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Cardiac structure and electrical activation: Models and measurement
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Summary marked spatial variation may @ rise to sustained re-
o entrant vave motion. While electric potentials can be

1. Our group has deloped finite element models of rgcorded with high spatial and temporal resolution at the
ventricular anatomy which incorporate detailed structurg{gt surdice$’, it is often difiicult to relate these data to
information. Thesehave been used to study normaliniamural electrical aatity. Moreover, while it is possible
electrical actiation and re-entrant arrhythmia. to male intramural measurements of xtecellular

2. A model based on the actual 3D microstructure g§oientiaf® and membrane potenti8l these techniques lack
a ransmural V segment predicts that cleage planes ihe gpatial resolution to reconstruct fully the 3D spread of
between muscle layers mayveifise to non-uniform, gjectrical actiation. Within this contet, mathematical
anisotropic  electrical propagation and also viife a odelling provides a peerful tool with which to interpret
supstrate_ for Wk resetting of the myocardium during 5 interpolate  @erimental  observations.  Thus
defibrillation. o _ _ mathematical models which incorporate representations of

3. The model predictions are consistent with thgcal microscopic structure offer insight into microscopic
results of preliminary xperiments in which a el fibre  gjectrical effects and will become increasingly important
optic probe is used to record transmembrane potentials&t understanding the generation and maintenance of re-
multiple intramural sites in the intact heart. Extracellulagntrant arrhythmias as well as their ultimate/pnéior®.
potentials are recorded at adjacevitdites ir_l thes_e s?qdies_. It is relatively straightforward to specify the features

4. We onclude that structural discontinuities ingf the computer models necessary toeddvances in this
ventricular myocardium may play a role in the initiation Ofje|q. They include: descriptions of cellular architecture and
re-entrant arrhythmia and discuss future studies that addrgggyiac boundary geometry at a scale appropriate to the
this hypothesis. problems addressed; an adequate representation of the main
time-dependent processes that determine cellular electrical
activity; and a realistic description of the spatiatiation of
cellular electrical properties. Maver, such models also

We havea mhust understanding of thadtors which need to be computationallyfiefent so that repeategdes
influence cardiac electrical agtion at the cellular .  Of re-entrant electrical activity can be simulated within a
This is grounded in systematicperimental study of the reasonable time-frame.Finally, model \alidation is a
time-dependent characteristics of transmembrane i@fitical element in this proces$nnovative echniques must
channels, membrane-bound ion transporters and punips deeloped for mapping both transmembrane and
carried out wer mary years, in a ariety of cardiac cell exracellular potentials not just on the heart aces, bt
types. Theselata hae been assembled into biogdically- also intramurally While it is not yet possible to realize all
based computer models that reproduce the okdenof these requirements simultaneoushey are for the first
electrical behaviour of atrial andentricular myocytes, as time within our grasp.n this article, we outline the fefts
well as cells of the specialized conduction systém of researchers ovking in this field at the Auckland

However, our knowledge of theafctors that underlie Bioengineering Institute.
electrical acwation in the intact heart and, more
particularly those that gie rise to re-entrant arrhythmia and

fibrillation is more qualitatie. There are a number of We have made detailed measurements of three-
reasons for this.Normal and re-entrant aeétion are 3D yimensional ventricular surface geometry in passbgt!
events that inolve relatively large tissue volumes and areg,q pig heart&fixed in an unloaded stat@hese data he
influenced by regionalariation of the electrical properties peen incorporated into a high order finite element model
of cardiac tissue and by the complarchitecture of the 4t praides a compact representation oéntricular
heart. Spachrecently listed three primary mechanisms th"’éeometry including a realistic description of atrio-

may gve fise to re-entry: (1) gional heterogeneity of yentricylar \alve fing topology and the structure of the
cellular electrical properties; (2) anisotropic discontinuitiegentricular apice®.

in which the discrete nature of cellulargamization cause The muscular architecture of the heart is a crucial
slow propagation in particular directions; and (3pMeront  geterminant of its electrical function. Streeter and co-
dynamics, in which abrupt changes aiwsiront cunature  yorierd® descried ventricular myocardium as a
in regions where structure is discontinuous ahileits  continyum in which myofibre orientation varied smoothly

