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Based on our numerical heart and chest model with stochastically modifiable action potential duration
(APD) parameters, the consequences of diminished subepicardial cell-to-cell coupling were studied on
beat-to-beat repolarization heterogeneity. Pathological action potential durations and transmural gra-
dient (TG) mean values (M) were assumed in the apical segment of the five-layer heart model, while
in the rest of the model the action potential parameters were kept in the normal range. APD mean val-
ues and the associated APD standard deviations (SDs) were fitted to experimental data. SD was causally
related to APD mean. Repolarization heterogeneity was characterized by QRST integral maps and by the
non-dipolarity index (NDI). The TG of —15 model time units (mtu) yielded an NDI of 12%. By sweeping
beat-to-beat TG from —15 mtu up to +14 mtu, NDI increased from 12% up to 71%. In healthy heart M is
large compared to the SD value; consequently NDI is in the stable <20% range. In arrhythmia patients
TG diminishes, M and SD increase, consequently, NDI shows temporally random, increased beat-to-beat
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fluctuations, suitable for the characterization of repolarization heterogeneity.

© 2014 Elsevier Ltd. All rights reserved.

1. Introduction

Ventricular tachycardia (VT) and fibrillation (VF) are the most
common causes of sudden cardiac death (SCD). In spite of the con-
tinuous development of risk assessment methods, still no reliable
ECG based marker of arrhythmia prone status does exist according
to the scientific statement of the AHA/ACCF/HRS based on hundreds
of clinical trials [1].

According to theoretical expectations, parameters casually
reflecting the spatial heterogeneity of the elementary myocardial
volumes might be the clue of a more efficient risk assessment.
Relying on sophisticated experimental observations, Abildskov
et al. [2] suggested the use of body surface potential mapping
for the characterization of malignant alterations of ventricular
repolarization by QRST integral maps. The utility of QRST inte-
gral map-based repolarization disparity (RD) detection was proven
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theoretically by Plonsey [3]| and Geselowitz [4]. As QRST integral
maps are the surface projections of the ventricular heterogene-
ity distribution, the desired arrhythmia vulnerability sensitivity
should be related to the pathological irregularities of the integral
maps. Indeed, Hubley-Kozey et al. [5] proved statistically that a
few uncorrelated spatial features of averaged QRST integral maps
can identify the arrhythmogenic substrate in the myocardium.
Karhunen-Loéve (KL) expansion of QRST integral maps proved to
be a valuable tool for diagnostic feature extraction. Even the single
scalar non-dipolarity index (NDI) computed from KL coefficients
could separate high-risk and low-risk population based on time-
averaged QRST integral maps [6,7].

Other authors emphasized the utility of beat-to-beat repo-
larization lability measures [8,9] based on QT parameters (QT
variability index) of conventional ECG leads. Within the most recent
approaches it is worth mentioning the development of a simple
but efficient arrhythmia vulnerability index, based on the averaged
sum absolute QRST integrals (SAI QRST) of orthogonal-leads sug-
gested by Tereshchenko et al. [10]. The definition of SAI QRST is
related to the NDI, but for the simplicity of clinical measurements
the information hidden in the “multipolar” source components is
disregarded.
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Fig. 1. (a) A schematic representation of the “layered” structure and geometry of the left and right ventricles. The ellipse at the apex contains the pathologically modulated
area of the model. The labels of the layers can be interpreted as follows: initial capital letters ‘L’ and ‘R’ mark the left and right ventricles respectively, while ‘RS’ refers to the
septum. The numbers represent the serial number of each layer. Small letters of ‘p’ at the end of the label indicate the pathological modulation of the model action potentials
(MoAPs) related to the layer. (b) Mean value (M) of the APD profile of a healthy subject (profile A) and a failing heart patient (profile C) vs. the serial number of the model
layers. The simplified graph is based on the experimental data of Glukhov et al. [12]. (c) Schematic representation of our APD model consisting of a constant component (M)

and an additive Gaussian random component with standard deviation (SD).

