PAGE  

Re-entrant cardiac arrhythmias in computational models of Long QT myocardium

Richard H. Clayton PhD, Andrew Bailey PhD, Vadim N. Biktashev PhD, Arun V. Holden PhD

School of Biomedical Sciences, University of Leeds, Leeds, LS2 9JT, United Kingdom.

Short title:

Re-entry in simulated LQT myocardium

Please address all correspondence to:

Dr R H Clayton, School of Biomedical Sciences, Worsley Building, University of Leeds, Woodhouse Lane, Leeds LS6 9JT, United Kingdom

Telephone
+44 113 233 4265

Fax

+44 113 233 4230

Email

richard@cbiol.leeds.ac.uk

Current address for Dr V N Biktashev, Applied Maths, M and O Building, Peach Street, University of Liverpool, Liverpool L69 3BX, UK.

Current address for Dr A Bailey, Molecular Medicine Unit, Clinical Sciences Building, St James's Hospital, Leeds LS9 7TF, UK.

Summary
The Long QT syndrome (LQTS) is an inherited disorder in which repolarisation of cardiac ventricular cells is prolonged. Patients with the LQTS are at an increased risk of ventricular cardiac arrhythmias. Two phenotypes of the inherited LQTS are caused by defects in K+ channels (LQT1 and LQT2) and one by defects in Na+ channels (LQT3). Patients with LQT1 are more likely to have self terminating arrhythmias than those with LQT3. The aim of this computational study was to propose an explanation for this finding by comparing the vulnerability of normal and LQT tissue to re-entry, and estimating the likelihood of self termination by motion of re-entrant waves to an inexcitable boundary in simulated LQT1, LQT2 and LQT3 tissue. We modified a model of mammalian cardiac cells to simulate LQT1 by reducing maximal IKs conductance, LQT2 by reducing maximal IKr conductance, and LQT3 by preventing complete inactivation of INa channels. Each simulated phenotype was incorporated into a computational model of action potential propagation in one and two dimensional homogenous tissue. Simulated LQT tissue was no more vulnerable to re-entry than simulated normal tissue, but the motion of re-entrant waves in simulated LQT1 tissue was between two and five times greater than the motion of re-entrant waves in simulated LQT2 and LQT3 tissue. These findings suggest that LQT arrhythmias do not result from increased vulnerability to re-entry, and that re-entry once initiated is more likely to self-terminate by moving to an inexcitable tissue boundary in LQT1 than in LQT2 and LQT3. This finding is consistent with clinical observations.

1. Introduction

The congenital long QT syndromes (LQTS) are disorders characterised by prolonged cardiac action potentials resulting in a prolonged QT interval in the electrocardiogram. Patients with LQTS have and increased risk of ventricular arrhythmias and sudden death. Although the LQTS is relatively rare, recent studies have identified mutations in several different genes that are responsible for the LQTS (Priori et al, 1999; Splawski et al, 1998). To date, mutations at 5 loci have been identified. LQT1 results from mutations in the KVLQT1 gene on chromosome 11 (11p15.5) coding the (-subunit of the IKs potassium channel, LQT2 from mutations in the HERG gene on chromosome 7 (7q35-q36) coding the (-subunit of the IKr potassium channel, LQT3 from mutations in the SCN5A gene on chromosome 3 (3p21-p23) which encodes for the INa sodium channel, and LQT5 from mutations in the KCNE1 gene on chromosome 21 (21q22-q22) which encodes for minK, an ancillary subunit for the IKs channel protein. LQT4 results from mutations in a gene on chromosome 4 but is not yet well characterized (Schott et al, 1995). The consequence of these mutations is a change in the voltage dependent kinetics of the expressed ion channel. 

The initiation of LQTS arrhythmias is associated with exercise related changes in heart rate in LQT1, sudden noise or startle in LQT2, but generally occurs at rest in LQT3 (Moss et al, 1999; Wilde et al, 1999). There is evidence that the initiating event is a focal early afterdepolarisation and that arrhythmias once initiated are sustained by re-entry (El-Sherif et al, 1999). LQTS arrhythmias are frequently of the torsade de pointes type, and often self terminate (Schwartz et al, 1995). 