Introduction

Three dimensional structure of right and left ventricles
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across the ventricularall. They measured the transmural structurally based material axes: (i) in the fibre direction,
variation of myocyte orientation at limited numbers of(ii) perpendicular to the fibre direction within a muscle
representatie ventricular sites in different species andlayer, and (iii) normal to the muscle layerA continuous
demonstrated that fibre angle varies by up to 180&presentation of these local structuralesaxhas been
transmurally Our research group has madghaustve incorporated into finite element models oé&ntricular
measurements of myofibre orientation throughout walls a@hatomy in do¥ and pig? based on systematic
right and left ventricles in dd§and pid? and hare siown measurements of transmural muscle laygagration and
that there is significant local variation of fibre orientationmatched myofibre orientation data obtained separately for
particularly at the junctions of the free walls of righthese species

ventricle (RY) and left ventricle (LV), and in the
interventricular septum. This information has been
incorporated into our finite element model of cardia
anatomy (see Figure 1) and is not captured fully in the ma
restricted datasets published earlier.

muscle fibre

Collagen

Figure 1. Finite element epresentation of ventricular

anatomy in the pig heart, incorporating accurate togylo

for inlet and outlet valve orifices. Epicial and endocar

dial surfaces a rendeed and surface element boundaried-igure 2. Schematic of cardiac microstructure.
are shown. The insetegon in the IV free wall indicates the (&) A transmual block cut from the ventricular wall shows
transmual variation of myofite aientation from aound the macroscopic asngement of muscle laygr Notethe
-60° with respect to the cumfeential axis close to the transmural variation of myofilerarientation.

epicadial surface to near longitudinal in the subendo{b) The muscle fibres @arhown forming a layer three to
cardium. four cells thik. Endomysialcollagen connects adjacent

cells within a sheet while perimysial cal links adjacent
sheets. (Modifiettom LeGriceet all®)

In most continuum models of the heart, it has been
assumed that the material properties oéntvicular
myocardium are transvsely isotropic with respect to the We havealso established techniques that enable us to
myofibre axis, reflecting the wie that neighbouring image and visualize 3D microscopic structuresxterded
myogytes are uniformly coupledHowever, it is now dear Vvolumes of cardiac tissuenitially, a confocal microscope
that \entricular myocardium is structurally orthotropic, withwas used to acquire "stacks" of optical sections to depths of
myogytes arranged in layers that are typically four cellground 60um at contiguous sites across the uppercsuof
thick!415 Adjacent layers are separated by vége planes resin-embedded myocardial specimens. The top lagsr w
which hare a daracteristic radial orientation in basesapethen trimmed dfusing a glass microtome and the sequence
ventricular sections and are significant inxtent, Of imaging and sectioning as repeated to assemblegkar
particularly in the M midwall’®>. Therefore, at an point high-resolution volume images ofentricular tissu¥.
within the \entricles, it is possible to define threeUnfortunately this process requires repeated manual steps
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to presere image rgistration and, as a result, is very time-
consuming. W haverecently completed @elopment of an
automated system that enables extended volume imag
be acquired much morefiefently. A high precision three-
axis translation stage is coupled with a confocal microsc
and histological ultramill under the control of a cent
computer It is now feasible routinely to capturectended
3D images of gntricular myocardium such as that shown
Figure 3. Digital reslicing, ggnentation and alume
rendering methods can be applied to the resultolgnves
to provide quantitafie information about the 3C
organization of myogtes, extracellular collagen matrix ar
blood vessel netark of the heart not previouslyailable.
More detailed information about these techniques
outlined in a companion article in this voluthe

Modelling electrical activation in ventricular
myaocar dium

The Auckland heart model has been used
oursehes and others to study normal cardiac electri
activation'® and the mechanisms that underlie re-entr
ventricular arrhythmig2%