The novelty in our approach published earlier was the use of
beat-to-beat QRST integral map analysis instead of time-averaged
QRST integral maps. This method allowed theoretically sound
characterization of the stochastically changing spatio-temporal
RD irregularities (lability) throughout a long train (typically 300)
of cardiac cycles [11]. We could demonstrate that QRST inte-
gral maps, or even the extracted NDIs, computed from the KL
coefficients of the QRST integral maps; characterize sensitively
the spatio-temporal variability of the subsequent maps. Accord-
ing to our learning groups, NDI plots separated efficiently the
group of implanted cardioverter (ICD) patients with documented
malignant arrhythmia vulnerability from healthy subjects. In the
arrhythmia group the beat-to-beat time series of the NDI values
were uncorrelated and the corresponding NDI amplitude his-
tograms showed skewed lognormal distributions, in certain cases
with extreme NDI values going up to 90%. In healthy subjects
the sequences of NDI values were correlated and the ampli-
tudes remained typically in the range of (10%-20%) with slight
quasi-periodic components, partly due to the respiration related
positional heart changes.

In this study we attempted to link the observed normal and
pathological QRST integral (and NDI) behaviour, to mesoscopic
(intramural) and even to microscopic experimental findings. To this
end, numerical chest and multi-element heart models were used. In
the heart model, APD mean values of the different myocardial lay-
ers were approximated based on the recent optical mapping results
of stained subepicardial, midmyocardial, and subendocardial sec-
tions taken from healthy and failing human hearts (Glukhov et al.
[12]). The beat-to-beat APD variability estimates were taken from
isolated cellular measurements of Zaniboni et al. and others [13,14].
Because in our previous study we demonstrated that the sources of
measurable body surface QRST integral map variability are located
mostly in the apical part of the heart, for the sake of modelling sim-
plicity, the mesoscopic model action potential (MoAP) modulation
was confined to the apical region [15].

2. Materials and methods
2.1. Numerical modelling of the heart

Details of the simplified computer model of the human car-
diac ventricles were described previously by Szathmary and Osvald

[16]. The model was defined in a 3-dimensional matrix consist-
ing of 1 mm?3 cubic elements. The local functional properties of the

elementary volumes were represented by simplified model action
potentials (MoAPs). The overall geometry of cardiac ventricles was
defined analytically by segments of ellipsoids representing their
inner (endocardial) and outer (epicardial) surfaces. The parame-
ters of the ellipsoids were derived from the gross dimensions of
the right and left ventricles (RV and LV), given as input data of
the model. To simulate the fine structure of physiological repolar-
ization heterogeneity, ventricular walls were sliced into 5 layers,
paralleling with the inner and outer surfaces (Fig. 1(a)). The dif-
ferent fibre directions from the endo- to epicardial myocardium
were not taken into account. The MoAP characteristics of model ele-
ments may be defined differently depending on their localization
in respective layers.

In the reference model, simulating the normal activation, the
gross dimensions of ventricles and the parameters of activa-
tion were derived from data published by Durrer et al. [17] and
Hutchins et al. [18]. Ventricular depolarization was started from
predetermined elements on the inner endocardial surface of both
ventricles, corresponding to regions of earliest activation. The
spread of activation in the most inner layer, representing the Pur-
kinje mesh, was three times faster than in the remaining layers
of the walls. After depolarizing of model elements their consecu-
tive repolarization is governed by their action potential length and
shape. The MoAP differences in respective layers cause a physio-
logical transmural dispersion of cardiac action potential durations
[19]. The activation and repolarization of the reference model,
defined in this way correspond well to the generally accepted nor-
mal patterns of human heart activation.

The model allows a layer-by-layer modulation of ventricu-
lar wall AP parameters simultaneously in the whole ventricular
myocardium or in a spatially limited region. An example is shown
in Fig. 1(a), where the apical part (surrounded by the ellipse) has
different APD profiles asitis shownin Fig. 1(b). In this study the api-
cal segment of the myocardium has pathological APD profile [12].
In general, the geometry of local heterogeneities is always defined
analytically by subsidiary ellipsoids.

The spread of the activation wave front is simulated by a cel-
lular automaton. In each step of simulation the elementary dipole
moments are computed as the potential differences between the
adjacent cubic elements. Finally, the whole model of the cardiac
ventricles’ myocardium is divided into 33 volume segments. In
each segment the dipole moments from all corresponding elements
are summarized in its gravity centre, so finally a multiple-dipole
equivalent cardiac generator is created.
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Fig. 2. Flow diagram of the simulation study. (a) Conceptual multi-layer programmable heart model (details are shown in Fig. 1). (b) Realistically shaped torso model with
black points indicating the frontal position of nodes in regular mesh (192 points in total), in which the BSPM is computed. (c) QRST integral map and NDI computed from the

generated data of the heart-thorax setup.

