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Abstract

In the congenital LQTS, repolarisation of the ventricles is prolonged, and patients with LQTS are at an increased risk of ventricular arrhythmias. Four LQTS phenotypes have been identified. LQT1, LQT2 and LQT4 affect potassium channels, and LQT3 affects sodium channels. The incidence of arrhythmias is higher in LQT1, but the incidence of lethal arrhythmias is higher in LQT3.

The aim of this study was to compare re-entry in simulations of LQT1 and LQT3 myocardium. We modified the Oxsoft equations for the guinea pig ventricular cell to simulate 30 mm x 30 mm 2 dimensional LQT1 and LQT3 preparations. Although there was no difference in vulnerable period between normal, LQT1 and LQT3 simulations, re-entrant wave meander was 3.6 times greater in LQT1 than normal, but only 1.3 times greater in LQT3 than normal. We propose that the greater meander in LQT1 explains the higher incidence of self terminating non-lethal arrhythmias in this phenotype. 

1. 
Introduction

The congenital Long-QT (LQT) syndromes are associated with an increased risk of ventricular arrhythmia [1]. Although abnormalities in sympathetic innervation of the heart were initially considered a candidate mechanism for the LQT syndromes, there is now evidence that specific gene mutations are associated with LQT [2,3]. The phenotypes of three of these mutations have so far been identified, and more will undoubtedly be uncovered. LQT1 is a mutation of the KVLQT1 and/or hminK genes which code for subunits of the channels carrying the slowly inactivating K+ current IKs. LQT2 is a mutation of the HERG gene which codes for subunits of channels conveying the rapidly inactivating K+ current IKr. LQT3 is a mutation of the SCN5A gene which prevents complete inactivation of Na+ channels. In LQT1 and LQT2 repolarisation is prolonged because the outward K+ current during the plateau phase of the action potential is reduced. In LQT3, repolarisation is prolonged because there is a persistent inward Na+ current throughout the action potential.

Ventricular arrhythmias in the LQT syndromes are often associated with emotional stress, exercise, or a lowered heart rate, and these features suggest initiation by afterdepolarisations [1,3]. Many LQT arrhythmias show the characteristic waxing and waning the in the ECG that is classified as torsade de pointes by cardiologists, these is evidence that once initiated these arrhythmias are sustained by re-entrant waves [4]. Self termination of torsade de pointes is well documented [5]

The behaviour of functional re-entrant waves has been studied in both mammalian hearts and computational models of myocardium. These studies have shown that re-entrant waves do not rotate rigidly. Instead, the tip of a re-entrant wave rotates around a core that is mobile. In homogenous isotropic and anisotropic media the core meanders with a characteristic pattern that depends on local electrophysiology. In heterogenous media meander is accompanied by drift. If the core of the re-entrant wave moves beyond the inexcitable boundary of the medium then re-entry ceases, and this has been proposed as a mechanism for self termination of arrhythmias [6].

A recent study in a limited group of patients has shown that although the incidence of ventricular arrhythmias in patients with LQT1, the incidence of lethal arrhythmias is five times greater in LQT3 than in LQT1 [7]. This finding suggests that arrhythmias in patients with LQT1 are more likely to self terminate than arrhythmias in patients with  LQT3. The aim of the present study was therefore to compare the characteristics of re-entrant arrhythmias in simulations of LQT1 and LQT3.

2.
Methods

We simulated action potential propagation in continuous and isotropic 1 and 2 dimensional excitable media. We used the Oxsoft equations for the guinea pig ventricular cell to describe membrane excitability, incorporating the equations for the IKs and IKr currents described in the most recent version of the model [8]. For normal tissue, we scaled the maximal conductances GKs, GKr1 and GKr2 so that the total IKs + IKr during repolarisation was equal to the total IK during repolarisation in the older model, while keeping the ratio of GKs to GKr constant. This model of normal ventricular  myocardium had an action potential duration of 153 ms and a propagation speed of 0.6 ms-1 for plane waves.

We simulated LQT1 by progressively reducing GKs from a normal value of 0.007 (S to 0.0032, 0.0016, 0.0008, 0.0004, and 0.0002 (S. We simulated LQT3 by preventing a fraction gB of Na channels from inactivating. We progressively increased gB from 0.0000 for normal tissue to 0.0001, 0.0002, 0.0004, 0.0008, and 0.0016. Figures 1 and 2 show normal and prolonged action potentials for the LQT1 and LQT3 simulations.
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Figure 1: Action potentials of simulated normal and LQT1 (GKs= 0.0002 (S) tissue.
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Figure 2: Action potentials of simulated normal and LQT3 (gB = 0.0016) tissue.