Computational and experimental studies have shown that the zone of functional block at the core of a re-entrant wave in normal tissue is mobile (Jalife et al, 1998). Even in homogenous simulations of isotropic myocardium there is meander, nonperiodic motion of the wave tip as Na+ and Ca2+ currents alternately dominate at the tip of the re-entrant wave (Biktashev and Holden, 1998). If the core of the re-entrant wave moves to the boundary of excitable tissue, for example to the inexcitable tissue connecting the atria and ventricles, then the re-entrant wave is extinguished and the arrhythmia stops. Self terminating arrhythmias have been observed experimentally (Jalife et al, 1998) and clinically (Clayton et al, 1993), and often occur in the LQTS (Schwartz et al, 1995). Striking differences in the lethality of ventricular arrhythmias in the different LQTS phenotypes have also been reported (Zareba et al, 1998). Patients with LQT3 were less likely to suffer arrhythmias than patients with LQT1 and LQT2, but 20% of arrhythmias in LQT3 patients were lethal compared to 4% in LQT1 patients. Thus there is a five fold greater likelihood of self-terminating ventricular arrhythmias in LQT1 and LQT2 compared to LQT3; this could be due to increased motion of re-entrant waves.

Other studies have shown prolonged action potentials and afterdepolarisations in computational models of LQTS in single cells (Clancy and Rudy, 1999). Our aims in the present study were to investigate the initialisation and persistence of functional re-entry in computational models of homogenous normal, LQT1, LQT2 and LQT3 tissue. We sought first to determine whether simulated LQT tissue is more vulnerable than normal tissue to the initiation of re-entry, and second to establish whether differences in the motion of re-entrant waves in simulated LQT myocardium could account for the higher incidence of self terminating ventricular arrhythmias in patients with LQT1 compared to those with LQT3.

2. Methods

Cellular model

We used a cellular model based on the Oxsoft equations for the guinea pig ventricle that has been described fully in a previous publication (Biktashev and Holden, 1996). In this family of models, a system of differential equations describe the kinetics of ion channels in the cell membrane, from which the individual ion currents at a particular instant can be calculated. For this study, we replaced the equation for the IK current described in the 1991 model (Noble et al, 1991) with the equations for IKr and IKs from the latest version of the Noble guinea pig ventricular cell model (Noble et al, 1998). Figure 1 shows an action potential and the principal currents during depolarisation and repolarisation of our cell model.

Simulation of LQT phenotypes

Although many different LQT mutations have been identified each having different effects on ion channel kinetics (Priori et al , 1999; Wang et al, 1999; Roden and Balser 1999), many LQT1 and LQT2 mutations result in a loss of K+ channel function and a reduction of maximal K+ conductance, whereas LQT3 mutations result in a persistent Na+ current during the plateau of the action potential. We chose to simulate LQT1 and LQT2 by reducing the maximum K+ conductance for each cell, GKs and GKr. In our simulation of LQT1 (simLQT1) we reduced GKs from a normal value of 0.0070 (S to 0.00525, 0.0035, 0.00175, and 0 (S, and for simLQT2 we reduced GKr (GKr1 + GKr2 in the Noble equations (Noble et al, 1998)) from 0.0080 (S in normal tissue to 0.0060, 0.0040, 0.0020, and 0 (S. For   simLQT3, we increased the opening probability and decreased the closing probability of Na+ channels by a fractional amount gB. We varied gB from 0 in normal tissue to 0.075, 0.15, 0.225, and 0.30 %. 

Tissue model

We simulated action potential propagation in continuous, homogenous and isotropic one and two dimensional media. The partial differential equations describing action potential propagation were solved using the scheme described in detail elsewhere (Biktashev and Holden, 1998), with a space step corresponding to 100 (m, a time step corresponding to 50 (s, and a diffusion constant of 31.25 mm2s-1 giving a propagation speed for plane waves of 0.6 ms-1. No-flux boundary conditions were used. Each simulated cell had a capacitance of 0.2 nF, and was assumed to be a perfect cylinder of radius 15 (m and length 80 (m giving each cell a surface area of 0.02 mm2 and a specific capacitance of 1 (F cm-2. Simulation of 1 s of activity in a 30 x 30 mm two dimensional model took about 18 hours on a single SGI MIPS R10000 225 MHz processor.

Estimation of vulnerability to re-entry

S2 stimuli delivered prematurely in the wake of a conditioning wave can initiate re-entry in two or three dimensions, and in a one dimensional model the vulnerability can be quantified from the range of coupling intervals and strengths of a premature S2 stimulus that initiate retrograde unidirectional propagation (Starmer et al, 1993) as shown in figure 2. The vulnerable window is the difference between the maximum and minimum coupling intervals of the S2 stimulus that elicits a unidirectionally propagating action potential when the strength of the S2 stimulus is held constant. Although re-entry in real myocardium depends on many parameters, the width of the vulnerable window is an important measure of the ease with which re-entry can be initiated.