2.2. Modelling of the thorax, computation of body surface
potential maps (BSPMs)

To compute the heart-generated potentials on the thoracic
surface, the multiple-dipole cardiac generator is inserted in a real-
istically shaped piecewise homogeneous torso model (Fig. 2). Lungs
are taken into consideration with 4x lower conductivity than gen-
eral conductivity of the torso while ventricular cavities appear with
3 x higher conductivity. Electric potentials on the body surface are
computed in the surface points of the torso model using boundary
element method (BEM), originally proposed by Barr et al. [20] and
also used in current studies [21,22].

The use of BEM for computation of body surface potential maps
m(t) in Ne points on the body surface in each time instant ¢, yields
a linear matrix equation:

m(t) = Ag(t) (1)

where A is the time independent transfer matrix (i.e. the geometry
and position of the heart and torso were fixed during the cardiac
cycle), which represents the properties of the inhomogeneous torso
as volume conductor and g(t) is a multiple-dipole generator (with
Ns current dipoles) in a particular time step of the heart activa-
tion. The integral BSPM p representing the integral of m(t) over a
particular time interval can then be described by Eq. (2).

p=/m(t)dt:/Ag(t)dt:A/g(t)dt:As

where s represents the time integrals of Ns dipole moments of
modelled multiple dipole generator. Considering three orthogonal
components of each dipole moment, the size of the transfer matrix
A is (Ne x 3Ns).

The body surface potential maps are computed from the poten-
tials in a regular mesh (12 x 16) on the body surface consisting of
192 points (Fig. 2(b)).

(2)

2.3. Evaluation of repolarization dispersion by QRST integrals and
the non-dipolarity indices

According to Geselowitz, the amplitude of the QRST integrals at
an arbitrary body surface point Pis a function of the AP heterogene-
ity Eq. (3), in other words, it is the function of the gradient of the
of MoAP areas of the myocardium [4]. Consequently, beat-to-beat

application of Eq. (3) provides a non-invasive tool that can be used
to study the spatio-temporal variability of AP properties i.e. the RD.

PP, t)dt = —k / / / (P, r)grad(j1(r))dVs 3)
QRST Ve

where u(r): area under the action potential, ¢m(r,t): membrane
potential at time t, ¢m(r): membrane resting potential at point r,
Vs: volume of sources (myocardium), k: constant, and z: vector of
transfer coefficients between P and r.

In a concise way QRST integral maps are characterized by the
beat-to-beat sequence of NDI(intQRST), based on the c; components
of the KL expansion:

12 -

>oiaC __Pwo
12 2 Pp+Pnp
i=16i

- 100%

NDI(intQRST) = (4)

where Pp: BSPM signal power represented by the “dipolar” KL
components (i: 1-3). Pyp: BSPM signal power represented by the
“non-dipolar” KL components (i: 4-12) according to Lux et al.
[6].

Two clinical examples to be interpreted by our conceptual heart
and chest model are shown in Fig. 3. A brief summary of the data
acquisition and processing is as follows. Unipolar ECG leads were
recorded in supine rest position from 64 chest locations by the
BioSemi Mark-8 system in accordance with the electrode layout
suggested in Amsterdam. The length of the records was 5 min with
the sampling rate of 2 kHz and the AD resolution of 24 bits. Data
processing started with the identification of individual beats, Qop,
and Tepq points were manually marked based on the “papillon-
diagram” of superimposed leads. Ventricular ectopic beats and the
subsequent beats were excluded from all the records. After a lin-
ear base-line adjustment from the measured 64 ECG signals, ECG
signals were estimated in 128 unmeasured chest locations of the
192-lead regular measuring point setup introduced at the CVRTI,
Salt Lake City. Finally, beat-to-beat QRST integral maps and NDI
values were computed from the resultant dataset of the 192-lead
system [11].
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Fig. 3. Clinical measurement of a healthy subject (a) and an ICD patient (b). The graphs show the NDI values in 300 subsequent heart cycles. In the case of ICD patient ectopic
beats and the subsequent beats were excluded, only the normal sine beats were analyzed. These clinical measurements were interpreted by the modelling examples shown

in Fig. 4.