We have also used detailed microstructure-bas
tissue models to address three specifjpothese¥. These
are (1) that early propation from a focal actgtion can be
accurately described only by a discontinuous model
myocardium (2) that the laminarganization of myogtes
determines unique propaijpn velocities in three
microstructurally defined directions at yamoint in the
myocardium, and (3) that interlaminar clefts, or e
planes, provide a means by which an externally app
shock can influence a sufficienblume of heart tissue tc
terminate cardiac fibrillationThe studies were carried oL.
using an extended volume image acquired from a
transmural segment of rav/Lfree wall (0.&0.8x3.7 mm) Figure 3.
and consists of 6.0710° cubic wxels at 1.56 pm Top:reconstructed volume of raMiree-wall.
resolutiori (see Figure 3A). The spatial arrangement dfliddle: transmual slice from the reconstructed volume
muscle layers was quantified as folo Cleaage planes showing a comple network of cleavge ganes whib
were manually sgmented and represented as bilinear finiteourse between myocyte laminae.
element sudce patches, while the transmural variation dBottom: bilinear finite element description of cle@ea
myoqgyte orientation \as characterized throughout theplanes through the enértissue block, and a smaller mid-
volume and represented as a linear functidnbidomain wall subsection. Myofikr aientation is shown on the epi-
formulation was used to model the spread of electric&pi), and endo-(endo)cardial surfaces. (om Hooks et
activation in this tissue ®lume. \éntricular myocytes and al.?9)
extracellular space were represented asgerlapping
domains, while clesmge planes were modelled as
boundaries to current flo in the intracellular domain.
Unlike the monodomain formulation, in which the
extracellular space is assumed to be infinitely conductin
the etracellular field is explicitly represented in the
bidomain approach. In practice, external electrical
interventions such as intramural stimulation or defibrillatin%
shocks are deléered extracellularly and the bidomain modelp
enables phenomena such as these to be studied directly.

The isopotential regions in Figure 4 indicate the
spread of electrical agttion from a point stimulus at the
entre of the tissue gment. Actvation was simulated
using a simple cubic ionic current motfel Two cases were
considered. In Figure 4A, we present results for the spread
f activation where the discontinuities due to clage
lanes were explicitly represented. lasvassumed that
electrical conductity in intracellular and racellular
domains are transvsely isotropic with respect to local
myocgyte orientation. Comparable data, presented in Figure
4B, were obtained using a continuous model in which it
was assumed that conductivity is orthotropic with respect to

* The reader is referred tooWng et al'” for more detailed
information about this data-set.
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Figure 4. Ectopic activation of (A) discontinuous model and (B) continuous madekmembaine potentials a& mapped
on 7 equi-spaced surfaces dligh the reconstructed tissue volyrae 8ms following midwall stimulationlsopotential
lines at 5mV intervals arshown in blak. Site of stimulation is shown with bkadot at cente of wolume The cleavae
plane obstacles in (A) lead to a highly discontinuous formaygagation, whit is, howeer, well approximated by the con-
tinuous model. (Modified from Hoo&sal??)

three microstructurally defined materialeax Thesdhree front propagtion due to tissue heterogeneity and
conductvity parameters were adjusted to best fit thdiscontinuities may ge lise to such complepolyphasic
propagtion patterns predicted by the discontinuous moddfractionated) extracellular potential recordiffg?s,
This analysis suggests that the spread of electrical The efects of applying a large potential féifence
activation from an intramural point stimulus in th&/lis between epi- and endocardial swds of the transmural
highly anisotropic due to discontinuities associated wittissue segment are shio in Figure 5, where results for
cleavage planes between muscle layers. Prapiag is most discontinuous (Figure 5A) and orthotropic continuous
rapid along the myagte axis, somewhat slower traesse (Figure 5B) structural models are contrasted. Constant
to the cell axis in muscle layers, but much slower again ourrent (10ms duration; uniform density 0.14mA/fmas
the direction perpendicular to the muscle layers. applied to the xracellular domain at the epicardial
Despite this global correspondence betweeftathodal) and endocardial (anodal) aads inducing an
discontinuous and continuous orthotropic model, the lattextracellular potential gradient of approximately 1V/mm
cannot reproduce the compléocal patterns of ast@tion across the ventricle wall. The shock responae modelled
that occur along the acétion wave front. Nearly all using a BeeleReuter ionic current modeimodified to
signals from the discontinuous model wh@me degree of account for large externally applied potenf&fs
fractionation, which is greatest in extent adjacent to the  The progression of awttion through the tissue
stimulus site. Moreover, the down strok duration of volume during the 10 ms for which the shocasaapplied is
signals recorded close to the stimulus sits wonsiderably very different for the continuous and discontinuous
longer in the discontinuous model, than in the continuo®lutions. Inthe former case, the transmural shock initially
model. It has previously beengaied that nonuniform awe produced steep potential gradients in sub-endocardial and
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Figure 5. Effects of cleavge pganes on activation after application of a ¢gr ransmual sho&. (Constanturrent: 10ms
duration; 0.14mA/mrh) Transmembane potentials a& nmapped on a single plane at the centf he reconstructed éns-
mural segment at 2ms time increments following onset of shock.

