in interpretation of the

results.
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Figure 4.5 Determination of SPRF for a F-MCB-T fibre optrode

(A) Reconstruction of collection efficiency for an aqte fibre. A single
longitudinal, and three transverse sections arevshihrough the data
volume. (B) Comparison between the F-MCB-T optrdithee and the
F-MCB-T flat-cleaved fibre, along with the theoceti model for the flat-

cleaved fibre.
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Analysis of the collection efficiency profiles ust#tte assumption thag(x,r) = ale(x,r).

In the context of biological tissue this assumptieglects the effects of wavelength-
dependent scattering and absorption as they apphetdifferent wavelengths of delivery
and collection down a fibre based probe. The flsceen peak emission is at 520nm, and
the Re(X) reconstructions in tissue incorporate the ratede€ay of light at this
wavelength. For example, 520nm corresponds to ieieped excitation wavelength for
the popular voltage-sensitive dye di-4-ANEPPS, hawehis dye has peak emission at
630nm (Fluhler, 1985). Decay constants for lighb2@ and 630nm in heart tissue, which
incorporate the effects of both scattering and gdigm, have been recently reported as
0.8 and 1.3mm respectively (Baxter et al., 2001). tBe basis of these constants we
expect the assumptidax,r) = ale«(x,r)to lead to a small underestimation of the volume
of fluorescence collection where di-4-ANNEPS is fhwrochrome. On the other hand,
our measurements are expected to be an over-estohabllection volumes where dyes
which are excited at shorter wavelengths are ukedekample many of the calcium-
sensitive dyes). To obtain a more accurate estimhthe SPRF, one would have to
reconstruct two collection efficiency fields, usirfuorochromes which had peak
emissions at the delivery and collected wavelengthsterest, and then work with the
product of these two fields.

There have been previous reports detailing theiadpagsolutions of various optical
recording devices used in studies of cardiac @pbiysiology. The laser scanning system
of Knisley et al. (1995) has been shown to haveefiactive depth of fluorescence
collection of ~20Qm, whilst Girouard et al. (1996) and Baxter et (@001) report
effective depths of ~1306n and ~50Qm for their photodiode and CCD camera systems
respectively. The ability to combine various re@egdmodalities of different spatial
resolution in examining the intricacies of cardipoopagation is of fundamental
importance. In this study we have shown that filp&e based recording systems provide
the capacity to combine measurements of differguatial resolution by either the
interchange or parallel use of different types pfical fibre. It has also been shown that
small diameter optical fibres can offer higher sgaesolutions of recording than present
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free space optical systems. Finally, it has beamodestrated that optical fibres may

exhibit similar collection volumes whether flat-aleed or incorporated into an optrode.



Chapter 5

Future Directions

Abstract

The aim of this chapter is to provide a guide faufe research which aims to build on
the ideas, systems, methods, and results preseatédr in the thesis. The chapter is
divided into two main parts. The first deals witliure approaches to micro-structurally
based modelling of propagation in cardiac tissug] as such builds on the work
described inChapter 2 The second part deals with future developmenssipte with
regard to the optical recording system describecClvapter 3 and characterised in
Chapter 4 The optical recording section of this chapteheslonger of the two parts, and
this reflects the considerable work still required establish a system which can be
reliably used to examine phenomena of biologicapdrtance. The Bioengineering
Group at the University of Auckland has been inedlvwith modelling electrical
propagation for over 15 years now. On the othedhaunr effort to record optical signals
deep within tissue is still in its infancy.
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5.1 Microstructurally based propagation modelling

The combination of detailed microstructural datahgeed from extended confocal
microscopy, and finite element modelling, is aniexg approach to unravelling the
mysteries which still surround cardiac functionth®lugh the time taken for computation
of any mathematical model is considerable when Issgale structure is introduced into
the model, the major bottle-neck in this processeruly is the time taken to gather the
microstructural data. This issue is being addressethe construction of an automated
extended confocal imaging system by the AucklanokBgineering Group. This rig will
consist of 3 integrated modules — a laser scanoargocal microscope, a three-axis
translational stage, and a milling machine (Figl)5.With regard to models of
propagation, it is hoped that this facility will béle to rapidly provide reconstructions of
blocks of human ventricle, which are of equal disien in each direction. Larger tissue
blocks will allow the tracking of most cleavage n@a through their entire extent. This
will enable investigations of the conditions favalle to re-entry of propagation, as well
as the effects of structural alterations implicitvarious cardiomyopathie€hapter 2
showed that cleavage plane discontinuities playngortant role in activation of bulk
myocardium during defibrillation, as well as deterimg rates of propagation from a
focal stimulus. Application of the propagation mbtiea larger volume of reconstructed
heart tissue would allow the examination of spivalves of propagation within the tissue
domain. It has been shown that spiral wave stgbtiépends on factors such as
ventricular wall thickness (Gray and Jalife, 1998)d domain homogeneity (Mironov et
al., 1996). An interesting hypothesis to test i®thier cleavage plane discontinuities also
predispose a rotating spiral wave to instabilityotder to make testing of this hypothesis
computationally tractable, it would be necessaryrplement an adaptive solution mesh,
such that the mesh about the wavefront region Wamer resolution than the mesh
elsewhere. Employing multigrid preconditioners fihe conjugate gradient solution
method also holds promise as a technique to rechvoputational time.

With the completion of the automated imaging rigg(f.1), it will also be feasible to

reconstruct volume images of tissue components titla@ cleavage planes. Components
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of interest would include the three-dimensionalhdaecture of Purkinje fibres, or
capillaries. Accurate descriptions of componentsissfues other than heart such as lung
alveoli, will also be tractable. In all cases thndtional significance of the structure
being imaged can only be deduced by using matheahatiodelling. Blood vessel, and
alveolar reconstructions might, for example, becarm@cal in designing appropriate
lumped-parameter models for the solution of whoigan models. Future limitations to
this approach include tissue preparation and stgiregimes for the confocal imaging, as

well as the large mass of data storage that witelgired.

There is an acute need to gain better represensatibthe three-dimensional geometries
of the sinoatrial (SA) and atrioventricular (AV) aes, to aid the understanding of how
these regions of the heart work. There is debate,rfstance, over whether earliest
activation in the cardiac cycle begins at the @nptrperiphery of the SA node, and why
propagation appears to proceed most rapidly towhed crista terminalis, ahead of

activation of the atrial septum (Efimov et al., I99Questions such as these readily lend

themselves to a microstructurally based modelliageld approach.

As the quantity of structural data expands, it Wwécome necessary to develop computer
algorithms which can accurately assign three-dinoea$ geometries to various tissue
components. The cleavage plane geometries assigribd reconstructed rat ventricular
volume in Section 2.2.1were manually generated. A larger volume of tisauweild
necessitate an automated approach. Similarly, ibgildup a three-dimensional
reconstruction of a single capillary bed would als® overly labour-intensive to do

manually, and suitable vessel tracking algorithrosild be needed.

