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Abstract

The QT interval has well-documented shortcomings as

a predictor of Torsades de Pointes (TdP) and recent stud-

ies have shown that T-wave morphology might provide in-

sight into drug effects on ventricular repolarisation. In

this paper, we investigate the underlying mechanisms of

the effects of sotalol, a known anti-arrhythmic drug, on

T-wave morphology as seen in the surface electrocardio-

gram (ECG). Analysis of clinical ECG data from a con-

trolled study shows that sotalol alters T-wave morphology,

resulting in particular in a decrease in T-wave amplitude.

Our multi-scale modelling approach uses a Markov formu-

lation to represent sotalol’s interaction with the rapid de-

layed rectifier potassium channel current (IKr), validated

using experimental data. The ion channel model is then

incorporated into a human ventricular cell model, which

is then used in a 1D fibre model with transmural hetero-

geneities to simulate a pseudo-ECG. The simulation results

show sotalol-induced changes in IKr cause rate and dose-

dependent increase in action potential duration (APD) and

in transmural APD heterogeneities, which result in a de-

crease of T-wave amplitude and an increase in T-wave dis-

persion in the pseudo-ECG signal. Thus, our modelling

study is able to explain the ionic mechanisms underlying

the main sotalol-induced changes in clinical T-wave mor-

phology.

1. Introduction

Drug-induced arrhythmia is a growing concern for reg-

ulatory agencies and has become an area of active re-

search. However, the precise mechanisms underlying

drug-induced arrhythmia are not clearly understood. Cur-

rently, drug-related effects on cardiac behaviour are quan-

tified as changes in the heart rate corrected QT interval

(QTc). However, the QT interval as a predictive indicator

has number of drawbacks which affect its sensitivity and

specificity [1]. Alternative indicators such as the T-wave

alternans and indicators based on T-wave morphology have

been proposed as improved biomarkers.
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Figure 1. ECG taken Lead II recorded at minute 213 (left)

and 374 (right) after oral administration of 320mg dose of

sotalol (taken at t=0). The recordings were taken from a

24hr Holter 12-lead surface ECG recording.

Although the origin of the T-wave is not clearly under-

stood, in as much as the relative contributions of trans-

mural versus apex-basal gradients and the role (and ex-

istence) of M-cells in human are not known; the T-wave

represents cardiac repolarisation of the heterogeneous my-

ocardium [2]. Therefore, alterations in cardiac repolarisa-

tion due to drug/ion channel interactions are likely to result

in changes in the T-wave morphology but the underlying

mechanisms are not well understood.

Sotalol is a class III anti-arrhythmic drug, that is known

to inhibit IKr, thus prolonging QTc by 6.5–11.5% from

baseline, and is also known to induce Torsades de Pointes

in 5–8% of patients on sustained sotalol treatment [3].

Data deriving from a controlled study (n=6) on sotalol [4]

was analysed using a hidden Markov model segmentation

algorithm previously developed [5]. QTc increased by

55±7 ms with a maximal QTc change occurring 265 ±

35 min after drug dose. In addition, results showed that

sotalol administration resulted in decrease in T-wave am-

plitude, reaching a minimum 415 ± 32 min after drug ad-

ministration. Figure 1 highlights the changes observed in

T-wave morphology by comparing two ECG waveforms

from Lead II taken from minute 213 and minute 374 with

comparable RR and QTc intervals.

This study aims to investigate the mechanisms underly-

ing drug-effects on T-wave morphology using a multi-scale

model of ventricular electrophysiology. We hypothesise
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Figure 2. Markov model state diagram of HERG ion chan-

nel (IKr)/sotalol interaction. States depicted with an aster-

isk (*) imply states with sotalol-induced block. C refers to

closed state, O to open state, I to inactivated state and D to

blocked state.

that prolongation of APD and enhancement of transmural

APD heterogeneities caused by sotalol-induced inhibition

of IKr result in a decrease in T-wave amplitude and an

increase in QT interval. To test this hypothesis, the inter-

action of sotalol with IKr dynamics was modelled using a

Markov model formulation. This model was then incorpo-

rated into a heterogeneous 1D fibre of human ventricular

cells so that changes in T-wave morphology could be sim-

ulated for varying drug concentrations.