(A) Discontinuous model, with cleayadanes indicated by broken blatnes.

(B) Continuous model.

(Modified from Hooket al??)

sub-epicardial regions generating eatibn that at 10ms Intramural measurement of cardiac electrical activity

had spread only about 1 mm from the epicardialasexf . o o _
On the other hand, application of the transmural shock to ~ Direct \alidation of the model predictions reported in
the discontinuous tissue volume produced a series of shHPE previous section is technically faitit. To date,
intramural voltage steps centred on the\@ga planes that attempts to reconstruct the 3D spread of electricalaiictn
separate muscle layers. These local potential gradients wi@ugh the ventricular wall using extracellular plunge
generated by current in the extracellular space adjacentél§ctrodes ha& ovided relatwely coarse —global
cleavage planes and acted as secondary sources to "sedfi@rmation at beét Moreaver, it has not been priously

nearcomplete actiation at 10 ms. Very similar findings possible to measure transmembrane potentials at sites
were obtained with cultured mygtes laid down in @Cross the intact heartall. Recently howeve, we have

separated strantfs More recently Sharifov et al?® developed techniques that enable both transmembrane and

reported on xperimental studies that approximate théextracellular_ pqtentlals to be measured at multiple
simulations outlined hereOptical techniques were used tolntramural sites in the\L , _

map membrane potential across the surface of a perfused, 1'ansmembrane potentials are recorded using/d no

transmural segment rewal from the IV free vall of the OPtical probe or optrodé that consists of sen,

pig heart and transmural shocks of similar magnitude f§*@gonally packd optical fibres inserted into a tapered

those employed in thisark led to the formation of widely 9/ass micropipette (400 um OD). Fibres terminate at 1.4
distributed virtual sources. mm spacings and address a tissedume radial to the

optrode, each staggered by 60he principal elements of
the optical system are illustrated in Figure 6, Welo
Excitation light (488 nm) from a aercooled argon ion
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x108
to signal processing ~ Large core
and acquisition system imaging fibre
N bundies _ glass micropipette

Array of individual bundle B
photodiodes

BN bundle C
— bevelled fibres terminate
Shutt: at 1mm intervals
R 3 13 DM2 e
e ‘ [ EM2/EM3 excitation beam
argonion laser [ DS, emerges normal

sieerer DML to the longitudinal

Tt ‘ \_ axis ofthe fibre
laser diode KE ? x10 microscope

— objective lens
i
SC-8C
connectors
to tissue fib
measurement sites bUIll dlrz A
a) b)

Figure 6. Shematic digrams of a) optical mapping system and b) ai¢r Nomenclatue in @) is as follows: S, shutter;
L1&2, corverging lenses, DM1&2, diwoic mirrors; EM1&2, 600nm and 520nm long pass filters; EM3, 600nm short pass
filter. Optical fibres in bundles B and C have greater core:outer diameter ratio than those in C to maximize cofipling ef
ciency and facilitate alignment. (Modified from Hoeksl°)