In this study we measured the vulnerable window in a 10 mm one dimensional strand. Following two conditioning S1 stimuli delivered from one end of the strand and separated by 400 ms, a single S2 stimulus was delivered by raising the membrane potential of the central 2 mm region of the fibre to +100 mV. The timing of S2 relative to the second S1 stimulus was increased in steps of 1 ms. We quantified the vulnerable window from the most premature S2 and least premature S2 stimuli that elicited unidirectional propagation.

Measurement of tip trajectory in two dimensional model

We initiated re-entry in a homogenous and isotropic two dimensional model representing a 30 mm x 30 mm sheet of myocardium using the phase distribution method described previously (Biktashev and Holden, 1998). Anticlockwise re-entry was simulated for normal tissue and for each variant of simLQT1, simLQT2 and simLQT3. The re-entrant wave tip was located from the intersection of isolines of membrane voltage Vm = -10 mV and Ca2+ gating variable f = 0.5, and its co-ordinates recorded every 1 ms throughout each simulation. We then estimated the area enclosed by the tip trajectory from the circular area enclosing the core trajectory between 0 and 1 s after initiation, and between 1 and 2 s after initiation. The maximum and minimum co-ordinates of the tip location in both x and y directions were measured. The radius of the circular area enclosing the tip trajectory was then estimated as 0.25((xmax-xmin)+(ymax-ymin)).

3. Results

Cellular model, and simulation of LQT phenotypes

Figure 3 shows the effect of changes in GKs, GKr, and gB on action potential shape, the affected ion channel current, and APD restitution. Decreasing GKs and GKr, and increasing gB resulted in both a commensurate change in both the affected ion current during simulated voltage clamp, and an increase in APD. In simulated normal tissue the baseline APD at a steady pacing interval of 500 ms was 153 ms. This increased to 174 ms in simLQT1 with GKs reduced from 0.0070 to 0.0000 (S, to 229 ms in simLQT2 with GKr reduced from 0.0080 to 0.0000 (S, and 247 ms in simLQT3 with gB increased from 0 to 0.3 %.

Decreasing GKr and increasing gB had little effect on the shape of the restitution curve for S2 intervals above 500 ms. At S2 intervals less than 500 ms however, the restitution curve became steeper with a greater change in ADP90 for a given change in S2 interval. In contrast, decreasing GKs resulted in a flatter restitution curve with evidence of a slightly supernormal region for S2 intervals less than 250 ms. Changes in GKs, GKr, and gB had no effect on conduction velocity.

Vulnerability in one dimensional model

The characteristics of the vulnerable window for each of the simulated long QT phenotypes is summarised in Table 1. The values of S2 defining both the upper and lower bounds of the vulnerable window increased as GKs, GKr, and gB were changed, reflecting a gradually increasing APD. However the width of the vulnerable window does not increase by more than 1 ms, showing that the simulated LQT tissue is no more vulnerable to initiation of re-entry than normal tissue.

Re-entry in two dimensional model

Figure 4 shows voltage isochrones, motion of the re-entrant wave tip, and membrane voltage time series at two points, all recorded during re-entry in simulated homogenous two-dimensional normal tissue. The action potential propagates as a spiral wave around a central area of conduction block, the core of the re-entrant wave. In three dimensions, the action potential wavefront would look like a scroll and the core would be a thin filament. A straight filament extending from endocardium to epicardium would produce epicardial potentials resembling this two-dimensional simulation (Jalife et al, 1998). Figure 4 shows the motion of the re-entrant wave tip in normal tissue. Figure 4 also shows that the amplitude of action potentials in cells close to the core waxes and wanes whereas cells distant from the core show distinct action potentials.

The rotation period of re-entrant waves in the LQT simulations increased with increasing APD (Table 2). Figure 5 shows voltage isochrones and motion of the re-entrant wave tip in simLQT1 with GKs = 0.0 (S, simLQT2 with GKr = 0.0 (S and simLQT3 with gB = 0.3 %. In simLQT2 and simLQT3 the motion was initially erratic, but stabilised into a smaller pattern similar in shape, but larger than that in normal tissue. In simLQT1 however, the motion of the wave tip remained erratic and the area enclosed by the tip trajectory continued to increase with time. Figure 6 shows the radius of the area enclosed by the tip trajectory as a function of baseline APD90 for simLQT1, simLQT2 and simLQT3. For a given APD90, the radius in simLQT1 is about double the radius in simLQT2 and simLQT3 between 0 and 1 s, and about five times the radius in simLQT2 and simLQT3 between 1 and 2 s. Termination of re-entry by motion of the re-entrant wave tip to an inexcitable boundary would therefore be more likely in simLQT1 than simLQT2 and simLQT3.

