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Abstract 

The short QT syndrome (SQTS) is a rare cardiac 

disorder associated with an abnormally short QT interval 

and an increased risk of ventricular arrhythmias and 

sudden cardiac death (SCD). Gain-of-function mutation 

to potassium channels mediating the slow delayed 

rectifier current, IKs, underlie KCNQ1-linked SQTS 

variant 2 (SQT2), in which treatment with sodium, 

calcium and potassium channel blocking class Ia anti-

arrhythmic agents has demonstrated some efficacy. This 

study used computational modelling and simulation to 

gain mechanistic insights into the actions the clinical 

drug, quinidine, in the setting of SQT2. The ten Tusscher 

et al. human ventricle model was modified to incorporate 

KCNQ1 V307L mutation-induced changes to IKs based on 

experimentally observed data: wild type (WT) and SQT2 

mutant conditions were studied. Actions of quinidine were 

simulated by implementing a simple pore block theory to 

simulate the drug blocking effects on IKr, IKs, Ito, INa, ICaL, 

INaCa and INaL, which were modelled using IC50 and Hill 

coefficient. Cell models were incorporated into one-

dimensional (1D) model that considered the intrinsic 

electrical heterogeneity in the left ventricle. At a 

clinically therapeutic concentration of 10µM quinidine, 

the action potential duration (APD) was significantly 

increased, and the QT interval on the pseudo-ECG was 

prolonged. This study helps to better understand the 

underlying mechanisms of pharmacological therapy, and 

provides further evidence that quinidine is a suitable 

treatment for the SQT2 phenotype. 

 

1. Introduction 

The short QT syndrome (SQTS) is a cardiac disorder 

associated with abnormally short QT interval on the ECG, 

leading to increased risk of ventricular arrhythmias and 

sudden cardiac death (SCD) [1]. The SQTS is genetically 

heterogeneous, with a complex genotype-phenotype 

relationship. The SQT2 identified form of the SQTS was 

caused by a g919c substitution in KCNQ1 encoding the 

potassium channel. Functional studies of the KCNQ1 

V307L mutation revealed a pronounced shift of the half-

activation potential and an acceleration of the activation 

kinetics leading to a gain of function in IKs, which 

significantly reduces the QT interval of 290 ms (QTc, 302 

ms) [2].  

The current first-line treatment for SQTS patients is 

use of an implantable cardioverter-defibrillator (ICD) 

device, which protects against SCD [3]. However, the use 

of ICD device carries an increased risk of an 

inappropriate shock discharge by the ICD due to T-wave 

over-sensing. Furthermore, ICD does not restored the QT 

interval and, is not particularly suited to some pediatric 

patients, necessitating the pursuance of alternative, 

pharmacological approaches. Pharmacological therapy 

may be the primary modality to restore the physiological 

(normal) QT interval and protect against arrhythmias. At 

present, the accurate experimental models of SQT2 and in 

vitro pharmacological data on SQT2 patients are 

comparatively sparse. However, several studies have 

reported on the effectiveness of quinidine at restoring the 

QT interval in the setting of SQTS, as well as on the lack 

of effect of other anti-arrhythmic agents such as sotalol, 

ibutilide, and flecainide [4].  

Our group recent studies [5,6] adopted computational a 

modelling and simulation approach to investigate the 

underlying mechanisms by which combined ion channel 

blocking actions of quinidine exert anti-arrhythmic 

effects in the setting of SQTS. Whereas, our group study 

[7] has previously used computer models to gain insights 

into QT interval shortening and pro-arrhythmic effects of 
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SQT2 KCNQ1 V307L mutant IKs channels in human 

ventricles, significantly less is known about the 

pharmacological effects of anti-arrhythmic agents on 

SQT2. Although the effectiveness of quinidine has only 

been demonstrated in SQT1, there is a reason to believe 

that it may be useful in SQT2. Therefore, the present 

study was undertaken to gain mechanistic information 

regarding the actions of quinidine on human ventricular 

electrophysiology in the setting of V307L-linked SQT2.  

 

2. Methods 

2.1. Model development 

The ten Tusscher et al. model [8] of the human 

ventricular action potential (AP) was used for simulations 

in this study, due to its extensive experimental validation 

and ability to reproduce complex behaviours such as re-

entrant excitation waves – a crucial requirement when 

simulating anti-arrhythmic effects of pharmacological 

agents on cardiac electrophysiology. Specifically, the 

single cell AP model can be modelled by using the 

following ordinary differential equation (ODE): 

m ion stim

m

dV I I

dt C


                           (1) 

where t is time, Cm is the cell membrane capacitance per 

unit surface area, Istim is the external stimulus current and 

Iion is the sum of the known transmembrane ionic currents. 

Particularly, the late sodium current (INaL) equation [9] 

was incorporated. The model code used in this study was 

downloaded from http://www-binf.bio.uu.nl/khwjtuss/. 