Perhaps the ultimate goal of all cardiac electrspmiggy research is to be able to
reconstruct electrical propagation at the levelhd heart from a set of electrograms
recorded non-invasively on the body torso surfates problem is commonly known as
the inverse problem of electrocardiology, and agreimber of investigators have been
involved in its solution over many decades. Oner@ggh to solving the inverse problem

is to generate critical points of activation on #m®- and endo- cardial surfaces, and use
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these to constrain a continuum model of propagafitne discontinuous behaviour of
propagation close to a focal point of activationynra fact lead to significant errors in

such a method however, and these need to be igatdiin a future study.

Miller

Confocal microscope

ey,

z translation stage

X and y fransiation stages

Support bracket

Figure 5.11maging system schematic

5.1.1 Validation of the model results of Chapter 2

Three primary observations were possible from thedeh of electrical propagation
described irChapter 2 They were 1. that the microstructure of the ventricular wakhynm
be used to define unique electrical propertiehied orthogonal axeg, that the initial
stages of propagation from a midwall stimulus mayasymmetric about the site of
stimulation, and3. that the discontinuities associated with the tamiarrangement of
myocytes in the ventricular wall may provide theemsary substrate for activation of a
sufficient volume of myocardium to terminate arfinyia by shock application.

Preliminary studies in pig hearts (Sands et al99)%have begun to provide evidence of
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the validity of the first two model observations.id important that these experiments
carried out so far, are progressed further, pdartbu now that construction of the
UNEMAP electrophysiology recording complex (sEey. 3.1 part C) is complete.
Briefly, the experiments to date have utilised aerayaof extracellular plunge electrodes
(96 electrodes, mounted on 16 hypodermic neediesinap activation in the left
ventricular free wall. Sites of extracellular pdiahrecording are depicted within the
myocardial volume in Fig. 5.2. Maps of activatioreo a volume (14 x 14 x 6mm) of
myocardium have been reconstructed, and comparétetmicrostructure of the tissue
within the recording array. Activation maps in tplne of the epicardial surface, at
subendocardial, midwall, and subepicardial degresshown in Fig. 5.3.

Figure 5.z Locations of extracellular electrodes within myasiam

The positions of the 96 recording electrodes (wkitgsses) are shown
within the tissue volume. Locations are reconsaddty measurement of
the plunge needle orientations through the heait p@st-experiment

(needles remain in position as the heart is fomndixed), and

interpolation of the recording sites along the hestaft.

Each map shows propagation from a twice diastdifeshold stimulus located in the

centre of the map. Isochrones of activation (defizs the time at which the first



98 CHAPTER 5

derivative of the extracellular potential signaln®st negative) in general form ellipses
which are oriented with the local fibre directionh the level of the map (see tissue
sections below activation maps, Fig. 5.3). Themasked asymmetry of activation about
the stimulus site, as predicted by the modeChapter 2 It is not yet clear, however,
whether this asymmetry is merely an artifact ocmaacies in determining the position
of each recording terminal within the tissue. Mu&g the volume of tissue under
investigation in the experiments is much largenttiaat used in the model Ghapter 2

It is not certain over what volume the initial agyetries in propagation, apparent in the

model, are likely to average out.

Subendocardial Midwall stimulus Subepicardial stimulus

Figure 5.3 Activation maps following point stimulation

Activation maps are drawn for the cases of subesndioal, midwall, and
subepicardial stimulation. Stimulus sites are shoas black dots.
Activation isochrones are aligned with the myofilsteucture imaged at
the same wall depth as the stimulus site (lowertqdraphs). Isochrone
orientations are also markedly asymmetric aboutsites of stimulation.

Tissue images are of frozensa thick sections of myocardium.
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In one animal to date, activation maps have beeonstructed in the transmural base-
apex plane, and compared to a section of micrdstreign this plane. These maps are
shown in Fig. 5.4, and again seem to follow thegethmicrostructure, indicating that
intercellular gaps between adjacent myocyte lamathéo impede propagation normal to
these laminae. It should be possible, given sigoélbetter quality than those so far
recorded (using an old mapping system), to maypatain in three-dimensions, and fit a
continuum model of propagation to the map basedm@masures of structure, and
appropriate selection of conductivity parametetsis Temains future work. In terms of
the extracellular potential signals themselves,adgathered thus far suggests that

propagation from a midwall stimulus is indeed dig@wuous, and this is reflected in the

multiphasic nature of the potential signals (seg 5i5).
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Figure 5.4 Effect of laminar architecture of myocytes on prgg#on
Activation maps are plotted on a single transmbaale-apex plane for

eight different sites of stimulation (black doti)itial activation

appears faster along sheets of myocytes than atress sheets.
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Figure 5.5Extracellular potential recordings

Extracellular potential signals (black traces) frartwo-dimensional plane
of recording within the ventricular midwall. Stination was by current
injection at the centre of the array shown. Mangcés showed
multiphasic activity, indicative of discontinuousropagation. The
smoothed negative derivative of the potential rdics is shown in red,
whilst the solid vertical bars indicate the time mBximum negative
derivative chosen as activation time for a recagydsite, in order to
construct the activation maps of the previous figurShaded (blue)
regions indicate the duration over which signahasive is within 90% of

its maximum, with the numbers recording this durain milliseconds.
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5.2 Optical Mapping System

This thesis has shown the utility of a fibre-ogt@sed recording system for measuring
transmembrane potentials at multiple sites thrahghheart wall. A foundation has been
provided for the development of a full optical maggp system able to measure
membrane potentials in three-dimensions, usablebfdh cardiac and brain research

applications.

5.21 Beyondthe heart - wider applications of a multi-optrode system

5.2.1.1 Electrical activity of the brain:

Whilst the optrode was conceived as a device fer ridcording of transmembrane
potentials at sites deep in the heart wall, it das clear application in other fields of
research. The electrophysiology of neural tissug b@en studied with a variety of
imaging techniques and with substantial succesgnuterstanding the mechanisms of
electrophysiological processes. However, a comtgilimitation has been the inability
to assess action potentials, including the repd#ion of the cell membrane, at multiple
sites within the excitable tissue. Previous andenirimaging techniques include positron
emission tomography, functional magnetic resonamaging, electroencephalography,
magnetoencephalography, and near infrared speopgseach of which offers limited
temporal resolution (Shoham et al., 1999). Theggagehes are sensitive primarily to
functional and metabolic processes (Grinvald et #91). Methods that depend on
activity related changes in optical properties,hsas opacity (Hill and Keynes, 1949) or
scattering and birefringence, (Cohen et al., 1@88)eural tissue have also been used to
study metabolism. These approaches have alloveedns$tance, the investigation of
cortical changes resulting from penicillin inducsglzures in a rat model (Chen, 2000),
the response to stimuli in the auditory complexcats (Spitzer et al., 2001), long term
cortical function in behaving primates (Shtoyernedral., 2000), the organization of the
visual cortex (Bonhoeffer and Grinvald, 1991; Shmaed Grinvald, 2000), the

relationship between functional and neuronal messum the brains of young adult
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humans during visual stimulation (Gratton et a@DQP), and characterisation of language

cortices during stimulation in patients (Cannestral., 2000; Pouratian et al., 2000).