In simLQT1 the slowly inactivating K+ current IKs was reduced, and the K+ current during the action potential plateau was carried by IKr which rapidly inactivates following repolarisation. This would suggest that simLQT1 tissue is more excitable than simLQT2 and simLQT3. This suggestion is consistent with both the flatter restitution curve obtained for simLQT1 compared to simLQT2 and simLQT3, and the observation that the tip trajectory tends to enclose a greater area and to have a more complex pattern in simulations of tissue with higher excitability (Fenton and Karma, 1998). The area enclosed by the tip trajectory (and hence likelihood of self terminating re-entry) in LQT2 and LQT3 tissue could be therefore be increased by making the tissue more excitable. To test this idea we measured the tip trajectory in simulated LQT tissue made either more or less excitable by either increasing or decreasing the maximal Na conductance GNa respectively. Figure 7 shows that in all three simulated LQT tissues the area enclosed by the tip trajectory increases with  increasing GNa and decreases with decreasing GNa. The radius of the area enclosed in simLQT2 was modestly increased from 3.03 mm to 3.97 mm when GNa was increased from 2.5 (S to 4.0 (S. In simLQT3, an increase of GNa from 2.5 (S to 2.75 (S resulted in an increase in radius from 2.6 mm to 3.67 mm, and a further increase of GNa to 3.0 (S resulted in termination of re-entry by drift of the core to a boundary during the first rotation.

4. Discussion
Summary of findings

Re-entry in the human ventricles is a complex phenomenon. The irregular morphology of the ECG during ventricular fibrillation, and the cyclic changes in morphology during torsades de pointes and polymorphic ventricular tachycardia suggest action potential propagation over constantly changing pathways. Ventricular geometry, heterogenous cellular and tissue electrophysiology, anisotropic conduction, and autonomic influences all undoubtedly play a role. In this computational study we have stripped away these layers of complexity to examine how the electrophysiological consequences of mutations underlying the LQTS affect re-entry in computational models of homogenous and isotropic mammalian myocardium. This approach is advantageous because it is able to focus on a single factor in a way that difficult to achieve in-vitro. We have shown that vulnerability to re-entry is not increased in simulated LQTS, but that the radius of the area enclosed by the trajectory of a re-entrant wave tip is not only between two and five times greater in simLQT1 than in simLQT2 and simLQT3, but also increases with time in simLQT1. The latter finding is important because both computational (Fenton and Karma, 1998) and experimental (Jalife et al, 1998) studies indicate tip motion is augmented in heterogenous and isotropic ventricular tissue, so the re-entrant core has a higher likelihood of moving into inexcitable tissue and self-terminating in LQT1 than in LQT2 and LQT3. We have also shown that increasing tissue excitability in simLQT1 and simLQT3 increases tip motion. If we assume that LQTS tachyarrhythmias are triggered by a single re-entrant wave with its core within the ventricular tissue, then the wave tip will move erratically due to drift and meander unless it is pinned by an anatomical obstacle. If the motion of the tip followed a random walk, then the time taken for it to drift to an inexcitable boundary of the ventricles would scale as the square of the radius of the area enclosing the wave tip trajectory (Parzen, 1960). Although the wave tip motion is not random we can use this principle as a guide to suggest that the twofold difference in tip motion between simulated LQT1 and the other LQT simulations between 0 and 1 s (Figure 6a) might give a fourfold greater likelihood of self termination. This would be broad agreement with the fivefold greater mortality of patients with LQT3 compared to patients with LQT1 (Zareba et al, 1998). 

We have also shown a difference between the APD restitution of LQT1 and APD restitution of LQT2 and LQT3. We found that in our model, prolonging APD in LQT1 by decreasing maximal GKs results in a flattening of the APD restitution curve and the appearance of a small hump at short S2 intervals. Similar nonmonotonic restitution properties have been observed in ischaemic human tissue (Taggart et al, 1996). In contrast, the APD restitution curve in LQT2 and LQT3 becomes much steeper at short S2 intervals as APD is prolonged. Other simulation studies using the Luo Rudy equations for guinea pig ventricular myocytes have shown that a steep region in the APD restitution curve promotes the break up of re-entrant waves (Qu et al, 1999).

