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Abstract

This computational study investigates the effects of epi-

cardial stimulation on healthy and mutant excitable tis-

sue. A heterogeneous wild-type (WT) model of human

ventricular electrophysiology and a modified version sim-

ulating short QT (SQT) syndrome were used. The utilized

anisotropic anatomical structures were both a slice cut out

of a human left ventricular geometry and a beam from en-

docardium to epicardium extracted from this slice.

Epicardial pacing increased the transmural dispersion

of repolarization (TDR) in WT and SQT mutant tissue. The

QT time was prolonged in WT tissue but stayed nearly con-

stant in SQT affected tissue. In the slice anatomy, intra-

ventricular dispersion of repolarization overweights TDR.

TDR was increased nearby the electrode but reduced in

tissue opposite to the electrode.

We assume, that during epicardial pacing the risk for ar-

rhythmic events is increased but not higher in patients af-

fected by the SQT syndrome compared to healthy patients.

1. Introduction

Epicardial activation of tissue as it is applied during

biventricular pacing prolongs the QT interval and increases

the transmural dispersion of repolarization (TDR) [1, 2].

This raised TDR augments the risk for the development

of arrhythmic events. In 2004, a study investigating the

genetic and biophysical basis of the short QT (SQT) syn-

drome was presented [3]. A N588K mutation in HERG

protein was identified. This mutation increases the activity

of the homogeneously distributed repolarizing IKr current

and therefore shortens action potentials (AP) and reduces

TDR. Furthermore, ventricular fibrillation was easy to in-

duce during electrophysiological studies in this tissue.

This computational study investigated, whether people

affected by the SQT syndrome develop an increased risk

for life threatening arrhythmias during epicardial pacing.

Thus, the effect of epicardial pacing on wild-type tissue

and tissue affected by the short QT syndrome was studied.

2. Methods

A computational model of a human ventricular myocyte

forms the electrophysiological basis of this study [4]. This

model describes ionic currents, ionic concentrations, and

transmembrane voltage for one single cell by a set of cou-

pled nonlinear ordinary differential equations. These equa-

tions were solved by a forward Euler method [5] with

a time increment of 20 µs. The heterogeneous physi-

ological (wild-type, WT) representation of cellular elec-

trophysiology was created by modification of several ion

channel properties in this model according to measure-

ments on human cardiac myocytes [6]. The short QT 1

mutation was reproduced by inclusion of a new descrip-

tion for the rapidly activating delayed rectifier current IKr

within the WT model [7]. Due to the measurement data

on cardiomyocytes affected by the SQT syndrome [8] a

background substitution component replaced the voltage-

dependent inward-rectifying component in this represen-

tation. A faster activation and consequently an increased

activity of IKr was realized by a shift of the half-activation

voltage of its activating rate constant to negative values and

an increase of the amplyfing factor. A shift of the half-

activation voltage of the deactivating rate constant to pos-

itive values and an elevated intensifying factor led to an

abolished rectification and an accelerated tail current de-

cay of IKr [7].

The single cell environment was transferred to a model

of excitable tissue. Anisotropic electrical coupling be-

tween the cells was obtained by using the bidomain

reaction-diffusion model [9]. The equations were solved

by an iterative Gauss-Seidel method every 20 µs. Smooth

transitions for the maximum conductances of the hetero-

geneously distributed ionic currents were included in the

underlying model of cellular electrophysiology [6]. The

virtual M cells were located near to the endocardium to

obtain a realistic upright positive T wave in the transmu-

rally computed ECG after endocardial stimulation [10].

The used anatomical structure was a three-dimensional

slice of the Visible Female left ventricular data set. It was

cut out perpendicular to the longitudinal axis of the ven-
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Figure 1. Human left ventricle obtained from the Visi-

ble Female data set. The highlighted cross-sectional slice

perpendicular to the longitudinal axis was used to study

the excitation conduction in a realistic anatomical structure

under consideration of electrophysiological heterogeneity

and electrical anisotropy. The rotating fiber orientation is

depicted by lines in several exemplary voxels.

tricle and consisted of nearly 110.000 excitable cells sur-

rounded by a bath. It is visualized in Fig. 1 within the

whole left ventricle. Transmurally varying fiber orienta-

tion was reconstructed by means of a rule-based algorithm

derived from anatomical studies [11]. Endocardial activa-

tion was initiated at transition points imitating the Purk-

inje fiber network. An epicardially attached electrode was

simulated by applying currents in subepicardial myocytes

nearby the electrode. The diameter of this electrode was

set to 3 mm. A long and thin line from endocardium to

epicardium consisting of 96x9x9 elements was extracted

from this slice. It was used to investigate the principle

impact of epicardial pacing on excitation conduction and

repolarization in a less complex geometry. Both anatomi-

cal structures were composed of cubic voxels with an edge

length of 0.2 mm. Transmural ECGs were computed as

the bath potential difference close to epicardial and endo-

cardial border.

3. Results

Cells affected by the SQT syndrome elicited APs with

markedly decreased duration due to a gain of function in

the repolarizing IKr current. APs in M cells were more

shortened than in endocardial and epicardial cardiomy-

ocytes leading to a reduced TDR [7].