More recently, electrophysiological investigatioms the brain have been aided by
recording transmembrane action potentials throbghuise of voltage sensitive dyes to
stain the tissue (Shoham et al., 1999). Voltametyies and their associated acquisition
and imaging systems have been used to study ssmnavloked excitation in the mouse
(Schlosser et al., 1996), cortical dynamics witghhtemporal and spatial resolution
(Shoham et al., 1999), the spread of epileptifoativiy in rat neocortex (Sutor et al.,
1994), and coherence of activation patterns inctitevisual cortex (Arieli et al., 1995).
Because of the inherently two-dimensional naturepaical imaging, deeper structures in
the brain are not routinely or easily accessiblengighis technique. For three-
dimensional recordings, it is currently necessapy use extracellular sensors.
Traditionally, single unit recordings have beernriear out using one or a few manually
fabricated microelectrodes in the extracellularccep@/aadia et al., 1986). More recently,
an array of fine wires has been developed in otdemake many single neuron
recordings simultaneously from different depthsc@lis, 1997) providing a means for
analysing time dependent interactions between.céligroelectronics techniques have
been used to fabricate silicon based electrodg/satteat can penetrate the neural tissue
(Yoon et al., 2000; van Horne et al., 1990; Camipeehl., 1990; Najafi, 1990) even
under chronic conditions (Rousche and Norman, 198&)gerwerf and Wise, 1994).
Special fabrication processes can yield true thiigeensional structures (Campbell et al.,
1991, Bai et al., 2000)

Significant accomplishments have been achievedeuaraphysiology using currently
available techniques for recording electricallyingsstandard two- or three-dimensional
electrode arrays, or optically, with intrinsic agati properties or with voltage sensitive
dyes. However, there are serious limitations es¢éhapproaches. Optical methods are
inherently two-dimensional. Although some limitddee-dimensional information can
be gleaned using confocal microscopy, transillutnoma (Baxter et al., 2001), or by

measuring on two surfaces of isolated preparatibrigs until now been impossible to
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measure multiple action potentials within the tessmder study. In neurobiology, there is
a need to study the relationship between activitthe three-dimensional structures such
as the cortex and the retina simultaneously (Nisolet al., 1997). A multi-optrode
imaging system would provide a new, powerful tdattwould lead to new capabilities

in this area of investigation.

5.2.1.2 Other fluorescence indicators:

Provided the correct excitation wavelength and ayppate filters are employed, we
expect that fluorescence indicators for other \des such apH, ATP, and calcium
could be measured with the optrode. As an exangpianteresting study could be the
measurement of transmural gradientpkhfollowing acute blockage of the left anterior
descending artery in the heart. The time courggHoxthange would indicate the gradients
of cellular damage across the ventricular wall.ISastudy may also provide quantitative
means of comparing drugs which aim to re-estaltdlsbd perfusion following coronary
occlusion, such as thrombolysin. To facilitate wsethe wide range of fluorescence
probes commercially available, it would be necessarmake a multi-optrode system

easy to use in terms of dichroic filter interchange

5.2.1.3 Blood flow measurements:

The use of laser light to measure blood flow wagettyped in the late 1970s (Stern,
1975). Since then measurement of blood flow has Ipemde in tissues such as the liver,
kidney and brain. The basis of laser based measmtenf blood flow relies on the
Doppler principle where a moving red blood celllwdflect incident light, and in doing
so shift its frequency, in proportion to the vetgcof the cell. Laser light allows
resolution of capillary blood flow. Light is scated by red blood cells and the spectral
line is broadened by the Doppler effect. Measurd@métissue perfusion at the capillary
exchange level is widely used in assessing reperfus organ transplantation and in a
range of research applications (Bolognese et @RB3]1Lam et al., 1997). However

current laser doppler machines use single chaigtlflbres to record blood flow at only
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one site at a time. Although dual channel systamesavailable their use is limited as
each site requires insertion of a separate proloe hemce increased tissue damage.
(Hennigan et al., 1994). In many situations suchthasughout the brain and kidney,
blood flow can vary markedly between sites only & rapart (Leonard et al., 2000).
These differences can have a profound influencén wetgard to the hypoxic and
metabolic state of the tissue (Leonard et al., ies$). Thus, the ability to assess blood
flow at multiple tissue depths simultaneously colddof great benefit in a wide variety
of clinical and research applications. The optrddgice shares many similarities with
laser based methods to record blood flow in the¢rdight is sent down a fibre to the
tissue and the return light detected on a photeditte device could be valuable in these

applications.

5.2.2 Further system characterisation

Development of a multi-optrode recording systenbleséor a range of applications will
require elegant user interfaces. Moreover, furtblearacterisation of multi-optrode
recording will be necessary. Characterisation issafecritical importance in relation to

recording transmembrane potentials in the hearbaaid include:

1. Testing whether the intramural optical signals elpsepresent local transmembrane
potentials by comparing intramural optical signalth extracellular electrical signals
recorded at the same locations, and manipulatinigrapotential amplitudes and
durations both by application of electrical fieldsd by pacing at different rates. It
will be possible to assess changes in shock-indacadn potentials by comparison
with previous results, and to correlate the duratd optical signals with local QT
intervals, as well as activation times of optrodgnals with those of extracellular

potentials.

2. Testing whether multiple optrodes disturb thectbphysiological activity under
investigation. The effects of multiple optrodesernesd at varying distances from each

other on morphology of action potentials and atiiva sequence need to be
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determined. The effect of the device on extracatlslgnals recorded with traditional

electrodes could be similarly assessed.

3. Demonstrating that an optrode system can be taseecord intramural potentials in
the presence of defibrillating shocks. This mayabkieved by showing that changes
in the optical action potential caused by defiatibn strength shocks during the
refractory period increase as shock strength isegaand that hyperpolarisation is

greater than depolarization (Zhou et al., 1995).

4. Demonstrating feasibility of optical recording @fectrical activity in three
dimensions in the brain of an experimental animEhis could be done by

demonstrating the co-ordinated activity typicahdificially induced seizure activity.

The successful completion of these aims would pritreefeasibility of optrode-based
three-dimensional measurements of membrane actoentials in heart and brain.
Understanding how insertion of optrodes might distine electrophysiological activity
under investigation (se®m 2above) can be addressed in part by computer nioglelf
the insertion process. An example is given in bi§, where a spiral wave of activation is
modelled in a two-dimensional domain, using the-Hugh Nagumo membrane current
model. Inpart A of the figure, the domain is continuous, whereggairt B, insertion of
an array of optrodes is modelled by incorporatidrsquare holes in the domain (each
hole is of diameter 0.1 x the inter-optrode spariit is evident in Fig. 5.6 that insertion
of the optrodes does not dramatically alter theeggnsequence of activation under
investigation, although there are some differencesvavefront propagation apparent
between the continuous and discontinuous modeks.value of the optrode in studies of
defibrillation needs to be investigated in a simifashion. It is likely that the
discontinuities invoked by optrode insertion intuod a higher degree of artifact during

shock application, than during normal propagatimtesses.
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Figure 5.€ Spiral wave propagation and the effects of optriodertion

A two-dimensional monodomain simulation of a ratgtispiral wave in
(A) a continuous domain, and (B) a discontinuousmaio. The
discontinuous domain has holes across which zeso-€onditions are
applied. The holes are patterned in a regular amdth hole diameter
equal to 0.1 x the inter-hole distance. The gengattern of activation is
consistent between the two models, although sonserepancies in
wavefront curvature are apparent. The spiral waseinduced by
extinguishing the upper half of the propagating efeant (see the second
panel of parts A and B). The model used is courtasi{lavio Fenton

(www.http://stardec.ascc.neu.edu/~fenton/java/Zalfimml).