How realistic is the model?

The cellular model used in these simulations is for a generic mammalian ventricular cell and is based on the Noble equations for the guinea pig ventricle (Noble et al, 1991; Noble et al, 1998). While this model reproduces action potential shape and restitution, and includes many of the currents believed present in human ventricular myocytes including Ito, the kinetics of IKr and IKs in human ventricular cells are not well characterised. The Luo-Rudy model of guinea pig ventricular cells has been widely used in simulations of cardiac electrical activity (Luo & Rudy, 1994). Reducing GKs in this model does not produce the same changes in restitution curve shape that we observed in our model (Viswanathan et al, 1999), but Ca2+ accumulates in the simulated cells when this model is stimulated at a high rate, and in tissue simulations this results in unstable re-entry (Chudin et al, 1998). Blocking the L-type Ca2+ current gives stable re-entry and under these conditions the extent of tip motion is related to tissue excitability (Qu et al, 1999). Since both the Luo Rudy and Noble models are complex systems of equations, a significant investment is required to generate computer code for either model. Nevertheless, a quantitative comparison of the two models would be extremely valuable.

Others have used different definitions of the re-entrant wave tip to the one we used in the present study, for example the intersection of a voltage isoline with the line of (tV=0 (Fenton & Karma, 1998). We chose our definition for consistency with previous studies (Biktashev et al. 1998), but also recorded the tip trajectory using the tip definition of Fenton and Karma.  Although the size and shape of the tip trajectory was different, the relative differences in tip motion observed between simLQT1, simLQT2, and simLQT3 were not affected.

At present there is very little information about the regional expression of the genes involved in the LQT syndromes, although ERG is expressed nonuniformly in ferret hearts (Brahmajothi et al, 1997) and the number of IKs channels is non-uniformly distributed in canine ventricular myocardium (Liu et al, 1995). Both dispersion of QT intervals (Sun et al, 1998), and fragmentation of electrograms (Grace et al, 1997) are greater in LQT patients compared to controls, and these findings suggest a nonuniform distribution of dysfunctional channels. This heterogeneity would increase vulnerability to re-entry, and could also promote the break up of re-entrant waves. These factors could also underlie the differential changes in QT interval with heart rate observed by Schwartz in human LQT2 and LQT3 patients but not reproduced in our computations (Schwartz et al, 1995).

LQT mutations that affect current kinetics

Many different mutations leading to LQT1, LQT2 and LQT3 have been identified. Although each mutation results in ion channel dysfunction, there is evidence that different mutations may have subtly different functional consequences. In LQT1, Wang has documented a range of maximal IKs obtained from the expression of wild type and different mutant KVLQT1 genes (Want et al, 1999). In LQT2, Roden and Balser have reviewed the different HERG mutations so far identified (Roden and Balser, 1999). While many of these result in IKr that is either absent or reduced, some affect the kinetics of IKr activation and/or inactivation and others may have little effect on APD at all (Nakajima et al, 1999). Mutations in the SCN5A gene are now known to underlie not only LQT3 but also congenital susceptibility to ventricular fibrillation in the absence of QT prolongation (Priori et al, 1999). In this study we have examined only the effect of reducing maximal K+ channel conductance in LQT1 and LQT2, and increasing the proportion of Na+ channels failing to inactivate in LQT3. As more details of different LQT mutations and their functional consequences are documented, more accurate simulations will be possible. Despite the limited approach, this study does provide a possible explanation for differential mortality in different phenotypes of LQT syndrome, and illustrates how changes in cell function at the molecular level can have profound implications for organ level behaviour.

5. Conclusion

Motion of the core of a re-entrant wave is a complex phenomenon that depends on a subtle interplay of the currents involved in propagation of the action potential. The pattern of tip motion in computational models of re-entry depends on excitability in both simple phenomenological models (Winfree, 1991) as well as more accurate biophysical models (Fenton and Karma, 1998). In our computations we have shown that reducing maximal IKs conductance (simLQT1) results in a greater increase in the motion of re-entrant waves than either reducing maximal IKr (simLQT2) or the number of Na+ channels failing to inactivate (simLQT3). Thus re-entry in LQT1 would be more likely to self terminate by moving to an inexcitable boundary than re-entry in LQT2 and LQT3. This finding is consistent with both clinical observations (Zareba et al, 1998) and experimental work demonstrating the antiarrhythmic effect of IKs blocking drugs (Lynch et al, 1999). We have also shown that tip motion in simLQT2 and simLQT3 can be extended if tissue excitability is increased and suggest counterintuitively that drugs increasing tissue excitability could reduce lethal re-entrant tachyarrhythmias in LQT2 and LQT3.
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7. Tables

Table 1. Limits of the vulnerable window in one-dimensional model.