2. Methods

A 1D fibre model was used, composed of 165 ventric-

ular cells and with a distribution between endocardium,

mid-myocardium and epicardium of 50:30:20 [6]. The in-

tercellular conductivity was set to 3 µS [7]. Membrane dy-

namics were represented by a modified version of the ten

Tusscher et al., 2006 model [8] by Fink et al. [9]. The Fink

human ventricular model includes improved current for-

mulations for IK1 and IKr as well as alignment of the peak

activated currents of IK1, IKr and IKs with experimental

data. Transmural heterogeneities in ionic currents were in-

corporated to represent differences observed between en-

docardial, mid-myocardial and epicardial cells as previ-

ously described [10] [8]. In order to simulate the effect

of sotalol on cardiac behaviour, a novel continuous-time

Markov model of IKr (see Figure 2) has been developed

and validated by our group to model ion channel gating

characteristics as well as ligand-binding dynamics [10].

The 1D fibre was paced at its endocardial side at basic

cycle length in the range between 400 and 1000ms. The

pseudo-ECG or extracellular unipolar potential (Φe) gen-

erated by the fibre was calculated using the following ex-

pression

Φe(x
′, y′, z′) =

r2σi

4σe

∫
(−∆Vm) · [∆

1

d
]dx (1)

where ∆Vm is the spatial gradient of Vm, σi is the in-

tracellular conductivity, σe is the extracellular conductiv-
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Figure 3. Effect of IKr/sotalol interaction on APD90.

(a) APD90 at several BCL from 400 to 1000 ms. Simu-

lation results are depicted as lines (dashed, control; and

solid, with sotalol concentration of 30 µM) and experimen-

tal data by Huikuri et al. with symbols (circles, control;

and triangles, 30 µM sotalol concetration) (b) Simulation

of APD90 prolongation induced by several sotalol concen-

trations for endocardial (blue bars), midmyocardial (green

bars) and epicardial cells (red bars)
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Figure 4. Simulated AP for endocardial, mid-myocardial

and epicardial cardiomyocytes under control conditions

(dashed lines) and with 30 µM of sotalol (solid lines).
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ity, r is the radius of the fibre and d is the euclidean dis-

tance from a source point (x, y, z) to the electrode point

(x′, y′, z′) [11]. The pseudo-ECG was calculated for an

electrode 2 cm from the epicardial edge and excluding 10%

of edge cells to remove boundary effects [11]. Conduc-

tion Velocity (CV) in control simulations was 45.3 cm.s−1.

Computer simulations were run for various sotalol concen-

trations and changes in QT interval and T-wave morphol-

ogy were analysed as described in the next section.

3. Results and Discussion

Effect of Sotalol on the Action Potential Dura-

tion

Figure 3(a) illustrates the effect of 30 µM of sotalol on

APD90 at different basic cycle lengths (BCL) obtained in

simulations (lines) and experiments (symbols) with human

right ventricular tissue from [12]. Both simulation and ex-

perimental results show that APD90 prolongation by so-

talol is rate dependent, which confirms sotalol as a reverse-

use dependent drug, i.e. an increased effect at lower heart.

Figure 3(b) shows single cell simulation results of the ef-

fect of several sotalol concentrations (0-500 µM) on endo-

cardial, midmyocardial and epicardial APD90 for a BCL

of 1000 ms. Increasing sotalol concentration results in an

increase in both APD90 and also the APD90 differences

between endocardial, midmyocardial and epicardial cells.

The effect of sotalol on the single cell action potential is

further illustrated in Figure 4, which shows the time course

of the AP for the three cell types in control and for 30 µM

of sotalol, for BCL=1000 ms. The main change is the pro-

longation of the APD, as also shown and quantified in Fig-

ure 3.