5.2.3 Technical issues of a multi-optrode recording system

The specifications for any multi-optrode recordisystem would need to be stringent.
Key issues include minimising cross-talk betweeranttels (preferably to <1%),
maximising efficiency of coupling of laser lighttanthe optrode fibres, and maintaining a

high signal tdRMSnoise ratio (preferably >60 for recordings durgmgus rhythm in the
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heart). Satisfying these requirements becomes robaflenging as the number of
optrodes increases. The strategy for attainingetlhggsals rests on the design of an
elegantly engineered module to replace the cerftti@mhroic mirrors, lenses, fibre

bundles) portion of the present single optrodeesydisee Fig. 3.1). Various options have

been assessed, and are outlined in detail below.
5.2.3.1 Methods of efficient and uniform couplirfgeacitation light into optrode fibres:

There are two primary approaches to obtaining atgreefficiency of coupling of the
laser light into optrode fibres. One approach isdi@in direct illumination of a tightly
bundled group of fibres by the laser beam, but eoddhe uniformity and efficiency of
coupling of this beam into the fibres by changitsgcross-sectional intensity profile. The
advantage of this approach is its simplicity. Systesses will arise primarily due to the
illumination of non-core parts of the optrode firéd second approach is to devise a

means of splitting the laser beam into a numbebe&mlets’, and then imaging these

250 flattened laser beam profile

-250 -200 -150 -100 -50 0 50 100 150 200 250
beam radius (pixels)

intensity (grayscale)

Figure 5.7 The flattened beam profile

Profile of the laser beam following propagationotigh a standard

converging lens exhibiting spherical aberratione Hpatial noise on the
trace is due to the low levels of light that wareged. Intensity peaks are
present on either side of the plateau of the moéihd are consistent with
those seen by -Saidi (2001’
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beamlets into the optrode fibres. The principleséssin a system using this approach are
sustained in the beam splitting process. This ambrdnas two main advantages. Firstly,
the ends of the optrode fibres proximal to therlagsuld not need to be bundled together
in a tightly packed array. If we are already splgtthe laser beam up into multiple
beams, there is no reason why these beams needniaclose proximity to each other. A
more spread out arrangement of optrode fibres wasldto eliminate any cross-talk
problems, and may also allow the use of ribbonesdike structures for bundling fibres.
Secondly, coupling of beamlets into the optrodeebwould reduce illumination of the

fibre buffer coating, and hence reduce the resyftuorescence of this coating.

Various experiments were carried out as detailéoMbeo determine the best approach to

the beam coupling problem.

Approach 1. Direct illumination of a fibre bundle:

The output beam of a laser operating in Tgivhode has a Gaussian cross-sectional
intensity profile. For distributing light evenly #blarge number of fibres, a flatter profile
would be preferable. Two methods were investigatecchieve so-called “flattened
irradiance” (Pu and Zhang, 1998) from the Gauskiaer beam. In the first, light exiting
a multimode fibre was imaged onto the tissue fllradle. The (light exiting) face of the
multimode fibre was brought into focus on the tes§ibre bundle. This technique offered
relatively uniform illumination of the tissue fibtaundle, but was found to be untenable
due to temporal fluctuations in intensity acrosslieam width, which were caused by the
speckle pattern associated with the multimode fibitee second method employed the
spherical aberration of a standard lens to flatten Gaussian profile (Pu and Zhang,
1998; Al-Saidi, 2001). The flattened beam obtaitgdthis method was assessed by
projection onto a CCD array. The beam profile stteld in Fig. 5.7. The use of spherical
aberration to generate a flattened profile bearddhpfomise as a useful technique for our
application. The advantages of using a beam opfiafile were quantified (Fig. 5.8). The
fraction of the laser beam which falls on the filbreres of the tissue bundle is
numerically integrated as iBection 3.3.1 Efficiency and uniformity of coupling is

examined for a hexagonally packed bundle of F-MCHbfies. There are 4 concentric
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Figure 5.8 Coupling of laser beam into a [ sheltll
bundle of 61 optical fibres shell 2

efficiency of coupling shell 3

lllumination of fibre bundle with a beam of <hell 4

Gaussian profile (A) and flat profile (B). Y total efficiency
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Both graphs show the total coupllnguniformity of coupling shell 2

efficiency in red. Black lines represent S:e::j

coupling uniformity for each of the fibre
shells, whilst blue lines represent the
efficiency of coupling of light into each

shell, and the central fibre of the bundle.

rings or ‘shells’ in the bundle plus a central &bgiving 61 fibres in total. Efficiency is
defined as the percent of total laser power inditethe bundle that may be coupled into
any single fibre of a particular fibre shell. Unifaity is defined as the ratio of average
power carried by fibres of a particular shell te ffower carried by the central fibre. The
flattened beam provides both improved couplingcedficy and uniformity for a bundle
of 61 fibres. For a flattened beam, total couplefficiency approaches ~40% as the
number of shells in the fibre bundle increases.

Approach 2. Use of beam splitters for distributing light betwesptrode fibres:
(a) A fibre splitter based approach
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Figure 5.9The fibre splitter cascade
Broad-band fibre splitter configuration. Laser bemsntoupled into the input
fibre of the splitter in stage one. Three stagesptitters divide the laser light

into 8 channels of output.

A light distribution system was designed from brdehd (400-1600nm) fibre splitters
(ADC Inc.). The design is shown in Fig. 5.9, andsists of a cascade of fibre splitters. A
mode scrambler (FM-1; Newport Corporation) was ssagy at the input end of the first
splitter to allow even distribution of light acroalt output fibres. The individual splitter
performance is determined by the insertion losso(if the optical power launched at the
input port of the coupler to the optical power dher output port) and the uniformity
(difference between the highest and lowest inserloss between both output ports).
These two parameters were measured to be ~3.5d@B-@BdB, respectively, for the
splitters tested. With a cascade of seven splitfeight output channels), the total
transmission efficiency at 630nm was ~53%. Losseseafrom coupling the laser into
the input fibre of the first splitting stage, thede scrambler, and the successive stages of
splitting. A suitable model for the total transnssefficiency T.E) of the system may

be written as

T.E.=0.9x0.9x0.87S (5.1)

where values of 0.9 are assigned to the maximurewable laser coupling efficiency,

and maximum efficiency of the mode scrambler, 8iglthe number of splitter stages.
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A system using 64 optrode fibres would requireayes of splitters, resulting in ~35%
transmission efficiency. The output fibres of th@iteer cascade may be bundled and
imaged onto the optrode fibres. A prototype imagsggtem allowing this strategy was
developed as in Fig. 5.10. On the basis of the lagkes inherent in the fibre splitters
alone this method offered little promise as a \@adblution to the laser-fibre coupling

problem.