Epicardial stimulation in general reversed the direction

of the activation sequence and led to an inversion of the
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Figure 2. Transmural ECGs computed after endocardial

activation and epicardial pacing in the simplified anatom-

ical structure in WT and SQT mutant tissue. Epicardial

stimulation emphasized the T wave indicating an increased

TDR and prolonged the QT time in WT tissue.

QRS complex in the transmural ECG. This is shown for

both WT and SQT mutant tissue in Figs. 2 and 3. The T

wave was widened and its amplitude was augmented. This

was due to the delayed activation and repolarization of the

M cells and the earlier activation of the subepicardium.

The temporal difference td between the end and peak of

the T wave as an index for the TDR [12] was increased in

WT from 27 to 51 ms and in mutant tissue from 23 to 35

ms due to epicardial pacing. The time to full repolarization

corresponding to the QT time was prolonged from 343 to

360 ms in WT tissue, but stayed nearly constant at 266 ms

in SQT mutant tissue.

The activation sequence initiated by epicardially at-

tached electrode started in the more realistic anatomy of

the three-dimensional slice nearby the electrode and spread

from there into the tissue (Fig. 5). The activation of adja-

cent myocytes was fastest in the midmyocardium of the

slice because the helix angle of the fiber orientation is

small in the midmyocardial region [11] and the increased

excitation velocity along a muscle fiber is considered by

the excitation conduction model. Thus, the depolariza-

tion of the tissue started in the midmyocardial region and

conducted from there to the subendocardium and subepi-

cardium in a certain distance from the pacing electrode

(Fig. 5). This behavior was observed in both WT and SQT

mutant tissue.

Transmural ECGs in the slice were simulated after epi-

cardial pacing at two different positions. Lead P1 was

computed as the extracellular potential difference nearby

the epicardially attached pacing electrode, P2 described

the transmural ECG computed on the opposing site of the

electrode (Fig. 4). The QRS complexes were similar in
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Figure 3. Transmembrane voltage distribution in a long and thin beam including heterogeneous electrophysiology from

subendocardium (left side) to subepicardium (right side) at different time steps after the epicardial pacing impulse. The

left column shows WT, the right column SQT mutant tissue. Bright color corresponds to activated tissue and dark depicts

the resting potential of the cardiomyocytes. SQT mutation reduced the repolarization time. The last two rows show the

distribution at the maximum of the T wave and 15 ms later. The more pronounced color gradient in WT tissue indicates the

augmented TDR in this tissue compared to SQT mutant tissue.
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Figure 4. Transmural ECGs computed in the slice

anatomy on two different positions after epicardial pacing

in WT and SQT mutant tissue. P1 is the position nearby

the pacing electrode, P2 is located on the opposing site.

both leads for both configurations of the cellular model in-

dicating that the transmural activation sequence was not

altered by the SQT mutation. In P1, the T wave was pos-

itive for both WT and SQT affected virtual tissue. Due to

the reduced APD in cells affected by the SQT syndrome

the onset of the T wave was earlier in mutant than in WT

tissue. In P2, the QRS complexes were inverted reveal-

ing the altered transmural activation sequence. The onset

of the QRS complexes in P2 was delayed for both repre-

sentations of the electrophysiology due to the prolonged

activation pathway. Due to the early activation of the M

cells and the delayed stimulation of the surrounding tissue,

the prolonged APD of the M cells was compensated lead-

ing to a homogenized repolarization. The T wave showed

a small amplitude in WT and a higher amplitude but in-

versed polarity in SQT mutant tissue. The SQT mutation

slightly reduced td from 50 ms in WT to 48 ms in position

P1 but augmented td from 4 ms to 12 ms in position P2.

4. Discussion and conclusions

Consistent with measurements [1, 2], simulations in the

simple nearly one-dimensional anatomy showed that epi-

cardial pacing increased the TDR in WT as well as in SQT

mutant tissue. The resulting TDR and therefore the risk

for arrhythmogenic events due to epicardial pacing was re-

duced in SQT mutant compared to physiological tissue be-

cause the increase of TDR was more pronounced in WT

tissue. The QT interval was prolonged in WT tissue due to

epicardial pacing, while in SQT mutant tissue it was barely

changed.

In the more complex ventricular slice, TDR after epicar-

dial pacing mainly depended on the distance to the pacing

electrode. It was augmented in WT and SQT case nearby

the electrode. In the tissue opposite to the pacing site the

altered transmural activation sequence clearly reduced the

TDR due to the earlier activation of M cells in both config-

urations of the cellular model.

We assume that the substrate for development of a ven-

tricular tachycardia provided by the intraventricular dis-

persion of repolarization due to altered activation pathway

overweights the substrate provided by the TDR. If endo-

cardial stimulation is not applicable, we expect that during

epicardial pacing the risk for the development of Torsade

de Pointes is increased but not higher in patients affected

by the SQT syndrome compared to healthy patients. The

effect of pacing position and frequency on the TDR has to

be determined in future.
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Figure 5. Excitation conduction and repolarization in the left ventricular slice obtained from the Visible Female data set

at different time steps after epicardial pacing in WT (top) and SQT mutant tissue (bottom). The transmembrane voltage

distribution is illustrated with the same color code as in Fig. 3. Epicardial pacing prolonged the activation pathway and

thus increased the intraventricular dispersion of activation and repolarization. The TDR depended on the position within

the tissue and its distance to the pacing electrode. Although the SQT mutation shortened the QT interval, the pattern of the

repolarization is similar under both electrophysiological conditions.
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