laser is deliered to the optrode and excites the membraracing probe was placed adjacent to théraeellular
potential sensitie dye di-4-ANEPPS (Molecular Probesrecording probes. Extracellular potentials were monitored at
Inc.) adjacent to the fibre ends. Fluorescent light returns \adl 36 intramural sites until ST segmentval®n returned
the same path, and is split into long and shatdength to baseline and then in sinus/tthim and during entricular
bands that are routed to separate photo-detectither pacing (1 - 3 Hz) using a constant current stimulator
dual wavdength ratiometry or a modified subtraction(duration 2 ms; current 1.5x capture threshold). The heart
techniqué® are used to minimize light source noise anevas then excised with needle probes in place and mounted
remove atifact due to motion and fluorescence bleachingin a modified Langenddrperfusion apparatusThe heart
Intramural extracellular potentials are recorded using epowes perfused with oxygenatedyfiodes slution (37°C,
coated plunge needles each containing 12 unipolagrsi85% Q, and 5% CQ), BDM (7.5 - 12.5 mmol/L) s
wire (70 pum) electrodes at 1 mm separétion added to the perfusate and the potential-seasitye

We have completed preliminary studies in whichdi-4-ANEPPS (Molecular Probes Inc.; 15 ml, 75 pmol/L)
transmembrane andxteacellular potentials h& bkeen was infused into the left anterior descending coronary
measured at multiple intramural sites in the intact pigrtery An optrode vas positioned at the centre of the dyed
These experiments were carried out using an isolatesjion adjacent to the pacing probe and the pacing
Langendorffperfused pig heart preparation, similar to thaprotocols carried ouih vivo were repeated in the isolated
used by Chattipakn and colleagué) which enabled us to heart. Extracellular potentials and optical signals were
suppress "motion artifact" with the electromechanicalcquired at 1 kHz and storebata were @eraged oer 8 to
uncoupler 2,3-btanedione monoxime (BDM)However, to 12 successe teart beats.
provide an in vivo control, intramural sracellular The results of the preliminary studies were as
potentials were first recorded in anaesthetized pidsllows. For in vivo hearts in sinus rhythm xeacellular
emplgying identical experimental protocols. Young pigs (2@otentials exhibited a smooth gaive ceflection of short
- 30 kg) were anaesthetized initially with tiletamine-duration and there was a rapid transmural spread of
zolazepam (Zoletil, 10 mg/kg im) and maintained wittactivation from subendocardium to subepicardium.
halothane (2-5%) in oxygenThe heart was exposed via aPolyphasic (fractionated) electrograms were rarely
thoracotomy and three needle probes were introduced imtbsered. For subendocardial and mid-wall pacing,
the anterior free wall of theM. An intramural bipolar however, the duration of the mgtive deflection vas

increased with respect to sinus rhythm, particularly at
intramural sites close to the stimulus and electrograms were

T This s possible because di-4 ANEPPS is a ratiometric Wheile  commonly fractionated in this region also. The transmural

modulation due to membrane potential change is opposite in Se'ﬁfbgression of aatition from the stimulus site ¥eard the

in .short and long ewdength bands, pho.tobleachlng and mouonsubendocardium was slower than for Sinuﬁh‘m. The
artifact etc produce comparable changes in both.
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never detected in the upstrekof the membrane potentials
during ventricular pacing.
These preliminary results are consistent with model
BT predictions and reinforce theypothesis that structural
M discontinuity may gie fise to non-uniform, anisotropic
"y, propagtion of electrical actgtion. The fact that polyphasic
\ activation is not seen in membrane potentials suggests that

the nonuniform electrical activity that vgs rise to
fractionation is occurring in olumes larger than those
ey \%‘k o addressed by the optrode.