3. Results

Examples of our modelling results are summarized in a concise
formin Fig. 4 utilizing the simplified APD profiles taken by Glukhov
etal.[12]. His results provide modelling APD data for a normal sub-
ject and a FH patient. The data drawn after the real measurements
characterize the mean value of the APD. SD data were borrowed
from the study of Zaniboni et al. [13].

Derived from exactly the same model, Table 1 shows the results
of the simplified dipolar approach of risk assessment following the
method elaborated by Tereshchenko et al. [10,23]. In Table 1 we
used modelling time and amplitude units (mtu and amu) instead of
the physical units of the original papers. The comparison of NDI and
SAI QRST values in Fig. 5(a) confirms the tendency of the SAI QRST
in the down sloping range of transmural gradients. Furthermore,
if we assume that the rows in Table 1 correspond to subsequent
modelled heart cycles, the changes of the vectorcardiogram (VCG)
parameters are visible in columns 5-7 and in Fig. 5(b).

4. Discussion
An early theoretical study of Lesh et al. [25] assumed and

proved that by increasing the cell-to-cell coupling resistance of the
myocardium, the dispersion of the APD should be more and more
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unmasked. The sophisticated experimental proof of this expec-
tation was given later by Zaniboni et al. [13]. The first human
measurement of APD distribution in healthy and failing heart was
published by Glukhov et al. [12].

In this study our numerical heart model was used for the
investigation of various MoAP properties compatible with the
experimental findings of Glukhov et al., Zaniboni et al. and Pueyo
et al. [12-14]. The macroscopic cell properties of healthy (H) and
failing heart (FH) were approximated layer-by-layer for H and FH
tissues. In both cases, transmural profiles were expressed in each
layer by the mean value and the standard deviation of the APD.
The mean value was constant throughout the subsequent mod-
elled heart cycles, but the additive independent Gaussian noise was
different beat-to-beat in accordance with the variability measure-
ments of Zaniboni et al. and Pueyo et al. [13,14]. In other words, we
assumed that in each modelled cardiac cycle the APD profile can
be interpreted as a 5 dimensional random process (each dimension
corresponds to one layer of the heart model) and the beat-to-beat
profiles were possible realizations of the underlying random pro-
cess. On cellular level the noise component was explained by the
random I(Ks) ionic fluctuations [13,14].

In the FH case (represented by profile B) in the subepi-
cardial layers we supposed 2.5% as coefficient of variability
(CV=SD/APDggy x 100%) due to the diminished gap-junctional

(b)

NDI(intQRST) (%)
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o
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Transmural gradient (mtu/wall thickness)

Fig.4. (a) Transmural APD patterns. ‘A’ represents a normal subject and ‘C’ indicates the APD profile of a failing heart patient after Glukhov et al. [12]. ‘B’ and ‘D’ mark possible
random realizations of APDs around profile C due to the diminished cell-to-cell coupling. The median and extreme NDI values are similar to the clinical example shown in

Fig. 3. (b) NDI vs. transmural gradient graph estimated by our model.
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Table 1
Simulated ECG parameters in the case of APD profiles A-D.

APD profiles NDI (%) Transmural gradient of SAI QRST x 10° SVG amplitude® x 10° SVG azimuth? SVG elevation®
APD (mtu) (amumtu) (amu mtu) (degrees) (degrees)

A 12 -15 216.653 93.503 41.2 44.9

B 28 -8 154.210 56.320 54.8 48.2

C 57 0 143.549 36.323 65.04 54.8

D 71 10 187.618 26.093 121.83 -16.9

3 Definitions of spatial ventricular gradient (SVG) amplitude and SVG azimuth and elevation angles were taken from [23].
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Fig. 5. (a) Simulated characteristics of the sum absolute QRST integral (SAI QRST) vs. the transmural gradients corresponding to the APD profiles shown in Table 1. (See
[10,23] for the definition of SAI QRST.) (b) Simulated orthogonal ECG parameters vs. transmural gradients of the simulations corresponding to the APD profiles shown in
Table 1. (SVG means spatial ventricular gradient, the definitions of the azimuth and elevation of SVG can be found in [23].)