Si,= 75mm

fy=100mm

Al d, =190mm

d, = 100mm |4

f,=16mm

Si;= 17 mm

Figure 5.10Fibre to fibre imaging system
The splitter output fibre is imaged via reflectioff the dichroic mirror
onto the optrode fibre. This is in turn imaged tigb the dichroic mirror,

onto the detector bundle fibre.

(b) A diffractive beam splitter based approach

It is possible to cheaply purchase a linear diffi@cbeam splitter — a device which is
able to split an incident laser beam into 31 betsrdéong a single axis, with reportedly
81% efficiency, and 80% uniformity (Thorlabs IncThis approach to splitting the laser
beam needs to be investigated more fully. It islearcwhether the added efficiency of

such an approach would out-weigh the disadvantzageatlinear (one-dimensional) array
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of fibres is likely to require specially correctegptics to image all fibres without
excessive image aberration. Of course the extecbwection required will depend on

the number of optrode fibres employed.

5.2.3.2 Systems for detection:

In order to maintain a high SNR on signals record&ti a multi-optrode system, it is
necessary to re-evaluate which form of detectionp8mal in the optrode application.
Before beginning an in-depth comparison of detetypes, it is useful, however, to

obtain a rough indication of the levels of light ew® wishing to detect with the system.

A typical action potential recorded with a singlgtioal fibre placed on the epicardial
surface, using a single photodiode as the deteistehown in Fig. 5.11. The signal was
obtained with a flat-cleaved F-MCB-T fibre (sBection 3.2.8 Fluorescence was in the

>600nm bandwidth (non-ratioed signal). The actioteptial amplitude is approximately

-2.2 1
-2.3

2.4 1

signal (V)

-2.5 A

-2.6

-2.7

0 0'.5 i 1'.5 é 2'.5 é 3'.5 4'1
time (s)
Figure 5.11Membrane potential dependent optical signal
Raw (unfiltered) signal recorded through a flataeked optical fibre
placed on the epicardium, using a photodiode. Elsmence collected is of

wavelength >600nm.
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0.1V, suggesting a photodiode current of 10nA. fgki(from the manufacturer's
specifications) the sensitivity of the photodiodebe 0.4A/W one can easily deduce the
photon flux associated with the action potentiabeoapproximately 8xf0ophotons per
second. From Fig. 5.11 we can see that this fluabigut 3% of the total background
fluorescence. To put this level of light in conteixtis suggested that photon counts of
<10°/s represent the “low light levels” of fluorescenmenfocal microscopy (where in
fact photon counting may be advantageous), whereasts=10%/s might be typical of
reflectance confocal microscopy (Pawley, 1995).islhot surprising that fibre optics
collect more light than the photomultiplier tube afluorescence confocal microscope.

The increased signal comes at the expense of redypeial resolution.

The principle forms of detection presently employedoptical systems used to map
fluorescence from tissue surfaces are charge-coupkevice (CCD) cameras and
photodiode arrays (Baxter et al.,, 2001; Girouardakt 1996). The fundamental

difference between these two forms of detectiothe&g CCD cameras integrate light
(photons) over a period (the frame interval) wherphotodiodes provide a continuous
current output in proportion to the light they reee CCD cameras have many more
pixel elements (typically thousands) than photodiagrays (typically hundreds). If the
same area is imaged onto a CCD camera, and a pbaecairay, each CCD element will
receive far less light than its larger photodiodmirgerpart, and its SNR will be

correspondingly poorer. However the large numbeelements permit CCD users the
option of averaging over a number of elements {@paveraging) which can either be
done at the readout stage of the camera (pixelifghnor post-hoc by applying

averaging kernels to the image.
Detector Overview

Deciding the optimum detector for a particular &gilon depends on an understanding
of the parameters governing noise in various detecfny photoelectric effect is subject
to the Poisson statistics which govern the arrofgbhotons at the detector, which leads

to so called “shot noise” in the recording. Shasaas simply equal to the square root of
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the signal mean for a system which integrates logter time, such as a CCD camera or
photomultiplier tube (PMT) in photon-counting modéor a device which generates
current continuously in response to light, suchagshotodiode or PMT in continuous
measurement mode, the shot noise current is detedifrom the expressiof(2ekB),
whereB is the bandwidth of recording,the electron charge, ahdthe cathodal current
generated in the detector. Quantum efficiency (QfEEhe detector in a shot noise limited
system is an important parameter. For example,ctoese a SNR of 10 in a light
integrating system requires 100 detected photohghwin a system of QE=0.5 (typical
of a CCD camera) requires 200 incident photon®H£0.15 however (typical of a PMT)
this requires 667 incident photons. Of course stwse is not the only noise to be
considered. PMTs have markedly lower dark noise t6&€D cameras, reducing their
noise equivalent power to less than the human Agelight levels increase, PMTs
become less attractive because of their poor QEti¢pkarly at red wavelengths).
Photodiodes generally have lower dark noise and avgher quantum efficiency

(approx. 0.8) than CCD cameras.

The task is to decide on the optimum detector for application of intramural optical
mapping. One of the primary advantages of CCD camén heart surface optical
mapping is the ability to visualize anatomical stanes such as the coronary arteries, in
movies of voltage-dependent fluorescence. In opfiegion, spatial sampling density is
restricted by the geometry of the optrode itseif] these anatomical features are lost no
matter what form of detection is used. The largmioer of elements in a CCD chip do
offer us a different advantage however. This is dbdity to image a bundle of many
(even hundreds) of tissue fibres, and assign efsgixels to each tissue fibre. The
flexibility in this assignment would allow irreguldissue bundle geometries. For a
bundle of tissue fibres to be imaged onto a photbeliarray, or onto arrays of fibres
leading to individual photodiodes, the tissue bandust be of strictly regular geometry.
This poses fabrication difficulties as the numbetissue fibres increases. The ease of
implementing a fibre based imaging system with aDC€&mera must ultimately be
weighed against the signal qualities of the twoed@n systems. In a system of low

spatial sampling density one must achieve the kigidelity signals possible, to exclude
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artifacts additional to the possible spatial fragpye aliasing already inherent to the
system.

