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Abstract

Patients suffering from the congenital Long-QT syn-

drome have been reported to react highly sensitive to the

presence of β-adrenergic agents that are produced by the

sympathetic nervous system. In this work we used an

anisotropic and electrophysiologically heterogeneous in-

silico model to reproduce wedge experiments in which the

Long-QT syndrome was induced pharmacologically. The

integration of an intracellular signaling cascade allowed

the prediction of the effects of adrenergic agents on the

different subtypes of the Long-QT syndrome. For LQT1 the

in-silico model predicted a QT prolongation in the trans-

mural pseudo ECG without an increase in transmural dis-

persion of repolarization. For LQT2 and LQT3 the QT

prolongation was accompanied by an increased transmu-

ral dispersion of repolarization. β-adrenergic tonus short-

ened the QT interval and increased transmural dispersion

of repolarization. These findings were consistent with the

experimental reports.

1. Introduction

The congenital Long-QT syndrome (LQTS) is caused

by mutations in specific ion channel genes. Clinically it

manifests as QT prolongation and changes in T Wave mor-

phology that can lead to polymorphic ventricular tachycar-

dia from the Torsade de Pointes (TdP) type. Especially

LQT1 patients have been reported to react highly sensitive

to the presence of β-adrenergic agents that are produced by

the sympathetic branch of the autonomous nervous system

during episodes of physical activity.

Antzelevitch et al. have conducted canine wedge ex-

periments in which they pharmacologically induced differ-

ent LQTS subtypes and investigated the effects of various

drugs and β-blockers while trying to provoke episodes of

TdP [1–3]. Although different research groups have cre-

ated in-silico models of the LQTS, not all features of the

pharmacological experiments could be reproduced. E.g.

in case of LQT1 most computational models predict a re-

duced T Wave width and amplitude as the mutation affects

the heterogeneously distributed channel IKs [4, 5]. The

mutation-induced loss of function homogenizes the repo-

larization thereby reducing the transmural dispersion of re-

polarization (TDR) and thus T Wave width and amplitude.

However, previous in-silico models did not consider the ef-

fects of β-adrenergic regulation which is known to shorten

action potential duration (APD), increase TDR and elevate

both inotropy and chronotropy. Recently, Saucerman et al.

presented a model for the intracellular β-adrenergic sig-

naling cascade [6] which we integrated into the model of

human ventricular electrophysiology from ten Tusscher et

al. [7].

In this work we used an extended version of this model

to mimic the wedge experiments from Antzelevitch’s

group with pharmacologically induced LQT1, LQT2 and

LQT3. We focused especially on changes in TDR that

were introduced by the different LQTS subtypes both in

the presence and absence of β-adrenergic stimulation.

2. Methods

The in-silico model of the ventricular wedge prepara-

tion was composed of 120 x 20 x 20 cubic elements with a

side length of 0.1 mm. This resulted in a wedge-length of

12 mm which was comparable to the experimental prepa-

rations [1, 3]. The anisotropic electrical conduction of the

myocard was considered by assigning fiber orientation us-

ing a rule-based method which was parameterized with

measurement data from Streeter et al. [8].

The electrophysiological properties were described us-

ing the second version of the ten Tusscher model for hu-

man ventricular myocytes [9] in which we integrated the

adrenergic signaling cascade from Saucerman et al. [7].

We recently expanded the model by adding adrenergic ef-

fects on the Na/K-ATPase (NKA). If adrenergic influences

on NKA are not considered, this can lead to spontaneous

Ca transients from the sarcoplasmic reticulum into the cy-

tosol as shown in knockout mice experiments [10]. Trans-

mural electrophysiological heterogenity was modelled us-

ing three distinct tissue layers: 20% endocardium, 30%

midmyocardium and 50% epicardium. The maximum con-

ductance of the slowly activating delayed rectifier current

gKs was adapted for each of the three cell types to create

a similar ratio of APD90,Epi/APD90,M/APD90,Endo as in

the wedge experiments [2] (gKs,Endo = 0.45, gKs,M =
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menting the TDR. The smaller QT prolongation of LQT2

and LQT3 compared to LQT1 was due to the elevated lev-

els of IKs which partly compensated the reduction in IKr

or the increased influx due to the late component of INa,

respectivley.

The application of ISO always shortened the APD90 of

epicardial cells. In case of LQT1 and LQT2 ISO prolonged

the APD90 of the M cells while there was almost no ISO-

induced change of M cell APD90 in LQT3. Furthermore

ISO increased the TDR in all three cases. Except for the in-

crease in TDR under adrenergic influence in case of LQT3,

the results of the in-silico model are consistent with the ex-

perimental reports [1,3]. However, unlike in the wedge ex-

periments, the ISO-induced increase in TDR did not lead

to a significant widening of the associated T Waves. If the

ISO effects over time are considered, it is interesting to

note, that our computational results match with the effects

that Antzelevitch et al. observed 2 minutes after the appli-

cation of ISO. However, our precalculations ensured that

the ISO-effects were maximal in the in-silico model which

should in theory correspond to the effects after 10 minutes

in Antzelevitch’s experiments.

Although this computational study was able to repro-

duce the main features of the pharmacologically induced

LQT syndromes, there are still some unanswered questions

when it comes to the interpretation of clincial ECG record-

ings of patients with LQT1 and LQT2. While the wedge

experiments predict no significant changes in TDR and

T Wave width for LQT1, patients with this disease show

broad-based T Waves [14] (even at rest without adrener-

gic stimulation). This is difficult to explain as the mutation

is associated with a loss of function of the heterogeneously

expressed IKs. A reduction of IKs cannot cause an increase

in TDR which would explain broad-based T Waves. On the

other hand the tECGs from the wedge experiments show

an increase in TDR for LQT2 which is difficult to connect

to the low-amplitude T Waves which are seen in patients

suffering from LQT2 [14]. A possible explanation for pa-

tients with LQT1 that show a broad-based T Wave could

be that they suffer from a recently reported mutation that

does not cause a simple loss of function of IKs, but rather

separates IKs from adrenergic regulation. Due to enhanc-

ing effects of ISO on ICaL and other currents the APD and

thus QT time is prolonged without a reduction of the in-

trinsic IKs-based heterogeneous properties.
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long-QT syndrome in a model of human myocardium. In

Proc. Computers in Cardiology, volume 30. 2003; 287–290.

[5] Potse M, Baroudi G, Lanfranchi PA, Vinet A. Generation

of the t wave in the electrocardiogram: lessons to be learned

from long-QT syndromes. In Can. J. Cardiol. 2007, volume

23 Suppl. 2007; C:238C.

[6] Saucerman J, Brunton L, Michailova A, McCulloch A.

Modeling beta-adrenergic control of cardiac myocyte con-

tractility in silico. The Journal of Biological Chemistry

2003;278:47997–48003.

[7] Otto C, Keller D, Seemann G, Dössel O. Integrating beta-
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