	LQT1
	LQT2
	LQT3

	GKs ((S)
	S2 min (ms)
	S2 max (ms)
	VW width (ms)
	GKr

((S)
	S2 min (ms)
	S2 max (ms)
	VW width (ms)
	gB
	S2 min (ms)
	S2 max (ms)
	VW width (ms)

	0.00700
	155
	162
	7
	0.0080
	155
	162
	7
	0.00000
	155
	162
	7

	0.00525
	158
	165
	7
	0.0060
	166
	172
	6
	0.00075
	167
	174
	7

	0.00350
	162
	169
	7
	0.0040
	178
	185
	7
	0.00150
	182
	189
	7

	0.00075
	167
	173
	6
	0.0020
	194
	201
	7
	0.00225
	202
	209
	7

	0.00000
	173
	179
	6
	0.0000
	217
	223
	6
	0.00300
	230
	237
	7


Table2. Rotation period of re-entrant waves

	LQT1
	LQT2
	LQT3

	GKs ((S)
	Period (ms)
	GKr ((S)
	Period (ms)
	gB
	Period (ms)

	0.00700
	130
	0.0080
	130
	0.00000
	130

	0.00525
	138
	0.0060
	145
	0.00075
	145

	0.00350
	150
	0.0040
	155
	0.00150
	160

	0.00075
	165
	0.0020
	175
	0.00225
	180

	0.00000
	185
	0.0000
	200
	0.00300
	215


8. Figure captions

Figure 1. (a) Action potential and (b) flow of principal currents INa, ISiCa, Ito, IK1, IKs, and IKr in the cellular model. 

Figure 2. Response of one dimensional fibre of simulated normal myocardium to a premature S2 stimulus delivered in the wake of an action potential propagating from left to right. (a) bidirectional propagation, S2 above upper limit of the vulnerable window.. (b) bidirectional block, S2 below lower limit of vulnerable window (c) unidirectional propagation, S2 within the vulnerable window.

Figure 3. Characteristics of the cellular LQTS models. (a) Action potential shape, showing prolongation with decreasing GKs in simLQT1, decreasing GKr in simLQT2, and increasing gB in simLQT3. (b) Attenuation of IKs (left) and IKr (middle), and augmentation of INa (right) with decreasing GKs and GKr, and increasing gB during simulated voltage clamp from –83 mV to ‑20 mV lasting 5 s. (c) APD restitution showing dependence of APD90 on the coupling interval (S2) of a premature stimulus delivered following 10 conditioning stimuli with S1 coupling intervals of 500 ms. 

Figure 4. Simulated re-entry in normal myocardium. (a) Membrane voltage isochrones at 5 ms intervals between 1 and 1.12 s after the initiation of re-entry. (b) Trajectory of the re-entrant wave tip between 1 and 2 s after the initiation of re-entry. A version of this figure showing the tip trajectory with time colour coded can be found at http://www.cbiol.leeds.ac.uk/~richard. (c, d) Time series of membrane voltage recorded close to the core (c) and close to the boundary (d) during first 2.5 s of simulated re-entry.

Figure 5. Re-entry in simLQT1 with GKs = 0 (S (left), simLQT2 with GKr = 0 (S (middle), and simLQT3 with gB = 0.0030 (right). (a) membrane voltage isochrones at 5 ms intervals between 1 and 1.16 s after initiation, showing anticlockwise rotation. (b) trajectory of the re-entrant tip beween 0 and 1 s after initiation. (c) trajectory of the re-entrant tip betwee 1 and 2 s after initiation. A version of this figure showing the tip trajectory with time colour coded can be found at http://www.cbiol.leeds.ac.uk/~richard
Figure 6. Radius of the area enclosed by the tip trajectory as a function of APD90 for simLQT1 (+), simLQT2 ((), and simLQT3 (() between 0 and 1 s after initiation (a) and 1 and 2 s after initiation (b).

Figure 7. Trajectory of the re-entrant wave tip in simLQT1, simLQT2 and simLQT3 with increased (gNa 2 (S), normal (gNa 2.5 (S), and increased (gNa > 2.5 (S) excitability. A version of this figure showing the tip trajectory with time colour coded can be found at http://www.cbiol.leeds.ac.uk/~richard
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