CCD Cameras

There are currently a very large number of CCD carges available commercially for
a wide range of applications. Camera frame rateg fvam the standard 30Hz video rate
to in excess of 4kHz. Rapid readouts in the kilgheange can be obtained in short bursts
in specialised cameras, whilst cameras with few@b@Ilements can sustain continuous
frame rates up to 1kHz. A popular camera amongstalpmapping researchers at the
present time is the Dalsa CA-D1, and the extenlitefature which characterises this
camera lends it to comparison to our present réegrslystem. This camera offers on-
board digitisation of the recorded image, with 12-kesolution. An important
specification for this camera is the read noisdi¢gital numbers (DNRMS(max), which
corresponds to a noise equivalent exposure of é&@pJ(manufacturer's specs)).
Assuming a frame rate of 490 frames per secondi(mar frame rate), we may derive
the noise equivalent power (NEP) as 1.4%40 By cooling, Witkowski et al. (1998(a))
were able to operate the camera withRMSread noisedark noise) of 1.6DN. Their
extrapolated conversion constant of 230K (see their Fig. 3B) seems too low for this
camera as it corresponds to a full well capacityl@hJ/cm (assuming a QE of 0.5), far
less than manufacturer’s specification of 44n3/dfrom Fig. 3B of the Witkowski paper
one can estimate the NEP of their cooled systerapgsoximately 18%. This is a
useful value to compare to our current imagingesystin Section 3.3.5 the dark noise of
our photodiode based system was calculated as@\¥0Assuming a gain of £an our
current to voltage conversion, and a photo-seiisitin our detectors of 0.4A/W
(manufacturer's specs) we find the NEP of our sysie 10"W. This indicates that our
photodiode based system has a threshold for ligtetction 1000 fold lower than the CA-
D1 camera.

Whether the higher sensitivity of our photodiodesdsh system translates into improved

recordings of transmembrane potential depends enntagnitude of our signal level
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compared to the dark noise. At first glance it nsagm that a read noise of 1.6DN is
insignificant compared the total 4096DN (12 bitslage representation, however this is
not necessarily the case. Following contrast aaijests to allow the entire field of view
to be imaged without saturation, it is unusual btamm a mean action potential upstroke
which covers greater than 50DNs in a 12 bit systéncan be seen in Fig. 3 of the
Witkowski paper (Witkowski et al., 1998(a)) thatsaich a signal level the system is not
shot noise limited. It is also worthwhile notingttithe system of Witkowski et al. (1998)

uses pre-camera intensification which adds additionultiplication noise to the system.

We may compare the CA-D1 camera to another cansad i the laboratory of Jalife
(Syracuse, New York). Overall, the CA-D1 system aabkeoretical limit to the Si\is
of approximately 10 for each CCD element (Witkowskial., 1998), which, is not far
from the S/Mwus of 7.5 obtained experimentally with Baxter's systéBaxter et al.,
2001).

In conclusion we expect that photodiodes may offezater recording fidelity of

transmembrane potentials than their CCD countespart

Photodiodes

The operations of a p-n diode can be summarised thwt use of Fig. 5.12 (Hamamatsu,
1997). Light incident to the diode generates etectrole pairs, establishing a current
around the short circuited device, which variesanty with light intensity (note positions
at which the operating curves cross yhaxis in Fig. 5.12. The open circuit photodiode
will also produce a voltage response with lightethshows less linearity than the current
response (see points at which the curves cross @es). Device linearity is maximised
by employing the photodiode in a circuit of low dbauch as that provided by a high
input impedence op amp. Application of a reversttage to a photodiode shifts the
operating lines to the left in Fig. 5.12, and idnoes a dark current which compromises
the diode sensitivity. Such a reverse potentiadidet® improvements in response speed

however, by establishing an electric field in thepltion layer of the photodiode which
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moves charge carriers more quickly to the diodéasar Thus the principle trade-off in

photodiode selection is one of sensitivity and oese speed.

PIN photodiodes (region ohirinsic material between the two doped regionggrofery
rapid response times, due to their lower termirggdacitance and construction, which
reduces the number of carriers generated outsel@dbletion layer. These devices are
primarily aimed at high speed communications apgibe's. The speed required to
resolve the events of interest in the heart is id@ngbly less. Avalanche photodiodes
(APDs) are similar to PMTs in that they carry oratbamplification of the signal. They
are suited to applications where the operationadliier circuit thermal noise dominates
the photodiode noise (typical in high speed lovtlitevel applications). In this case the
amplification of the diode can be increased unsilassociated noise reaches the same

level as the thermal noise of the readout circBawley, 1995). APDs require driving
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Figure 5.1Z Current versus voltage relationship for photodiodes

The photodiode operates at points along the y wakien its poles are
shorted. Conversely, infinite load between its pdads to operation at
points along the x axis. Intermediate load line®pération are shown in
the figure.
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circuits to quench the amplification process, lingttheir ease of implementation in
multi-element optical mapping systems.

CCD vs Photodiode arrays — a signal comparativegtu

It is possible to directly compare action potent&dnals obtained over the same
epicardial area, by different sensing modalitieteally such a comparison would be
between signals obtained in the same hearts, aattme temporal resolutions. Although
such data does not exist, some useful comparisstilipossible between the signals of
different research groups. Fig. 5.13 shows a colsmarbetween photodiode signals
obtained with two commercial arrays (C4675; HamamaEfimov and Biermann, in
press), and (MD-144-5T; Centronic, Girouard et #096), and CCD camera signals
(6510; Cohu, Baxter et al., 2001), and (ICX 082:/8edia Ltd, Gray, 1999). The spatial
resolutions (in mm of epicardial surface/pixel)toé signals are shown underneath each
trace. Both the high resolution Cohu 6510 signal the ICX 082 signal are from single
CCD elements, whereas the lower resolution Coh®@ &ignal is obtained by application
of a conical averaging kernel of width 11 pixelse teffective resolution having been
calculated as the product of the spatial resolubioa single pixel and the kernel width at
half height (Baxter et al., 2001). Other CCD canggmals from the Witkowski group,
using the CA-D1 camera, are of similar quality tamde shown (Witkowski et al.,
1998(b)). The acquisition rates of the signals ghamw Fig. 5.13 are (in order top to
bottom) 2000Hz, 1000Hz, 240Hz, and 500Hz. The #@gsuggests that in terms of both
fidelity and acquisition speed CCD cameras perfararse than photodiode arrays. It
should be noted that the SNR of CCD camera signdlgieteriorate further as frame
rates are increased, due to increased contributbnsad-out noise (see Fig. 3 of Gray
and Banville,in pres3. The light source used in recording may also adde to the
signals. The top three signals were all recordadgu250W tungsten-halogen light
sources, whilst the bottom signal was obtainedguaid00W xenon arc lamp.
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Figure 5.13Comparison of optically recorded action potentials

Signals obtained with photodiodes (top) and CClnheras (bottom).
Spatial resolutions (mm/pixel of the epicardial gepare shown beneath
the individual traces.

The discussion above indicates that photodiodesnaleed the most suitable form of
detector in our application, assuming the condtsaih imaging the optrode fibres onto

each detector surface with minimal cross-talk ca\ercome.
5.2.3.3Systems for illumination:
Having discussed the options for detection in theade system, it is worth reinforcing

the fidelity of non-ratioed signals from our pressgstem is actually limited by noise

associated with the laser light source (Seetion 3.3.p It is expected that upgrading the
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laser presently employed will improve this situati®ptions include a new water cooled
argon ion laser, or a solid state Verdi laser. atheantage of the latter is an exceptionally
stable output beam, however only one line of opmma532nm) is possible with this
laser, which would restrict the variety of dyeshlesawith the system. Perhaps a better
approach is to combine the purchase of an argofagar with a “noise eating” acousto-
optic modulation system: these have the abilityeduce noise in the <1kHz bandwidth

by an order of magnitude.