Effect of Sotalol on the T-wave morphology

Figure 5 illustrates the effect of several sotalol concen-

trations (0, 160 and 500 µM) on the pseudo-ECG, as ob-

tained in our simulations using the 1D fibre model. Consis-

tent with our clinical observations, the simulation results

show that an increase in drug concentration causes a de-

crease in T-wave amplitude and an increase in the QTc in-

terval. In particular, 160 µM and 500 µM sotalol resulted

in an QTc prolongation of 79 ms and 146 ms respectively.

In order to investigate the causes of sotalol-induced

changes in the pseudo-ECG, we quantified changes in APD

distribution in the 1D fibre in the presence of varying con-

centrations of sotalol from 0 to 500 µM. Figure 6 (a)

depicts the difference between minimum and maximum

APD90 measured in the fibre for varying sotalol concen-

trations. The maximum and minimum APD90 measured

in the 1D fibre are demarcated by the upper and lower bar

limit, respectively. Both maximum and minimum APD90
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Figure 5. Simulation of the effect of varying concen-

trations of sotalol on the simulated pseudo-ECG. The

1D fibre was stimulated from its endocardial side with

BCL=1000 ms. The QT interval was calculated from time

of stimulus application to time at which the pseudo-ECG

returned to zero following the T-wave.

Figure 6. Sotalol-induced changes in transmural hetero-

geneities in APD90. (a) maximum (upper edge) and min-

imum (lower edge) APD90 in 1D fibre for several sotalol

concentrations, and (b) ∆ APD90 (i.e. difference between

maximum and minimum fibre APD90) for different sotalol

concentrations.

increase with increasing drug concentration. Figure 6 (b)

highlights sotalol-induced increase in the difference be-

tween maximum and minimum fibre APD90. Therefore,

the results show that sotalol results in an increase of trans-

mural APD90 heterogeneity. Thus, our simulation study

shows that prolongation of APD90, and enhancement of

transmural APD90 heterogeneities caused by the IKr block

by sotalol are responsible for the main changes observed in

the simulated pseudo-ECG, namely prolongation of QT in-

terval and changes in T-wave morphology.

Figure 7 illustrates the effect of varying intercellular

coupling and IKr conductance on the simulated pseudo-

ECG, in order to assess the sensitivity of our results to vari-

ation in these parameters. Varying gap junction resistivity
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Figure 7. Sensitivity analysis for different values of (a)

intercellular coupling and (b) conductance of IKr

from 0.1075 to 1.554 Ω·cm does not effect T-wave mor-

phology significantly, whereas varying gKr from 0.0175

to 0.153 pA/pF results in both a prolongation of repolari-

sation and a decrease in T-wave amplitude. The similarity

between sotalol effects and the reduction of gKr is to be

expected.

4. Conclusions

This study presents the implementation and validation of

a multi-scale model of sotalol-induced effects on ventricu-

lar electrophysiology. Clinical effects of sotalol on T-wave

morphology and QT interval were replicated in the simu-

lations. Computer simulation results show that inhibition

of IKr by sotalol results in a decrease in T-wave ampli-

tude, prolongation of the APD90 and increase in APD90

transmural heterogeneities. The effect of sotalol was also

seen to be rate and dose dependent. The model limitations

need to be considered on the respective levels of imple-

mentation. Firstly, the limited data of sotalol interacting

with HERG and human IKr at physiological temperatures

reduces the general predictive accuracy of the model. Sec-

ondly, the 1D fibre model’s structure limits it to in consid-

ering only transmural heterogeneities and 1D inter-cellular

coupling which is a significant simplification of cardiac

electrophysiology. Lastly, the model was simulated using

constant pacing rates and the effect of dynamic changes

in heart rate were not investigated. Despite these limita-

tions, our study provides significant mechanistic insight

into changes in the ECG caused by sotalol interaction with

ventricular electrophysiology.
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