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INTRODUCTION

The recent revival of interest in the diagnostioparties of the T wave calls for a model of theggis of the
normal T wave against which observed wave formeaises of disease can be contrasted. The ECG wave
forms as observed at some distance from the atisimges can only be interpreted correctly in a jhggical
sense if appropriate models are incorporated toriesboth he source and the volume conductiorcestfef
the surrounding tissues.

Most ECG textbooks include some notions relatethéogenesis of the T wave. Correct as these may e
general sense, they do not do justice to the futhmlexity of the problem. Cardiac sources have aicp
temporal character. The temporal features domitheeobserved potentials and tend to obscure thigakpa
features.

In this paper the full spatio-temporal charactethef sources is represented by an equivalent susagrce
situated at the boundary of ventricular tissue. Tdoal source strength is assigned the typical slaighe
transmembrane potentials of ventricular musclesc@lhe wave form as such is taken to be the sara# at
points of the ventricular surface, but the timirfidozal depolarization and of repolarization atsheoints is
specific. When combined with a realistic volume a@woctor model of the thorax, this model has previous
been shown to yield an accurate description optitentials during QRS. More recently it was dem@tst
that this model could also be applied to the genethe T wave [1]. This approach is similar te tine of
Harumiet al. [2].

In the present study the required “timing” of regr@tation was obtained by means of an inverse piuwee
applied to measured body surface potentials. Tee wn the repolarization “sequence” that one oltai
this way is discussed, in particular with respecthie discussion about the significance of the @peatsion
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THEORY

Any simulation of ECG- or electrogram wave formguiees a specification in physical terms of thecele
sources, preferably linked directly to the undedyielectrophysiological phenomena: one needswace
model In addition one needs to specify the way in whiase sources feed their current into the surriognd
tissues, thus setting up the potential differertbas are recorded by means of the electrodes ubedegad
system): one needs to specifwy@ume conductor modeBoth models need to be specified completely: an
incomplete specification leads to confusion regagdhe electrophysiological interpretation of tHeserved
phenomena.

The Equivalent Surface Sour ce M odel

The source model used in this work is the equitatenface source model (ESS). In this model, theeen
electrical activity within the ventricles is expsesl by means of an electric double layer souroatsitl on the
closed surfacé&,, bounding all ventricular cells. For any position $, the time course of the local source

strength is taken to be proportional to the tramsbrane potentialp(t), of the cells near the boundary. This
type of source model is directly related to thessieal uniform double layer model. In its applioatito the
depolarization phase, we previously arrived at égeivalence of the sources at the actual wave fobnt
depolarization and model sources®n. At that stage [4] the equivalence was derivedhftbe solid angle
theory [5,6].

The application of the ESS to the repolarizatiorageh and to the genesis of the T wave derives its
justification from an analysis by Geselowitz. In8BB9Geselowitz [7] introduced the ESS as based alysia

of the electrical properties of ventricular celisated as a homogeneous syncytium by means ofdbmain
approach. In that paper Geselowitz stipulated ttiiatapproach is only valid if the bidomain is reqtic, but



in a subsequent paper [8] he showed that thisictistr is lifted in situations where the ratio ofteacellular
to intracellular conductivity in the fiber directican be taken to be the same as the corresporatiagn the
cross-fiber direction. This so-calleshjual anisotropy ratios assumptiatominates the application of the
equivalent surface source model. The justificafimnthis approach stems from the fact that the nness
wave front strength during depolarization in théracellular part of the ventricles in the fiberadition is
approximately the same as that in the cross-filierction [9]. The equivalent surface source moded A
direct link to the underlying electrophysiologydibes justice to the fact that:

if all ventricular cells would depolarize inlfgynchrony, following the same time
course, the amplitudes of the resulting QRSptexes would be zero

Similarly,

if all ventricular cells would repolarize inlfisynchrony, following the same time
course, the amplitudes of the resulting T wavesld be zero

This fundamental property of the ESS relates tddhethat a closed double layer does not

set up any potential difference (gradient) in thediam surrounding it. The corresponding statemelated
to a uniformly polarized single cell is well knowRor the T wave, as is shown below, it has thectlire
implication that the amplitude of the T wave ispwdional to the dispersion of repolarization times

The validity of the ESS model can be disputed,artipular regarding the assumptions of homogereaity
the equal anisotropy ratios. In this paper its ficatvalue will be demonstrated. Simulated T walvased on
the ESS that have previously been reported initiv@ture can be found in [10,11,12].