The cell model was paced with an amplitude of -52 

pA/pF for 1 ms and a basic cycle length (BCL) of 800 ms.  

Parameters in the equations for IKs were modified to 

incorporate experimental data of Bellocq et al. on SQT2 

KCNQ1 V307L mutation-induced changes in IKs kinetics 

[2]. The IKs formulation is described by: 

Original: 
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where GKs is maximal channel conductance, xs is the 

activation variable, Vm is the transmembrane potential, EK 

is the equilibrium potential, and xs  is the time constant.  

    Wild type (WT):  
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Homozygous mutant expression with reduced IKs 

(Homred) 
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A scaling factor ratio of 1.5: 1 in epicardial (EPI) IKs to 

mid-myocardial (MIDDLE) IKs, was applied as reported 

in the study of Szabo et al. [10], in order to generate a 

high, symmetrical T-wave on the pseudo-ECG of SQTS.  

 

2.2. Drug modelling 

A simple pore block theory [11] was used for drug 

modelling. The effects of quinidine on IKr, IKs, Ito, INa, ICaL, 

INaCa, and INaL were described using Hill coefficient (nH) 

and half maximal inhibitory concentration (IC50) values 

taken from the literature. The blocking potency of the 

drug on ionic currents is shown in Table 1. The 

therapeutic concentration of quinidine is 3.8~10.2 µM. 

Therefore, in this study 10 µM was selected to simulate 

and predict the effects of quinidine on SQT2. 

 

Table 1. Cardiac ion currents and conductivities (% of 

original value) in the presence of 10 µM quinidine. 

Current IC50 nH Conductivity Source 

IKr 0.62  0.93 7% [12] 

IKs --- --- 45.2% [13] 

Ito 3.9 1 25.3% [14] 

INa 0.17 1 59.3% [15] 

ICaL 14.9 1.1 61.2% [16] 

INaCa --- --- 86.5% [16] 

INaL 12 1 52.3% [9] 

 

2.3. Tissue Simulation 

Initiation and conduction of action potentials (APs) in 

the multicellular tissue can be described by the following 
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partial differential equation (PDE): 

( ) ( )m
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where   is the gradient operator defined within the 

tissue geometry, D is the diffusion coefficient.  

For one-dimensional (1D) simulations, a strand model 

was 15 mm and employed a spatial resolution of 0.15 mm, 

close to the ventricular cell length of 80~150 µm. The 

strand had 25 nodes for ENDO, 35 nodes for MIDDLE 

and 40 nodes for EPI cells. The total length and 

proportion for each sub-region reliably reproduced a 

positive T wave on the pseudo-ECG. D was set at 0.0008 

cm
2
/ms, which promoted a conduction velocity (CV) of 

52 cm/s, close to the experimental CV of ~50 cm/s. 

A pseudo-ECG was calculated by the following 

expression [17]: 
2 1
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where α is the radius of the 1D strand, dx is the spatial 

resolution, r is the Euclidean distance form a strand point 

x to the electrode point x’. The virtual electrode was 

placed at a position 2.0 cm away from the EPI end of the 

strand. 

 

3. Results 

Figure 1 shows the simulated ENDO, MIDDLE and 

EPI cell action potentials and IKs profile with the modified 

IKs equations. These plots show cell action potential V 

(mV) versus time t (ms), stimulated by a 1.25 Hz 

frequency. The IKs in the WT condition increased 

progressively, however, in the SQT2 conditions, IKs 

increased more rapidly, and reached a higher peak 

amplitude, leading to the shortening of the action 

potential duration. This results indicate that the modified 

model can capture the features of the WT and mutant IKs 

channel dynamics, and suggest that it can be used to 

predict the effects of quinidine on SQT2. 

The effects of 10µM quinidine on the cell action 

potentials are shown in Figure 2. The results indicate that 

quinidine markedly decreased the action potential 

amplitude and prolonged the action potential duration in 

SQT2 conditions. A pseudo-ECG was simulated by using 

a 1D strand model as shown in Figure 3.  The QT interval 

on the ECG was prolonged in SQT2 conditions by the 

application of 10µM quinidine. Especially, the QT 

interval in the simulated dose of quinidine under the Het 

condition was prolonged to the normal physiological 

range of QT interval between 363 and 421 ms. 

 

4. Conclusion 

In the present study, we have showed that 10µM 

quinidine produced a therapeutic effect on ventricular 

electrophysiology in SQT2 conditions. This study 

provides new evidence that quinidine may be a potential 

pharmacological agent for treating the KCNQ1-linked 

SQT2 patients. 

 
Figure 1. Simulations of ENDO, MIDDLE and EPI cell 

action potentials together with the corresponding time 

course of IKs in WT and SQT2 conditions. 

 
Figure 2. The pharmacological effects of quinidine on cell 

action potentials in SQT2 conditions. 
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Figure 3. The pharmacological effects of quinidine on 
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