5.3 Conclusions

In summary, this thesis has presented two majoresodf work. In the first, results
relevant to the biological function of the heartrevebtained, via a novel combination of
extended confocal microscopy, and finite elementelimg. In the second, a novel
probe for making fluorescence measurements deemnwissue was developed and
characterised. Both aspects of the thesis promoisgpén future areas of research and

yield further interesting data.

Work is underway to develop an automated extendatbcal imaging system capable of
producing large-scale reconstructions of tissuerestcucture which will be used in
functional finite element modelling studies. Segtagan of the tissue components of
interest and storage of large volumes of data nemasues to be progressed.
Experimental verification of the key aspects of thecontinuous propagation model is

continuing.

Several studies are planned which aim to furtharatterize the optrode system for use
in recording action potentials through the ventacwvalls. A multi-optrode system with
seamless user interfaces is required for the dpredat of a multi-purpose fluorescence

imaging system able to be used in a variety ofiaafbns.
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CMISS Command Files

The discontinuous bidomain model describecChapter 2was implemented within the

CMISS (Continuum Mechanics, Image analysis,Signal processing adSystem

identification) environment which has been devetbpmer some 20 years in the

Bioengineering Group. The following file is a list CMISS commands which are used

to solve the model described$ection 2.2.3propagation from a point stimulus).

fem de para;r;minimal_parameters

fem de regi;r;d_c

fem de coor;r;regionl reg 1
fem de coor;r;region2 reg 2

fem de base;r;three_base_combol

fem de node;r;d_c_small_yz

fem de elem;r;d_c

fem de node;r;manuscript_diag reg 2
fem de elem;r;manuscript_diag reg 2
fem de fibr;r;d_c_full

fem de elem;r;d_c_full fibre

fem de grid;r;d_c

fem update grid geometry

fem update grid connectivity

fem group grid external as boundary

#fem list grid;temp connectivity

Define the parameter sizes for this problem

Set up 2 regions; one for the external bounding
elements of the trilinear mesh (region 1) and one
for the cleavage planes (region 2).

Set up the rectangular cartesian coordinates for
both regions. Both regions are three-dimensional.

Define the two basis functions required, namely
bilinear (cleavage planes), trilinear (bounding
elements of trilinear element mesh).

Define the nodal coordinates of the bounding
elements of the trilinear mesh

Define the bounding elements

Define the nodal coordinates of the cleavage
plane elements
Define the cleavage plane elements

Define the myocyte fibre orientations at the nodes

Define the interpolation to describe the fibre
orientations

Define the number of solution nodes within each
bounding element, in each direction

Update the arrays describing solution node
connectivity

Group all boundary solution nodes and flag as
“boundary points”

Optional listing of the connectivity of solution
nodes (useful for debugging)
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#fem export node;d_c_export_full_small_yz as cube

reg 1

#fem export elem;d_c_export_full_small_yz
grid_numbers as cube reg 1

#fem export node;cleavage_export_full as
cleavage_export reg 2

#fem export elem;cleavage_export_full as
cleavage_export reg 2

fem de equa;r;discontinuous_1 class 1,2

fem de mate;r;discontinuous_1

fem de cell;r;discontinuous_1

fem de init;r;d_c class 1,2

fem de solv;r;discontinuous_1_bidomain calc_activ

class 1
fem de solv;r;discontinuous_1_bidomain2 class 2

fem solve to 0 calc_activ class 1,2

fem export elem;"gridfield3_full_class1_000" field
class 1

fem export elem;"gridfield3_full_class2_000" field
class 2

foreach $count ('001'..200") {

my $time = $count/10;

fem solve restart to "$time" calc_activ clasa

print "time: $time\n";

fem export elem;"gridfield3_full_class1_$cdun
field class 1

fem export elem;"gridfield3_full_class2_$cdun
field class 2

}

Export the nodes and elements of regions 1 and 2
in a form readable by the graphics front end
CMGUI.

Define the equations to be solved, ie. bidomain
and the ionic current model, ie. cubic.

Define the material properties of the domain,
namely intra- and extra- cellular conductivities in
the three orthogonal directions of the laminar
microstructure.

Define the parameters of the cubic ionic model.

Define the initial conditions (nodes of
transmembrane current injection).

Define the solver type to use for solving
transmembrane and extracellular potentials (ie.
conjugate gradient method).

Assemble solution matrices and solve for the
initial potentials.

Export the transmembrane (class 1) and
extracellular (class 2) potentials at time zero.

Solve the system of equations for 0 to 20ms, in
steps of 0.1ms, exporting the potential fields at
each time step.
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The following file is a list ofCMISS commands which are used to solve the model

described irBection 2.2.4shock-induced response).

fem define para;r;minimal_parameters

fem define regi;r;biline

fem define coor;r;biline reg 1
fem define coor;r;biline2 reg 2

fem define node;r;confocal_sim_1

fem define base;r;five_base_combo

fem define elem;r;variable_outer

Define the parameter sizes for this problem

Set up 2 regions; one for the external bounding
elements of the trilinear mesh (region 1) and
one for the cleavage planes (region 2).

Set up the rectangular cartesian coordinates
for both regions. Both regions are three-
dimensional.

Define the 64 nodes required for the outer
bounding elements of the trilinear solution
mesh

Define the five basis functions required, namely
bilinear (cleavage planes), trilinear (bounding
elements of trilinear element mesh), cubic-
linear-linea (sheet angle interpolation), cubic-
linear, and linear-cubic.

Define the bounding elements

fem define node;r;cleavage_heavy handed_shifte@ regDefine the nodal coordinates of the cleavage

plane elements

fem define elem;r;cleavage_heavy handed_shifte@ regDefine the cleavage plane elements

fem define fibr;r;full_domain

fem define elem;r;confocal_sim_1 fibre

fem define grid;r;confocal_sim_1

fem update grid geometry

fem update grid connectivity

fem group elem 1,2,3,4,6,7,8,9 as outer_elementsl

fem group elem 10,11,12,13,15,16,17,18 as
outer_elements2

fem group elem 19,20,21,22,24,25,26,27 as
outer_elements3

fem define equa;r;biline class 1,2

fem define mate;r;biline class 1,2

fem define cell;r;biline class 1,2

Define the myocyte fibre orientations at the

nodes

Define the interpolation to describe the fibre
orientations

Define the number of solution nodes within

each bounding element, in each direction

Update the arrays describing solution node
connectivity

Group the bounding elements for later
reference

Define the equations to be solved, ie. bidomain
and the ionic current model, ie. modified BR
Define the material properties of the domain,
namely intra- and extra- cellular conductivities
in the three orthogonal directions of the
laminar microstructure.