We measured the vulnerable period for simulated normal and LQT tissue in a 1 dimensional cable 10 mm long. A single extrastimulus was delivered in the wake of a plane wave and the time of delivery increased in steps of 1 ms. The vulnerable period was defined as the range of extrastimulus times that elicited unidirectional propagation as described previously [9].
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Figure 3: Re-entry in normal myocardium; voltage isochrones at 5 ms intervals between 1.00 and 1.12 s after initiation of re-entry.
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Figure 4: Meander of the re-entrant core in simulated normal tissue between 1 and 2 after initiation of re-entry.

We studied re-entry in a 2 dimensional medium representing a 30 x 30 mm square of myocardium. The 2 dimensional cable equation describing action potential propagation was solved numerically using the scheme described elsewhere [9], with a space step corresponding to 100 um, a time step corresponding to 50 us, and a diffusion constant of 31.25 mm2s-1. Re-entry was initiated using the phase distribution method [9], and the position of the re-entrant core was determined from the intersection of isolines of voltage and Ca channel inactivation. Figure 3 shows re-entry in normal tissue and Figure 4 the trajectory of the re-entrant core.

3.
Results

The width of the vulnerable period for simulated normal tissue was 6 ms, and was unchanged for both the LQT1 and LQT2 simulations. 
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Figure 5: Re-entry in LQT1 myocardium with GKs  0.0002 (S; voltage isochrones at 5 ms intervals between 1.00 and 1.12 s after initiation of re-entry.
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Figure 6: Re-entry in LQT3 myocardium with gB 0.0016; voltage isochrones at 5 ms intervals between 1.00 and 1.12 s after initiation of re-entry.

Isochrones and the patterns of meander for re-entrant waves in LQT1 and LQT3 are shown in Figures 5-8. The extent of meander in simulated LQT1 tissue was much greater than the extent of meander in LQT3 tissue. Furthermore, meander in simulated LQT1 increased with time, and in the simulation with lowest GKs the meander was great enough for re-entry to become extinguished.
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Figure 7: Meander of the re-entrant core in simulated LQT1 tissue between 1 and 2 after initiation of re-entry.
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Figure 8: Meander of the re-entrant core in simulated LQT3 tissue between 1 and 2 after initiation of re-entry.

We quantified the extent of meander by the radius of the circle enclosing the entire meander trajectory. Between initiation and 1 s, the extent of meander for the LQT1 simulation with the longest action potential duration (GKs=0.0002(S) was 3.3 mm, compared to 1.9 mm for simulated normal tissue and 2.3 mm for simulated LQT3 tissue with the longest action potential duration (gB=0.0016). For the period between 1 and 2 s after initiation these figures were 4.7 mm, 1.3 mm, and 1.8 mm respectively.

4.
Discussion

This study has shown that small changes to ionic currents at the cellular level arising from gene mutations can have a dramatic influence on the larger scale behaviour of myocardium. 

There are several limitations to this study. First, we have neglected the initiation of re-entry. It seems that afterdepolarisations are the most likely mechanism of initiation in the LQTS [4]. Second, the computations in this study have been restricted to two dimensions. Re-entry in the ventricles is a three dimensional phenomenon, and the third dimension may be important for the stability of the re-entrant wave [10]. It is possible that re-entrant waves are less stable in LQT3, and that this is an important factor in the higher incidence of lethal arrhythmias in patients with this genotype. Third, we have not taken into account the regional distribution of mutant ion channels within the ventricle. There is only limited information at present [3].

Despite these limitations this study has shown that it is possible to do computational experiments that simulate the functional, organ-wide consequences of gene mutations in physiological systems. As our knowledge of the detailed molecular mechanisms that underpin life itself increases, so our need to integrate this information grows. There is so much information available that computation offers the only realistic way to make use of it.

5.
Conclusions

In this study we have shown that small changes in the behaviour of cardiac cells can affect tissue behaviour. In simulations of LQT1 and LQT3, we have shown that the width of the vulnerable window is no different to normal tissue, but the meander of re-entrant waves is dramatically increased in LQT1 and modestly increased in LQT3. We propose that meander beyond the excitable boundary of the ventricles is the mechanism by which some ventricular arrhythmias self-terminate, and that the greater meander of re-entrant waves in LQT1 compared to LQT3 explains the higher incidence of self-terminating arrhythmias in patients with LQT1.
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