coupling [13]. In Fig. 4(a) the extreme “mesoscopic” profiles rep-
resented by profiles A and C are “possible realizations”. The
corresponding NDIs were calculated according to Eq. (4) from
the simulated QRST integral maps obtained by Eq. (3). The resul-
tant NDIs are depicted in Fig. 4(b). Clearly, NDI values depend
heavily on the beat-to-beat changing of APD profiles. In the exam-
ple presented, the large amplitude NDI spikes were generated if the
instantaneous APD realizations approached profile D in Fig. 4(a).
Oppositely, a deviation towards the normal APD makes the NDI of
profile B to converge to the normal profile of A (Fig. 4(a)).

In the healthy case the CV value was approximated as 1%. Due to
the low initial NDIs (profile A) despite of the additive low amplitude
noise, the frequent (within M4 2SD) NDI variations will be small,
in complete accordance with the clinical measurements shown in
Fig. 3(a). However, significant spikes in normal subjects are still
possible, but very rare. This probabilistic nature explains that even
in pathological case we may expect a few beats in the normal range
of NDI (<20% according to Abildskov et al. [7]), and oppositely, even
in the case of healthy subjects we may experience relatively high
NDI spikes once in a while (Fig. 4(b)).

At this point we should refer to our previous modelling study,
where APD profiles similar to that one studied now in the apical
region were systematically applied to the mid-anterior, mid-lateral
and mid-posterior regions. These modulations caused significant
but low amplitude NDI spikes [15]. In similar experiments the use
of epicardial QRST integral distributions instead of the body surface
QRST integrals could reveal more accurately the locations of the
irregularities of APD distribution. The reason of the information loss
regarding the body surface distribution is related to the smoothing
effect of the epicardial-to-body surface transfer This conclusion is
supported by the findings of Burnes et al. [24], verifying by exper-
imental examples that body surface potential distributions do not
reflect the details of the patterns of epicardial integral maps.

Because NDI relates to dipolar and non-dipolar KL coefficients
(according to Eq. (4)), on the very same experimental setup we

have studied the SAI QRST method suggested by Tereshchenko et al.
[10]. The modification of APD involves a change in NDI and TG as
well. Table 1 and Fig. 5(a) depict the TG vs. SAI QRST relationship.
We have to emphasize, that in our model studies we used model
units in the voltage and also in the time domain, consequently our
results are numerically directly not comparable with the experi-
mental results found in [23]. However the tendencies comprised
in Table 1 and Fig. 5 are comparable. We could verify that cor-
responding to a highly pathological mean APD profile (with low
transmural APD gradient) a low SAI QRST value belonged [10], how-
ever the inversion of the transmural gradient vector (profiles) could
enhance the SAI QRST value again. In these cases no beat-to-beat
information was gained.

The possibility of beat-to-beat dynamic VCG measurements (in
comparison of normal male and female population) was empha-
sized in [23]. In that comparison SAI QRST, spatial ventricular
gradient (SVG), azimuth and elevation angles of SVG, and many
other parameters were computed and statistically evaluated. In
our model study using just a few dynamic VCG parameters we
could demonstrate the utility of the parameters quoted above. In
Fig. 5(b) the essential SVG parameters are depicted vs. the trans-
mural gradient (TG) data. Assuming that TG data are changing
from beat-to-beat, the graphs illustrate the range of expected VCG
parameter changes due to the changes in the subsequent beats (APD
profiles).

5. Conclusions

In this study, in a simplified but perfectly known environ-
ment we made an attempt to integrate recent cellular, tissue level
and clinical observations, and estimate their clinical level con-
sequences. Obviously the study due to the use of a simplified
conceptual model could not explore the fine details of the spatio-
temporal heterogeneity dynamics of the healthy and failing heart,
still we think that we could get closer to the understanding of the
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development of arrhythmia prone situation including its steady
degradation (due to the slow degradation of APD mean profiles,
denoted by B, C and D in our study).

According to our impression, the advantages of QRST integral
map-based beat-to-beat heterogeneity measurements are as fol-
lows: (a) clear theoretical background, (b) potential possibility of
the identification of the regional sources of the lability (by solving
the relevant inverse problem), and (c) low noise sensitivity in the
phase of measurements.
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