Define the parameters of the cubic ionic model.
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fem group grid xil=low elem 5 as left_groupl_stioaul

fem group grid xil=high elem 23 as
right_groupl_stimulus

fem group grid xil=low elem 2,4,6,8 as
left_group2_stimulus

fem group grid xil=high elem 20,22,24,26 as
right_group2_stimulus

fem group grid xil=low elem 1,3,7,9 as
left_group3_stimulus

fem group grid xil=high elem 19,21,25,27 as
right_group3_stimulus

fem group grid line 1189 xidirn 2 as templ

fem group grid line 1189 xidirn 3 as temp2

fem group grid line 24301 xidirn -2 as temp3

fem group grid line 24301 xidirn -3 as temp4

fem group grid grid temp1,temp2,temp3,temp4 as
left_group4_stimulus

fem group grid line 325435 xidirn 2 as templ

fem group grid line 325435 xidirn 3 as temp2

fem group grid line 371659 xidirn -2 as temp3

fem group grid line 371659 xidirn -3 as temp4

fem group grid grid temp1,temp2,temp3,temp4 as
right_group4_stimulus

fem group grid line 1189 xidirn -3 as temp1l
fem group grid line 1189 xidirn -2 as temp?2
fem group grid line 10429 xidirn 2 as temp3
fem group grid line 10429 xidirn -3 as temp4
fem group grid line 24301 xidirn 2 as temp5
fem group grid line 24301 xidirn 3 as temp6
fem group grid line 5269 xidirn 3 as temp7
fem group grid line 5269 xidirn -2 as temp8
fem group grid grid

Group together solution nodes at the epicardial
and endocardial surfaces in order to specify
the time-dependent current boundary
conditions at these grouped nodes. Note that
uneven node spacing across the epi- and endo-
cardial surfaces requires different current
magnitudes to be injected on regions of
different node density, in order to maintain a
uniform current density boundary condition.
This section of the command file was
automatically generated by Perl script given
the sizes of the bounding elements.

templ,temp2,temp3,temp4,temp5,temp6,temp7,temp8

as left_group5_stimulus

fem group grid line 325435 xidirn -3 as templ
fem group grid line 325435 xidirn -2 as temp2
fem group grid line 343915 xidirn 2 as temp3
fem group grid line 343915 xidirn -3 as temp4
fem group grid line 371659 xidirn 2 as temp5
fem group grid line 371659 xidirn 3 as temp6
fem group grid line 333595 xidirn 3 as temp7
fem group grid line 333595 xidirn -2 as temp8
fem group grid grid

templ,temp2,temp3,temp4,temp5,temp6,temp7,temp8

as right_group5_stimulus

fem group grid line 1 xidirn 2 as templ

fem group grid line 1 xidirn 3 as temp2

fem group grid line 33697 xidirn -2 as temp3

fem group grid line 33697 xidirn -3 as temp4

fem group grid grid templ,temp2,temp3,temp4 as
left_group6_stimulus
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fem group grid line 323059 xidirn 2 as templ

fem group grid line 323059 xidirn 3 as temp2

fem group grid line 390451 xidirn -2 as temp3

fem group grid line 390451 xidirn -3 as temp4

fem group grid grid temp1,temp2,temp3,temp4 as
right_group6_stimulus

fem group grid line 109 xidirn -2 as templ
fem group grid line 6757 xidirn 2 as temp2
fem group grid line 29053 xidirn -3 as temp3
fem group grid line 32725 xidirn 3 as temp4
fem group grid line 27973 xidirn 2 as temp5
fem group grid line 6349 xidirn -2 as temp6
fem group grid line 5161 xidirn 3 as temp7
fem group grid line 1081 xidirn -3 as temp8
fem group grid grid
templ,temp2,temp3,temp4,temp5,temp6,temp7,temp8
as left_group7_stimulus

fem group grid line 323275 xidirn -2 as templ
fem group grid line 336571 xidirn 2 as temp2
fem group grid line 381163 xidirn -3 as temp3
fem group grid line 388507 xidirn 3 as temp4
fem group grid line 379003 xidirn 2 as temp5
fem group grid line 335755 xidirn -2 as temp6
fem group grid line 333379 xidirn 3 as temp7
fem group grid line 325219 xidirn -3 as temp8
fem group grid grid
templ,temp2,temp3,temp4,temp5,temp6,temp7,temp8
as right_group7_stimulus

fem group grid grid 1189,10429,5269,24301 as
left_group8_stimulus

fem group grid grid 325435,343915,333595,371659 as
right_group8_stimulus

fem group grid grid
109,6757,29053,32725,27973,6349,5161,1081 as
left_group9_stimulus

fem group grid grid

323275,336571,381163,388507,379003,335755,333379,
325219 as right_group9_stimulus

fem group grid grid 1,28081,33697,6241 as
left_groupl0_stimulus

fem group grid grid 323059,379219,390451,335539 as
right_groupl10_stimulus

fem define time;r;left_groupl_stimulus
fem define time;r;right_groupl_stimulus
fem define time;r;left_group2_stimulus
fem define time;r;right_group2_stimulus
fem define time;r;left_group3_stimulus
fem define time;r;right_group3_stimulus
fem define time;r;left_group4_stimulus
fem define time;r;right_group4_stimulus
fem define time;r;left_group5_stimulus
fem define time;r;right_group5_stimulus

Define the time-dependent boundary conditions
on the various solution node groupings. Each
node group contains nodes of equal spacing, on
the epi- and endo- cardial surfaces of the
solution domain
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fem define time;r;left_group6_stimulus
fem define time;r;right_group6_stimulus
fem define time;r;left_group7_stimulus
fem define time;r;right_group7_stimulus
fem define time;r;left_group8_stimulus
fem define time;r;right_group8_stimulus
fem define time;r;left_group9_stimulus
fem define time;r;right_group9_stimulus
fem define time;r;left_group10_stimulus
fem define time;r;right_group10_stimulus

fem define init;r;biline class 1,2

fem define solv;r;biline class 1

fem define solv;r;biline2 class 2

fem export node;biline as cube reg 1

fem export elem;biline grid_numbers as cube reg 1

fem export node;cleavage_heavy handed_shifted as
cleavage reg 2

fem export elem;cleavage_heavy handed_shifted as
cleavage reg 2

fem solve to O class 1,2
fem export elem;"gridfield_class1_ 000" field cldss
fem export elem;"gridfield_class2_000" field class
foreach $count ('001'..'100'
my $time = $count/10;
fem solve restart to "$time" class 1,2
fem export elem;"gridfield_class1_$count" fieldss 1
fem export elem;"gridfield_class2_$count" fieldss 2

print "time: $time\n";

Read in all the time-dependent boundary
conditions, and set the point at which
extracellular potential is zero.

Define the solver type to use for solving
transmembrane and extracellular potentials
(ie. conjugate gradient method).

Export the nodes and elements of region 1 in a
form able to be read by the front end CMGUI
graphics display

Export the nodes and elements of region 2 in a
form able to be read by the front end CMGUI
graphics display

Assemble solution matrices and solve for the
initial potentials.

Export the transmembrane (class 1) and
extracellular (class 2) potentials at time zero.

Solve the system of equations for 0 to 10ms, in
steps of 0.1ms, exporting the potential fields at
each time step.
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