The Timing Of Repolarization

In this work the entire ventricular surfaBg carrying the ESS has been sub-divided into snfethentsAS;,.

The nature of a source at each element is thasofedl current dipole that is oriented normaStgand points
towards the ventricular tissue. The positions @&sthelementary dipoles are referred to astues The
strength of the dipoles are proportional to theaas€AS,;, around the nodes. The local time course of the
source strength of any node (n=1, ...., N), has been assigned the shape shown in Fig. 5. Siadpe
approximates the time course of the transmembratenpal of ventricular muscle cells.

Figure 1. Time course of the normalized source stren§tht) at noden.



The general shape of this curve is identical fomabtles. The time instant of the maximum positilaps
specifies the moment of local depolarization. Faden it is denoted as,. Similarly, the time instant of the
maximum negative slope is taken as a marker fofitthiag of local repolarization. For node n it isribted as
pn. This is the most accurate single parameter feciggng the timing of repolarization, short ofrse
parameter related to any specific ion transporbsithe membrane. It can be identified with faratge
accuracy than, say, the ‘end’ of the depolarizapbase.

The intervala, = p,- &, is a measure of the local action potential dura{i@PD) [13]. Because of the
scaling applied to the the local source strengée (selow) the time integral of the curve shown iig. B
closely approximates, .

MATERIALSAND METHODS
Sour ce Specification

As discussed above, the ESS can be representetbringreary current dipoles located on the ventricula
surfaceSy, . In this study the shape &f, was obtained from magnetic resonance images (MdR4) healthy
subject. In allN=257 nodes were evenly distributed o%gr. Since a closed double layer does not generate
any external field, the minimum source strength lsarassigned the value zero. The maximum doubkr lay
strength around each node was 40 mV. This valemsstfrom the amplitude of the up-stroke of the
transmembrane potential, scaled by the local candties of the tissues [9]. The magnitude of tlwirge
strength was incorporated in the lead field expngsthe volume conductor (see below). As a consecpiea
normalized (dimensionless) maximum value of 1 caruged for the local source strength around thes)od
the value shown in Fig. 1. The values specifying ldcal timing of depolarizatiord, as well as those of
repolarizationp, , were found by means of an inverse procedureéexppd measured body surface potentials.
For details, see [1].

The set of N depolarization times, constitute a vecto®. The set of repolarization timgs,, can similarly

be interpreted as elements of a vegtoiand the values, as elements of a vectar, (vectors in the sense of
linear algebra). Following this notation we maytentihe time course of the source strength of mode

(1) s()=Sn(t; n, Pn)-

During depolarization the ‘turning on’ of the locurce strength of surface elements follows theeviarm

of the local transmembrane potential. The duratibthis phenomenon is much smaller than that ofQR&S-
complex; the precise wave form of the upstroke plagly a minor role. In contrast, the duration loé t
repolarization process is much longer than theedpn in the timing taken to represent ‘the’ momei
repolarization. As a consequence, the shape ofréimsmembrane potential during repolarization leabet
chosen with care. In the present study the shapbeoflown-slope shown in Fig. 1 was derived from th
integral over time of a weighted mean of the T vgawveeasured on the subject; see [1].

M easur ed potentials

The body surface potentials of the subject wetended using th&=64 leads of the Nijmegen lead system
[14]. This lead system has the standard 12-lead BE@ subset. A 500 ms interval of QRST signals was
sampled at a rate of 500 samples/s. Linear basedirrection was applied. The data were storedrimix

V of dimension (64250).

Volume Conductor M odel

A piecewise homogeneous, multi-compartmental volucoaductor model was used. It included the
inhomogeneities of the lungs and the blood-filledvites. The conductivity values of these compantse
relative to the overall conductivity of the bodyene: lungs 0.2, cavities 3.0. Their geometry wdsaeted
from MRI data of the (healthy, male) subject. Bagedthis volume conductor model the transfer was
computed between the source strength of all ofth@odes and all of the L=64 leads on the thoraxs Thi
computation was carried out by means of the Boyn#tement Method. For more details, see [1,5,6F Th
resulting transfer can be denoted by means of aixnaf , comprising the (6457) transfer coefficients
involved. Element,; of this matrix expresses the contribution of thetantaneous source strengit) to



the potential@(t) at lead | on the thorax. The total value of the pt#d, (t) is found by adding up all
contributions of the individual nodes. This summatcan be denoted as

(2) (P(t) =2 ain Sn(t).