M \ Conclusions and future developments
i,

ottt et st Wy [Nt i At the start of this article, we gued that computer
models provide a particularly important means of
\ investigating cardiac electrical awttion, hkut that
T modelling and controlled experimental measurement must
i be seen as complementary parts of an itexgtiocess in
[Ww,\ which understanding is deoped through a sequence of

% ———— hypothesis formation, prediction and validatione Vite
A using this approach to vestigate the effect of
discontinuities associated with muscle layers on the spread
M of electrical actiation in wventricular myocardium. A
structurally detailed tissue model has been set up aredl no
"y [ y b

\V‘LV experimental techniques for characterizing intramural
% electrical activity in the intact heart V& dso been

[ bt gt At i gl

Normalized fluoresecence

developed. Onthis basis, we h& agued that the standard
Pttt view of ventricular myocardium as a uniformly coupled
electrical continuum, transvsely isotropic with respect to
0 450 fibre direction, is likely to be incorrect and wevbla
. demonstrated that interlaminar clefts could play a
Time (ms) significant role in the termination of fibrillation by an
externally applied shock.
The role of interlaminar clefts in thexaddopment and
Figure 7. Intramural transmembane potentialsecoded at  maintenance of re-entrant electrical @ityi has not yet
six sites in the pig \L free wall in sinus rhythm.Action  peen resoled. Theresults outlined here indicate that the
potentials ae adered by depth below the epicardial sur spread of electrical agtition from an ectopic stimulus is
face with the most superficiatgod uppermost. Thepti-  sjow in the direction perpendicular to clege planes and
cal recods wee averaged over 16 cycles and obtained atthjs could contribte to the formation of macroscopic re-
transmural depths of 1.9, 3.3, 4.7, 6.1, 7.5 and 8.9 mm.  entrant electrical circuits, particularly in the ischaemic
heart. Havever, it is more difficult to establish whether or
not discontinuities associated with muscle layervigea

) _ ) potential substrate for micro re-entry.
extracellular potentials observed in the isolated heart |t js appropriate at this stage to restate the three

preparation wereery similar to those seen for comparablenechanisms listed by Spdchs likely causes of re-entry:
experimental protocolsin vivo. In general, though, (1) regional heterogeneity of cellular electrical properties;
propagition was slower in the isolated heart and tkteré  (2) anjsotropicdiscontinuities in which the discrete nature
of  fractionation  significantly  greater Intramural of cellular oganization cause st propagtion in particular
transmembrane potentialaw also measured adjacent to th@jrections: and (3) awdront dynamics, in which abrupt
stimulus probe and to the plunge electrode closest to dhanges of averont curvature in regions where structure
Membrane potentialxibited the expected behaviour withjs discontinuous or exhibits marked spatial variation may
a rapid upstrok on epolarization prolonged plateau and gjive fise to sustained re-entranvemotion. Within this
slow recovery to baseline during repolarizatiofthere vas  contet, it seems logical to include what wevkalearnt
close correlation between the transmural patterns ghout the décts of myocardial cellular architecture in full
activation seen with optrode and adjacenitracellular atrial or ventricular models with realistic boundary
needle probes, although aetion times estimated from the geometry which also incorporate accurate information
optical potentials were moreanable than those obtainedahout the spatialariation of cellular electrical properties.
from the extracellular potentialDespite the fractionation \we ge extending our capacity to modelek apects of

of the extracellular electrograms, polyphasic \aitiwas cardiac anatomy and are acquiring comprelvengita on

b
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ventricular tissue architecture in a range of different animal
models of cardiac diseaséWe ae also setting up a
computer model of atrial anatomy that will include detailed

activations and stimulus potentials in three-
dimensional anisotropic canine myocardiu@irc.
Res.1988;63: 135-146.

morphometric information on atrial surface geometry9. RogersJM, Melnick SB, Huang J. Fiberglass needle

myogyte arrangement and ganization of specialized
conduction tracts. More systematic information on the

regional expression of membrane ion channels, transportet®.

and gap junctions in normal and pathologic hearts v no
becoming wailable®?33and it is anticipated that th@me
of such data will increase markedlyep the next tvo to
three years.To uilize such information fully it will be
necessary to delop computationally efficient models that
capture the main electrical mechanisms responsible for re-
entrant arrhythmia, but also to V@a acess to serious

computing pwer. Both goals are entirely realizable in thel2.

immediate future. As a result, we and other groups
working in this field hae the opportunity to apply a more
integratve gproach to cardiac electroggiology in which

realistic, structure-based computer models will be usdd®.

routinely in parallel with eperimental measurement to
investigate the formation, maintenance andvpngion of
re-entrant arrhythmias.
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