By evaluating this expressiontatl ... T discrete time instances the entire implied fodveomputation is
denoted as

B) ®=AS=AS[5,p)

with S a matrix having (25%250) elementss,,; , each representing the source strength
around node at time instantt.

RESULTS

The inversely computed timing @& of depolarizationp, and of repolarizatiorp, when introduced to the
source specification in Eqn.3, produced QRST wawms that closely resembled the measured data. Th
relative mean square difference, computed ovetiraél instances and over all of the 64 leads invibwas
0.17. Figure 2 depicts the standard 12 lead Eghath of the measured data, 12 signals sele@imu V,

and of the simulated data, the corresponding $uifs€P= A S. The layout of this figure, a “map montage”,
has been designed such that the position of thalsigelative to one another is similar to the esponding
lead placement on the thorax. Shown are the stdhelads V1 to V6 as well as Vra, Vla and VIf.
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Figure2. Standard 12-lead ECG shown in a “map montage”.
Solid lines: measured data; dashed lines: simulatath. The fact that differences between thesetyipes can hardly
be distinguished demonstrates the high qualithefESS based simulations.

These leads are unipolar leads, recorded witheeéerto Wilson’s Central Terminal. The bipolar le&dil,
Il are shown as well, placed at positions similarthose of the corresponding potential gradiemishe
thorax. This type of display depicts the signalsairmanner that stresses their link with the undwgly
topology of the cardiac generator.

The inversely computed timing of depolarization duse this simulation showed a qualitative naturatth
resembles that of invasive measurements [15]. R®mrépolarization timing no complete set of invabiv
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obtained data is available. In the first publicatan this topic [1] details of the inversely congulitiming of
depolarization and of repolarization were preseimetie form of isochrone maps &j. Here the results are
shown of a regression analysis on the individuaingints of timing . Figure 3. depicts the scattengod the
elements of the APD,a, = p,- 0., plotted as a function of the corresponding dejmdtion timesd, .
Different symbols are used for the data of nodedlifferent subsections dd, . The slopes of the linear
regression lines for these subsections (not sheveme -1.75, -1.45, -1.45 and -0.98 for nodesSpin
contact with the left ventricular cavity (LVC), th® in contact with the right ventricular cavity (R) those
on the epicardium of the left ventricle (epiLV) atitbse on the epicardiun of the right ventricleigf),
respectively. For all data points the slope ofrégression line, shown in Fig. 3, was -1.44.

DISCUSSION

The results shown in this paper, Fig. 2, demorestitat the Equivalent Surface Source model of érdiac
electric generator is capable of producing highliguaimulations of the electrocardiographic wawenfis.
The timing of the depolarization is very similantbat is known from invasive electrophysiology [l ,The
general nature of the repolarization time as shbwithe regression lines of APD versus the depdédn
timing, Fig. 3, is in full agreement with what isdwn from the scarce, fragmented, invasive datahhee
been published in the literature [13,16], in paitic in [16], where a mean value of -1.44 was rgubfor the
slope of the regression of measured APD valgedepolarization times.

apd (ms)

dep (ms)

Figure 3. Scattergram of the inversely computed APD valagsat all nodes o5, as a function of the
inversely computed depolarization timég,at these nodes. The + symbols relate to the nddég€)( the *
symbols to nodes (RVC), the diamonds to nodels\(gghe circles relate to nodes (epiRV) (see }ext

In an analysis based on this model it was showh ttie peak of the T wave corresponds to the mean
repolarization time oveB,. Moreover, the peak amplitude of the mean T wawdirectly proportional to the
dispersion of repolarization times. Its timing addes with the mean repolarization time o®gr (see [1]). In

this analysis the range of depolarization time$grthe range of thg, values, is treated analogous to that of
the repolarization “timesp, .

The current confusion related to the significant®® dispersion stems from the fact that what oweila/
like to estimate from recorded body surface potésis the dispersion of the action potential darest onSy,
, the dispersion of the individual AP, = p, - &,) values, quantified by their range or by theimsiard
deviation. However, meaningful estimate of this suga can only be obtained after solving, on anviddal



basis, the timing of depolarizatiod, , and that of repolarizatiop,, , from observed body surface potentials.
Both problems are so-called Inverse Problems. Algihoprogress has been made toward solving thess typ
of problems, unfortunately, the current quality tbé inverse solutions does not provide an estiroéte
sufficient high quality to justify their introducth into a clinical application. The spreading olithe electric
currents through the thorax prohibits the direteripretation of the dispersion of QT intervals alsd on
the thorax, as representing the dispersion of ARIDes on the heart surface.
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